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9 J J j J / : U 8 � U s = � � M V - � � n � � p � � 9 J J j J / : U � � ~ J

s S (1 ps = 10� 12 s) / 6 � J / : U p � n r � p @ j 4 ' • - # � � " < n � - ~ J • �

& � & 9 � 
 � q J q � � J Q � � 4 IC (Integrated Circuit) - > h � , * J / (Jitter Mea-

surement) � � * M J - % (Automatic Test Equipment, ATE) � | 3 � N h Y 1 % e N 
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1 ps � + � 8 9 J J j J / : U � e w � + Z ( �

9 J J j J / : U � � z z � ~ < 5 " : � X \ � : l �X � � � Time Digitalizer 3

TDC � 8 � u � Time Interval Counter (TIC) ' Time Interval Meter (TIM) � | 3 Time

Counter (TC) � ~ h TDC � \ A 	 � { 6 � 4 M l B " 9 � & X G J y - � | � � { T y �

2 � ) ) b m

2.1 TDC

4 TDC h �X � � v J U # �

(1) / ` (measurement range' dynamic range)

� { J / � 	 � 9 J J j � P 8 � � 8 • r � J � < C J / " : / & � v m 	 � J / 9

J J j � u { J / ` � 	 ~ • K m " : � / ` � � � � ~ • r � J � � F �

(2) R 4 > ( / � D Z ) (LSB � quantization step ' resolution)

� [ � " : h X � � ADC (Analog-to-Digital Converter) � c � TDC u � 	 F / � D Z �

	 p � � � � ADC @ 
 � � _ J 9 J � v � � 8 ps � 8 � ps �

(3) y � 9 J (conversion time ' dead time)

. { J / J � 	 F 9 J � � � < C " : @ � f 4 � � F � J / 9 J e < 5 n � " : E 0 �

G 6 � � " : E 0 J Q � ' � < @ f J / � 9 J u { J dead time �

(4) J / p 1 (uncertainty � random error � precision ' standard derivation)

� � 9 1 � , * � • 4 � < C J / h / � • 4 J / / R � G l / R � X | 7 } J R � S

C � : D � A � � �

(5) 0 � h 1 (readout speed)

W J / b � � � " : 0 � m � � h 1 � G m I [ 8 � e h J / � 1 0 1 J (on the 
y) �

q � J C � n r �

z � � � 3 R X J / " : � O 9 U (Nonlinearity) � � � 	  , R O 9 U INL (Integral

Nonlinearity) � R R O 9 U DNL (Di�erential Nonlinearity) . m a l � G . m a l � ADC h

� INL � DNL � � < n � ~ • & � I 
 4.5 a �

2.2 � T = 9 P

4 J / � e : U J Q � G U > 9 J v m O X n r � a l � 5 � J / : U h � 8 J / H p h

> | m 3 � e � r � � � � 9 J J j J / � ~ ( / � z Q U � 8 9 J J j J / n X � 9 J (

/ u J 9 J J j �J / � h > P 8 � ' J G U � 9 J J j � G U > 9 a l � 	  f / � � e

� G m * ~ �

| - ~ J • � ( � - - ~ @ + > � F + > J � 9 J J j � T� �J � � • ! ; �
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2
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! - ~ @ + � r | � Ts( � : r J / � p ( r | ) � � T� < T s 9 � � | J / n � � p ( �

S � 1(a) � � T� > T s 9 � � � H � v � 9 J J j J / � { % 	 � E R p ( ) 6 � � T� @ 7

< � � p ( ) 6 � [ ^ W < � � S � 1(b) �

� 1 � . • K � ( $ E � �

(a) T� < T s � (b) T� > T s 	

4 	  G U > 9 � � 8 @ + > � F + > R ; k T G U J / �J / o � @ 2 9 � e p 1 9

� � u { J 4 J / m TRi � TT i � �

T� i = TRi � TT i ; (2)

