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759 a8 TDCOEREEN1E
START ade

START — i +A7 | tAT,| tAhn| tAr| AT
| AT | Ho ofy He o He o He o
— > > > >
STOP ! STOP ¢ ¢ ¢ ¢
: | D1 D2 D3 D4
BrfE 93 fFRE: ¢ Encoder — Dout
AT
— O AT DRESIZHAILT:
START . TURIE Dout ZH A
a —] Di=1
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Delay Cell Variation Inside TDC Circuit

| Dellay cell \llariatiorl\ ATk 1
v v v v \i/

+A7| +AT| +tAh| FA7| +A7

1P Ql- {o o Yo o Hp @ S S
> 1 |_ 1 |_ 13 |_ ' TDC nonlinearity
° ° ® ®
D1 D2 D3 D4 t
START _| : Dy =1 Do—1

E_r)' . D1:1

————————————————————————

stop L T stop i T ]

(a) Without delay variation (b) With delay variation
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Random Variation among Delay Cells

* Delay T variation
Relative variation
== [1DC nonlinearity
Absolute (average value) variation

TDC input range & time

resolution

* Focus on Relative variation here.

15



Research Objective

 TDC linearity self-calibration with histogram

Dout(0)=1 i ration Dout{0)=0.3 C ]
Dout(1)=3 Dout(1)=2.8 | orrecte
Dout(2)=5 ‘ Dout(2)=4.5 based on
Dout(3)=8 Dout(3)=7.3 d-ela.y
. . variation
estimation

* Analog FPGA(PSoC) implementation, evaluation
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TDC with Self-Calibration

START —

Test mode
“0” or “1 7

24
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STOP

Encoder

Dout

Histogram Engine

!

To histogram database




Normal Operation Mode

START —

Test mode
“0” or “1 7

Encoder

Dout
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Self-Calibration Mode

Ty

START —

Test mode
“0” or “1 7

—)

STOP

Ring oscillator

) L f

External clockp

7, 7 7 ) S—
Hp ok Hp o Hp ok Yo o Hp o+ Hp ok Yp o}
n’s D> D> n’s n’s n’s n’s
° o— | —* ®

Encoder

Histogram Engine

!

To histogram database
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Self-Calibration

Self-calibration mode

START, STOP signals
are NOT synchronized

# of “1” output

1 1 1 1 1 1 1 1 1 1 1
16 18 20 16 18 20 22 16 18 20 22
' Code

Histograms in all bins will be equal,
after collection of a sufficiently large number of data,
If the TDC has perfect linearity

20



Principle of TDC Linearity Calibration

e START (ring oscillator) and STOP signals are asynchronous.

<

T T
START—/X
Test mode 4o o1 Ho aq Ho g+ Hpb Hp o1 Ho o Hp @
“0” or “1” _> _> _> _> _> _> _>
D
STOP o ® o o ——-—-—-- - o

* Probability of digital code for large delay is high.
* Probability of digital code for small delay is low.

21



Self-Calibration

TDC is non-linear delay

Histogram

N

I R I S B B

T+A7, 7+A7, T+A7; T+A7,

_DQ[DQI:DQ

Each histogram

Agfz Az, :LAZ}
- . <

| | Proportional to
At corresponding
., delay value

I

TDC digital output
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Principle of Self-Calibration

@ Histogram
N I

Nonlinear TDC

fr—
' 1
1 I |

P—
1

— (—
! 1

Linearized by inverse function :

T

@ N _

=

A

s

INL calculation

N
Histogram of ideally
Linear TDC

TDC digital ou?pa%



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

7, =60~69ps
7, =10ns

-

# of “1” output

N
13

N
I

—_
3]
T

—_
7

[t
o

o

MATLAB

after calibration

o

2 4 6 8 10 12 14 16 18 20 22

code

Histogram for each bin is the same
when the TDC is linear. ”



Altera FPGA (Full digital Implementation)

TDC with histogram method self-calibration

Delay cell array is implemented with CMOS inverter chain.
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INL Before and After Self-Calibration

Before
calibration

Measurement results

After
calibration
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Concept of Gray code

Gray code is a binary numeral system where two successive values differ in only one bit.

4-bit Gray code vs. 4-bit Natural Binary Code

numbers Binary Code Code
P o000 0000
0001 0001
R o010 0011
R o011 0010
I o100 0110
5 T 0111
I o110 0101
0111 0100
B 000 1100
B 1001 1101
BT 1010 1111
1011 1110
T 1100 1010
e 10 1011
T 1110 1001
[ 15 [EEEEE 1000

ANk Gray and A. L. Johosrud in television booth. Behind
the glass panels at sides and top are the photo-clectric cells.

Gray code was invented by Frank Gray at Bell Lab in 1947.
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How to utilize Gray code in TDC 30

In a ring oscillator, between any two adjacent states, only one output changes
at a time. This characteristic is very similar to Gray code.

S NG N NG N NG N PN
IT/RO IT/RI IT/RZ IT/R3 IT/R4 IT/RS IT/RG IT/R7 >07

8-stage Ring Oscillator Output 4-bit Gray Code
RO Rl R2 R3 R4 R5 R6 R7|G3 G2 Gl GO

For any given Gray code,
each bit can be generated
by a certain ring oscillator.

O O0OO0O0O0OO0OO0ORRRRRERPRPRLIPRERLPRERO
OCOO0OO0OO0OORRRRERRERRRERROO
OCOO0OO0OORRRRERRERRERRREROOO
COO0ORRRPRRERPRRLRRELRRELRRELROOOO
OCOO0ORRRRRRLRRELRRELROOOORO
OCORRPRRPRRPRRRPLRRLRPLOOOOORO
OrRrFRPEFRPFPEFEPEPEPRPPFPOOCOOOODO
PRPRPRPRPPRPRPPPOOOOOOODO
PRPRPRPRPPRPRPPPOOOOOOODO
OO0OO0OO0ORRRRRRRERREROOODO
OCORRPRRPRRPROOOORRERROO
ORrPRPROORRPFRPROORROORRO




Proposed 4-bit Gray code TDC 31

Similar to residue number system, Gray code can:

a large Flash TDC w a set of smaller Flash TDC performed in parallel

Gray Code Binary Code
= G0 — —— B0
T T
Initial Value = ‘ / {>C - Gray B1
START D G2 — D:2::er — B2
ar— GO0
p 63— — B3
<
> >t K 3 >t K >o—
L - L7 LV P |
D

Proposed Gray code TDC architecture in 4-bit case

STOP

7
—

[ 1
—

\~/
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FPGA measurement results of 8-bit Gray code TDC

FPGA implementation of Gray code TDC
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Gray code TDC works with good linearity as expected



Conventional Flash TDC vs. Gray code TDC 33

For large measurement range, the number of flip-flops in
Gray code TDC decreases rapidly ( N <<2" )

Reduction of circuit complexity!!
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SAR ADC & SARTDC

ECEEﬁrﬁr]
73-\;‘7‘_} S&H CLK1
= -
|‘.‘7El~:;’;fl > I
Mulgpfé:er select
< L 3_‘.\'
‘ < b > | sAR Logic | 3
memE || L Jrvan ™ out
(Vref) ) H:D‘J
s
R EEEELA{UADC B REEESAUTDC
o KFEMNONNL—4F . XFEADFF
« EAADAC o DERAHAMUX
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AT AT
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ST 3> e >
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cLk2 Lo
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AT=43t DIBEE

CLK2

SAR Logic
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SARTDCOEME R7v7 2 AT AT AT
crt JILITLITL
CLK?2 _..I_L.._LL_I_
Bl{|AT=431t DIBE
CLK1
DT _ 110
Multiplexer select |«
L 3}:‘
CLK2 D Q] —— |
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SAR TDC® ATvT 3 AT AT AT
adli 77 cikt LT
oLk AL

B |AT=431 DIBE
CLK1

TP

Multl select |«
3
‘ 0 (.
CLK2 D Q]— TURILE N4
> SAR Logic 3 100
VA
Dout
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AT AT AT

SAR TDCOENME ZwELi-tkiE(RFvT4) AL .

