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Design of Digital PLL using Binary Phase-Frequency Detector
and Counter for Digital Phase Detection
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Abstract

In this paper, a digital phase-locked loop(Digital-PLL) circuit with a new phase-to-digital converter(P2D) is
described. The proposed digital PLL is composed a P2D, a digital loop filter(DLF), and a digitally controlled
oscillator(DCO). The P2D generates a digital code for a phase error. The proposed P2D used a binary phase
frequency detector(BPFD) and a counter in place of a time-to-digital converter(TDC) for simple structure,
compact area and low power consumption. The proposed circuit was designed with CMOS 0.18um process. The
simulation shows the circuit operates with the 1.0 to 2.2GHz with the power consumption of 16.2mW at 1.65GHz
and the circuit occupies the chip area of 0.096mm>.

B =g ol - HEVI9 FHREE AR AEE A-TAE W3] gz tAd 944 14 F
I 325 At Add gA"E Y 1y F= §§’:% Ad-vAd W3], oAd FZ TAd Ao 33
7I(DCO)E FA = Atk Ard d-vAE ¥y Fxe il A-tA"E "E7(TDO)E AHE-3HA
L, olxl 914 Fuke AEV9 FMEHE AMEFoRA 9ed Fxe AL dHoR avdEs gade FA
S Zt=th CMOS 0.18um A4S ARE3le] 1.0GHzol A 2.2GHzol &2ste vxd $14 14 Fx 325 47
s H WAL 0.096mm>e AA B AlBg ol Axp AT au= 1.656Hz T2 162mWE e

Key words - digital-PLL, BPFD, COUNTER, P2D, TDC

. ME
* Dept. of Electronic Engineering, Inha University

Corresponding author : Kwan Yoon (kwany@inha.edu) PLLo| 7|9+ & Z54 347]= o] wae &2
# Acknowledgment A AzEl g Foe B4 wEy) S "4AH B
This work is supported by ETRI System 2owma oo 283 2 A Ad TH WLA
Semiconductor Industry Promotion Center for Chip _ - _

. R ] AF3k = H} A] © qu 4&_ %0
Design Project. Authors also thank ETRI for the °l 7 © Feltt. 7l g2l Ask ¥ T T]
IDEC programs. PLLE A3 AAHE 748 72 A Ag
Manuscript received Jun. 22, 2012; revised Oct. 8§, 5 AFslte dsh= FIA5E A= 71 e 7
2012 ; accepted Oct 29. 2012 A=, CMOS A 7w Wz =8 HHE9

(322)



Design of Digital PLL using Binary Phase-Frequency Detector and Counter

for Digital Phase Detection

me w2 H£xo FHE /AL oy, FEIEY
ANz 2o A4 AfFe F7F ANAE=E
Wed, AFEZRY EdA2EH T 24X
AR Qe VCO Ao#gtel 5oz s A%
Aske] whde] Fzh Ha 9tk o]l weh HZelE
PLLY oldz 22& tjxdy %%Ei oA 52 =
ATt Wol HEa JdrH1,4,5]. EE o9 22 U
A& -PLL(Digital Phase Locked Loop)4 T4 A

oldZ 1 PLL WAl Hlslo] FA 7)< oo ut
T4 o4 ZRelA felsith =3 PLLAA &

249 AFt AAANEE THE LEUE OAd
qom TS AW AA 9HL AA AAsw,
wol EZSH, FAAREIE AREAAE P

Reference
Clock

ouT
Clock
—

Divider

—
Fig. 1. Typical charge-pump PLL block digram
a2l 1, Ydbdol MEF H=EY O|-'—"§j_ PLL EE2
Aubdel ohd@ 1 PLL¥ UA€ PLLY 7]¥ B2
=9 Aol g 13 19 20] s upep o] of
g2 PLL3|2¢ PD(Phase Detector), #3}8x
(charge_pump), F=ZZ ¥ (loop filter), VCO(Voltage