G p { e � 3 p ( � 9 J J j � � p ( r | 	 � � p ( ) 6 * ~ �

3 � L 1 L C

5 � � � & � 9 J J j J / B � I � } 9 � � 8 7 j � ~ J / J A s @ 7 ` k @ = �}

	 8 � 9 J J j � = A � � 5 4 � O Z A � h c 9 A � � | _ J l � E : �

� < 5 : U � 9 J J j J / J A � c � | R � Z h � [ � . � � � Z h J A ' u � TDC

n H � � X r Z [ y � � ` (A-D conversion) � � 9 J J j � = A (TI stretching) � 9 J { V

1 (time-to-amplitude) y � A � [ � J A - @ X r Z [ y � � ` � � | < 5 } 9 J � [ � � V

] y � � � � 7 A (Vernier method) � i 
 h c 9 A (tapped delay line method) � | 3 R R h

c 9 A (di�erential delay line method) ' \ � 7 h c 9 A (Vernier delay line method) � � � u

� � Z h J A � c 4 1 ^ " : & < 5 � j ~ � � • : U � k D � [ � " : : U � ^ S � 5 4 [

� J A . � . 9 T � G @ j j J � � Z h J A 8 � v ! 1 7 R V d � � � � p N X r + Z Z
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� y � 9 J � � � P � f � * 
 ? � c | 1 ^ � � z 4 L u & 1 ^ � TDC � @ } J | FPGA

(Filed Programmable Gate Array) � J | ASIC (Application Speci�c Integrated Chip) < 5 �

v � - H � [ � J A �

� � , O Z � ` � 9 J J j J / J A � � | R � 3 � �� J � O Z � ` � � G � J A @
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 � O Z �

` � � u \ � 
 O Z A � � < 5 9 � G � J A X r ~ > [ � � 4 p � 9 j � � 3 � � > 9 J J

j [ c : ( m O [ r | �< � J / � B � b Z t F � v m r | � � / e k O Z � & � p � J

/ � p � � � 4 � � | 
 9 H � 1 � 4 / ` � R 4 > . J Q � r � � � < ' � I � � � � � 7

A �H � � c � 7 � f � � A � q � ' # z Q � � | / ) R � v � �

n � J / J A ( + � O Z A � h c 9 A � � = A � � 7 A � ) � � R @ J � 8 � � < C �

� h � � � @ � x A � v l J A � < J : l J A b � A � � + � R R h c 9 A � p B H � 3 h

c 9 � b u � u � � 3 � 7 A � ' # � b � 
 O Z A � � p r � ~ o J A b � A � � u P J G

m ' � � � / r 4 g ) ~ • � J / J A T 	 � 4 g ) v 3 O Z A � ( ( ' # �

� E & � � O Z A J v l � & 	 [ * n Z � J A � < 4 9 J J j J / h � O Z A ] � J �

v m 9 J J j R � . E R � r | � O [ $ E R � R [ E R � � � 2 n D � O [ E R } ~ > [

� 0 m � R [ E R � O Z J / � & 0 m � ~ [ ] : D � 3 �

T = nTp + � T1 � � T2 : (3)

� 2 � P [ B ( $ E � �

� � 2 � 9 J J j T � | R � 3 E R � � START � * � 7 } 9 j < 6 & 4 l � � T1 �

� STOP � 7 } 9 j < 6 & 4 l � � T2 � | 3 � & Q . m & 4 l T J � ( } 9 j J j nTp �

X r ] m � J � � h � T1 � � T2 H � STOP � START � < 6 � v m & 4 l � < 4 < C J /

" : h � � T1 � � T2 � � H � STOP � START � < 6 � � > m ( } 9 j & 4 l � J j � 5

� I � � � T1 � � T2 - F v m r | � ~ b � � H � (3) C � G p � � � t J � M ^ J j s F

9 � ~ > [ � / o v m r | � u 0 P J j s F 9 � � = A � 9 J { [ � y � A 	 � + Z � � O

9 U �

9 J J j � 
 � ] 4 - � O Z A � J A u \ ^ O Z ' > 6 O Z A � G l 
 � + Z { 6 �

z � � " 6 O Z | 3 : 6 O Z A
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� 1 } D � i � � f q 2 : K K k K 0 ; V  K B 5�

O Z A 	 4 � � 7 A v � � � � \ � Baron method � < � � � � = A � 9 J { V 1 y �

A & � � � � ' \ � Nutt method [3]
� G . l J A ~ < - T � O Z A H l � % � > [ � SR620

