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Introduction

“Fine time resolution” and “high linearity”
TDC Is essential for jitter, timing BOST

v

- High linearity TDC

—Self-calibration circuit

- Fine time resolution TDC

—Stochastic architecture

TDC: Time-to-Digital Converter
BOST: Built-Out Self-Test 4
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Time to Digital Converter (TDC)
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Time to Digital Converter (TDC)
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Encoder Circuit
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Encoder Circuit
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To ensure monotonicity of the TDC
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Bubble error

bubble
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Encoder Circuit
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START

STOP

Self-Calibration Mode
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Normal Operation Mode

normal mode
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Measurement with Histogram

Random dots .
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T

different from each other
and not synchronized

@

Histogram in ldeal Case

Test mode

ne two oscillators are

2500

# of “1” output

Code

The histograms in all bins will be equal,
after collection of a sufficiently large number of data,

If the TDC has perfect linearity
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Delay Variation Measurement

TDC Is non-linear
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Histogram Data is Proportional to Delay Value

Histogram bin of digital code with large delay is high.
Histogram bin of digital code with small delay is low.
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Principle of Self-Calibration
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Simulation Result of Self-Calibration

before calibration

0 2 4 6 8 10 12 14 16 18 20 22

code
Sampling points 28,848,432

MATLAB

after calibration
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code

7, =60~69ps Histogram for each bin is the same

7, =10ns

when the TDC is linear. -
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Stochastic TDC Structure

random offse@
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Stochastic TDC for Fine Time Resolution
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Stochastic Variation of Delay at Sub-Picosecond Level

Circuit performance characteristics like voltage, delay, slew and power
are stochastic processes.
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Delay Variation in Stochastic TDC

Setup /hold times of each DFF are different due to stochastic variation

Start

Setup/hold times = 19.31ps
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Stop
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Digital output code

Input-Output Characteristics of Stochastic TDC

20ps

Ex.
DFF number = 400 /\
14 26ps

Setup/hold times of 400 DFFs are 34,1%] 34,1%
normally distributed
Mean = 20ps, standard deviation = 6ps
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How to Convert a Nonlinear TDC into a Linear TDC?

TDC

linear

TDC

nonlinear

inearity

Is applied to improve |

ibration

-cal

Self



istics Before and After Calibration

Input-output Character

oo B
T T T T T T T T T 7
| | | | | | | ' | AEEEEETEEEEEE! ¢:9 |
' ' ' ' ' ' ' 1 ' @ [ T .
||||| - ---F----r----F----F----r----P----Sr----r----f [ R
' ' ' ' ' | | ' | 1 a1 |wo
1 1 LS 1 1 1 | [ o
il el L el T S e T|||||% o! ! ! ! r
1 1 [l 1 1 1 —_l ." J,..T.lﬂ
_ R _ . = o 1T
(B R R« [Ep—— F
TR | | (=] | & ! =
O ' ' (e] ' heh o vToTe
Lo oLl g ----- L____fd = ' [
I 1 1 (o] 1 L] © ' o
_w_ _ _ " _ I O | I e
i i i i i o ' [
....................... FTTTTrTT T TttrTTooe [ o
' ' Ll ' " o b iR
..................... e~ e ] QT
! ! ! -- [p——
_ _ (a] _ o - T M
||||||||||||||| r----r--- TTTTTrTTTord (7] | o T
! ! ! IR T __ 1 1 IR . §
N R :
||||||||| LR EEEEETEEEPY A L
1 1 ' 1 1 o
I I I 1 I e [F ™
|||||||||||||||||| B e S SR S ] (8] L
1 1 1 1 1
: : : : : = 8
................. LM L ____L____L____L____|o Q |
| | | | ' | ™ [l
1 1 1 1 1
|||||||||| Lo L Lol L____|®m .e-
' ' ' 1 ' T @
1 1 1 1 o
|||||||||||||||||| Lo e L____lmo
i bl i i i V I @
' L= ' ' '
| O | | | + @
||||| CTTTTRE=TTrTTTTrTT oot Tt STrTTTT e
I TR I I I
1 o 1 1 1 o emm
||||| [ e il nll it ol el il e e i e
_ _ _ _ _ _ -
' ' ' ' ' '
||||| R e e S i o F2
1 1 1 1 1 1 1
' ' ' ' ' ' ' 1
||||| [ e S S S e il s = o
' ' ' ' ' ' ' 1
1 1 1 1 1 1 1 1
||||| oLl ___L___._ Lo
! ' ' ' ' ' ' 1
1 1 1 1 1 1 1 1
! ! ! ! ! ! ! 1
||||| [ il it el wie it ol i
' ' ' ' ' ' ' 1 '
! ! ! ! ! ! ! 1 !
||||| [ et aitid et niteieliet m it et i e i
' ' ' ' ' ' ' 1 '
1 1 1 1 1 1 1 1 1
—— T T o
[=] [=] Q 2 [=] [=] [=] [=] 2 [=] o
=1 ] =] 3] =] @ =] o
21 - - - - -

Y S Y N U QU U (U I [ A U O DU N U Y N S ] e
I I I I I I I I I I I I | I I I I I I m
R T V
M- """ T~ " r~" "~ " T~ "r~--r-"1=-"1t~-"r~"1~ TrTTTTATTTT MM
1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 L -——
F + = + FAm - + [ ] 1||IM O —— e
L 1. 1 L 1. 4 L L 1 4 _.uulﬂ
[ & _a__a1__m o\ _ U _A__yt__vc__wo L___1__1__Lo
1 1 1 m
................... m O
™
[ ey T o —
Footm oo = _|||% —_— ° m— t
R R e (Vs
o0 0 a0 vr Q * o— | -
AR R -y h el Q 0O
Ldbbs e § >
nlat el Sl Sl et @l Sl Bl sl il Rl Nol wlble il el dialiek il ety Bttt sl il 21 m o =
- ! o ) —
|||_||J||.—||_|||_|aJ||.—||_|| Iwm f o
FTATTTI TSI I — (0]
oro 9 ! = g
NN « ) EEN Lo
B R = ©re o (@)
.||_||Luuuuuruu_koun_uu._uuru IM m a
T = VI T O O S T O L IO W AP Q -
o
CeTyTeTe co ! I - (D]
[~~~ - 1-"r=-r-3--1--r- aT-T T = t
1 1 1 1 1 1 1 1 1 1 1 | 0
A ; Lo s
R R L e L - * * - ~o
R e B - : ! Q)
1 1 1 1 1 1 1 1 1 1 1 1 1 [
IR RN U (Y I N U (U Jd L Jd L Jd__0h [ D
miat el Sl Sl il el Sty Hulbelt sl il il ditiel mlbie ity Sl dhaliak el ity Attt sl i
T T T T T T T T T T T T T T T T T T T o
['v] o 0 o ['v] o ['v] o ['y] o % % ['v} o ['x} o ['s] o ['s} o
o o w w [ - o o ['y] 7] m m 3] ™ — -

100

apod Indino jensig

Time difference (ps)



INL Reduction After Calibration

INL value
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Measurement Time Resolution

DFF Number Time Resolution
100 0.3258ps
200 0.1613ps
400 0.0876ps

Time resolution after calibration can reach sub-picosecond level !!

Comparison with other TDC architectures

TDC architecture Time resolution
This work 0.0876ps

Freeze Vernier [11] 4. 88ps
Vernier gated ring oscillator [12] 32ps

Delay line [13] 6.25ps
2D Vernier [14] 4 8ps
Local passive interpolation [15] 4 Tps
Inverter-chain [16] 80.0ps

Two-step [17] 3.75ps
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Conclusions

- High linearity TDC

—Self-Calibration circuit
- Fine time resolution TDC

—Stochastic architecture

Note: Stochastic ADC linearity calibration is NOT easy.

B Fine digital CMOS implementation

- Verification
- Self-calibration
- Consists of digital cells
(FPGA implementation is possible)
34



Final Statement

Stochastic process theory advances
precise timing measurement technology.

Prof. Kiyoshi Ito (1915-2008)
Japanese Mathematician

Kiyosi It6
Stochastic
Processes

Edited by
Ole E. Barndorff-Nielsen
and Ken-iti Sato

Great contribution to @mm
- Stochastic calculus
- Stochastic differential equation
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