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4HE� TRADITIONAL� APPROACH� TO� TIME� INTERVAL
MEASUREMENT� ATTEMPTS� TO� DERIVE� THE� EVENT� ARRIVAL
TIME�STRICTLY�FROM�THE�INSTANT�AT�WHICH�THE�INPUT�SIGNAL
CROSSES�A�GIVEN�VOLTAGE� THRESHOLD��4HE�MEASUREMENT
INSTRUMENT� THEN� ASSOCIATES� THE� EVENT� ARRIVAL� WITH� A
TIME�RESOLUTION�INTERVAL��USUALLY�DETERMINED�BY�A�HIGH
FREQUENCY�CLOCK�AND�COUNTER��4HUS��A��'(Z� INTERNAL
CLOCK�WOULD�PRODUCE��NS� TIME�INTERVAL�MEASUREMENT
RESOLUTION��&OR�PRECISION� TIME� INTERVAL�MEASUREMENT�
THIS�APPROACH�RELIES�ON�A�WIDE�BANDWIDTH�COMPARITOR�
VERY� HIGH� CLOCK� FREQUENCIES� WITH� LOW� JITTER�� AND� A
HIGH�SPEED�COUNTER�

!N� ALTERNATE� APPROACH� IS� TO� USE� A� GENERAL� PURPOSE
DIGITIZING� FRONTEND� PRECEDED� BY� AN� ALIAS� PROTECTION
FILTER�� 4HIS� APPROACH� COLLECTS� THE� ENTIRE� BANDLIMITED
SIGNAL� RATHER� THAN� JUST� THE� THRESHOLD� CROSSING� TIME�
&ROM�THIS�MORE�COMPLETE�INFORMATION�IT�IS�POSSIBLE�TO
DETERMINE�THE�ARRIVAL�TIME�OF�AN�EVENT�TO�MUCH�HIGHER
RESOLUTION� THAN� THE� DIGITIZING� SAMPLE� FREQUENCY�
5SING� THIS� TECHNIQUE� THE� %����!�� A� ��-3AMPLE�S
DIGITIZER�� HAS� BEEN� USED� TO� ACHIEVE� SUBNANOSECOND
RESOLUTION� SINGLE� SHOT� TIME� INTERVAL� MEASUREMENTS�
4HIS�IS�NOT�AN�ACADEMIC��SPECIAL�CASE�EXAMPLE��)N�FACT
THE� TECHNIQUE�DESCRIBED� IN� THIS�PAPER�HAS� SIGNIFICANT
BENEFITS�IN�MANY�APPLICATIONS�

4HE� PRINCIPLE� OF� THE� DIGITIZING� APPROACH� CAN� BE
DEMONSTRATED� WITH� AN� EXAMPLE�� !SSUME� THAT� THE
EVENT� IN�QUESTION� IS� A�POSITIVE�VOLTAGE� STEP� AND� THAT
THE�INPUT�SIGNAL�CONTAINS�NOT�ONLY�THIS�STEP��BUT�ADDED
RANDOM� NOISE� AS� WELL�� &IGURE�� SHOWS� AN� ACTUAL
MEASUREMENT� OF� SUCH� A� SIGNAL� DIGITIZED� AT
��-3AMPLES�SEC�ON�AN�%����!��4O�MAKE� THE�NOISE
LARGE�ENOUGH�TO�BE�NOTICEABLE��THE�STEP�SIZE�WAS�MADE
VERY� SMALL� COMPARED� TO� THE� ±�����6� INPUT� RANGE
USED�FOR�THIS�MEASUREMENT��.OTE�THAT�THE����M6�TO
���M6�STEP�IS�APPROXIMATELY����OF�THE�INPUT�RANGE�

&IGURE��SHOWS�THIS�SAME�SIGNAL�SAMPLED�AT���-(Z�
USING�THE�±���M6�RANGE�AND�AN�EXPANDED�TIME�SCALE�
4HE� LOWER� INPUT� RANGE�WAS�USED� TO� SHOW�HOW�SMALL
THE�%����!� INPUT�NOISE�CAN�BE�MADE�BECAUSE�OF� ITS
EXCEPTIONAL�DYNAMIC�RANGE��4HE�EXPANDED�TIME�SCALE
SHOWS� THE� PROBLEM� WITH� USING� AN� UNFILTERED� INPUT
SIGNAL�� 4HE� STEP� COULD� HAVE� OCCURRED� ANY� TIME
BETWEEN� THE� ���NS� SAMPLE� AND� THE� ���NS� SAMPLE�
4HE� STRAIGHT� LINE� DRAWN�ON� THE� GRAPH� BETWEEN� THESE
TWO�SAMPLES� IS�NOT�AN�ACCURATE� REPRESENTATION�OF� THE
ACTUAL� INPUT� SIGNAL� BECAUSE�WE� HAVE� NO� INFORMATION