{ J H � Nutt method � ~ 	 e p 1 � � 25 ps �

3.1 � l @ 9 W ' (direct counter method)

� � ^ 	 e h " : � > [ x > z � [ GHz � 8 � a S / 6 � R 4 > r � � � | H � / e

9 j x > N 
 k T V ] > [ � G l J A � ' # + Z O � � 	 r < 5 100 ps � R 4 > � ~ > [

x > r � � 20 GHz � N 
 � � � > 6 � G p � N 
 @ j c | U 2 � } � U u c | ! R � < �

� � R C I [ I � � 4 { � " : h @ � < 5 � � z � ^ 	 _ J A _ f � � aS 6 � p 1 �

� � � G l J A u � v m � � � 5 _ r • r � & � x � { � | < 5 + Z � � / ` � < C �

� h � � | b � ~ o J A v � � � � ' � O Z ' # � e � R 4 > @ � � * ~ � ~ > [ J / - J

� G l J A � � | _ � V ] > [ A J e R 4 > J / � v m ( p �

3 Q g ) � 8 l J A � - J ' � O Z ' # � 4 ~ J � � a S 6 � ( p & � < 5 s S / 6 R

4 > � J / �

3.2 � P : : 2 E j '

9 J J j � = A & ? � z � 8 4 I � } 9 � { z s ' � I � � � p 4 ' # & { A v m 9

J N � � � � v m " � g N " � q � � � � 3 n D � � � � e e h � { � � � � 9 ) I 1 4 5

9 J T e g " � � � 3 � F � 9 ) I 2 N" � � � I 1 * * � � I 2 � G p N " 9 J Tr u { *

* � � g " 9 J T � � � 
 9 J N � � � � �

� 3 � : K K k � > B ( $ E � �

z S I 1 � I 2 T J � + ( 1 [ K � { � | � � � = � � 9 J Tr � < C R  J j T T J

� { 1 �

Tr = KT ; (4)

~ h K =
I 1

I 2
�
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� < � � � e 4 � � � n j � 9 J J j � = A z � ( � � � _ J A ' � 8 v m " � g N "

k T J / � T � Z h � ` � 4 1 ^ L u h c | H � � < � # > � � 9 ) u c | < 5 � � � < C

� 9 " : � & % P " c w Z � ! 1 3 � � � f � 
 ? � n | Z h � ` � O 9 U @ � � e �

Nutt time-interval digitizer [3]
J v l > 6 O Z F � = A � p H � 100 MHz x > ( r |

T0 = 10 ns) � K = 104
� � { R 4 >� � 1 ps � 	 J G l " : � , * - � 5 ps � 9 U / R �

10 ps �

3.3 � P : / $ o 6 '

9 J { V 1 y � A � 9 J J j � = A ` k < � � p � Y 3 9 J J j � = A y � 9 J � Z �

O 9 U c | � e � * ~ � � 4 J 9 J { V 1 y � A � ' # D � �} � 4 | 
 m � � 9 J J j

� = A @ 
 � 9 J { V 1 y � A � N " " 9 ) ( S � 3) ` ^ 3 v m e h A/D CONVERTER

F v m \ � " : �

� 4 � : K { W 2 z  B ( $ E � �

� � 3 < + � � 4 h � A/D � ` � � 3 N " � ` � / � � Q ( 3 y � 9 J � � � A/D y

� � ` n X 9 J Tc � g " 9 J T ( � { J 4 
 v m [ / 6 & � < @ A N " 9 J Tr * * � �

< C R  J j T � < � G p � " : ( 3 v m N " � ` � f x Q ( p � O 9 U �

' � 5 � e h � ADC � _ A � | � � 1� 20 ps � R 4 >

[4� 6]
�u � & � _ A - J � !

$ � U � < 5 � � 	 n j � u � � � ASIC � � ! $ � U � � � ECL (Emitter-Coupled Logic)

" : q � A � � A p 1 � � 10 ps [6]
� SR620 { � _ A < 5 3 	 e � 25 ps � R 4 > �

9 J { V 1 y � A � 9 J J j � = A - ( � Z h t # � ` � T � u � � J / J A �

3.4 � f � '

� 7 A � ~ q � ' # � c � � 7 � f < � X � p ( f & J v l [ � � = A �

G - 9 J J j T � START � � M N 
 � � STOP � { M N 
 � � START � * v m r

| � T1 � K � � � � STOP � * v m r | � T2 � K � � � ~ h T1 A � � T2 � � � 8 . m

9 j R ; > [ � G - T1 > [ � n1 � T2 > [ � n2 9 . F n � ( � � 5 n D ) � ; �

T = ( n1 � 1)T1 � (n2 � 1)T2 = ( n1 � n2)T1 + ( n2 � 1)r ; (5)



� 1 } D � i � � f q 2 : K K k K 0 ; V  K B 7�

� 5 � � 8 B ( $ E � �

~ h r = T1 � T2 �

v l � � 7 A < 5 � L u � f 4 312.5 MHz 3 � � 50 ps � R 4 >

[7]
� 8 v l � � 7 A

< 5 � L u � 4 700 MHz � � ] x > 3 � � 2.3 ps � R 4 >

[8]
� k v D ` k � � W R 4 >

| e � 1 ps � < r � � � z e � R 4 > � { T J / Z ! R . m � � * K � � � e p 1 � e �

� U � G ~ � < � � � � C U � � ~ J 4 + Z Z � 9 J J j J / h � i � # B & � � 7 A �

| 
 9 � � e p 1 � � / ` � 	 � � - > & � � c � ~ e p 1 � � _ f 4 5 9 J e ! b � � X

W � 7 A b � O Z A � J / � 8 � � e p 1 � n � M J " : (Coincidence Circuit) u J < 5 p

� J / @ � ' � � E R � % � � HP5370B J H � � 7 A J / �  Q ( • � ~ J / p 1 � � 20

ps � J � i � ^ 	 � � % � 9 J J j > [ � � 	 � � H h � L W * ~ � 5 z � U �

3.5 � � Z d � a '

i 
 h c 9 A � R R h c 9 A J j ~ n j � � � Z 1 ^ " : � � � < @ = � � � �i 


h c 9 A � u \ 9 h A � } a l & _ � p + Z O � � 4 8 | � � 
 s 9 � < 5 h c 9 � 	 J �

3 < 5 e p 1 J / � X r [ ^ q : � i 
 � � < " : p � � A � G m : U 4 � 9 , A � � � j

~ � � • : U � @ = � z ; J � � Z 1 ^ " : � @ = � G l J A ' y Y � 1 ^ " : & � � � b

h � � �

n � i 
 h c 9 � v � h c � & � ^ � # B & G � h c � & u = 9 h < � � - � � � < 9 J

J j � J / { J � � { M N 
 STOP 8 � M N 
 START 4 h c 9 h � u = k T H p < 5 � �

i 
 h c 9 A � b u : l : p � 3 Q g ) ~ h 3 l �

� 6 � j � i d : B � � w m c v



� 8 � � � � � � � � � # � ^ � l � > � � � � � � � 24 � �

� 6 n D J v l O � � h c 9 � O � h c 9 � v � h c � � � LATCH � ^ � G % LATCH

� " y s @ � < O 1 l s @ � 9 J J j T � B 9 � START � � 3 � e � � & 4 l � � � G m

& 4 l 4 LATCH h | h 9 � u = � V � J j b Z � STOP � e 3 � � n � LATCH | t -

' m & � S ^ � c ! 1 > b u � R m �

G l b u � h c � & � H p � & � > � v � 4 v m LATCH & 
 9 < 5 h c � H p . m

s f � 	 J j ~ 9 J J j J / R 4 > � | e � G l J A { c | 5 � 3 � � � LATCH � h c 9

J � � � 4 a S 6 �@ f H � s S 6 9 J J j J / � r � � h c � � � F � & 3 1 � 	 k �

R 4 > �

� 7 � � 8 ; J � x � � h c � & � H p � & < 5 i 
 h 9 A � 8 � . l b u �

� 7 � j � i d : B � � ? m c v

� 8 � j � i d : B � � # m c v

� 7 h � v m h c 9 J � � � � & � � J q � v m s @ � FF (Flip-Flop) � G % FF J &

4 l s @< O " y s @ � 9 J J j T � B 9 START � & 4 l 4 h c 9 h u = � b Z � STOP

� & 4 l 8 s @ � k T H p �s @ � � e � 	 e � � d { � & 3 J / b � � � � � F < 5 }

9 J � [ � � y � � 	 r < 5 p � J / � R  s @ � 9 j 4 � STOP N 
 � 9 g / Z � F �

% � > [ � HP5371A { H � _ b u � ~ R 4 > � � 200 ps � G l b u u 4 FPGA h �



� 1 } D � i � � f q 2 : K K k K 0 ; V  K B 9�

� 3 < 5 � ~ R 4 > � 100 ps [9]
�

� 8 n D � b u �n 3 FF h � 9 j 4 � [ } 4 8 % � ~ o b u � � 7 < 
 � < � � v

m : < � � 9 j } CLOCK 4 8 STOP N 
 k T H p � G p � < � � 4 STOP & 4 l T � H

p � FF ` R m e " y �

& X i 
 h c 9 A � 3 l b u - f V ] < 5 9 J { [ � y � � J � � � h J � Z h �

` � � � 0 � 9 J � | ' � A � ; O m dead time { � � LATCH ' FF � \ � 9 J � � z �

G l i 
 h c 9 A < 5 � TDC u \ short dead-time TDC ' F 
ash TDC �

G 3 l b u - Z O � � p N J ~ o \ 1 b u � ( p � < C & � � ~ J 4 ASIC h � G J (

( � b u � �X r PLL ' DLL � q � � | < 5 e ' & 1 � e E h c G P �

" 7 [9� 14] g ) 3 ( ( � i 
 h c 9 A � < " 7 [15� 25] ; g ) 3 � DLL(Delay Lock

Loop) � PLL(Phase Lock Loop) � i 
 h c 9 A � � F � � 8 � v m X \ 
 G h N k A (pulse

shrinking method) �

[26]
� ~ h � � FPGA < 5 � ( ( i 
 h c 9 A � R 4 > � � 100 ps[9]

�

H � ASIC < 5 � i 
 h c 9 A �@ B J ( ( � � J � DLL ' PLL � � ~ R 4 > v � r +

FPGA e � 4 0.7 � 0.8 � m � CMOS (Complementary-Metal-Oxide-Semiconductor) q • 3 �

p � R 4 > � � 20� 30 ps [20]
�

3.6 � � - d � a '

R R h c 9 A � | _ J � i 
 h c 9 A m 3 < � � � p � . � 9 h � 2 � R ; � h c 9

u ^ � � � q � ' # � c � � 7 A � n | G l J A u \ � 7 h c 9 A �

� 9 n D � J R R h c 9 A � v l b u � p � v � 9 h � � 2 � h c 9 � 8 v � 9 h �

� 1 � s @ � u ^ � G % � s @ � 
 9 � . m � � � v J h 9 � 1 � > J R m H p b � � Z � w

� � J � � 9 � � 8 � � ; 4 � � i � � ^ & - � v � h c 9 F v � s @ � � 	 p N � " :

+ ] J C @ 
 � � 8 h � START R  � h c 9 � STOP R  � s @ � � < � 9 ; < F �

� 9 � S S i d : B � � w m c v

H � G l b u � 	 k 1 � � R 4 > �

� = � 1 � � 2 ; (6)

~ h � 1 A � � � 2 � G l R R h c 9 A � e F + Z O � �H p STOP G h � � | � � u % �

� v m � c ! 1 > b u � R m � 5 v + v 1 � F v + v 0 �

� 10 J R R h c 9 A � � > l b u � � � v l b u < + � � > l b u H � . m x � � h c



� 10 � � � � � � � � � # � ^ � l � > � �� � � � � 24 � �

9 � F v m s @ � � � ~ 9 h { 1 u H � (6) C � � c � i 
 h c 9 A � � � s @ � 9 h � � 4

a S / 6 � < h c 9 9 h � � � < 5 s S / 6 � � 3 < 5 e p 1 J / � � > l b u � � : J �

� 10 � S S i d : B � � ? m c v

H � CMOS FPGA � R R h c 9 A � | < 5 200 ps � R 4 > � 43 s � / `

[14]
� � �

� | � � 100 ps � R 4 >

[13]
� < H � 0.7 � m CMOS q • � ASIC � � | < 5 30 ps � R

4 >

[24;25]
�

: 1 J & X 6 l J / J A � + Z �

� 1 6 n � H * ( � ?

Y ] T  v t { �

X _ @ ] D ] � M 2 T 5 ? ` g � � b T 7 � 
 � � � � �

Q \ D � * q

; L L l � A D [ i � r � Q \ D { ! ; L [ � Q ; W � �B Y �

; L { X 3 { ! D [ i + ADC � r � Q \ D [ i F T d ~ 2 _ � Q ; W d ~ D o

� 9 D ] � � r � Q \ D Y t g ) ( 3 � � � + M � � � g r 3 �

p � N M $ ; � I i g � < W ] 2

k � j e ; D ] � � r � Q \ D � � 2 _ 6 ] � $ ; ' � � " PLL/DLL r

� > 6 g r 3 M 2

T T j e ; D ] � � r � Q \ D � � 2 _ 6 ] � $ ; ' � d w . k � j e ;

D ] 2

4 � - [ ! y D

4.1 � !  � G g L C � G

� { J / (Single-shot Measurement)p 1 J 8 v m N 
 k T v { J / � � � � < y � J /



� 1 } D � i � � f q 2 : K K k K 0 ; V  K B 11�

(Averaging Measurement) p 1 ; J 8 � n \ N 
 k T : { J / 3 s [ ] y � � � � � � z p

� p 1 � + � { J / p 1 e � [ ] & � � 3 { 1 �

� max =
T0

2
p

N
; (7)

� av =
�T 0

8
p

N
: (8)

~ h � � max � 	 e p 1 � � av � y � p 1 � T0 � I � 9 j r | � N � J / { [ � = 2 t C �

� S " 7 [27] � u � � G l � A | e R 4 > � g )

[28]
� � � J / N 
 � E R J @ � n \ � � n

| � { J / p 1 J t r ] 7 � y � J / p 1 � � @ � � ( " h ~ 3 � p 1 - J ] � { J / p 1 �

4.2 � - � J g A $

� 2 a h R ; g ) 3 R 4 > � p 1 � . F + Z � � 	 � & E �

R 4 > J ] W 9 J J j / � � � 1 � n f R 4 � 	 F 3 � / � u { J / � D Z � p 1 ' @

� & 1 J ] < C J / b � � t R � p � 3 Q 8 E R � ^ �

(1) / � / R � [ � 1 � / � � � � @ � & U � 8 � 0 R C � R  9 J J j � � � / � /

R � ~ y � p 1 � � (8) C �

� av =
�LSB

8
: (9)

(2) O 9 U � � � Z { [ y � � ` h � 9 ) � @ ' & U � h c 9 " Z 1 � @ � 0 U � O 9

U / & • 4 � ~ G P I 
 4.5 a �

(3) , * � U 2 ' � � : � � � � U e E 9 1 � � E 9 j N 
 < � @ ' & � | 3 " ) & > �

� G J � f � � � � 9 � % S ^ v m ( � Z (
oor level) � v m  Q 1 � � f � 10 ps RMS �

, * � j ~ TDC p 1 r � � @ 7 | e � , * ^ 3 t r � / R � ) � r - > p 1 e � 10 ps �

TDC � � � C n , * J O r * ~ �

4.3 � R ^ L X � >

� � [ � J / J A z ^ � t 9 � e p 1 9 J J j J / � < 5 y q � : H � � � Z 1 ^ "

