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Abstract

This paper presents a Time-to-Digital Converter which is a key block of an All-Digital Phase Locked Loop. In this
work, a Vernier Delay Line is added in a conventional Gated Ring Oscillator, so it could get multi-phases and a high
resolution. The Gated Ring Oscillator uses 7 unit delay cell, the Vemier Delay Line is used each delay cell. So proposed
Time-to-Digital Converter uses total 21 phases. This Time-to-Digital Converter circuit is designed and laid out in 0.13pym
1P-6M CMOS technology. The proposed Time-to-Digital Converter achieves 26ps resolution, maximum input signal
frequency is 100MHz and the digital output of proposed Time-to-Digital Converter are 8-bits. The proposed TDC detect
5ns phase difference between Start and Stop signal. A power consumption is 84~12.7mW depending on Enable signal
width.

Keywords : Time-to-Digital Converter(TDC), Gated Ring Oscillator(GRO), Vernier Delay Line(VDL),
1st-Order Noise Shaping

.M B WA U4 gze Asol ek s Qo u

5]
Hol| A T AL MOS EdAAE Y] FAAF

A AA 32 A 7]E9 wHoeg A FA S AL Qo] ofd R 3= AAlE AH YA
3 9tk BAlL Al 34 QIEH|o] 2~ | RofA @
* fi,“ﬂil%, ok Xéil% ‘ﬂﬁ}"ﬂ 5_‘1‘3,_ ﬁx}ﬁﬂ%i}"‘?" O] /\]'%‘E]J_—’ 9}]&____ ‘(H)E} ;(é —ErE(Phase Locked LOOD)
(School of Electronics Eng., INHA University) AME T AF A, old=2a HEHZ ALEHE A
w2 };n_j;}‘—rL"E] 20&0%%@?%ﬂ§'7]%$‘)jﬂ%?]2’ﬁ?ﬂ A H A7 BA S ofdzma 9 14 FXJ} v}
TAE T E2ASA 2010-0022670)3F  X] 2] 74 Al H . =
A6l B er B A e B e A% UE GHES B skl UAE wEwo
o g H A4A 2 AZLE IDECY Z=gs ¥ 2 A" A-uA" 94 14 FZ(All-Digital Phase
[e]
Locked Loop)®] -7} &3] o] Foj#]aL 9

gk 201091298, AR Y: 20119147



8 HLIO] XHEZS 0| F

HYo] xlA(Vernier Delay Line)
AolEl= &) 24 o]E|(GRO) Al
S7TDC)E Agtstdnt. AelH= &
tAE "&A7(TDC)S 7H
T2l A e 1AF o= o] (Ist
order noise shaping) SA4Jolt}. 1 Qo g dlsle] A
e 712 mnn Fgant

s gAE g FE(ADPLL) S| AAE 9
= AEEE A E AR-HAYE #E7(TDC)
& AAlske 3lo] dastth 1 wie] vk 39
AlZE-t A Y W 37](TDC)7E Al QEs At

71EAR1 AlelHE & A olH A 7T A
7I(GRO-TDO)&= 17} wo]= 40|
#18l #H-8-(Quantization Noise) S
th olelgk AloJEl= & QA ol AR-tAE
7I(GRO-TDC)¢]  #f gt AlolE=
(GRO)®] Z=#lo]A] 9] 759} 2H|o] ]
DA Bdo] iy 2H o9 A4} B
o|A] 7+ A AA|7ro] FALLE TIPAEE

'é‘_l_—‘v
0. A9 AojE s 2 ga]O]Ei(GRO)g]
IR ke L

-|~ o

¢

lu o
Jm

) A7

AAel A EE=

2t 29 44 e

Aol ol et BAHS nokstux v Az
olHl= & QA olH(Multi-Path GRO)T*+ZE A<ts}
of, Aolel= & S A oE(GRO)E| 2Ho1A 45
AANFEAE 2E0]A] 7 Ad AZFE 2D F 9
F27 HEHAN. s o] T2 o A9 g
o] hhe] A A Q17bE 7] Wl AolE= & @

‘L'ﬂo]Ei(GRO-OJ gojol Al W FoE R 3
th 2 E=wdlAE AP E(Tri-state) IMEHE A<
2 /‘P%OPC’% AelE= & 248 °]H(GRO)Z T4
a, 7zt Aolg= ¥ A o]H(GRO)Y 8 w=
Hyo] AAHVDL)TF2E A3t ths 94S vE
o aEdE AIZ-HAE ¥ME7(TDO)E AASH

=2 QL e R O o OIN

| &t AOIE|=

0 E
18

I. HUO| X|HENVDL)S
] |(GRO—TDC)

24808 AlZH-CXE

1. EA 22
a8 18 Aok
oJE= Y o

-

Hyo] A AHVDL)S ©]-&3 A
Az olE A7-t]AE W37 (GRO-TDC)

St 26ps, 8H|E AO|E|E 2 AHO|E AlZH-C|XE

M9 dA e 9
Start EN signal N I Vernier Delay Line ]
Stop— Gemeestor | S0 | SatedHing Deciltny
21 Phases
Counter ;“_ __________________________ —
Delay [ GRO Output Buffer ]
Element
Reset
—g Counter Block
—{>—p Counter Register
Adder Block
Up/Dn —| >sb  Output Register
Flag { oiit
a7 1. Hetsk VDLE o83 GRO-TDCe =
Fig. 1. Structure of GRO-TDC using VDL.
& YepdTh Abgk VDLE ©] &3 GRO-TDCE ¥wt
A9l Alelgl= & eA#olE AR-tiAYE WY
(GRO-TDC)"'¢} the 7] AolEl= ¥ 2417 o8 (GRO)
o Wyo] AAH(VDL)& }%0}01 LA A FRUEES)
s Ads 42 A BE AlHE & 2
A e o] B (Multi-Path GRO %2%} AA TxE A
ARk QA olE & @ HEe] ACJHE ®] 249
oleje} o] AAehS e TxEA T4 Hrh
A 3 2E Wyo] AAH(VDL)S o] &3 AloJE =
g A o]8(GRO), Enable 415 24 3] & 7}-E 9
Sg7], 7HEE 25 A4 3R, dAZEHE Ao

AAE AZHOA" BAZTDOE AAe] 9
A AdEE 9 deolE(GRO)S ZHlelA 3
A AZE Fol Alo] Aol A w LA
APl (ri-state) MBS AFESHE A%, A AHS
Folt= Ao WAL AL, BAAEE A A 94 o
dth 2 el ABH ol e A A

W7 Siae] wuo] x
e W1
ol HA=EE AL
S3ozH EFdas g Azt 9] AR
2 vng 4 4o eE 22 A9 N2 e
g olg] #AZ s2s] A Argatdn

A

FHeE S AHge,

A

2. SHEE

Alkets Hyo] A<

.{

AH(VDL)& o] &3 AloJE| = |



2011 28 MASSe] ==X H 48 & SD H

Start

]

Stop —l

L

Enable

Oscillator
Phase

=

|
T L

Count

| S
Add |

Reset

a3 2. Herkst VDLE o83 GRO-TDCe| ==t utg
Fig. 2. Operation waveform of GRO-TDC using VDL.

AIZE-T A" W 371(GRO-TDO) 9] %A
A slee sk fAE,
= 8 oddeld Az-UXE WEH(GRO-
TDC)%t th& A& AlelH= & A #olE(GRO)O H
Hol AAHVDL)S ARgste]l ®Bo asjdee] ts
AAS A= A 0]1:]-
a7 2% AlRFe Wyo] AAH(VDL)E ©] &

-HA" W& (TDC)S &2 Kot} Enable 413
WA B 2o Al 2~ERE(Start) 9 2% (Stop) T
ol Enable 213& THEolA AloJEl= &
(GRO)ll Algata, the tAd 3z ¢
=(Clock) A F-3} Enable A% WS 2+
+H o] ZAE WAsH] flste]l #Hof Enable A%
2EFE(Start) A15 F7]¢] REo. 2 A§Hglt). Enable
7F TR 7ol AlolEl= & @ A e]H(GRO)7F
SHAl Wi, F 21709 %Eﬂ fl“% o]-gsfo] z}
o= ¢

Qe

ﬂl

—_—

7

R

2 3 A

o

@

=

= =
N R=

NSE

LT - N P 1
o

b
iy
=2
r2
i)
)

Pak=1
T=

o

N
)

do o R o

)

Ny
-

5 29

Hr} o] )

7t. Enable A& 27|

Ho] AATHVDL)S °]&3e AlEl= & 247
Bl AJ7-tAE M7 (GRO-TDC)ol A Enable 413 &=
2~EFE(Start)9F 225 (Stop) A159] 914 2ol & HERA
t}. Enable 215 ¥HA7]= 2EFE(Start) 9t 2% (Stop)

i

H2s 9

m> Startd  Stop

=
Fig.

3. Enable Al 27|
3. Enable signal generator.

Start_d _r—\_l—\_
gt I B
op j'_rl_ L
> ﬂ l 3 H
Enable j M J_

Start_d

Stop_d

o 0
EnableJ;_:

24y

El

(o) Dn 2= ==

4. Enable 21& 2M7|o| ZZ Tl

4. Operation waveform of Enable signal generator.

Al 2

a3
Fig.

S& vlaste] 1 94 Aol E o] 8-3te] Enable 2%
xgﬂo}cﬂ o] 2 AH(VDL)S ©]&3F Aol =
A#olH(GRO)l Fwata, the tAY 559
3 YAl AsE AREET
Huo] AAHVDL)S o] &8 AloJE=
H(GRO)IAM = =48 A& ﬂ%‘%&
S HE FY gho]l BorbA 9A
At A @t ~EFE(Start) 9t 2=F(Stop
ZFo]7} & uf Enable 2132 ‘0'91 F+3to
HE & QA7 oE(GRO) o|$-¢] At
of AQst A7tHT} Zolx= G-
ASHA ek ek ol f = Enabl
Zv] Enable 2139 A7]E A

[ o ﬂﬂﬂl >

=

o
>,

o 2

=
o

5
T,

T o,
u=)

B

c

r\l

Mo s >

i

2 1o
I O i
O ox 1% o

[U_\.,
o
Lo,
2

2
=,

N
)

N

e
teorle

GIR-IR=0

T H—



10 HL|IO| XIHATES 0|88 26ps, 8HIE AOIEIE & QA2 0[E AZH-CIXE Hatr[9 4 a2
o] X g9 sk FS }ak <= 9 g o4 >
ol akel Aash A BT 5 oD A Delay/GRO’sstagez T (1)
el FE2rE 19 3o AAEA UERIAT N

HY-TFIF AE7IPFDeIA e Az UDT* 287 AelEE ¥ o AuolE(GRO)Y dte] =
Dn A& A9 Ao =% o1&l Up Uph, folio] 24 Wilo) AALVDLE A5 ol

3} Dnb A& o] A AlRke] wjzmfx)7h Ay a}A] %E

% stgon 329 BAe 1Y 48 Filol BT &
i,
Lt. L0 XIFEHS 0S5 AHOIEIE B 243 o|F
Aolel= 3 salelole] AZ-tIAE We7I(GRO-

TDO)E 72 AANA BAsE 143 549 17
o] ol EAL NI Utk oldF 54 wiol
el ALHVDLS] AUl AL A vl
A et AR Fze] Aol 2A FFE ¥4
A w3k AolEE 3 9 AoE(GRO) ke 1

