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OUTLINE

Research background

What is TDC ?

Configuration of SAR TDC

Fine Time Resolution with 2-step

Self-calibration for absolute delay variation
One-shot timing measurement using trigger circuit
Conclusion
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Research Objective

Development of
highly - linear, fine time-resolution TDC
for high-speed digital I/O interface timing measurement
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Background

Voltage Resolution Time Resolution
AT RN
T |“‘ ““I FI_I_I_I_I_I_I_H4
4+ cwmos A —T >
. Scaling - Time CMOS
Voltage T » T ‘ Scaling
L Voltage | I |”””””””|
—— . |"/' ®
4 i . > =
—_— i Time
W) facing difficulties m) becoming superior

due to reduced supply voltage

Analog circuit design difficultly
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Role of Time-to-Digital Converter
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[ Digital output }

TDC

Digital
—
Output

[ Time difference } [Measurement}
Start T i Start —»
i Stop—
Stop : .

Time-to-Digital Converter : TDC
measure two time differences, outputs digitally
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Innovation

H++—+—+++H

[1] Two — Step SAR TDC ‘ >
= FiIne time resolution HHHHHHHHHHHHHH
>

time resolution

L g <
[2] Self — Calibration 3 o’
. S .
= Linear TDC 5
time resolution
. . . STl:vF:T:’\/ \VAVAVAV VAN,
[3] Trigger Circuit gl g
= One - shot timing measurement  «
s AT //\/;"\//\/A/T\/r\/AT
Sipliniiniiniipipiph

2017/11/16 . . . .
Holds the signal time difference once input
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Configuration of SAR TDC

e g B

Stop l_ 1 Dl; _l|, D£ 1| D{ 1[)4

Use multiplexer < Flash type TDC
Dramatically reduced number of DFFs CLKin
g 1 P> -

A4 AS

—
Use SAR Logic <
Operation loop of circuit CLKA
" P SHS>HSHOH S>>
Multiplexer select
|_ —l|
CLK2 p o m 3
~ Dout

SAR TDC



Operation of SAR TDC ( STEP 1)

| AT = 430} SAL AL AL AL
| cLkif LTI
e cLke L L
STEP1 : i
| — In the case of
CLK2 : | :
CLK1 ! ! AT=431t, 3bit

100
3
Lo STEP1 LD - 1
> SAR Logic [ 3
/ >
fDout




Operation of SAR TDC ( STEP 2)

i AT = 4.31:!

CLK1

STEP2

CLK2

CLK1

CLK1
CLK2 -4

AL AL

SAL SAL

I

A E1 .

In the case of
AT=431t, 3bit

Mu

tiplexer

‘ | | ‘ ‘ ‘ | 110

select |«

STEP2
CLK2

0

SAR Logic

3

; 10

/ >
Dout
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Operation of SAR TDC ( STEP 3)

| AT = 437,

CLK1
51

STEP3

CLK1 CLk2

SAT A.Z SAL AL
CLK1: AN
CLK2 1 H .

In the case of
AT=431, 3bit

select |«

STEPBH
CLK?2

SAR Logic

3

100

3

/

/
Dout
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Operation of SAR TDC ( STEP 4)

| AT = 4.3 ->-Ag<7- ->-A5Z ->-A5<7: SAL
STEP4 g CLKl_Ii .i .i _i:
- [ cike Ll Ll L L
| —— In the case of
CLK1 o 5 | AT=431, 3Dbit
101
a4

100

select [¥—

3
STEP4 H .1
CLK?2 D Q .

> SAR Logic | 3 100

/
/ >
Dout l

Digital output:4

[Multiple steps are required to perform SAR operation
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Residual Time

residue

CLK2

Measurement result of SAR TDC | Measurement with residual time at sub TDC

CLK1 .
|[ |I |[ |[ |[ |[ |[ . more accurate values

Multiptexer select

| 3y

CLK2 D Q
> SARLogic | 3
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Fine Time Resolution with 2 Step Method

Fine time resolution with 2 step method —:'4@':
SAR+Vernier-Type TDC ; o

Integer time | Residual time |

step1:SAR TDC —

step2: SAR +Vernier—-type TDC —>| Measurement of residual time
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Fine Time Resolution TDC

In the case of
AT=431

CLK1

CLK1 4! ! !
CLK2 .LIILﬁ.Li

CLK?2

> SAR Logic 3

—| Fine time resolution

Dout

—> D’out

TDC circuit

Attach sub TDC to conventional SAR TDC
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SAR+Vernier-Type TDC (15 step)

Operation of 3bit SAR+ 3bit SAR-Vernier TDC

15t step

CLK1 | | | | I | |

CLK2

®| DD P P D0 >

D

JULLL

SAR
Logic

selec
3

>

100

In the case of

AT=431
SAL AT AL

cLki]i LI LS

L LT
e aigligligh
Get Doutl : 4

1/8 frequency divider|

()