Controlled Oscillator)”} P2D(Phase to Digital), T #]
Ll FZIE(DLF), DCO(Digitally  controlled
oscillator) 2 tAl® Zo] F8 EAeo|th. 1} A

9 PLL2 dxiglel] wie 2 2 3JwWd &2¥gs 1
g A Ag FES SEA MY AX7F g2
glo|t},
dnbzlel txd PLLY TF%¢ P2D EBEoAE=

FD(Frequency Detector) & Al&3te] F34+ LF{HE

HAZ & TDC 725 AHEstel 914 efs w3

FE O FEZ Ix EE T35 A4 2HE 5

Aol WA &5+ PFD(Phase Frequency Detector)2}
TDCE &Al Agets @ Fx F27F Bo] A&

i gtk PFD9F TDCE AMgste GdFE 72
)% Tz Fxe vste] Tx/ BEHw, uE ¥

Aol felstth. @W P2D BEAH FE AEHE
TDC P2 Be 79 Ad 42 AHgstel d4E
gol B4, Teol HerelAn 42 &

]O:]A414 u]/\on]7}. Hl/lgﬁ— o_?_ ]
A e we 7

v =

spur §
7k,
g atel 5

X0 Jet bHE
8o SR
K o

(323)

41

B =R tXE PLL 32¢ P2Del] ¥ukF

o7 AFEEE TDC(Time-to-Digital Converter) £

25 sty Aty Jh2E EEFS AlSTo=zZA

38 TDCY F+x2&5 degsia 18 2RE ¢
F A= gAEY-PLL +%2 At

Reference
Clock

Digital
Loop
Filter

Mder
—
Fig. 2. Typical Digital PLL block digram
a7 2. dtdol OX|E PLL 28

. =&

1. A¢st= 9AE-PLL &
2 =EddAE P2DY =
gsh= 0 O

Frequency Detector)®} 7}2-E

44 TDCO F+x& Ab
BPFD(Binary Phase -
259 AggromA

ol 914 AolE tAE Z=R WEsts Wy
S olg3 X9 PLL 322 A¢stAr). Agtal=
YAE-PLLY FxE 29 3% 2t Aersks gA
Y-PLLY %% BPFDelA 1HES] §A215=z ¥
#d FHUSE HAD, THEE B0 94 Ao
st 3uE l DWE* Nzz F9dF 7L
BRoRE Fdd UAE dse UA" #2 9
1%— 7%2%1 647114 e IERE DCOY AFYS

—_— N Digital
BPFD (Counterf—+ Loop
Filter

,tz
Sigma_Delta
Modulator

DVI_clk

DCO_clk

/8 Divider

Fig. 3. Proposed Digital-PLL block diagram
a3 3. HetshksE CXE-PLL 28%

Aetdle= P2D tFERE ¥ 49 o v)E9
BPFD¢} TDCE Ab&38t= x4 TDC 55 U
Aste] AHeE BEE AGH Fxolth 1Y 494
A ket 7F¥ (Counter) 52 7|E9] o|W-9d +
s HZE71(BPFD) E59] &€& o] &3te] 94 &



42 Journal of IKEEE.Vol.16,No.4,322~ 327, December 2012

o FEdA &v sHE ANEE VE Fig 57

= kil =
F7UTDO)E tiAlstE E5olth. ox-914 F3k4 st¥l UP_DN_Signal & &3t}
=] 3]

AZE71(BPFD) &5l 83l 914 Aols E¥3}
o ARgEE dubEQl A4 WHEYI(TDO)+= wea [ L L1
7} ¥ (Counter) 2 A=Ak At FSE

L3 I O
(Counten): AutAQl 7198 FxolA Az-vAg o
]

HE7N(TDC)S 928 AsiA F714ed 1158 44 Dows M1
= t

atgith 712 Al 7heE Jel A 914 257k UPs N s I
DOWNY wg mejste] UPY w 914 oF A&

7} 19 w2 749 E #F3, Down o WE 94 o veonse [ [ [ [ L

F A3 0Y WE JILE dAFE VTS F=E9 Fig. 5. Binary phase frequency detector output
ohoolek 2E 7wl EsA Tk E I AR-HAE 8 5 olz-fly Fats HE7| &9

HEZN(TDC) =] §lo] 914 75 HAE A=

2 e gge @ 4 vk w3 A ke 71 E (Counter)®] 52 felE 18 62 S3iA &
(counter)x= Yukz oz Ag3lE B9 Z]OiD} < 2t} UP_DN_Length?] #ol'1'd uf, = UP A&

(VDL) AIZb-t]A e W3k7|(TDC)R v} 7hehsh 2 7bodgE | Ve Fuae] FUIvig dgE s
ZHA I QoA FH WA FaAZ2 £ du. TDC = UP_DN_Signal®] #e] TAE zle] L171(DCO)<]
25 A8 A9 9d AA @S AR A 3H] =9 F3+E £57](Divider) & &3 425 & A=
o AZE EHYsh=d 8719 D-F/F3t 8719 A 2 o] g5 oA T As-elvt tlalErt o g Wkl
S "o ) FAY FLEH B=S 379 JK &  UP_DN_Length®] gteol ‘0'¢d ], = DOWN A&
F/F3 3709 AlE AL Abgdowsn F27b @ 7} 48 2 wolli= UP_DN_Signal®l gtel ‘0 A%
wA A, A hastHA A A AHE 7HA ¢l tislEeh tall & % 3HES ANsg Wil

h=4
ok Alghel F1eE BEo] P2D S5 A48 94 °of =HAth
= o)

M 71Ee ke E5e

Z90] 7]5olA 9 LF/E
sled up@ down Az E FEIY UAE == F rer_cLk | | | | | [ | |
g% & e 7lsS FUhskh UP_DN Lengan | |

UP_DN_Signal J‘ } : J‘

UP_DN
MR
Counter_out ( 101 X 100 X 101 X 010 )

Fig. 6. Counter output
O 6. 7t2ES &9

COUNTER—7—

DOWN

Figél 4. Prcfi(i%d P2R blockE?iigfam e 1}. DCO(Digitally Controlled Oscillator) 2
a7 4. HMeotshks fIA-CIX|E HEb| E5X 29 7o gAEg Ao H]—z]7]/] A A e
AA-9 FiAe AFIGPEDE B4 e o o Aok ol wEE mAR s des e
9 52 EaA o & oo 94 F54 71% 7] (PED) DAC(Digital to Analog Converter)i Hpolol 2~ M
T o= & THT m=E o L =
=2E UPH DOWN® %% 458 ZdZ%7% OR J(MMZELHM& i es s A
Aolee] AahA =W, EREF BHAAE UP A o e Helel s A AN T
57} data WEE YA, DOWN 257 25 2 dspel Stepe HHE Aol WAz WAL 5ol
ful H ) A =77 v = vy =
2 o] Ho) 9 F35F HEI|(PFD)E 7]& A, ASE Ale] RV oS8 V]E FRET WS
o= , A TIHT aE = B o] 28 9 dglolg BY3 R AEI} gAiastE a7
Fuppel BFE OAd Aol wx7(DCO) AEe I o o
427F UP 2 ) ‘'] &, DOWNS o ‘0] #%e g e g st mE e = s
2= UP_DN_Length 4158 % §th. OR Ao E9] (MP2MPOE H€e oletel doie T
oS S Eaes Hoe gag qe] wa  3F AU A, ol B ) Frud
HAS = T T Ll £l o Aok olZom elan o Zuzee] mAo] =
71(DCO) A& §145te] ¥#e UP DOWN 4% L ]6} #‘/]'. ashs HH FATa gl

(324)



Design of Digital PLL using Binary Phase-Frequency Detector and Counter 43

for Digital Phase Detection

T
{EEED 2505

OUT- — — OUT+

|n+-|Eme uﬂ'—ln-
Digital
%&3 M4 Control

DAC

Fig. 7. DCO delay cell
agl 7. CXE Mo ZEY| xjed A

t}. DLF(Digital loop Filter) *+Z%

DLF 2% Fxi: 1% 83 gtk DLF %
P2D EZEoA FHFEE
gAY 2= g o] &3t
AHoE AT & JLF |
DLF A4+ ofg®21 PLLY FX AFE o
T+ & vt duwk¥ge= DLF E&ELS ®
(proportional path)®} 27 Z(integral path)Z 4
o) olw] AEAHZE A4S B f%k HRol
w ol 2 I-PLLY X ZE A AR )T}
v, AEAZE Fa4E BTV g3 A=2 of
S2-PLLY F2 e A AHAE ) de
}.

3bit 6bit

Fig. 8. DLF block diagram
a2 8 CXE £= I =28

gAE £z FE(DLF)¢ z-domainol 41 ¢] transfer
T A (D 2

functiong

T
):( C+R) (20 1)
: T1-z1)

(K +EKp)— Kz !

1—2 1

T
047]/H K[: bea Kp:Ri 20

HE A2 o]l5(integral path gain, K03 ®l# 4

O]E(Droportlonal path gain, KP)#ats & 4+ i,

Fol #FAE ol &3k, A4 AFPM)S &

5 EH‘?% unity gain bandwidth: UGBW)& A

F= H“ o (PM) ¢ o] 9 & (bandwidth) &
st 2 (2)9F ZTH3].

H‘Jﬁnﬁﬁh‘u
m‘l_

Iﬂ:l

=
S
il

Kpi Frer . tan(PM) 1 @)

K, Fuepw 2m
AN T, =1/ Fpppe ©13L, wyepy =27F gy ©1Th
%, FolA 715 F3(reference frequency)et @<
o5 % (UGBW)«] Z A AR AR o5
g Az o]5e HlE o]&ste tiAld PLL 44
AF(PM)E AT + vt & =RdAe AAT

(PM
Oxd Fx I (DLF)Y A& 4= o]5(integral
path gain)& 2%3, wlg #A=Z ]S (proportional
path gain)& 2'e2 # Ae] AaS o] gate] T3}
Ak 73 el o5 e A&std 9 AR
(PM)> ¢F 51482 AAS YAYE Fxof o5
& Fxo Aol RAHE S & F AUk

n &4

CMOS 0.18um &85 AH&ate] Algket oixE %4 174
F2 3|2 = Cadencerl] Spectre$} Mentor 2] modelsim
= o3t HAF 9 AlEHIA stk 29 9% P2D &
ZoA] BPFD %9 AlE#olAd Azlelt}y, PFDe 45
= up, down AEZE  o]&3}9] UP_DN_Length$}
UP_DN_Signale] ¥ %= AlEd ol Aol ¥ 74
A Bl E  glRe] up AlE7F Eo1& W= 1, down Al
37} 591g o ‘0S 93} UP_DN_Length A15& &
ol & £ gz, wId downE FHAN ==
UP_DN_Signal A& & &2l & 4 9t}

Fig. 9. BPFD output simulation
a8 9. olF fM-Fms HEI| EH iy

0



44

a7 10 AAF DCO £59 2E 499 tAE Ao
A7kskAE wWe] HSE o5 FMolrh. AAE DCO
IGHz - 22GHze] B9 Welx Fxach mehA
LL] E&H*HE 1- 22GHz0M A B o)A ol
& 7ES sg:z]aiggi 1.65GHzol A
= 09 «1 oA 00rel e dEske] A
AL &k 29 112 DCO &9 54 A& o]
A¥Z FFoll A= 1100, TTolA = 1001, SSellA= 0101
e 7S W LESGHzO A B ske AL & &
}. o] W DCOS AY o152 di=f 200MHz/ve] ghe] i,
7} #&(phase noise)& IMHzolA °F -964 dBc/Hze]

_ XNt oo

o m“‘ rlo

%

1:.;0

=)
<

¥ do ¥0 fo i omfd d;ﬂ rlo ﬂ e
r1

tjo
N
N
™,
I

DCO &

2 12 so] ARAL Aols) Fi= Al A
Beold Aot 94 AolE UEh: tAg mes
DACOl SJeisiol AFAS Aolats WAoldh A5

<)
Yeisls Aol 4F RO2 locking T A% A &
F 9tk 1Y 138 UAY-PLLY #9 F359 ABdo]
A Astol, TMELPLL.OJ %9 éﬂr#ﬂ locking °] &
oﬂ ok 165GHzE & Q e §1]-o &t 2= 9]

AT TN

Expressions
— FREG_GAIN<0> — FREG_GAIN<L> — FREG_GAIN<2>
—FREG_GAIN<S>  FREG.GAIN<G>  FREG_GAIN<T>

:_GAIN<10> — FREG_GAIN<11> — FREG_CAIN<12:

—

FREG_GAIN<3> — FREG_GAIN<d>
FREG_GAIN<S> — FREG_GAIN<I>
— FREG_GAIN<L3> — FREG_GAIN<14

2

2 —
2140000

- /’_‘/——

00TO 00T

1.900

1510100 0101

T
174-0110 —

2 Y e e S e
5 1000 1.6GHz
1571001 S e e

Yo (€9)

1011
1100

00 5 ] 12 15 18
VCTRLO

Fig. 10. DCO voltage gain simulation
% 10, CIX|E Hof 27| Mgk olS I
Expressians
— FREQ_GAIN<0> — FREG_GAIN — FREQ_GAIN<1>
1.7
//-,:z——-
1 il
1.650-
3 /
- SS - 0101
15 /
W =
. FF - 1100
0.0 25 10 125 1% 175 2.0
VCTRLQ
Fig. 11. DCO cornor simulation
O 11, ClX" Mo 2R 3H AlZ2 oM

(326)

Journal of IKEEE.Vol.16,No.4,322~ 327 December 2012

Transient Response
— ATIVCTRL
1000

800

600

¥ (mvy

40

200

0 250 Umseo(is) 750
Fig. 12. DCO control voltage
O 12 O|X|E Mo ZET| Mo Mot
Fig. 13. Digital-PLL output frequency
a2l 13, C|X|e QA TN 2= FZZals
Fig. 14. Layout
a2 14, BlolotR

a7 14% CMOS 018im #3o2 F+dd Aokd gxe
PLLY| #olo}e& Hejzrh F 12 Aotd vx€ PLL
7 71 9 AE WA TDC %9 tAE PLL
o] A5& B, QoFskith. Aljkd tiAY PLLE % 1
ol Bl upe} o] =¥[5] o} Hlmale] 0.096mm’e] Z

FakaEy DPLLel| Hlatste] £ &9



Design of Digital PLL using Binary Phase-Frequency Detector and Counter

45

for Digital Phase Detection

v d=

2 =EdE CMOS 0.18um 34S& AM&3te] o]zl
Ag-FH5AE/t ALHE olgF UAY 9%
4 $ 928 AANA AdF P2 FrE
€9 TDC BE ool 748 258 Ageol
71&9] UAE-PLLY] Fxsh wasA PR} B
ol A WAL A, su HHE gashs
8¢ AAT Ak FFHAE LOGHzl A 2.2GHz
A &2 7Fs 8. 1L.66GHzAl A <F 16.2mW % 2 2]
2wl

Table 1. Performance summary of the proposed digital PLL

X 1Ak Yx9d PLLY A& 8.9k
This work [5]
Process CMOS 0.18um
Supply voltage 18V
Output frequency 1.072.2GHz 0.472GHz
Power consumption 16:2mW 1823mW
@1.65GHz @1GHz
Active chip area 0.096 mm® 0.18 mm?
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