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MCU Operation Frequency

40MHz
10MHz

SH7055
H8/500

2MHz /\ Quadruple
over decade

1980 1990 2000 2010

Year

Operation frequency for MCU

B Operation frequency getting higher year by year
B Quadruples every decade
B Clocks of a few giga Hz are needed for SoCs
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What is a PLL?

CLKiIn CLKout

—| PLL —

B Frequency multiplication B Phase difference reduction

CLKIin CLKIn j

1
cLKout [T CLKout f f -
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How to distribute high frequency clockizs=ax

B |C without PLL B |C with PLL

1.5GHz }‘ ) Cpu 20MHz | CPU

I Loglc Logic
500MHz 500MHZ L_J SOOMHZ

v'Crosstalk and reflection v'Low input frequency

can occur v'w/o crosstalk or reflection
v’ Extra space in PCB v'Several identical PLLs with
v'"Many pins are needed different divisors in one IC
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Clock Deskewing PSCRS

CLK1

» Logicl CLK1 j f -

Data }

buffers CLK2 f f
_.[:[> »| Logic?2 -
CLK?2

B Clock skew due to clock distribution
B \With skew, It's difficult to make synchronous systems

B Skew is dependent on
power supply voltage and temperature
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Clock Deskewing PSCA

A\
CLK1 | Logicl | CLK1 4 t L
Deskew PLL bata f
:IFE | ~— CcLk2 _ % f 1
icp | Fitter p{ vco -'I:[>-—' Logic2
CLK2

B Clock buffers are put into deskew PLL

B PLL reduces the phase difference
between CLK1 and CLK2

B PLL can work
even if supply voltage and temperature change.
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Spread Spectrum Clock (SSC) iy
Fin=10MHz —==— — "l s Fout @ Output frequency A
ilter >
/CP N 1GHz
DIV
1N ime
N=100 '
» PSD :
Conventional
E
%-
B An LSl operates at 1GHz. £
The LSI emits EMI noise. 2 rea.
B It can interfere with other 1
LSIs and signals on PCBs. _ GHz )
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Spread Spectrum Clock (SSC) S

~

Fin=10MHz BFD Fqut @ Output frequency

Filter VCO ‘
/CP _'l N 1GHZW
0.99GHz

| 10MHz
- ”“MW"MM"H oo
_ » PSD :
N=99 EM|  Conventional
. reduction /1/
1% I r

= l/fmod § 3SC
3
B A2 modulated divider < Freq.
to generate SSC
o 0.99 1
B A2 noise is filtered by PLL GHz GHz
g j
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CDR(Clock and Data recovery)

Incoming Incoming

data ‘ ata data [N

7 1° 9~ —

1 L oLl —'[>0T’> gicKovered Tg_ T_ T_ T_ T_ T_ T_ f
CRf:;overed Data X1X0X1X0XOX1XOX

B Incoming data without accompanying clock
B CDR extracts a clock to sample incoming data
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PLL Diagram

How do we design a PLL?

lcp

3
-

YZL_D 5 UpP
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<0k
Z DI;Q
D

o1
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Block diagram and Domains A

IN

-
PFD =P CP =P Filter =pp{ GM =P CCO
rad>rad rad—->A AV V2A A->rad/s—>rad
DIV
rad<rad

PLL's building blocks Line Domain
® PFD: Phase-Frequency Detector e [raCl]
® CP: Charge Pump
® Loop filter [A]
® GM (Voltage-current converter) — [\/]

® CCO: Current-controlled Oscillator
® Divider
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PLL Diagram

PFD
(Phase-frequency detector)

ouT
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PFD(Phase-frequency detector) A

-~

W\
VD UP
CLIIZ% D Q B CLKfb is behind CLKin
» R Delay —->UP Is wider
% < B CLKfb is ahead of CLKin
| RSTd<]:] RSTC; —>DN is wider
Y DRQ B RST is delayed

CLKfb 1S DN to avoid dead zone

Casel (CLKfb is behind) Case2 (CLKfb is ahead)

CLKin | CLKin \ |
CLKfb )\ | CLKfb 1 | -
RST RST

RSTd | rRsTd /|

UP __jﬁr‘
DN

(
— v 73_@
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PLL Diagram

CP
(Charge pump)

ouT

A
IN
Y
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CP (Charge Pump) ST

Casel Case? Case3

Icp Clkin __T"1 'L T L

Average 04 0, 03
of lout [A “op lepl Topler 5 e

B Output is pulse-shaped current that is
dependent on the width of the phase difference

