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Time to digital Converters (TDC)
Applications

- Commercial time-of-flight applications such as Laser range-finding
- Positive electron temography medical imaging technology
- Logic Analyzers

& sysems
A fundemental element in systems made of closed loop integrated circuits that needs
precise control and alignement of timing signals such as :

- Phase Locked Loop (PLL)
- Delay Locked Loop (DLL)
- Clock Data Recovery (CDR)
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Types of Time to Digital Converters

Quantizing the difference in time between 2 A replacement for traditional voltage

signals quantizers

(PLL, DLL, CDR) ( High resolution wideband ADC)
Quantizing the difference between x and y
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Technology Scaling Challenges
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Preamps Array

Multi-bit quantization using [ Vrefo
conventional Flash voltage quantizer
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Motivation for TDC as ADC Clk
Detecting an edge transition from gnd to Vdd is easier than a voltage step of Vdd/(2”N)

- Only Vdd and gnd are used (low supply compatible)
- High precision detecting transitions (Resolution)
- Mostly digital implementations benefits of tech scaling in terms of power and area
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Concept of TDC

Quanﬂzmg the difference between x and y

The count of cycles of the reference signal T AN T~
represents the quantized value of Tin _Q ﬁl_ X
ﬁ‘*———-—’f y
Toui|k] = Out[k] T, '
ReferenceHHHHHTH
Quantized value of Tin Count of Tq during Tin Tout
Start Stop
Te-rrﬂr ["Eb] stﬂp ['Ib] smf.r't [k] Signals ‘:[ T D
->I r-Tt art Tstop-’l |<- t
tstart tslitop
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Concept of TDC

Quantizing the difference between x and y

. - T -
1, - ‘\

T oem e e == =

T

. I - 4 q=
Reference [ [T TTTTT]ITL,
H Tout :E i, t
i Start :Stop
Signals I T .
-’II Tstart Tstop-’l |<- t
I Tin d| .
t ton Digital
Definitions:
TDC resolution : Tq (reference signal period)  ----- Limited by Technology Min gate delay
TDC Dynamic range: Max_count*Tg - Limited by fs

To enhance the TDC resolution:
1) Technology advancement to lower Technology min gate delay
2) Special design techniques to go below Technology min gate delay




Gate Delay (ps)
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Technology Scaling and TDC
resolution
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Gate Delay decreases in new technologies and so is the TDC (LSB)
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1a) Inverter chain based

Delay = Tq —>
-b: :4- No error
= 1

Delay Delay Delay Start _| 1

Start : _J__ = 1
- M €Teop ® 1 P Out  Output is thermometer

Reg Reg Reg

Out
Stop JO

- Line of delay elements generating Tq
- Tq propagates through the line
- Registers clocked by the stop signal hold the final value of each delay (thermometer)

- Addition of the registers output gives the quantized value of Tin

Stop

S —— Terror [H — 'Tstr:sp [H '
<«

»> Tin

For N-bit resolution, the number of delay elements = 2AN

- High Cost (area)
- High Power
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1b)Vernier based (Tstart — Tstop < delay1)

-P: <4Tin
=  4=Delay
Start [ : delayl> delay2
Start Delay; Delay; Delay; _| . - Taedelavl. delav?
muil g=delayl- delay
IR
:E)Q :E’Q-:Eo eee Pl r
Reg Reg Reg Stop I‘ Output is thermometer
Stop E I: _""I
Del Del Del st . T
elay; elay; elayz Out A | Tm’ror[k} — ]ﬂstop[k}-
A\ _
I-P <4 Delay,

' JI— - 1 Varying width pulse

- » Out
™0

- Better resolution at the same technology gate delay \/
- Relatively large number of delay elements X
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1c)Dual Step TDC

First stage residual error
Single Delay Chain ,~ N Vernier

/
- Delay; Delay,; Delay,

Start ‘ E | " Delay, | Delay, | Delay, 4
PlLogic |, +
<N Qoarse Fine
< /Output Output
N

Delay, - Delay, = 4=

Delay; = < | & :

Compromise Resolution and number of delay elements \/

Amplifies the error of the first stage

And quantize it with the second stage
(Two-step Flash ADC Like)

eEE ..
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2a) Oscillator based TDC

Tin[k-1] Tin[k]
— —
Enable_l
Delay Delay{my_ " '
Start_ —Do— :
u Enable < . v . :
] :Counters: "
Logic \ y ~—> E
1
st Count : 3 T
Pl :P Register Count ; M e , !
Yout Totaitlk-1]  Toanlk]  -Totarilk+1]
TETTGT‘[k] — Tgtap[k] T Tsmrt[k]- Out : 6 ;o 7 . :

Least number of delay elements w.r.t preceding topologies \/

Can we have better ?

12
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2b) Gated Ring Oscillator based TDC

Measurement
. g In.terval Tin_['k] .
Gated Ring 3 L o >
Enabl scillator .
T TSor ot >0 - Theoretical approach !!
Oscillator: Not easy to implement
Reset ~o——s——3— Phases E E
qounterj',s : v ' f
D Gaelkefl Geelkl
. (i | (Alg
\G?;i"t Count ! " ?
b  Register | T F_"777° — - L -
T out qstai*t[k"” Eqsta:n[k] qlstart!k""ll
: Out ; 6 [ | 7 | |
Tstart[k] = Tstop|k —1] Doubling OSR adds 9dB of SQNR
Torror K] = Toton K] — Taralk — 1] Like a first order SigmaDelta
Error — Lstop stop ,

- First Order Noise Shaping for both Q and mismatch

- Quantization noise is white and performance then is enhanced by oversampling
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Time domain quantizers in ADC

Multi-bit quantization using
— comparator (1) conventional Flash voltage quantizer

S
2 Preamps Array
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Vref1
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Vref2 J

..... Sampling Instant (2) Time Domain Quantizer
Operating

Range

(Vur-Vio)
. vdd

JTIILUUT 6
..... ﬂ

Vref3 J
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>
>
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<
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[ Vrefﬁ

1 GND

Clk

Motivation for TDC as ADC
Detecting an edge transition from gnd to Vdd is easier than a voltage step of Vdd/(2”N)
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3)VCO-based ADC principle

qu Analog input

®) /\/

May be seen as two Operations: fimax 5 kv

- Voltage to frequency (Time) conversion
- Time to digital conversion

frning———

fir

.
- | ] T51 Time Ts‘.’
Vinin Vinax Vin
-; E Gated Ring {a) Voltage-to-time conversion (b} VCO output in time domain
b Oscillator
- I |
%/ lE WV\WWM/W\
I 1
Frequency HOW p)
Detection |
digital ¥ out

Differences with gated ring oscillator
- The enable signal replaced by analog continuous voltage to be converted
- The oscillator is always running since the input is continuously varying

15



Mootaz ALLAM, LIP6 Laboratory, University Pierre & Marie Curie

3)VCO-based ADC principle

;: _.: Gated Ring
= /?\ Oscillator | :
===

Frequency l'

Detection | VCOy(t) = ASIN(27 [ (K Vyoe(t) + f )cl)

¥ ou AD(t) = 277 [ (K Ve (D)l
AD(t d
fVCO = At( ) — dt (ZﬂI(Kthune(t))dt)

How to implement this ?

16
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3)VCO-based ADC operation

S d’wtl
- o Gated Ri # of rising edges # of rising Digital
T /E\ gs?:illatlgg BE int«engnarr[ﬁ ] edges output
- I | 2x ; - -
L I | : :
%/ [[}OTW | | Adout 5 0101
| . ' [T1ss [¢]
Reset ~o—r—o—y , , Ly T 7 0111
9 Counters | 1- .
-
Trl Tﬂ 1
\%);int l (c) Phase quantization (d) Digital code generation
p _ Register n: number of rising edges
‘ Out
AD(t)=27*n
izati = 27 AD(t) — AD(t)
Quantization step (LSB) oo = Yo AD(t)
S

Quantized €

fuco =27* f*n

17
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3a)Single phase VCO-based Quantizer

o g B B
Ve ———{("\) e : I__L
| Osclllator : /\;

Ay

P Counter
l Count
Ref >  Register

; Out Count

N: number of rising edges Out
fico =K™n

Quantization step (LSB) = 27

N ] ] ] ]
el BRI M R OES Wl For high resolution, Fvco gets very high to be feasible

n . quantizer resolution

18
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Noise shaping of VCO-based Quantizer

Constant input and Output is toggling due to residual error memorization

Clock [~ | |_

Oscillator

Count

Out

q[O]\W ql1] \1 q[2]\1 ql3] 5

: 1-q[0] -q[1] +-q[2] +-q[3]
: 3 3 4 3

First-order noise shaping of a classical VCO-based ADC

Errork] = glk] — qlk — 1],
Doubling OSR adds 9dB of SQONR

Like a first order Sigma Delta Modulator (SDM®°

19
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3b)Multi-phase VCO-based Quantizer

-------------------------

Reset_ 3 l’r “.; Oscillator ' ”#* ‘ ‘ :

P Counters Phases /. I ' .

\G})/

Clock =d=pp> Register
‘ Out

out ! 15 ' 30 ' 12 1 29 !

fs 2 =f 2
fro— 052708 @D g =K, *n K, =(2z/m)*f,

m m m

n : quantizer resolution Quantization step (LSB) = (27/m)* fs

m: inverter stages

Selecting m= 2N-1 - fvco_max=fs

20
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3b)Multi-phase VCO-based Quantizer
Ofs bds (2" -

oo = o@" 1) 22" 1) 22 )

N
No of inverters=2-- — 1 Ref

tune

f
fyco(max) = s/ 2

Oscillator L . .
Further decrease fvco for the same resolution Phases /" » i :

iF
:

Drawbacks ot : 30 ! 60 : 24 : 42

1) Reset pulse can coincide with Ring Clock Pulse(Asynchronous with
Reset) , Noise shaping will vanish

2) Complex implementation for higher OSR and more quantization
levels (counters)

21
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3c)Quantizer Efficient implementaion

Eliminating the Counters reset problem

Viine N-Stage Ring Oscillator
[:I [:I l:l . I:I [:I Frequency Detection
Number of inverters switching
y v vt v v state between two sampling
Clock—»p .  NbitRogisten, . instances is a count of the zero
<|: 0 0 0 = 7 7 crossings during this time
> [ [ N-bit|Register |
Order . e . piingemg : a . Example
Difference

E@101d513'

|
Eﬂ101d101l

_AD(®M)  d

D(t)
At dt 110000111

fVC O

5 transitions detected by XOR

22
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VCO-based Quantizer toggling

/ /]

Op code Op code
3 | |
2 1
toggling
G
> | —>
< -1 -05 05 1 1 -
go 1 -05 05 1
E 2-bit Flash Quantizer 2-bit VCO Quantizer
o
S Vin o/p code Vtune Fvco o/p(code)
-1 to -0.5 0 -1 0 0
-0.5t00 1 -1/3 Fs/6 1
O0to 0.5 ﬂme(sec) 1/3 FS/3 2
0.5to1 3 1 Fs/2 3

Frequencies (k*fs/2m) have zero quantization error




Mootaz ALLAM, LIP6 Laboratory, University Pierre & Marie Curie

Ex1:Quantizing Vtune=1V (fvco=fs/2)
H

XA
1 0
B t
- >
Y TD
1 0 Two sampling instances by period for Ts=Tvco/2
1 t
- >
Z A Ts
M
0 1
t
— ) 24

Conversion with zero quantization error
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Ex1:Quantizing Vtune=1V (fvco=fs/2)
H

™ XOR previous with current

thermometer code
Max fvco gives max output

It’s Equal to the Count of zero crossing

25

Conversion with zero quantization error
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Ex1:Quantizing Vtune=1V (fvco=fs/2)

XA

1 0 1 0

= l_ t

- >
YA TD

1 0 1 0

| ] t

- >
Z A Ts

2 1 0 1

t
e ) 26

Conversion with zero quantization error
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Ex1:Quantizing Vtune=1V (fvco=fs/2)