: � ~ • � FPGA � ASIC . l � " 7 h X | ASIC � t � u � ( / � FPGA �

FPGA � 5 5 W � 2 ` M N 5 � < 8 ASIC � _ � p � ^ ( � , � < � � � � n \ 2 ` �

� � 4 6 ` k � - > 9 u @ A ASIC ` p r 8 - # N � 0  � 3 e � 	 ~ R 4 > @ � e � 4

100� 200 ps T J � " 7 h � H � Xilinx � Virtex < 5 � i 
 h c 9 A

[9]
3 H � QuickLogic

� pASIC1 < 5 � R R h c 9 A

[12� 14;29;30]
� G . F - � | � � 100 ps R 4 > � < N � � •

: U � @ = % A FPGA h � ( ( � & f � Q F � " : 9 h @ 7 X � � � ~ < 5 � TDC � R

4 > u % D \ | e �

ASIC � 5 x � L u � ~ < 5 \ 1 � @ j r � - > F � " : - > J Q � s n � < � 8 � �

• - # q • r � 0  � 3 e � 	 
 p H � i 
 h c 9 A ' F R R h c 9 A � � ASIC - > �

X � | � � + FPGA e � R 4 > � 4 0.7 � m � 0.8 � m � CMOS q • & � � � � 20� 30 ps

� R 4 > � � v m + Z � � ` � - >

[31]
� � � RTL (Register-Transfer-Level) N � � � | 4

FPGA & n R � < � 4 ASIC & < 5 � + Z G . l < 5 J C � f 
 � � 4 ASIC & < 5 � R 4

> + FPGA e � G • 5 3 ASIC � � I �



� 12 � � � � � � � � � # � ^ � l � > � �� � � � � 24 � �

4.4 � � & N " � # p Y

� � 1 � R 4 > � @ 7 | e � n � @ & t ' d ' t (metastability) / � % m 5 � � s @ �

� 9 j 4 (C) t � � I & 4 l 9 � � � z 9 s @ � � [ } 4 (D � T � J � K) u 4 G m 9 J w

^ n @ 2 3 � � ` I N 
 � V ) � ! b { % @ 2 * ~ � U 2 @ & t � 8 � s S / 6 � 9 J J j

J / � 4 R 4 > � � 8 � s S 9 � G l 7 t { c | 0 P � G % : ^ 9 h u = � @ � & � A s @

� | t u c | % > �

� { 7 t � 0  w B � I 
 " 7 [32, 33] �

4.5 � , a b

� = A h � Z { [ y � � ` h � 9 ) • 4 @ ' & U � 9 J { V 1 A h � ADC ( / { • 4 O

9 U � < i 
 h c 9 A � R R h c 9 A h � h c 9 " Z 1 ( / { @ � 0 � n | O 9 U 4 n c P �

4 O 9 U R 0 h X � � . m a l � INL � DNL � G . m a l � ADC h � < c � � X |

� > J C J / � p N � & � � 3 � G - v m ? d R C ( 9 J & j + m 5 ) � J M [ 5 � ~ [ ^

N J v m � x � � [ � R  � J M TDC � M m / 6 h � # > | t 3 � K m / 6 J / � � {

[ (ns = N=M ) J v p � � < < C & i / 6 � J / { [ J ni � ; DNL �

l i =
ni � ns

ns
; (10)

< INL �

L J =
JX

i =1

l i
M

: (11)

v m 
 � � � TDC v � H � INL max � LSB � U ; { r � < ` k 3 �

� 
 ? p 1 � O 9 U � f B Z � ^ R 9 � � | � < � � O 9 U G P � | e p 1 � 5 � E &

Q a l � � > m INL � 9 � � � � G P @ / •  r • � � PC ' MCU (Micro-Controller) h �

� _ J / @ / 8 J / [ } k T G P

[4;12� 14;24]
� � v m  Q � � � � � 11 n D

[14]
� 	 G l

J A � v & | 8 � _ � � r � ! 1 � & 9 � G � < H � � � < p { 6 � J A � J 	  DLL '

PLL �

� 11 � P : V H Q 9 q 2 � � @

[14]

4.6 PLL g DLL

H � i 
 h c 9 A ' R R h c 9 A � TDC � � ~ J H � ASIC < 5 � � � : r H � PLL

' DLL � | � Y h c 9 9 h � 3 � �



� 1 } D � i � � f q 2 : K K k K 0 ; V  K B 13�

PLL �  Q b u � � 12 n D � PLL m 5 4 I � } 9 � � b i � � � I � t r � � � x >

� � � 9 j [ } # \ � 1 ^ PLL � R ) � U � PLL � � � @ 
 4 � VCO (Voltage Controlled

Oscillator) � � � CMOS h < 5 c � h c 9 (Voltage Controlled Delay Line, VCDL) + Z �

� � VCO u � | H � ( � VCDL � � Q K � � (Ring Oscillator) �

� 12 PLL c v P �

v l  Q � � Q K � � � � 13 n D � p � h c 9 � � [ m F < � u ^ � R m V ] G $ �

R  � 8 � v l � � * � S K � �

[11]
� H � _ b u � v l b 6 � S K � � � | < 5 125 MHz

K � x > � � LSB = 1 ns [34]
� � � v l ( � PLL � ASIC - >

[35]
� p H � � 8 b u ��

� S K � � o 6 R m � � s @ � � : < � 9 j R  �

� 13 � w m ! R � � R L 
 � c v

DLL � b u < 8 PLL O � ( � � 14 n D ) � p � VCDL � � VCO � 	 _ f < 5 180�
|

e � < � % O � 	 8 DLL ' \ � 
 D h c 9 (Synchronous Delay Line) [20]
� G l h c 9 � v m

� � { " � � � @ > � � F � � : � � e � � v l TDC - > � p H � v m ' \ � TMC (Time

Memory Cell) � c � h c � & F v m F � � � < 5 G l � e

[15;16]
� � � � p e � R 4 > � �

| H � v m DLL N 5 � � � � m DLL � G p 5 A � < 
 � q • � u f | e R 4 >

[17;18]
�

� 14 DLL c v P �



� 14 � � � � � � � � � # � ^ � l � > � �� � � � � 24 � �

� � ~ • � PLL � DLL - > � , + Z : � ASIC - > e � � G % _ f � v m O r g ) �

= 2 < 5 J A I S " 7 [37� 39] �

5 � @ � � �

( " $ z 3 TDC � < 5 ' # � 8 l t r J A � u g ) 3 � Z h B [ � y � � � I � | 3

j ~ � � • : U � @ = � TDC B 1 ^ � @ = � J B � � � p O � 9 J J j J / : U 8 � M �

s = V - � � 7 R n � � F f o � � & % D \ �  * / � A _ : U � k v D @ = � � | % > �

G l @ = % � 3 Q 8 m z � �

(1) [ � : U � t 9 � Z h J A � � @ � � H � [ � " • : U < c | � � �

(2) _ r \ = & = D \ � I � 1 ^ " : & U f � � | k v D Q F � ` I H � h c 9 b u <

5 � 1 � R 4 > / & � | k v D | e �

(3) � O 9 U G P � PLL/DLL J A | e p 1 W ^ � { 6 H � � : U �

(4) 8 J / p 1 r � � | e � % A s S 6 | 3 d s S 6 J / p 1 r � . � . X S �

(5) , * W ^ � 8 1 � � t r � C � p 1 r � 4 10 ps | 3 9 � O 4 r � , * � e 4 10 ps

| e �G � � f H � r � � G { 8 1 � � N 
 � O U | m 3 � e � r � �

(6) J / h > r � . � . e � � z G U > 9 � W ^ � 9 J J j J / � e : U � t 9 �

� D \ _ �
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High-Precision Time-Interval Measurement Techniques and Methods

ZHANG Yan 1;2, HUANG Pei-cheng1

(1. Shanghai Astronomical Observatory, Chinese Academy of S ciences, Shanghai 200030, China; 2. Graduate

School of the Chinese Academy of Sciences, Beijing 100039, China)

Abstract: This is a review of time-interval measurement methods and techniques. The paper

begins with the de�nition of TDC or Time to Digit Converter. T he interpolating principle,

which modern TDC with high resolution and large dynamic range bases on, is introduced in

the following. The mainstream time-interval measurement methods, including the direct counter

method, TI stretching method, time-to-amplitude method, V ernier method, tapped delay line

method and di�erential delay line method are described in detail. Detrimental factors, such

as nonlinearity and metasabilty, which undermine the high precision, are also presented. To

minimize these e�ects, the nonlinearity correction method, PLL and DLL techniques are given.

In addition, the future for time-interval measurement is pr ospected.

Key words: astronomical facilities and technique; time-interval measurement; review; TDC

(Time-to-Digital Converter); interpolating method; TI st retching method; Vernier method;

tapped delay line method; di�erential delay line method