B CP gainis Icp/(2*pi) [A/rad]
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Modeling of PFD and CP set RN

ank

VDD:LD 5 UP
CLKiIn ) )

IcP
> R lout din[rad] [~ loutA]
R S oS |
v

DRQ dfb[rad]
CLKfb L DN é Icp \ n J

\ I ) PFD CP
PFD CP

B PFD becomes summing block.
B CP becomes gain block
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PLL Diagram

Loop filter

(Lead-lag filter)

3

ZD 5 UpP
IN
—P> R
<k
ZDI;Q
b

ouT
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Loop Filter ’,43

From CP To GM
lin—» Vout N -20dB/dec

’_/
R \—\‘
Cpl == %C K
z X log(f) [Hz]
77 ;; )S O )&

20*log|H|[dB]

V 1 sRC,+1 = 0

H(S) — out — . Z § -45
Lin  sCz sRCp +1 = log(f) [HZ]

N -90

f = f, =
27 2mRC, [Hz] P 2mRCpy [Hz]

B Converts the domain: current - voltage
B Czis much larger than Cpl 2 Cz+Cpl = Cz
B |ead-lag compensation
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PLL Diagram

GM
(Transconductor)

ouT

A
IN
Y
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GM SCH §
>

/_ff‘(;\}'
Connected to CCO
From Filter J 1 lcco
Vin — gm
m 8m._e
_l J - ngdeg +1
Rdeg

B \/oltage-current converter

B Rdeg reduces the
transconductance but the
linear range becomes wider.
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Modeling of loop filter and GM set  Z55ax

Connected to CCO

From CP J 1'000
lin— Vc I gm linf[All 1  sRC,+1 |Vc[V] ; lcco[A]
L — . »|Jm_e
o % R % 4 sC, SRCp + 1
CZ gm
7 ; Sm_eq = gmRaeg +1
\ ) \ ) \ J \ )
Loop Filter GM Loop Filter GM

B Loop filter converts
the domain from current to voltage

B GM becomes gain block and
coverts the domain from voltage to current
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PLL Diagram

CCO

lcp

>

3
-

N ZD 5 uP
—D R
Uists

o]

% R Rdeg
DN é lcp I - Ce

A. Motozawa

OuT

Page25



CCO (Current-Controlled Oscillator) |

’)4( 3
A

<

g

Z

38 |cCO[A]
Delay = Td 1 lcco g

l 0

B The number of stages is ‘ dlcco

|

commonly 3—5.
B Fcco=1/(2*Td*N) [Hz]

B |n this talk, [rad/s/A] is used
for Kcco. NOT [Hz/A]

rad/s

I(CCO [

|cCO[A]

B \\
N: the number of stages for CCO
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Relationship Between Frequency and Phase 5&zut
B Phase is the time integral of frequency
Frequency Phase
w[rad/s] O[rad] o -t

V| =
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Modeling of CCO AT

wcco ¢dout
lcco[A] [rad/s] | 1 [[rad]
_ ——{Kcco s
1 lcco /
rad/s/A]
\ ) \ )
CCO CCO

B Domain change: A - rad/s - rad
B -90° phase shift at DC

B Kcco is dependent on the operation
frequency
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PLL Diagram
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A
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Divider \/;>£i;%gl

« Divide-by-2 and 4 divider « Divide-by-3 divider
< Q1(Divide-by-2) Q2(Divide-by-3)
JE(J 02(Divide-by-4) — g_‘ J
Plldbq DZDQJ "o afgr—p o} @

CLK [& > CLK >

ctk MU ctk MU

a1 ] Q1 i

D1 | D1 |

Q2 | | Q2

D2
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Modeling of Divider PI

o Q1 Wout ,‘
t JICE(Jj — N Pin| 1 Pout
W P15 ol 55Ip a —/ >
m . CLK |%> |—> N
\ ) \ )
Divide-by-N divider Divide-by-N divider
_ 1
Frequency Domain  wg,, = N Win rad/s]
1
Phase Domain Dout = N Din rad]
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Modeling of Single-Path PLL ST
PFD Cpé CCO
v UP op > CLKout
CLKln_» RQ \_’? |2l£ L
R /_’} Cle— %R Rdeg
CLKfb : DN IcpI T“
Filter GM
Divider HE]DO]
<—| <—|
. CCO
PFD CP Filter GM [ wcco \
Pinfrad] ~ lowlAll 1 sRC,+1 [Ve[V] ecofAll NL2YST ] doutirady
i sC, sRCu+1 [ s I'T
dfb[rad]
Divider
A
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PLL transfer function and Bode Plot 7552y
)/ Q)
_ CCO
PFD CP Filter GM ( wcco \
®in[rad] n out[A] 1 sRC,+1 VCM CCO[A]&O[raf 1 CDou’:[rad]
T _ sC, sRCp+1 S
Ofb[rad]
Divider
A
Open loop ~ T
Transfer function w
+ . -40dB/dec
g = KCCOICp 1 gm_eq SRCZ +1 o N
op g2 ' ST -20dB/dec
C
- 1 53 ; -40dB/dec
0] es[ Z] 0’ 0’ Zn-chl aé O i }N
1 i
- = -90 :
Zero[Hz] 2nRC, ko i
Kecol R8T |
ccolecp9m_eq © ! Log(f)
Crossover freq.[Hz] = & -180 : %9
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Open loop Gain [dB]