XA
1 0 - XOR previous with current
i t
B >
Y
: o [ o [
B t
B >
Z A
0
t
- ) 27

Conversion with zero quantization error
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Ex1:Quantizing Vtune=1V (fvco=fs/2)

XA
t
>

YA

EU
t
>
‘4

| T B

t
I > 1

Conversion with zero quantization error
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Ex2:Quantizing Vtune=1/3V (fvco=fs/3)

Three sampling instances by period for Ts=Tvco/3

XA
1 1 0 1
¢
>
——>
YA
1 1D 0 1 1
- .I :
. >
A Ts
M
0 1 1 0
t
>

29

Conversion with zero quantization error
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Ex2:Quantizing Vtune=1/3V (fvco=fs/3)

XA
1 Z- XOR previous with current
t
>
YA

TR BNE B

_ | ;

=T ;

30

Conversion with zero quantization error
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Ex2:Quantizing Vtune=1/3V (fvco=fs/3)

t
>

Z A thermometer code
With inherent DWA
| ' >

31

Conversion with zero quantization error
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Ex3:Quantizing Vtune=1/4V (fvco=fs/4)

Four sampling instances by period for Ts=Tvco/4

fs/6 < fvco=fs/4 < fs/3

XA
1 1 0 0 1
t
[ N
YA
1 0 0 1 1
<—)TD
t
>
Z
0 0 1 1 0
t

32

Conversion with noise shaping for quantization error
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Ex3:Quantizing Vtune=1/4V (fvco=fs/4)

XOR previous with current

=
=
=
S

£
e
e
Eo

Conversion with noise shaping for quantization error
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Ex3:Quantizing Vtune=1/4V (fvco=fs/4)

Noise shaping: output toggles between 2 values for a constant input

Conversion with noise shaping for quantization error
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VCO-based quantizer Model

VCO
Viune 4@
Reset s
P Counter
‘ 1 Count AD(t) = 27 [ (K Vi (D))t
Ref > Register
v Out AD(t) d
fVCO = At - a (Zﬂj- (vatune(t))dt)
Integration Sampling Quantized | Differentiation
Vtune Phase Phase
Quantization Output
MNoise I MNoise
” 20 dBlJ'dec
* f L]
1""\‘Ilur'nne: u
—> 2?:{" —Pl + —P@—D 1-z1 —Ol*t
VvCO Sampler First Order

Difference

frequency

35
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VCO-based quantizer Model validity

CT integrator and DT differentiator

Is it true that one is the inverse of the other ?

Viune(f) 2nK, Pvco(f) 1 I¢vco(g) P Out(Q)
> < > T, I 1-z

VCO Sampler First Order
Difference

1-z'=1-¢"°"

=1-(1+ (=T, ) + (5T, ) + (5T, ) Foee)
' 2! 3!

DT differentiation may be approximated as the inverse of the CT integration
Only for low frequencies with respect to Fs

36
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VCO-based quantizer (4-bit)simulation

Blue—=> output of quantizer
Red = input signal

1

0.6

-20

40

60|

-80

-100 |

1201

O/P voltage (Volt)
O/P Spectrum (dB)

140}

1 1 I 1 1 1 1 L 160 L . PR Y | FEEPETEEEET | [T | PR
5800 6000 6200 6400 6600 6300 7000 7200 -"J"' m" 10 10

-0.6

Time(sec) Freq(Hz)
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VCO-based quantizer Circuit drawbacks

VCO unit cell as two current sources Small operation range

500
v‘tIJI'IE vtIJI'IE 450
o— 00— N 400
\I-’ 350

L . § 300 \j
OgIC g 250
input S 20
e 150

& 100 7
O 50

U—1 —U_IS —U_IEn —U_Itl —U_IZ fl.'l U_IZ U_I-‘J- U_IEi [J_IS 1
Input voltage(V)
_ 2
ID - K(Vgs _Vt)
szingCL 1
t, = oC
| V& 1
D GS f =
osc
2Nt

Non linear Relation and can be assumed linear on a small range

38
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VCO-based quantizer Circuit drawbacks

Input Input | vCO Quantization Output
Noise

Spectrum

Spectrum Harmonics Noise /‘
Viune 2 1 Out
— A' = — P @ H>{1-2' >

Tuning Frequency Sampler First Order
Gain to Phase Difference
0
Circuit

20+ . T
= ideal
= i
— 40t
5 =) -
'E 60+ =

- _

v
Q. | o
v B0t u e T
a ,. (| \ ‘ 5
S A ]

100} ] \

i
120¢
1 1 IS PR | 1l i L 1 L _20

L L Lol L L L1
107 10° 107 10

F(Hz
VCO-based quantizer spectrum

1 1 1 1 1
60 50 -40 -30 -20 -10 0

Ain (dB)
VCO quantizer(SNDR) .
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. Sigma Delta ADC Review
Q

fo2
ST
Xg?di/ XEZ——%—>HdQ) j? Y(z

A 4

DAC(Z) 1 HDAC(Z)
Y@)=X(2): 15(2) | o)

+H,(2) ;1+H 4(2)
= Noise Shaping ﬂrd!ﬂ

4

ASNR (dB)

J i 20




Peak SQNR (dB)
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Multibit quantization

ngher SNR at Iower OSR values

ﬂﬂﬂﬂL 4L-3

140 ——
120:::::%:::::‘:;""5" 120
oo I B 100[ -1 ]
o0 % [T
.GQ: UG) ' 60 [
40} "é a0l 2
200 1) eal
046 16 a2 o4 18 266 512 1024 OSR 0

Lo (o] Te]
nwnnu

qqquw L=3 L=2“
/ I

JEJL.'EJ'JL AL = 3 L2

14b

120 :
100

Peak SONR (dB)
N-—ﬁ- & @
o 852 8.

4 B 16 32

3,2n+1

Estimated SNR =— T
Order

s: 12; éss —5'1‘2'1024 OSSR
2 2n+1
)(2% —1)20SR*™

Over Sampling ratio

Quantizer resolution
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Sigma Delta Design challenges

Wide BW

> Resolution?

High Resolution

> Non-linearity?
High Filter Order >w

Low Power

Supply reduction > Analog blocks?

42




ASNR (dB)
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Design ChaIIenges Low OSR

OSR

ZBM/
160 _

3 2n+1

SNR =" (~ "2 (2" —1)?0SR*™

- Low OSR corresponds to lower
SNR thus lower resolution

- Stabilized Single loop requires
reducing NTF gain which will
further decrease SNR

1k 64 256 1024
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n Challenge: Multibit DAC

3bits DAC example

Thermometer code selecting DAC cells » DWA algorithm
v‘Sl 52 53 54 55 58 57

¥Si 52 S3 S4 S5 S6 7 » Non linearity due to
B(L)m5 cell mismatch ew=s [ | [ [ ] ]

Y
(TTTT
T

3o
E(3)1=5

Ie T /
00 01 10 11 E(4)=3

E(3)=5

— /- e DT R

E(5)=5

Sto /% E(©)=2 h
Ee=2 | | |

o 5 -» Source de courant choisie
S -> Source de courant choisie E -> Entrée du CNA

E -> Entrée du CNA

DWA*: Data weighted averaging *
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Second order SDM with VCO-based Quantizer

 Time Domain Quantization: Low Vdd (deep submicron) compatible
* No Comparators meta-stability, offsets and delay problems

* Inherent DWA without a dedicated circuit

e Saves an integrator (Mostly digitlal implementation)

v

IS
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SDM with VCO quantizer design(1)

Exploit the 15t order noise shaping in the quantizer.
Transformation from Nth order DT to (N-1)th order CT with VCO quantizer

System Level Design
1) Get DT AX coefficients for Nth order Modulator (Schreier toolbox)
2) Get NTFd(z) and Gd(z) of the DT modulator
3) Get NTFc(z) and the corresponding loopgain Gc¢(z) of the CT modulator
4) Compare the two similar z orders in both NTF functions and to obtain the
CT coefficients

46
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SDM with VCO quantizer design(2)
Eo (2

T
\)

Ve N\
[ Eo (2))
\ / VRN
T - | \
Vis) | 2Kyco |96) (D(Z)i) (—z1 1 @,
S 2nKyco T \70":/
—_ Freq.
7’7
Eo (2) [ Ev(z))
N =< Py
21K yco T -
1 T \
V(s) y Ucz) I Y@
— >1-zZ1
TS -~
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SDM with VCO quantizer design(3)

