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Research Obiective 4

® Testing the timing ki ——
between two repetitive digital signals T | T
Ex. Data and clock ] =
in Double Data Rate memory CLK2 __ |

® Short testing time Command —(READ )
® Good accuracy DQs M\ —
‘ va Oo00—

Implement BOST with small circuitry
BOST: Built-Out Self-Test



Our Work 5

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

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

¥

For their compensation

DWA algorithm, BOST (FPGA) verification
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A2 TDC Features 7

Timing T measurement between CLK1 and CLK2

A2 Time-to-Digital Converter (TDC)
CLK1 D
AY TDC D Dout
CLK2 D
45: A
T T T o
i i i e i e -
ckr _ i | P
CLK2 ! | | 5
1 2 X
-

« Simple circuit
« High linearity
« Measurement time — longer =

T oc # of 1’ at Dout

time resolution — finer
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Principle of A2TDC 8
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A2 TDC Configuration 9
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Single-Bit A2 TDC 10
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Delay line with 1bit digital input is inherently linear.



Operation of Single-Bit A> TDC 1

In case Dout =1
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In case

Dout =0
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Multi-Bit A2 TDC
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CLK1 0 0

X CcC=Z
xXcZ
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CK

Flash
ADC

Doyt

 3-bit : 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 A2 TDC 15
CLK1 0 0 T
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Multi-Bit A2 TDC 16
CK
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 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

$

« TDC non-linearity due to mismatches among delay cells



Multli-Bit A2 TDC
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CK

Flash
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 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



Time Resolution Comgarison 18

® Simulation conditions

1-bit AZ TDC 3-bit A> TDC
Rising timing edge difference -0.9 ~0.9ns -0.9 ~0.9ns
(T) (Resolution : 0.04 ns) (Resolution : 0.04 ns)
Delay time (1) 1ns 0.145 ns
The number of digital outputs 2 2

B Arising number of outputs for the interval T
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Measurement Time ComEarison 19

v Multi-bit takes short measurement time for a given time resolution
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% Low cost testing =
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CLK1

X CcZ

CLK2

DWA (Data Weighted Averagin 20
< P iEmpn
B/I 'L\J/I Phase L. J' Flash | Dout
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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




Digital input
X

Digital integrator

Noise-Shapin

T+ Aty
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\ * //Elog output
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Delay
cell
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Y(2)=X(z)+(1-1/2)Az(z)

1/2

. B

Delay mismatch At is first-order noise-shaped.

Analog differentiator



DWA & Noise Shaging 22

Cell number >

Digital input

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

delay cell mismatch effects delay cell mismatch effects

A A

Power
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Cell numbersfg? &3

e

<«— Digital input

Pass a baton In relay race !




No DWA Digital input 1 attime 1 24
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Delay cell selection 7 comparators
CLK1 T+AT, outputs



No DWA Diqgital input 2 attime 2 25
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No DWA Digital input 1 attime 3 26
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Delay cell selection 7 comparators
CLK1 T+AT, outputs



DWA Digital input 1 attime 1 27
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DWA Digital input 2 at time 2 28

CLK1
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DWA Digital input 1 at time 3 29
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DWA Effectiveness
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CLK1

CLK2 !
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Measure T

y

T is DC signal.
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* Delay 7 : integration & differentiation
» Delay mismatch Az : differentiation

delay cell mismatch effects

4
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delay cell mismatch effects

Noise Shape
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Power
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I Frequency

Mismatch effects
reduction at DC



Difference from ideal line[ps]

Simulation of A2 TDC with DWA 31

® Output : 99 points ® Output : 599 points
8 ‘n 8
o
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v'Reduce the effect of delay mismatches

2A TDC linearity I1s improved



DWA & Mismatches 32
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Analog FPGA Implementation 34

Programmable System-on-Chip(PSoC) Cypress Semiconductor

Analog-Digital Mixed-Signal FPGA

 Low cost

Advantages of « Short design time

PSoC Implementation | ¢ On-chip debug/design correction

« Easy for chip testing



Photo of A2TDC PSoC Implementation 35




Designed 3-bit A2TDC 36

Delay Line 1[0  Delay Line 2[l Delay Line 701

CLKI

j Flash [ Doutl
3 Apc

DWA I

@® Delay 7 ’s are implemented with external R, C.

@® R value can be chosen with external switch.



Phase Detector

Vdd CLK1la
T
1D Q r— Vup CLK2a
CLKla —-P>,
o e
Reset
CLK2a — > Vdown
DO +— Vdown

Delay Line 10  Delay Line 2[ Delay Line 7

37



Phase Detector and Integrator 38
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3bit Flash ADC Without Encoder
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7 Comparators

39

Differential Input
+
Dynamic
Resistor Ladder

Input to DWA logic

MUX selection signal
for delay selection




DWA Logic Circuit 40

Z-l
//3 //3
/ comparators’
outputs S
> 7/ +— Encoder 3;’ >3 Z1 —|ﬁ3;) Adder [t
3/
/
7, | Barrel
V4 rd .
Delay cell 2 Shifter
selection € Z
MUX’s Element Rotation

Implemented with small digital circuitry




TDC output
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Measured Result (Case 2

TOO00

TDC output
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Circuit Performance ComEarison 44

Multi-Bit AZ | Multi-Bit AT
Flash | 1-bitAS | (viou it

TDC TDC correction) correction)
Circuit size X © O O
Resolution X @ @ @
Linearity /\ © X ©
Testing © X O O

time
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@® We propose to use AX TDC
for digital signal timing measurement

@® Multi-bit AX TDC
» Short measurement time
» Fine time resolution
» Non-linearity due to mismatches among delay cells
» DWA algorithm for linearity improvement
— Analog FPGA verification

Low cost, high quality digital timing test can be realized
using BOST.
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Kobayashi _

Time is GOLD !
A2TDC is a key.
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