CLK1 4|

cLk2 1L

< > <

CLK2

SAR Logic
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2 ATV ARIZKSENEREIE
SAR+Vernier-Type TDC

AT &

ATYWI2:3

FFfE 2= D
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B B B o

CLK2

3bit SAR TDCDERL

MUX

M

select

D Q

>

SAR Logic
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Doutl

ATYI1
SAR TDC
Fr i 7 AR BE - 11

47



3bit SAR+3bit SAR-Vernier TDCDFERX

B B B e

MUX select
3
CLK2 *—TD a =51 -
— — > SAR Logic 3 ATV
£ >Doutl  SAR TDC

B 5l 73 AR HE - 11

1/8 frequency divider

gl atie e site sie gl

MUX enable<—t N
]

r
D Q enable 43/{/ "
ATVIT2

—> SAR Logic | 3
Eaiananis bﬁ > Z;)Z SAR-VernierTDC

T1>12 MUX - enable|<— B S R fE 1112
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3b|t SAR4+ 3bit SAR-Vernier TDCOF{EQD)

[

[z T T o

T Bill: AT = 43:1031:%A
CLK
__,,M‘U‘R’ select 100 c.f.m_.J_LJ_L.J_I_
3
CLK2 [ D Q 1 DoutlZ® 154
—_— SAR Logic
P & Doutl | 100
LILTLIL
1/8 frequency divider
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| 1 e
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%%%%J

MUX enable

Dout2
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3bit SAR+3bit SAR-Vernier TDCD EJ{EQ2)

Bl:AT =431, DIFE

T TP T
/Mﬂf select
CLK2 L 'l D Q 1
= > SAR Logic
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3bit SAR+3bit SAR-Vernier TDCOEER

[

[

CLK1 |

St 0 o

Bl:AT =43¢, OIBE
SAL AL AL

X select (<10 () ﬁﬁf?ﬂ?ﬂ?t
1 3
CLK2 D Q _
¥I§=> SAR Logic pout1 [ 100
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1/8 frequency divider [—o
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3bit SAR+ 3bit SAR-Vernier TDCOHH B

S v h [T:-f h Lo E Tt [T,-f {Dout1 , Dout2}
={100, 010}
B iz <1100 ={4 , 2x0.125}s
i 3 =4.250T,
CLK2 D[ dH= E=:14.371,-4.250T1,|=0.05 T,
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p [ -
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= T - - - = b :
ol Lt i e Boutz[010
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Xilinx ISETL 21l —S a4k 8
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m 50 6.632 001 110 21.784 101 110
}J 7.106 001 111 22.258 101 111
> a0 7.577 010 000 22.729 110 000
7 8.050 010 001 23.202 110 001
7 8.524 010 010 23.676 110 010
Y4 30 8998 010 011 24150 110 011
9.472 010 100 24624 110 100
v 0 9946 010 101 25.008 110 101
{ﬁ 10.420 010 110 25572 110 110
10.894 010 111 26.046 110 111
10 11.365 011 000 26.517 111 000D
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TS5V ADEESE
REEBEDHRAE

ARAVEDEANICITY,
FAILFUDREICLE-T-1.
BREERLUMBREIC

"La construction, l'usage, et les
proprietes du quadrant nouveau de
mathematiques"”

16314 Ty ILIZTE
HURL'DL\'C_EJ_o

EI— )l/ "7::)1/ T

Pierre Vernier

(1580.9.19 - 1637.9.14)
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Time continues indefinitely.