432 glo] Mol AARVDLIS 4 EatieE AA
=9l Aol & FAZL B @A Ak
AelE= @ eddelHGRO)Y F8 43 My
of ALYVDLIZ olg3to] Bl AoEls o o4
JHGRO)S £ fgutt 4 AA AHE e
0% 94e wEolE AolEE 9 288 e]H(GRO)
& S, A RE ASIEE § Ladeld
(GROJ AH§)3= % 43} 1o} AARHVDL)S
T4 % AR TATel A5 A 3 o
AeSE(GRO)N AH8¥IE F AdAE 1Y 5a)sh
2ol e A3AT stto) < Ei% A}%é}‘ziﬂ

B Adae Al A 100psE AASH 3L Ab
&, The F Adae] F¢ ghelonie TEAZIL,
o AT 3 AAAe) 7 Ee AolEE g 24l

El(GRO) #A|

F719] 1/21 7¥A9 e AS 217
Trsojvith a9

2 Aetst wyo] AJATHVDL)S
2 A8 olE(GRO)? 3 2%

o]-&3t Aol = ¥ & 5o
=k

AlE= & A elE(GRO)S &9 ¢33 WY
o] AAHVDL)E o]&3te] U AA AIFHE 714
= Os fde AAdse e e 2t

A AAZ Aolg= 8 oA o]E(GRO)Y =¥ ¢
& NgE N7, 2 "A F71E Tebal 8hd, 2 o)A
AR AZEEe g 2o

ahd, Wyo] A (VDL)9| 2
otz 4 (2)9F 2.

Delay/ VDL's stage

glo]A] 7+ A A7k

SEEE I N
webd wue] Aee(VDL] A|IA|To] Alo]E]=
% 2 3eH(GRO)] A gt} kg 2 gom A
SELE
Ao, AFE MUl AABVDLIS o] 53
741°1E15 % 24eelE(GRO)Y SdEE BlUe] Ad
L)3} AlolEl= & o A#olE(GRO)S] le] 2
1i Aol 9k 4 @9k 4 (2] Aol P of
gle] @) 2o

GRO sresolution

= delay/ VDL s stage — delay/ GRO's stage 3)

T T T
=1+ n)ﬁiﬁ nenN
wela] HE AA SdEE AolHE f A olH

(GRO)4] 1/n9] oz ¥= 4 Atk

Enable_b Enable_b

Enable

x| 44

=Y
5. Main-delay cell and sub-delay cell.

F RloiMT} 8 x|ty

a7 6. A etst VvDLE o83 GRO
Fig. 6. Proposed GRO using VDL.



20119 28 MASE3E

Ct. HISI4 7t2H

a9 72 AolEE ¥ eddoly A7-uxY W
71¢] N HIE H]%7]2] 7}19HE HolZrh N HE H|
5714 7heHE NS D-ZHZ5S At 74
o] 7bsalth £ =iellA ARRE AlJHE ¥ A
olg| ] 3l Fu

2 9GHZAE 2] 114:0]7] wj&o] u)
7124 FHEEE AR AL 7R H O] 9 # A ~H
& Ao R ghs AHsHA k.

| L
ol ] e
: :

— Qb

Reset Qua

a% 7. N H|E H|S7|4 7}2H
Fig. 7. N-bit asynchronous counter.

m 58 g2 % =4
2 EidAE Wyo] AAtS ARESE 8bit Ao E]
= g oAl A-tAE W] A4 9 Fds
I AROAYE W3] Jes et @ F48 39
=
a7 8 AU E W)Y AsSAE e A
g A Zolty, 2ElE(star)A & V] FF] dE

3Fal ~F(stop)Al &= VCDL(voltage controled delay
loop) ZH-E o] Add Mo 2A Azt E §g
71 A ~EFE(star) Al 20 2~E(stop)rl B 5 F3 $
& HlaLE 7hssHA gt

a9 9% 0.13um CMOS&EH o= AAE A7t
g wge] H ARE dEhdth glofob By o
|ATS AHESE AlolEl= & e A olHE HAES]
|~E E53 #uo] AAhS o] &gk 8bit Alo]
olf AZ-tA " WE7] FojE A
Aol 2= 390%190ume®] t.
7% EEo07A 100MHze

fL

Sto

Control
voltage

N
g
o

o]

Al g

=
o]
3

ol

iyl

£

al

2 o L
o
e Kok

oX
rlo

olf

2~ELE

Start
TDC Core

Digital out [7:0]
8. HMotEl GRO-TDCe| &4 &4

8. Measurement environment of the proposed
GRO-TDC.

=
Fig.

