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Presented by Yuta Arakawa (Ft)I i X)

» Research Objective
» Single-Bit & Multi-bit ZA TDCs
» Multi-Bit ZA TDC with DWA

p Muiti-Bit ZA TDC with Self-Calibration
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Outline

» Research Objective

» Single-Bit & Multi-bit ZA TDCs

» Multi-Bit ZA TDC with DWA

» Multi-Bit ZA TDC with Self-Calibration

» Conclusion
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Outline

» Research Objective
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Research PurEose

® Testing timing difference CLK1 | ——
between two repetitive digital signals T | T
Data and clock cLke _ I

In Double Data Rate (DDR) memory

® Short testing time ek XXX OO OO
® (Good accuracy Command __(—REap )

‘ DQS /S o —

Data DCX:X:)_

Implement with small circuitry
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Our Work

Focus on Multi-bit A2 Time-to-Digital Converter (TDC)
« Repetitive digital signals
m==) SATDC can be used
Simple circuit
Fine resolution
Testing time
Single-bit ZA TDC Long
Multi-bit ZA TDC Short

* Linearity
Single-bit 2 ATDC Good
Multi-bit A TDC Bad due to delay elements mismatches

¥

Two methods for their compensation

L DWA & Self-calibration
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Outline

» Single-Bit & Multi-bit 2A TDCs
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Single-Bit 2A TDC

CLK1, L Sl B . " 0111001- -
T U —H
—_ 1 X _
. M 1 /i Phase | CLK, INT,,, Dy,
! u Detector j B
| X 0 y—_
I O 7 m
LT U
1 %CLKZ& INT,,;>0 : 1
CLK2 T INT, <0 : 0

» Measurement of timing T between repetitive CLK1 and CLK?2
* Number of 1’s at Dout is proportional to T
 Time resolution becomes finer as measurement time becomes longer

Note: T is not time resolution, but time measurement full range




Multi-Bit ZA TDC

CK
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Flash
ADC

Doyt

CLK1 0 0 0
M M m
U U - U
1 1y 1 1A% xJ L
M M Phase
v J Detector
OfLr+At,0 OfLrrAt o4 >
: X X X
CLK2 1 2 1 2 2

 3-bit : 23-1 =7 comparators and delays

* Fine time resolution with a given measurement time

$

Shorter measurement time with a given time resolution

« TDC non-linearity due to mismatches among delay cells.
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Multi-Bit ZA TDC

CK

CLK1 0 0 Vref
M -
U
1 143 1 1d NToux
'L\J/I - D, Flash | Dout

M
U 'L —
ADC
oL r+At,0 | O AT >—*
)
| xJI L -
CLK2 15 1 .L Dg
1 )\ N +
w

e 3-bit : 23-1 =7 comp|
* Fine time resolution

Shorter measureme

« TDC non-linearity d % 7 comparators ells
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Multi-Bit ZA TDC

CK

Doyt

CLK1 0 N 0 N 0 N
M M M
U U b—— = U
~ 4= s T2 s s
~ Phase || || Flash
; b ~ )Li : U < ; ~ Detector J. ADC
AT06 Nq % GEAYE AT V) AV VRS
U upH— -- \d U
ﬂ X X
CLK2 1 ? 1 2 1 2
{ /

 3-bit : 23-1 =7 comparators and delays
* Fine time resolution with a given measurement time

$

Shorter measurement time with a given time resolution

« TDC non-linearity due to mismatches among delay cells



Multi-Bit ZA TDC
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CLK1

xXCc=Z

X CcC=Z

CLK2

1

xXcZ

xXcZ

ro><c_g/

 3-bit : 23-1 =7 comparators and delays
* Fine time resolution with a given measurement time

Shorter measurement time with a given time resolution

L

XCZ/

Phase
Detector

ro\XCZ/

r<,><C§

CK

Flash
ADC

Doyt

« TDC non-linearity due to mismatches among delay cells



13/36

Difference in Measurement Time

® Simulation conditions

1-bit ZATDC 3-bit XA TDC
Rising timing edge difference -0.9 ~ 0.9[ns] -0.9 ~ 0.9[ns]
(T) (Resolution : 0.04[ns]) (Resolution : 0.04[ns])
Delay time (71) 1[ns] 0.145[ns]
The number of digital outputs 2 2
B Arising number of outputs for the interval T
3 14
; ff
2 ceereereeessiisians /
. | o 7 :
W & 6
1 [ everererreccrrecereeees 4 - =
" [