Ev(z)
Eq (2)
X@) [Nt order DT Uiz, Y Y(@) V
loopfilter > .
— ZHKVCILr_r
*IEV{Z)‘,
— 1—-2z1
X(s) |N-1thOrder CT 7 T Uc(z) "F(z}
—® loopfilter Hc (s) / —pl1-Z71 —r !
Ts
> -

Hpac(s) |«
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SDM with VCO quantizer design(4)

E(D (Z) ; ,EV(Z) ‘ fg E(Z)
M - X(S)} 2! 7T A Y(2)

oy e B SEE
S

/2\

Hoac (s

Y(z) 1-z 1
E,(2) 1-G(2) 1-G,(2)

NTR,o(2) =

_Z_l

G:(2) =752 Howc (IHc ()]

a, a .| 5 l-e" a a
Z {HDAC(S)(TS—i_TZSZ)}_Z {( S )(TS+T252)}
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SDM with VCO quantizer design(4)

R "
ol 1 _ 71
X (S 1 | - 2mKyco T g : X (S) l Z—l Z_l l Y (Z)
s A1 P UC(Z)é Y(2) U -z
% TS M Ts —»l1—-2z1 — | -2

A\ . .

R O e e
252)}_2 {( s )(Ts+T232)}

= (1-27)*Z {(— % )}

a
Z <{H S)(== +
{ DAC ( )(TS T

Ts? T?2s°
_ 1 Z a z(z+1)
-2 (e, - 2 I
B -1 a (z+)
=D Ty 2(z )

_(a -1 3 (z+1))
(- 2 (-

(~a,-a/2-Dz+(a,—a /2+1])
B (z-1)°
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SDM with VCO quantizer design(4)

: Eo (2) : Ev(z) o /, E(2)
X(S 1 I . +2ﬂKVCOT g : X(S)} 771 R z! l Y(Z)
P-El@l e e P PEr
|
A\ R _
HDAC(S
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Non ideal VCO-based quantizer in SD
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SNDR
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Non ideal VCO-based quantizer in SD
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Linearization through feedback

Prior Architectures: Voltage-to-Frequency Quantization

Using Negative feedback

First Order 5 -
Ring VCO © Quanttzer Difference This will make the VCO always
®u(t) Puln] | : : :
Visne (8) = Vi (£) »@ ﬁ _,{" 2 -l E el 'UNNING very close to its free running
J_I_[ 1 T frequency
: T :
__________________________ ™
thp.(") Feuln]
VCO Input » « ||IJN.1 VCO Quantizer
Range P l \/\/ ./ " K » M‘Hj% loutput Range
_____________ VCo K, . .
Viune SPans entire input range Nonlinearity Distorted frequency output Sma ” O pe ratlon ra nge
\. J
(a') \I,_\l 400 -
Proposed Architecture: Voltage-to-Phase Quantization 5 300: V
c
Ring VCO Quantizer Phase g 250
. "ﬁun-\:(t) P, ul(t) . 200
o @ (oS e B D
i | /
T \ DAC O l::'1 —0.‘8 —0.‘6 —Dj4 —0.‘2 ll) 0!2 0!4 D.IS 018 1
e ——————— S ———— Input voltage(V)
‘L{th.'g"') sy LI[”]
VCO Input VCO Quanti
o HE w7 [
_____________ VCO K, -
Viyne @ fraction of input range Nonlinearity Undistorted phase output
. >

54



Summary & Conclusion

TDC are potential candidates for modern wide band ADC
They achieve good resolution and BW efficiently (low power)

They are compatible with technology scaling thus allowing
further efficency in terms of power and area

Using TDC techniques in ADC need analog to time conversion
which is usually non-linear.

VCO-based quantizer has an important noise shaping property

The use of VCO-based quantizer as a multi-bit quantizer in SDM
decreases the non-linearity due to the SDM loop filter gain.

Further suppression of non-linearities is possible using Negative
Feedback
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