==X H 48 # SD H

H 23

GRO

NIRRT

o = b
s ®We

a2l 9. HetEl GRO-TDCe| & ARE
Fig. 9. Chip micrograph of the proposed GRO-TDC.
6000 /
5000 //
? 4000 //
5
g 3000 //
g 2000 / /
1000 =
VCDL control voltage (mV)
a2 10. Test =M 2| VCDLe| HEE Mo wE ¢4
x| o4
Fig. 10. Phase delay controlled by control voltage in test
VCDL.
(start) A &5 <l7}sle] VCDLO HAEZE o] whe}

25 (stop)Al 39 94e WEAA TDCEo oA ~E}
E(start)} 2F(stop)Al 2] Y4 Aolo] whE 8hit Tl
A9 A ghs do] 45 FAS d%itk VCDLe| A
o] 150mVell A 600ng mj¢] VCDLY] °]%
a9 103 VCDLY HEZE AHgto]
HH 580mVALolollA] HE A o= 914do] ws}
st
a9 11 (a= VCDLY 7AEZ S 150mV~
600mV = 10KHzS 7|2 91718lS u), Blyo] x|t
S AR AlolEl= 7] ool H AlZk-tAE W]
oA SHIES UIXE e 24 ddlolAE B F
% 4745 JehdH,
}\

=
= A%
il

E
HHe 2,
330mV =
e Ae %

Z ok-8

ol ~E}E(start)2} 25 (stop)
§—4 A= 5Bps~6215pselw TDCe ZAd:= 2
~241(10)9] A¥E AUt VCDLe| HjAE 40 54

°ﬂ oste] A7-tIAE Ma]el Zelel a7 109
VCDLe] A8 A3l —E—é% el AL wolFw
Ak 29 11 (b)+= VCDLeY ZAEE AS 10KHze



12 MLl XAHS 0| &
Waveform-1 1111940 22:54.24
28 100us
(a) ZHEE M 150mV~600mV(595ps ~6215ps)
Waveform-1 11.'1911023:07:54
255 100us
(b) ZHEZE e 380mV~580mV(2500ps ~6050ps)
a% 11 VCDLe HEZE Mok w2 A XA
Fig. 11. Phase delay controlled by control voltage in
VCDL.
250
=200 "Jf
Sis0
3 /
=]
"Emn
=
= s
'f',( — measured data
i ideal data
550 lSISQ ES‘SEI 3550 ISISEI 55‘50
Input phase difference [ps]
a8 12, AlZF X" HED| Aot MEEN
Fig. 12. linear behavior for TDC outputs.
F712 330~530mV e AZuks Q7bEES g BT
W 77~214(10)9] AP A HAE gre] FYHE A

oS gl
VCDLY HAEE AS 330mV~530mVE AHztatE
7S we SAE A8 2000ps~5550ps‘33]
gAg W) gAY ghe 77~2149 #e
AT AIRE BA " wgkr) e yAE gl EHL
o] 71271E Axletd Al-tA Y #Er) 9
oF 26psE E91E 4 9t
a9 12¥ AR g™

_4

mlo
fF ox Ay o m

1—nj9

:_/\o],

2

WE7) 9] e d =7} 26psol L,

o 26ps, 8HIE AOIEIE & 2408 AZt-CIXE

Hekz[o] A

A

r

Sty 2

E 1. Hetst VDLE 0|88 GRO-TDCe M5 29
Table 1. Performance summary of proposed GRO-TDC.
Performance
0.13um CMOS
Technology
Process
Power Supply 12V
Output 8-hits
Phase Detection
5 ns
Range
Maximum Input 100 MLz
Frequency
Resolution 26 ps
Power Consumption 84 ~ 127 mW
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