0

-1 -0.8-0.6 -04-0.2 00 0.2 04 06 08 1
T[ns]

e

-1 -08-0.6 -04-0.2 00 0.2 04 06 08 1

T[ns]
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Difference in Measurement Time

v'Multi-bit takes short measurement time for a given time resolution

¥

= | ow cost testing ==
o =

B Arising number of outputs for the interval T

3 14
12 r/
10
2 S U S /
— [ — 8 [.
Y Y
o o /‘/
H 3 6
1 [eeererrreceerecerrerees ["/
! 7
WA
0 0
-1 -0.8-0.6 -04-0.2 00 0.2 04 06 08 1 -1 -0.8-06 -04-0.2 00 0.2 04 06 08 1

T[ns] T[ns]
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Outline

» Multi-Bit ZA TDC with DWA




CLK1

DWA (Data Wel

xXCcZ

CLK2

hted Averagin

16/36

CK

Doyt

M M \
U U -
X X X I l_
BA 'l\J/l Phase || I Flash
X X Detector ADC
U U 7 U —I_
X X X
U U
| / DWA | ,
7 | logic | 77

 Flash ADC outputs

=)

* Delay mismatch effects
moved to high-frequency (noise-shaping)

=

shuffled by DWA logic,
fed into MUXs as select signals
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DWA OEeration

Cell number

S
T 14
——->> i)

<+— Digital input

. D)
Pass a baton In relay race !




Noise-Sha
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Digital input
X

Digital integrator

_l.l

T+ Aty T+AT2 T+ A1,
M
u
X
1
7

At
\ *

Delay
cell

|
( 1/2

Y(2)=X(2)+(1-1/Z)Az(2)

. B

Delay mismatch At is fist-order noise-shaping

Analog output
Y

Analog differentiator



DWA & Noise Shaging

Cell number >

Digital input

» Delay 7 : integration & differentiation
» Delay mismatch Az : differentiation

delay cell mismatch effects delay cell mismatch effects

A A

Power

Noise Shape

Power

L
.’W
u
U

[

n

Frequency'

Frequency'



Difference from ideal line[ps]
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Simulation of Az TDC with DWA

® Output : 99 points ® Output : 599 points
8 ‘0 8
Q.
6 D 6
4 S 4
2 AW = 2 TN
2 DAY N AR Y S TR
-4 \{\x //\/PA _/ \_/\ / O .4 \‘//H il \
6 vy v o 6 \\/
-8 8 -8
1 -0.8-0.6 -04-02 00 0.2 04 06 08 1 © .1 -08-06-04-0200 02 04 06 08 1
T[ns] = T[ns]
&
—e— AX TDC(with DWA)
—e— A TDC(without DWA)

v'Reduce the effect of delay mismatches

2A TDC linearity I1s improved
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.
.
-

CLK1

CLK2 !
—+

Measure T

y

T is DC signal.

DWA Effect
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* Delay 7 : integration & differentiation
» Delay mismatch Az : differentiation

delay cell mismatch effects

4

Power

A

huw,
N W
n "
. U

delay cell mismatch effects

Noise Shape

n

Frequency'

4

Power

A

»

I Frequency

Mismatch effects
reduction at DC
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Outline

» Multi-Bit ZA TDC with Self-Calibration
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2A TDC with Self-Calibration

CLKref
External ¢ it
Counter Memory
| 1]
M M M
— X 1| I = = om —I [I
X X x
i | M M
. Flash
u ] u P — nsp
x i\ ] ADC
Az, +A o, A7,
M V% | M
u vl - U
X _I X _‘ X
9 b 5

3-bit A X TDHC

® Self-calibration circuit: inverter, MUX, counter, memory
® Measure delay values and store them in memory
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Self-Measurement of Delax

re
K

N N
— >_) » » \ Enable
Up— +At |U ? A, |U cecr—9 AT | U J . Counter
I ¢ X X X
/ / - - CLKosc
CLKref
| |
CLKosc

® Ring oscillator with a delay cell to be measured
® Counter measure the number of the pulses

® At can be calculated

® Measured delay values are stored in memory
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Time Signal & Ring Oscillator
Measurement : T+AT;
O< CLKTref

/xJ

N N

M M M

Up— +At |U ? A, |U Tec—e  HATY Counter
X X X

|~ |~

CLKosc

Ring oscillator

MOobius strip
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Self-Measurement of Delax

Measurement : t+At,

Oé CLKref

N b_)\ _D» _D»\I Enable
M . M M
U ? +At, | U * A1, |U cee—e  +A7, | U . Counter
X X X o X
_~

<

J

~ -~ -~ CLKosc
Oscillation frequency
f = 1 , Measure
Z(T' HT + AT, |) ' At, At3 Ata ... ATy
one by one.

D

At, can be calculated from the oscillation frequency
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Essence of ProEosed Method

® All operations are done in digital domain
® Signal is Time instead of Voltage.
mm) Easy, accurate measurement of At

CLKref
o<
_D)\I Enable
M
U . Counter
X

+A1y

xXCcZ
l

4 +AT2

CLKosc

TEE/
3 +
) >
B <

\><c z/

Time flies like an arrow!
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ProEosed Error Correction Scheme

CK
INT,, |

CLK, J‘ Flash
ADC

O

o
S
O
o
S

D

Dout
®

I
P PP OOO0OO
P PR EFPOOO

3t+AT AT, TAT, \

4t+At+AT, AT AT,

PP

3.13 3.95 5.02
® Obtain TDC raw output (Dout) for two input clocks
® Read delay values from memory,

and compensate for the output based on them
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Simulation of Self-Calibration

) : 2} i

= @ Output : 99 points = @ Output : 599 points

£ 8 £ 8

— 6 _ 6

= 2 A \lﬂ \ A - g 2 =~

o v_/\w’. VY I / Y /\/\ / o) N /f A /
= A/ s L =z R S

o 4 S AN a L~

3 7 i g .y
G -8 c -8

o -1 -0.8-06-04-02 00 02 04 06 08 1 o -1 -0.8-06-04-0.2 0.0 0.2 04 06 08 1
= T[ns] = T[ns]

—e— AY TDC(with Self-Calibration)
—o— A> TDC(without Self-Calibration)

2A TDC linearity is improved
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Problem of Ring Oscillator

Measurement : t+At,

ot

CLKref

Enable

N > N \I
M M M M
Upr— +Aty | U ? fAt, | U +Aty | U ¢
— x X X /xJ
|~ L~
Ay
VDD High
f = ’
2(2‘ + 7+ Arl)
Low Low
T, +7T,
Measured delay * =~ 5

However, we need the rise delay Tr

Counter
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ImEroved Delax Measurement Circuit

) TT'/Tf : : .::
D trigber n
Oscillator circuit to measure

the rise delay TI of the buffer

Oscillation period is a function of 7r , but NOT Tf
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Oscillation Timing Chart

trigger ¢ —| :
gg B v T, — T3 Tq
Ty i— L > T —
a <> > <>
b Iy Unrelated Iy .
C <> J <> <> <>
T1+TE T1+T2 T1+T2 T1+T2_
T3 T3 T3
d < < < |




Delay with Several Buffers
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b r T3

L Y J
|>T2 o o/ ‘ trigger—l |—|

v
L
LN
e
L

™

=

v,

@]
__LC‘
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Circuit Performance ComEarison

Multi-Bit ZA | Multi-Bit ZA
Flash | 1-bitZA | e it

TDC TDC correction) correction)
Area X © O O
Resolution X © © ©
Accuracy A © X ©
Time © X O O
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Outline

» Conclusion
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Conclusion

@® \We propose to use A TDC
for digital signal timing measurement

® Multi-bit ZATDC
» Short measurement time
» Fine time resolution
» Non-linearity due to mismatches among delay cells
» Two technigues to improve linearity
— DWA
— Self-Calibration  (signal is “time”)

Low cost, high quality digital timing test can be realized
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Appendix
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How to Calculate the Delax Time

M, 1

fk ~ = — A
0sC Tref Z(T'+Tk) T, =T+AT,
o My _ 1
e Tref 27,
T _E i_i NTref 1 . 1
“T2lf f, ) 2 M, M, k=1,2, ..., 2N-1
! I
:‘ Tref :
CLKref
| I_
CLKosc

Number of Pulses : M,



TDC Circult with Self-Calibration
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3-bit AX TDC

- REREICEAZL-ES
e SAIEIZIEZN-bit TNRTFTYTHhM3B

CLKref
P4 SIS
<7
VNG AEY—
M / \
U M M M
X U U U
X X X
M M M - Flash | | &
{iﬁ n =
U U U son [157% M apc [ DSP
X X +AT, X +AT, S v
M M M |
U U U
x |1 x |1 X
\ )| )| / /
/3
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ComEarison of Linearitz

-3-bit AT TDC (Delay Time(ldeal) : |=0.145ns)

¢ =
BN

o
o (6]
—e
——e | —
—e
|
| —e

o
(631
4

'_\
N (6}
I
—
[
*—
—— |
““““4“““4" y
—— ©
e -
| Q-
o 1
—Te—— | i
—e—
| e
o——r |
——
—
——_—
—

A difference with an ideal line [ps]

N 1 - 1 B
o

-3 - r - r
-1 -08 -06 -04 -02 00 02 04 06 038 1

T[ns]

II:I:II j]*j&gg,'ﬁl:a:b\b\f [—o— A% TDC (with Element Rotation)}
—e— A> TDC (with Self-Calibration)
o IBFEIREE  £2 ps LIKDE
« FHEE +x25ps LINDE
> R ENZZERIREEFTHE




Detail of Oscillation timing chart
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Timing chart

Input trigger

1o TT’/T 1
T’)" < Tf AV f :‘."’:.

<>
ttrigger
trigger % —| 5

T1— 11 11 T1 —

a S > > i
> > >
p Tf pd Tf S & Tf
c < >_J <> < el
T1+T2 T1+T2 T1+T2 T1+T2
T3 3 }-3

d < < < L
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Timing chart

Buffer out put “a” is rises from low to high level after 1,

T1 b T3
a \[ [ [ [ [ N

T T-/T " B
Tr < Tf ADZC i
trigger n

<>
ttrigger
trigger _—|
Tqose 11 11 T —
a <> > > <>
G2 = > >

b < TT rd < Tr r g < TT. r g
C < J R > <

T1+T2 T1+T2 T1+T2 T1+T2_

T3 3 T3

d < < <€ |




Timing chart
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Inverter out put “c” is falls from high to low level after 7,

T1 b T3
a \[ [ [ [ [ N o

T T-/T .
Tr < Ty ADZC i
trigger n

<>
ttrigger
trigger _—|
T1 i— 11 11 T —
a <> > > <>
= = >

b < TT rd < Tr r g < TT. r g
C <> _I R > <

Ty + Tz" Ty + (%) Ty + %) Ty + TZ_

T3 3 13

d = < < |
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Timing chart

5 buffers out put “b” is rises from low to high level after .,

T T, /T A
T')" < Tf % f :‘.__.:'
trigger n

<>

ttrigger
trigger _—|
T1 i— 11 11 T —
a <> > > <>
> > >

b < TT I < Tr r g < TT. r g
C < J R > <

T1+T2 T1+T2 T1+T2 T1+T2_

T3 3 13

d < < < |
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Timing chart

5 buffers out put “b” is falls from high to low level after 7,

TZ TT/T RY [N
T')" < Tf % f :‘.__.:'
trigger n

<>

ttrigger
trigger _—|
T1 i— 11 11 T —
a <> > > <>
> > >

b < TT 1 < Tr rd < TT. r g
C < >_J <> <> < >_

T1+T2 T1+T2 T1+T2 T1+T2

13 3 /T3

d < < < |
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Timing chart

AND out put “d” is rises from low to high level after 5

71 [ [ [ [ [ b T3
a \ J "‘--..:’.

T T-/T .
Tr < Ty ADZC i
trigger n

<>

ttrigger
trigger _—|
T1 i— 11 11 T —
a <> > > <>
= = >

b < TT rd < Tr r g < TT. r g
C < J R > <

T1+TE T1+T2 T1+T2 T1+T2_

T3 3 T3

d < < < |
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Timing chart

Over time, Pulse width of each node Is increasing by (rf — r,,)

) T,/T o
Tr <Tf ADC s
trigger n

Pulse width = tiyigger + Z(Tf — Tr)

trigger _—|

Tl S n‘_v Tl — Tl — - T 1 —

A
v
A4
v
\
4
\

a

b T, | L~ T, T

Vv
v

N

A
/ \ R K

A

\

4

&

A

N
A4
7}
V
N
A4
A
v
N
A4

O
4
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Timing chart

The timing of the falling edge of node B and C
becomes the same, a pulse width converges

Y "n-". -
TZ TT/T RY [N
T'r < Tf % f :’o..w:
trigger n

<>
. ttrigger
. Pulse width converges
trigger
—_ 11 71 11

a > > >

- Tr _ DN 72 R LY ~
b o T,r. r < T,r. re
C <> <> <—> |

Ty + %) Ty + 2 71 + %)
T3 T3 13

d | < < <
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Timing chart

The timing of the falling edge of node B and C
becomes the same, a pulse width converges

Y "n-". -
TZ TT/T RY [N
T'r' < Tf % f :’o..w:
trigger n

<>
Pulse width =t nl(t ‘ . rigger
mgge" +n( f o) Pulse width = tyyigger + n(rf — TT)
trlgger . ]
— v U= [ 51

a | Sle > Sle > / Sle >
b <2"'=.“_ L ﬁ T, 2le———r = T4 ' o >

\."."- B T T ttrigger + (Tl + 1)(Tf _ T‘r')
C < 7 |€ P K 7 |'S > < > g >

Ty 4 Ty T]_ + 2 Tl + IZ

T3 T3 T3

d | < > <S——> <Dx¢ >
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Timing chart

After convergence, period T of node “d” is t; + 7, + 13

T1

T T,/T
Ty < Tf I >2 O r/ / i
trigger I
froe = 1 - Obtain the accurate value of 7,
trigger 0S¢ 1+ (11 + 13) with measuring the oscillation frequency !!
- Tl
a > B
b < T, >
C e
T3
d | <
T1>< T, ><T3