> 1Dout

Time resolution : 11

MUX

enable

il

= Lt Lot 18 it L et L

MUX

enable

)

>

enable _ﬂ/
—rs

Logic

Actual circuit configuration

SAR
Dout ] ]
2 Relationship
T,>T
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SAR-+Vernier-Type TDC (2" step)

Operation of 3bit SAR+ 3bit SAR-Vernier TDC

2nd step

CLK2

selec 1 OO
1 3
D SAR

Logic

JUUUY
1/8 frequency divider

i\w

In the case of
AT=431

SAL AL LAL
cLki]i Ly L

CLK2JI_LJ_LU_L_

D>+ DD D> DD

MUX ON

o

Frequench

Divider

Pe1’ai’a e i’ei’e i’

MUX

ON

Dout

Ni<)|_@v



17/35

SAR+Vernier-Type TDC (3 step)

Operation of 3bit SAR+ 3bit SAR-Vernier TDC

3rd step In the case of
-1 AT=431
CLK1
Sd%fi}100 ek LTLTL
1 3 cuke 4 LML
SAR
Logic EI -> Doutl

JuUUuuuUL

1/8 frequency divider

Time resolution : 1

L 010
=
S
L(/)A\qRic % Get Dout2
Dout
2 010

Time resolution : T1-12
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Purpose of Self Calibration

a1V '<::I Delay element array
MUX select
}
oz S o 3 s oot [ b b b b b b b ]
1
_|1/8 frequency diVidEII I
b Delay element arra
DA DA D> 1 Delay element array y y
| MUX enable< LN

I > DQ—| er:gble I_?’J/
A | Delay element array
VIUA —

2
|

T1>712

The average delay value of the delay array varies

- Process
- Supply voltage » Relative variation
- Temperature

Focus

[- Overall delay element delay » Absolute variation
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Generation of Reference Clock

self calibration

Reference clock required

Reference clock can be generated

¥

¥

clk

clk

\_ck

3T ey

/

Time (Tref) can be easily and accurately generated
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Calibration Algorithm in 2 step SAR TDC

CLK1 | | I | | l |
| MUX  selest
Example of "Number of samples: 3" .. #Lg_ ?

DOUTZ ( )

ng, My :outout data |

Tw:Known input data | HEE L » mpe
|| IMUXI e {EH nnnnn " Sout —
— N /— Find the exact value of 1
NaTy + Myt = T4 1 7
~ ngty+mpr3 = 15 10 /
9 2
| NeTy Mtz = T3 . -

X T3=T,-T,

T’ —m4Tq + nqits :Tl
T” —moyTq + Nn,T3 :TZ
T”’ —MmMg3Tq + Nn3T3 :T3

Output digital value

0@
0 1 2 31-’1-’4” 12

" |fout time differénce”

[ This time, 7,(= 1.0) ,73(= 0.1) is virtually set, comparison and evaluation ]
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Measurement Error with Respect to Estimate

In case of 74
number of samples is "2"
About 2.4%

t

number of samples is“100*
About 0.5%

In case of 73

number of samples is "2*
About 20.0%

t

number of samples is“100"
About 9.0%

2017/11/16

Ratio of error to reference value[%]

Improvement to 5/24

2.4% » 0.5%

0]

10 20 30 40 50 60 70 80 90
The number of samples

Measurement error with respect to the estimate of t,

Ratio of error to reference value[%]

0

Improvement to 9/20

10

20% WRp 9%

20 30 40 50 0 70 80 90
The number of samples

Measurement error with respect to the estimate of 1,

(T3 =171 — T3)
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Variation of Error with Respect to Estimated Value

In case of 74(= 1.0)

the number of samplesis “ 2" o [
0.86(-14%) ~ 1.08(+22%) g . ﬁiiié;ﬂfé?i?ii;i'?!ﬁ!iiiﬁi:iietiil:iiiliiililii!!dm!s!illl:s!iiaum!:gmmimu:iig;m¢
' E ] Improvement to 1/12
0.85 ‘r 0
the number of samples is “ 100 © 36% - 3%
098('2%) ~ 101(+1%) i ’ The n:jmberof ;(zamples N .
Error variation with respect to T,
In case of 73(=0.1) T
the number of samplesis “ 2" as [

Improvement to 1/16

o
~
v

0.03(-70%) ~ 0.35(+250%)

2 o) o
0
T 320% Ep 20%
‘ 0.1 i igﬁgifii!EiiéﬁiﬂEi!iili%mi“‘:il!:iIlliii5!ll!l!!“ﬂi"ili!ili!iil!l'li!il!lllil!!limllii’

the number of samples is “ 100 * oo )
0.1(0%) ~ 0.12(20%) 0 20 40 60 80 100

The number of samples
Error variation with respect to 15

wowme | The reliability improves as the number of samples increases

Estimate [ps]
o
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SAR + Vernier TDC Linearity Problem

. Define as ideal

Tq — T1 — Ty

Time resolution

0 1 2 3 4 5 6 7 8
Number of buffers

2017/11/16



Digital output

Gap between Real and Ideal

Tq < T1 — Ty

Reversal phenomenon occurs

time resolution

T = 1.0 y 11 — Ty =0.12

Digital output

= N w
LY 1L A S ¥ o I U5 R Wy B o)

o
o wu!

1
5 1 > T — Ty

The linearity collapses

time resolution

77=10,1t  — 1, =0.08

2017/11/16 Occurs when the integer part switches

24/35
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Extra Buffers

12 IS deliberately set to
(1/8) T1 > (11— 12)

$

Extra buffers
When 1'-1 — T2<T3
Time resolution

Increased buffer

- = (11 —T2)

S017/11/16 1 2 3 4 56 7 8 91011 12 The number of buffers
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Make Redundancy

Self-calibration » Estimate time resolution »Selection of number of buffers

[Increased buffer + T, setting : (% T1<T1 — Tz)]

Possible to maintain linearity

Digital output

2
2 \\(\e

time resolution

Digital output

w
w v B

g
wn

Time resolution

Digital output

=
[l L\ ]

o
n

o

time resolution



Circuit configuration with redundancy

Flow of self calibration overall
AL NN O N N N N
MUX seleci[€ 400 Place extra delay elements
’ A3
CLK2 D SAR
Logic ,3/ __)Dout ‘
JUVLUTITL 1
1/8 frequency divider . .
{ self calibration
L—""
oN|€% 010 ‘
s Y
e > Select number of buffers
/ Dout
ON |<

2

\ 4

SAR + Vernier TDC Can maintain linearity

2017/11/16



28/35

Problems in Operation of SAR

During measurement

¥

The necessity to always input certain time difference
AT AT AT AT

]

CLK1
CLK2 - | -
Multiple steps required )

Input signal » SAR TDC » Output signal

Circuit approach to problem

AAccuracy IS good]
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What is Trigger Circuit ?

Trigger circuit : Digital circuit with two thresholds

"Circuit that oscillates with constant phase

2017/11/16

with zero phase at input timing signal “

-~

-

input

Trigger circuit
output

TOSC




Voltage Signal & Time signal

Conventional O Voltage signals can be held

83 Time signal difference can not be held
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START

input " _,\/
t ¢ 1 i 1
Trigger circuit T Yo
output os¢ | STOP 4
w2_i_ i

t

Proposal O Time signal difference can be held
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Single-shot Timing Measurement Using Trigger Circuit

Proposal )

_ START —
Enter START & STOP signals

¥

Oscillation start at initial phase determined {START —

Time signal difference can be held W2 _/\

k1 — i

fepd e fept >t

LT ‘T §T i T

STOP )

k2 = ——

SAR TDC requires multiple steps

[Can measure one-shot signal by using trigger circuit in front of SAR TDC]




Trigger Circuit example

[ Trigger circuit example |

Input  rigger

nal input
;Cﬁ (X)
track& p &4

cos(of) Exter

hold

Vout=Vc¢

T/H circuit T/H circuit
Output the input signal C holds Vin and outputs

2017/11/16

track&
hold

\ External input]
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/ track and hold circuit

track mode

=cos? (ot) +sin? (wt)
=] (—Eo®

*hold mode

Vout= cos (ot) cos(mt,) +sin(wt) sin (wt,)
=cos (o (t—t,))

\ ¢ trigger time:t,

Vout=cos (mt) cos (wt) +cos (ot+n/2) cos (wt+mn/2)

~

J
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Circuit configuration of One-Shot Measurement

SAR TDC using trigger circuit

START

T |
1 1
1 1
1
1
1
1
1
[ |
(R |
!
1

coswt wi \ ck1 w1
START Trigger e
I

Dout oK ; EAT —=_| | ' j _:-I _=_| _:—l
AR 7 STOP E | | E
I TDC !

_ w2 l\ ck2 w2 - | y Y | : | y
il T L T D G
Using trigger circuit and inverter SN N B N I
J 99 1step|28tep||33tep||4step|55tep"8$tep 7step

one shot ( start & stop ) signal

gt

Time difference can be held

et

Can operate with SAR TDC with one time difference
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Our Research Results

Research subject

- Fine time resolution and high linearity TDC circuit
with small circuit / low power consumption
- Enable single-shot timing measurement with SAR TDC

D

= Fine time resolution circuit configuration

Achievement

= Self calibration in absolute error
= Improve circuit linearity with buffer redundancy for two-step SAR TDC

= One-shot timing measurement using trigger circuit

2017/11/16
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Thank You for Listening

[ —0, ®—0

=T (RFRHET)

The times always change

However ...

ﬁ.ﬁ ki K K Time is always constant
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