PLL open loop line on Nichols Chart 7552

A
60dB r 1 [ S [
Nichols chart. 60 Bode chart
40 - 8 —
ol 0‘2§d_B_ L 0-dB | Q % 40
20 |~ 7 : 1d - S E 20
'/ /’é_——-laa S \‘ -1dB 8_8 LOg(f)
1017 \\{ (/q'B_-HEh‘ 7 -3d8 | O 0 >
0dB Mo
-10 = E = —12 dB{ -20
T oo -90
-40 - ~40 dB| 8 i
50 - 4 T o
AR A o N A SR SRS SR SN r-1[80d[egr ro¢ ¢ ¢ pop g 760dB GC-) C(e -135
_§%60—345—330—315—300—285 -270-255-240-225-210-195-180-165-150-135-120-105 -90 -75 -60 -45 -30 -15 0 Q_ : Log(f)
Open Loop Phase [deq] O -180
B The X-axis: Open loop Phase
The Y-axis: Open loop Gain
Dashed circles: Closed loop Gain
B [f the open loop line passes by the right side of
the red cross(-180deg, 0dB), the system is stable.
B System is stable as long as the open loop gain is large enough
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Dual-Path PLL

Integral Path

®out[rad]

v

®in[rad]

Open loop _ Kccolecpr 1 Gmeq ~ Imeeq Icp;
Transfer function “op = 7 5 A T2 C, ) SRC,, + 1
Poles[Hz] 0 0 1 C ~ Kecolcpr
, U, 2nRCy, rossover freq.[Hz] (21)2N
B Zero can be controlled by the ratio of
1 Gm_eq Icpi lcPP and Icpl. That leads to smaller Cz

Zero|Hz
e 2n G lerr m Single-path PLL: Cz~100pF
A. Motozawa Dual-path PLL : Cz~20pF Page35
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Hybrid PLL

“A 0.7-t0-3.5 GHz 0.6-to-2.8 mW

Highly Digital Phase-Locked Loop With Bandwidth Tracking”
Wenjing Yin, et al., IEEE JSSC, VOL. 46, NO. 8, pp1870—1880, AUG. 2011

REF —_up DCO
PFD pn Proportional path  IPDAC
i i ouT
I VCO-+=
L JueD {4 A
Digital integral path
4N fo
. . . DPLL PERFORMANCE SUMMARY
B Analog-Digital Hybrid T — e
v Small & programmable Supply ol v
. Operating frequency 0.7GHz-3.5GHz
v’ Analog proportional path to reduce Randon iter @ 2561 L e
q Uantlzathn error JII]::I" :'rom 1|m?,gj'alcd ;i:hase noise 0.9ps ran.s
eak-to-peak jitter @ 2 5GHz 11.6ps
B !'PD instead of TDC e .
terministic ptter from reference spur LIPS
‘/ SI mple’ Smal I ’ and LOW power Loop bandwidth @ 2.5GHz 16MHz
. . . . . . Power @ 2.5GHz 1L6mW
v Intrinsically nonlinear - Jitter makes it linear Die area 0.36mm’
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Summary PSSR

B PLLs are utilized in many ICs

v'One IC contains several identical PLLs to provide different
frequency clocks
while reducing 1/O pins and avoiding the reflection

B Many PLL applications
v"Not only frequency multiplication
v'SSC to reduce EMI noise

v CDR system to generate from incoming data
v'Deskew PLL to decrease phase error among clocks

B Building blocks and transfer functions are discussed

v’ Several domains in PLL loop
v Dual-path PLL is used to reduce capacitor

B Analog-digital hybrid PLL with !'PD is introduced

v The keywords, digital-rich and "PD , are important
for an advanced PLL design Page39
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