ABOUT�WHAT�THE�SIGNAL�IS�REALLY�DOING�IN�THIS�INTERVAL�
4HE�BEST� THAT�CAN�BE�DONE� IS� TO� SAY� THE� STEP� ARRIVED
BETWEEN����NS�AND����NS�AFTER�THE�MEASUREMENT�WAS
TRIGGERED��4HUS��THE�TIMING�RESOLUTION�IS���NS�

&IGURE���5NFILTERED�STEP�INPUT����M6�DIV�VERTICAL�
�US�DIV�HORIZONTAL

&IGURE���5NFILTERED�STEP�INPUT����M6�DIV�VERTICAL�
���NS�DIV�HORIZONTAL

"Y� APPLYING� A� LOWPASS� FILTER� TO� THE� INPUT� SIGNAL
BEFORE� DIGITIZING�� THE� ARRIVAL� TIME� AMBIGUITY� CAN� BE
REMOVED��PROVIDED�THAT�THE�BANDWIDTH�OF�THE�FILTER�IS
NARROWER� THAN�}� THE�SAMPLE� RATE��4HIS� FILTER�� KNOWN
AS� AN� ALIAS� FILTER� OR� .YQUIST� FILTER�� ASSURES� THAT� THE
DIGITIZED� SAMPLES� CONTAIN� SUFFICIENT� INFORMATION� TO
COMPLETELY� RECONSTRUCT� THE� UNDERLYING� CONTINUOUS
BANDLIMITED� SIGNAL��4HE� ANALOG� ALIAS� FILTER� BUILT� INTO
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THE�%����!�IS�AN��-(Z�WIDE���POLE�ELLIPTIC� FILTER�
"ECAUSE� OF� THE� FILTERËS� NONLINEAR� PHASE
CHARACTERISTICS�� THE� RESULTING� STEP� RESPONSE� IS� NOT
SYMMETRIC�� &IGURE�� SHOWS� THE� SAMPLED� STEP
RESPONSE� WITH� THE� ALIAS� FILTER� ENABLED�� .OTE� THE
RINGING�RESPONSE�CAUSED�BY� THE�FILTER��!T�FIRST�GLANCE
THIS�MAY� LOOK� NO� BETTER� THAN� THE� PREVIOUS� GRAPH� FOR
EXTRACTING� TIMING� INFORMATION�� )N� REALITY�� THE� STEP
TIMING�CAN�NOW�BE�DETERMINED�MUCH�MORE�ACCURATELY
BECAUSE� WE� KNOW� WHAT� THE� INPUT� SIGNAL� LOOKS� LIKE
BETWEEN� SAMPLES�� 7E� CAN� RECONSTRUCT� THIS
BANDLIMITED�SIGNAL�COMPLETELY�

&IGURE���&ILTERED�STEP�INPUT����M6�DIV�VERTICAL�
���NS�DIV�HORIZONTAL

4HE�%����!�IS�SHIPPED�WITH�A�SMALL�LIBRARY�OF�USEFUL
SIGNAL� PROCESSING� FUNCTIONS�� 4HIS� (0$30� LIBRARY
INCLUDES� A� FUNCTION� CALLED� HPDSP?RESAMPLE�� 	�WHICH
ACCOMPLISHES� TWO� THINGS�� )T� APPLIES� ADDITIONAL
FILTERING� TO� THE� SIGNAL� TO� ACHIEVE� A� NONRINGING
RESPONSE�WHICH�SETTLES�MORE�QUICKLY��AND�IT�COMPUTES
OUTPUT� SAMPLES� AT� A� HIGHER� RATE� THAN� THE� ORIGINAL
SAMPLE� RATE�� )N� ORDER� FOR� THIS� FUNCTION� TO� WORK
PROPERLY� THE� ORIGINAL� SAMPLED� SIGNAL� MUST� MEET� THE
.YQUIST� CRITERIA�� !PPLYING� THE� RESAMPLING
RECONSTRUCTION� FUNCTION� TO� NONALIAS� PROTECTED� DATA
WILL� GIVE� INCORRECT� AND� MISLEADING� RESULTS�� &IGURE�
SHOWS�RESAMPLED�ACTUAL�DATA�TAKEN�FROM�THE�%����!�
4HE� OUTPUT� RESAMPLE� RATE� WAS� INCREASED� TO
���-3AMPLES�SEC�� ALTHOUGH� IT� COULD� JUST� AS� EASILY
HAVE�BEEN�RESAMPLED�AT��'(Z�OR�HIGHER�

/NCE� THE� SIGNAL� HAS� BEEN� RESAMPLED� AT� LEAST� EIGHT
TIMES� THE�.YQUIST� RATE�� THE� STRAIGHT� LINES� CONNECTING
ADJACENT�SAMPLES�BECOME�MORE�REPRESENTATIVE�OF� THE
ACTUAL� BAND� LIMITED� SIGNAL�� )N� FACT� A� STRAIGHT� LINE
INTERPOLATION�BETWEEN�SAMPLES�IS�EXTREMELY�ACCURATE�
4HUS�� WE� CAN� NOW� COMPUTE� A� VERY� ACCURATE
MEASUREMENT�OF�THE�TIME�AT�WHICH� THE�FILTERED�SIGNAL

CROSSES�A�GIVEN�VOLTAGE�THRESHOLD��(OWEVER��A�BETTER
TECHNIQUE� IS� OFTEN� NOT� TO� LOOK� FOR� A� PARTICULAR
THRESHOLD� CROSSING� TIME�� BUT� TO� LOOK� FOR� THE� TIME
WHERE� THE� SLOPE� IS� AT� ITS� MAXIMUM�� 4HE� LATTER
APPROACH� ELIMINATES� THE� ARRIVAL� TIME� DEPENDENCE� ON
STEP�SIZE��)T�IS�LESS�SENSITIVE�TO�LOW�FREQUENCY�ADDITIVE
NOISE� WHICH� SHIFTS� THE� BASELINE�� )T� ALSO� AVOIDS� THE
PROBLEM� OF� HAVING� TO� SELECT� THE� THRESHOLD� VOLTAGE
RELATIVE�TO�A�POTENTIALLY�UNKNOWN�$#�OFFSET�

&IGURE���3TEP�RESAMPLED�AT����-3�S����M6�DIV
VERTICAL�����NS�DIV�HORIZONTAL

4HE� SPECIFIC� ALGORITHM� IS� AS� FOLLOWS�� ��	� 3TART� A
MEASUREMENT�AND�READ�A�RECORD�OF�DATA� LONG�ENOUGH
TO�CONTAIN� TWO�EVENTS����	�2ESAMPLE� THE�DATA� TO���X
THE� ORIGINAL� !$#� SAMPLE� RATE� USING� THE
HPDSP?RESAMPLE� FUNCTION�� ��	� !PPROXIMATE� THE� TIME
DERIVATIVE� BY� FORMING� A� RECORD� CONSISTING� OF� THE
DIFFERENCES� BETWEEN� SUBSEQUENT� SAMPLES�� RECORDING
THE�PEAK�DIFFERENCE��6P���IN�THE�PROCESS����	�3CAN�THE
DERIVATIVE� RECORD� UNTIL� A� SAMPLE� LESS� THAN� 6P��� IS
ENCOUNTERED�� ��	�#ONTINUE� SCANNING� RECORD� UNTIL� THE
SIGNAL� EXCEEDS� 6P���� ��	� #ONTINUE� SCANNING� UNTIL� A
RELATIVE� MAXIMUM� IS� FOUND� �THE� NEXT� SAMPLE� IS
SMALLER�THAN�THE�CURRENT�SAMPLE	����	�5SE�THE�SAMPLE
AT� THIS� RELATIVE� MAXIMUM� AND� THE� TWO� ADJACENT
SAMPLES�TO�FIT�A�QUADRATIC�POLYNOMIAL�TO�THE�DATA����	
#ALCULATE�THE�PEAK�TIME�OF�THE�QUADRATIC�TO�DETERMINE
THE� ACTUAL�PEAK�OF� THE�DERIVATIVE�� ��	�3TARTING� AT� THE
FIRST�PEAK��REPEAT�STEPS���THROUGH���TO�FIND�THE�SECOND
PEAK�����	�3UBTRACT�TO�GET�THE�TIME�BETWEEN�PEAKS�AND
SCALE�THE�RESULT�USING�THE�!$#�SAMPLE�FREQUENCY�

4HE�TECHNIQUE�DESCRIBED�ABOVE�WAS�USED�TO�MEASURE
SINGLE� SHOT� TIME� INTERVALS�BETWEEN� SUBSEQUENT� RISING
EDGES�OF�A��-(Z�SQUARE�WAVE��4HE�SQUARE�WAVE�WAS
PRODUCED� BY� AN� (0� ����!� SYNTHESIZED� FUNCTION
GENERATOR�� AND� THE�MEASUREMENT�WAS�MADE�WITH� THE
(0� %����!� 68)� DIGITIZER�� &IGURE�� SHOWS� A
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HISTOGRAM� OF� PERIOD� MEASUREMENTS� ON� A� SCALE� OF
���PS�DIV�� 4HE� JITTER� SHOWN� IN� THIS� HISTOGRAM� IS
DOMINATED� BY� THE� JITTER� INHERENT� IN� THE� ����!�� 4HIS
FACT�CAN�BE�DEMONSTRATED�BY�USING�A�����"�FUNCTION
GENERATOR� INSTEAD�� 4HE� RESULTING� JITTER� HISTOGRAM� IS
SHOWN� IN� FIGURE��� %VEN� THIS� IS� DOMINATED� BY� THE
JITTER�OF�THE�SOURCE��A�FACT�THAT�WILL�BECOME�EVIDENT�IN
THE�NEXT�EXAMPLE�

&IGURE���)NTERVAL�HISTOGRAM�OF�����!��-(Z�SQUARE
WAVE�����PS�DIV�HORIZONTAL���US�CENTER

&IGURE���)NTERVAL�HISTOGRAM�OF�����"��-(Z�SQUARE
WAVE�����PS�DIV�HORIZONTAL���US�CENTER

!LTHOUGH� THE� PRECEDING� EXAMPLE� USED� VOLTAGE� STEP
EVENTS�� IT� IS� POSSIBLE� TO�MAKE� ACCURATE� TIME� INTERVAL
MEASUREMENTS� WITH� ANY� REPEATABLE� WAVEFORM�
PROVIDED� THAT� INDIVIDUAL� EVENTS� ARE� SEPARATED� BY
SUFFICIENT� TIME� TO� NOT� OVERLAP� AFTER� FILTERING� IS
APPLIED�� 4HE� DETECTION� ALGORITHM� CAN� USE� ANY
CHARACTERISTIC�OF�THE�EVENT�AS�THE�DEFINITION�OF�ARRIVAL
TIME�
"ECAUSE� THE� %����!� WAS� DESIGNED� TO� OPERATE� IN
MULTICHANNEL� SYNCHRONOUS� APPLICATIONS�� IT� IS� ALSO
POSSIBLE�TO�MEASURE�RELATIVE�TIME�OF�ARRIVAL�OF�EVENTS
ON� TWO� SEPARATE� CHANNELS�� 4HIS� ACTUALLY� MAKES� A
BETTER� EXAMPLE� TO� SHOW� THE� TIMING� RESOLUTION� OF� THE
%����!� SINCE� THE� MEASUREMENT� IS� NO� LONGER
DOMINATED� BY� THE� SOURCE� JITTER�� )N� THE� FOLLOWING

EXAMPLE� THE� SAME� VOLTAGE� STEP� WAS� APPLIED� TO� TWO
%����!�MODULES�VIA� A� COAXIAL� Í4Î��4HE� PREVIOUSLY
DESCRIBED� ALGORITHM�WAS� USED� TO� DETERMINE� THE� STEP
ARRIVAL� TIME� AT� EACH� CHANNEL�� !� HISTOGRAM� OF� THE
RESULTING� TIME� DIFFERENCES� IS� SHOWN� IN� FIGURE��� 4HE
STANDARD�DEVIATION�FOR�THIS�MEASUREMENT�WAS�����PS�
3INCE�THIS�MEASUREMENT�IS�BASED�ON�TWO�INDEPENDENT
TIMING� MEASUREMENTS�� ONE� ON� EACH� CHANNEL�� THE

STANDARD�DEVIATION�FOR�EACH�CHANNEL�IS�� �� �OF�THIS
VALUE��OR�����PS��4HIS�IS�THE�SAME�STANDARD�DEVIATION
EXPECTED�FROM�AN� IDEAL�QUANTIZED� TIME�MEASUREMENT
WITH� ��PS� RESOLUTION�� )T� WOULD� REQUIRE� A� ��'(:
CLOCK�AND�COUNTER� TO� ACHIEVE� THE� SAME� RESULTS� USING
THE�TRADITIONAL�APPROACH�

&IGURE���4WO�CHANNEL�RELATIVE�ARRIVAL�TIME
DISTRIBUTION�����PS�DIV

4HERE� ARE� SEVERAL� KEY� POINTS� TO� REMEMBER� ABOUT
USING� THE� %����!� FOR� PRECISION� TIMING
MEASUREMENTS�

• 4IMING�RESOLUTION�IS�./4�LIMITED�TO�THE�!$#
SAMPLING�PERIOD�

• !CCURATE�INTERPOLATION�REQUIRES�AN�ANALOG�ALIAS
FILTER�AND�.YQUIST�SAMPLING�

• 4HE� ����PS� 2-3� EVENT� TIMING� RESOLUTION� IS
BASED� ON� 3).',%3(/4� MEASUREMENTS
WITHOUT�AVERAGING�

• 4HE� EXCELLENT� 3.2� AND� LINEARITY� OF� THE
%����!� ARE� IMPORTANT� FOR� ACCURATE� TIMING
RESULTS�


