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» Research Objective
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Research Purgose

® Testing timing difference S |
between two repetitive digital signals. | '

AR AR
EX. 5 L
Data and clock e ’
In Double Data Rate (DDR) memory
® Short testing time etk X XXX OO O
® Good accuracy command —(TREAD )
s N\ —
Data COXOOO——

Implemented with small circuitry



Our Work

Using Multi-bit 2A Time-to-Digital Converter (TDC)
» Repetitive digital signals
m=) A TDC can be used
« Simple circuit
* Fine time resolution

Testing time Linearity
Single-bit Long Good
Multi-bit Short Bad

due to delay elements mismatches

@

Two methods for their compensation
« Data-weighted-averaging (DWA)
« Self-calibration



Outline

» Single-Bit & Multi-Bit 2A TDCs




Single-Bit 2A TDC

CK

0
CLK1 } 0111001« -
CLK1la
. U
>l |1 > — —H
I: M 1 /i Phase CLKin INTout - Dout
: U Detector j CMP
I X 0
| oL m INTout> 0:1
U
X | | cLk2a INTo <0 -0
CLK2 1

« Measurement of timing T between repetitive CLK1 and CLK2.
* Number of 1’s at Dout is proportionalto T .
 Time resolution becomes finer as measurement time becomes longer.



Multi-Bit ZA TDC

CLK1 0 0 0 Phase \

Detector

X CcC=Z

|_°><C§

1 1 1 1 1
M SR Y M Flash | Dout
[ +A91 v [ +A92 M - J +A97 B/I__r
: X : X X
CLK2 1 ? 1 ? | 1 ?

L

 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 —
1L 1 X 11 1 INT,
o | % - D, || Flash [ Dou
X X N\ +-|. ADC
0[ HAD T 0[ AL J
_ X B
CLK2 1 ¢ | 1 1 D
1 | N +
J

e 3-bit : 23-1 =7 comy :
* Fine time resolutior '

= D,

+ lon

Shorter measureme

*TDC non-linearity di % 7 comparators cells.




Multi-Bit ZA TDC

Phase
Detector

CLK1 0 0 0
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CK

Flash
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Doyt

 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

CLK1 0 0 0 Phase \

Detector

X CcC=Z

|_°><C§

1 1 1 1 1
M SR Y M Flash | Dout
[ +A91 v [ +A92 M - J +A97 B/I__r
: X : X X
CLK2 1 ? 1 ? | 1 ?

L

 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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Difference in Measurement Time

® Simulation conditions

1-bit ZATDC 3-bit XA TDC
Rising timing edge difference -0.9 ~ 0.9ns -0.9 ~ 0.9ns
(T) (Resolution : 0.04ns) (Resolution : 0.04ns)
Delay time (1) 1ns 0.145ns
The number of digital outputs 2 2
B Arising number of outputs for the interval T
3 14
12
X N O 10 / r'/
- | 2o =
H * 6
L e .
[
2 i
° -1 -08-06-04-02 00 02 04 06 08 1 ° -1 -0.8-06-04-02 00 02 04 06 08 1
T[ns] T[ns]

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



Outline

» Multi-Bit 2A TDC with DWA
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DWA (Data Wel

CLK1

L
[ +AT,

M
U
X

CLK2

L

hted Averagin

CK

Flash
ADC
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Doyt

B”_L 0 — - JL u

X X X

= %«[ - %{ R

X X

M [ +A7, M J +At, M

U u 4+— -- U —

X | X X

| | |
DWA
logic

 Flash ADC outputs

=)

* Delay mismatch effects

—

shuffled by DWA logic,
fed into MUXs as select signals

moved to high-frequency (noise-shaping)




Noise-Sha
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Digital input
X

Digital integrator

T+ Aty T+AQ T+ Aty
M
u
X

1/

V4

_l.l

Delay
cell

1/z

Y(z2)=X(2)+(1-1/2)A7(2)

. B

Analog output
Y

Analog differentiator

Delay mismatch At is fist-order noise-shaping.



DWA & Noise Shaping ’

Cell number

Digital input

* Delay 7 : integration & differentiation
» Delay mismatch At : differentiation

delay cell mismatch effects delay cell mismatch effects
Power

Power
1 Without DWA *

«Lw.

With DWA

v
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DWA Operation

>
——->> i)

<«— Digital input




DWA Effect

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

delay cell mismatch effects
Power

A

T T T T
CLK1 mEmEEE
Measure T
T is DC signal.

A

Without DWA

«Mw.

f

»

delay cell mismatch effects
Power

A

With DWA
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Mismatch effects
reduction at DC

v



Simulation of 2A TDC with DWA

= @ Output : 99 points )
o o
P > 8
£ 6 S 6
T 4 g ¢
() (]
T 2 A T 2
e 0 \ﬁ //V v\ S / £ 0
o 2 ./Q\VR'.-'” ¢ ¥ Y Ar Y /‘\/\‘ V ¥ F o 2
o -4 EAR V4 / A4 5 -
2 ar V £
c 6 Y C -6
S S 8
g -1 -08 -06 -04 -02 00 02 04 06 0.8 1 HGE)
= T[ns] =

® Output : 599 points

e AN

S

-1

-0.8 -06 -04 -02 00 02 04 06 0.8

T[ns]

—e— AY TDC(with DWA)
—e— AS TDC(without DWA)

v'Reduce the effect of delay mismatches.

» 2ATDC linearity is improved.

1



Outline

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

CLKref
External circuit
O@ Enable
> Counter Memory
Ml \
U
M | M
pa— X 'l| I . L. _I [I
x X X
M M M
. Flash
] L U oo H 1 -~
: ADC
Ac XJ A x W
M M M
L L n s u -
X _I X _‘ X
b N

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 Delaz

K

Lapiit=a)

+Aty | U Counter
X |

-

N o
U
X

N
M
-
— A1, | U ? +AT,
X
/

5
|

|~

CLKosc

CLKTref

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

M M M
Upr— +At, | U ? FAT, ce—e AT,
—_—] X X X
|~ |~

Enable

Counter

=2/

CLKosc

Ring oscillator

MOobius strip
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Self-Measurement of Delaz
Measurement : T+At,
O< CLKref

N >_)\ _D)\I Enable
M M M M
U ¢ +Ar, | U ¢ +Ar, |U cee—t AT, | U . > Counter
% x x ]
CLKosc
Oscillation frequency
1
f = Measure
/
2(2' HT + A7, ' AT,, ATy, ATs, ... 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

CLKTref
o<

NN T N Enable
M M M M
Ukt +An |U +At, | U —t AT, |U Counter
= CLKosc

Time flies like an arrow!
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ProEosed Error Correction Scheme

CK
INT,, |

CLK, J‘ Flash
ADC

)

o
S
O
o
S

D

Dout
*

I
P PR, OOO0OO
P RPRPEFPOOO

3t+At AT, TAT, \

41+At AT, +AT AT,

PP

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

and compensate for the output based on them.




Difference from ideal line [ps]
O »® A DDON MO ®©
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Simulation of Self-Calibration

® Output : 99 points ® Output : 599 points

7}
Q.
— 8
£ 6
o 4
A AN g 2 v
AL AR Y g 0 e -;./. - HH:\-_( 7
A A AL i S s Sl N
A8 1%/ g -
‘ 5 ]
4 0806 -04-02 00 02 04 06 08 1 FE ? -1 -08 06 -04 -02 00 02 04 06 08 1
T[ns] a T[ns]

—eo— A> TDC(with Self-Calibration)
—o— A2 TDC(without Self-Calibration)

2A TDC linearity is improved.



Outline

» Circuit Design
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— Dout

PFD + Integrator

le-Bit ZA TDC

Sin

Vout+]!

Charge Pump
with Operational Amplifier

Phase Frequency Detector
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Multi-Bit ZA TDC

Delay cell array

M M M VOU.H—

U U U »

X X =
CLKI >— — oo > 5 -

,% = Dout

CLK2 > — T>— - e

M M |7 M a VOU'[—
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X X . X

1 "
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Circuit Design of Multi-Bit ZA TDC

From
Integrator X —

R
e Do2 1z
| + —>MUX2 7

% + I Dol Array of comparators

Do7
Vout+ | + :F

Vout+

ator

Dout

Flash ADC

Vout-

0

#q/ |
\Nn:g/ M o2

PD +

- whose outputs are connected

Ic From ~ Vout- to MUX select signals.
Integrator
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DWA Logic

CLK
v
V
—| register [€]
Db2,Dbl , ,
Db0 43 13
\‘VJ A 4
— 7 3 —>)
CLKI SATDC v encoder e register 3, | 3bitadder [
CLK2 = Do7~ B2,B1 7 >
0N Dol BO Da2,Dal
To delay 0 Da0 3
circuit //
Ds2,Ds1,Ds0
7, barrel
4 shifter _I
1z
/7
D7~D1 DWA

Simple digital circuit:
Two Registers, Encoder, Adder, Barrel Shifter



» Conclusion

Outline
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Circuit Performance ComEarison

MUlti-Bit SA | Multi-Bit £A
Flash | 1-bit A without it

TDC TDC correction) correction)
Circuitry @
Resolution @
Accuracy @
Time @
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Conclusion

@® We propose to use ZATDC

for digital signal timing measurement.
® Multi-bit ZATDC.

» Short measurement time

» Fine time resolution.

» Non-linearity due to mismatches among delay cells.

» Two techniques 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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Flash TDC

T Stop
@ @ @

Flash TDC

]

Encoder —Dout

* Arbitrary digital timing signals can be measured one input.
« Circuitry is large.

* Time resolution is 1.

Arbitrary signals _i_ | | l | | |
* Measured repetitive digital signals. > Tischanged. 1 ' it
» High quality testing is required. 111
Repeatitive signals o

> T isconstant.
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How to Calculate the Delaz Time

fho o= =7+A
> Tref 2(7,+Tk) Tk -f Tk
o My _ 1
e Tref 27’
T _E i_i ~Tref 1 . 1
ol f,) 2 M, M, k=1,2,...,2\-1
! I
:‘ Tref :
CLKTref
| I_
CLKosc

Number of Pulses : M,



2A TDC with Self-Calibration

3-bit AX TDC

« FEEEICEAZL-ED

e SAIEIZIEN-bit TNRATFYTHhHM5B

CLKTref
P4 SIS
o T
% VNG AEY—
M /
U M M M \
\ﬂ U _ U _ U
X X X |
M | M ﬂf/_ M | AR Flash | | £
U b U u pigese [ 8% M apc 17 DSP
X +AT1 X +AT2 — X +AT3 57
M M M _l_
U ——I U ——I U M
&3 T 4
. ! ! J
3

41
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ComEarison of Linearitz

-3-bit AY TDC (Delay Time(ldeal) : t = 0.145ns)

=

1
o

/{/\ 1 I \1/ i v [—o— AS TDC (with Element Rotation)]

—eo— A2 TDC (with Self-Calibration)
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A difference with an ideal line [ps]

-3

-1 -08 -06 -04 -0.2 00 0.2 0.4 0.6 0.8 1
T[ns]

Output pulses : 99

 Ideal state : The error is from -2ps to +2ps.
 After calibration : The error is from -2.5ps to +2.5ps.
» The linearity is improved.
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S TTFILABITDCRIBDEIED

Timing Gen

CLKlaJA

CK
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L

CLK2 ‘

*CLK1¢CLK2Z A S
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RS =i

> CLK1a, CLK2aZx&5
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HTTFILAEITDCRIEDEIER

Timing Gen

CK

Mask
CLK1
CLK1a O—DLKlb
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CLK2a :)CLKZb/<- 201
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CLK1a | CLK1b | |_
CLK2a=Mask_| |_ » CLK2b | |_
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> MaskiE & &CLK1a, CLK2aéDiwmEEEZEY .. A TYEEDHES

> CLK1b, CLK2b%EH5

IXCZI l—lxczl




S TTILABITDCRIBDEIER)

Timing Gen CK

CLK1

CLK2 _l_b_

&~ CLK1b
: \CLKin INT,
J. CMP p—@—
CLK2a :CLKZb/<_; >0 1
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Mask ‘ | ‘ |
CLK1la

CLKib | | CLK, Z_U
o1 ®

*CLK1b&CLK2bED EZFEVFERDCLK ZFESD
LLERER TINT,  ZO0&LEL . HHD, &5
> KOOI TOREEHIE
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