EECS251B : Advanced Digital Circuits
and Systems

Lecture 25 — Clocks A
Borivoje Nikoli¢ i

Course Evaluations Time!

...Reviewers note that, in some of Nikoli¢’s courses, the return rate for
student evaluations is low. They encourage him to consult the website
of the Center for Teaching and Learning

(https: / /teaching.berkeley.edu/how-can-instructors-encourage-
students-complete-course-evaluations-and-provide-informative-
responses) for suggestions on how to increase response rates...

Victoria C. Plaut
Vice Provost for the Faculty
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Announcements

®* Homework 5 due next week

®* Quiz 4 today

® Project
® Pay attention to integration with other teams!

® Final presentations: May 2, Qam-12pm

® Final exam: April 26, in class
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Dynamic Voltage Scaled Microprocessor

External V, 3.3Vt10%
Internal V,,, 0.8V~2.9V 5%
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Courtesy: Prof. Kuroda
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Adapting V,, and V-,

Workload »i Lookup Table!

v
REF CLK Clock
—
Generator VAR_Vpp

I""II'BB.':’

VAR _CLK
— >

DATA_IN ——»|

DIGITAL
SIGNAL
PROCESSOR

__» DATA_OUT

* Adapting both V5 and V., during runtime

® V;, is much less sensitive

Miyazaki, ISSCC’02




Adapting V,, and V-,

EECS251B L25 CLOCKS

140

120 |
100 |
30 |
60 |
10 |
20 |

Power (LW)

Dynamic
Voltage
Scaling

—1  Adaptive
Supply and
Body bias

10 20 30 40 50 60

Frequency (MHz)

Miyazaki, ISSCC’02




Optimal V,, V5, o/
® Adjusting Vp, V5, trades of energy and delay (

®* We studied energy-limited design
* And alternate ways for optimizing energy and delay together

® E.g. energy-delay product (EDP)
* OrE"D", nm > 1
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Optimal EDP Contours

® Plot of EDP curves in Vp, Vo, plane

Supply Voltage (V)

0.0 0.1 0.2 03 0.4 0.5 0.6
Threshold Voliage (V)

Gonzalez, JSSC 8/97
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Sizing, Supply, Threshold Optimization

Reference Design:
Dref (Vddmax,vthref)

Topology

Inverter

Adder Decoder

(ELdEsi)
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Large variation in optimal circuit parameters V ,°t, V,, °Pt, wopt
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Technology parameters (V ™, V,, ') rarely optimal
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Result: E-D Tradeoff in an Adder

Energy (E,)

0.8
06
04
0.2¢
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Energy efficient curve |
f(W,vdd,Vth) |

Reference
=400
40% Design

i (Dmin,Eref) (Dref’EI'Ef)

(Dref’Emin)

D L L L L L L L L L
0 02040608 1 121418618 2

Delay (Dref)

Sensitivity | W | Vdd | Vth {

D.E) | o | 15| 02

refr=ref

(D, E. ) 1

refr=min

OmnEe) | 22 | 16 | 22

80% of energy saved
without delay penalty

40% delay improvement
without energy penalty
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Energy-constrained delay

® Active power

P

act

= afCV,,’

f = 1/LDfp

Vo —vVp
_ S
ak l Oe VDD

®* Leakage power Ple

® Eliminate one variable(V;,) and find P_. (V,)

Nose, ASP-DAC’00
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Minimum energy: E, = 2¢, o/

+ Large (E,/Eg,)*"! C(
1 .
¢ Flat Eop minimum
_ o8] ¢ Topology dependent
0
it
T 06} :
g \ (ELk /ESW )opt - I
2 04 " e )
\Q_ aavg
O
Ll | —&— nominal | vref_140mv
0.2 th
—&— parallel 0.52\/Mex
. —¥— pipeline o
10 10” 10° 10

Leakage Switching

Optimal designs have high leakage (E,,/E,, = 0.5)
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Phase-Locked Loop

® PLL is locked when the phase difference is zero

® Second/third order loop

®* =N for frequency synthesis (and x M)

® Filters input jitter

®* Accumulates phase error

PFD

CP

____________

> =T

VCO

____________

> fOut

out



Voltage-Controlled Oscillator O/

® Oscillation frequency controlled by voltage ((
Vetn Dout _
" veo s Oout = OFR +KycoVetr

Yout(t)=A COS((DFRt +Kvco ffoo Vetrdt )

/ FR

ogr — free-running frequency
ctrl
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Example VCO

® Ring-oscillator-based VCO: RC loaded

—iE | |

T

- =
H J =
T T

H|

__I_

» Ring-oscillator-based VCO: Current-starved

Dy Dm e Do D




Example VCO O/

® Ring-oscillator-based VCO: Supply-regulated g
Fref Up V
PFD cp
Down Caecap

Sidiropoulos VLSIOO0
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PLL vs. DLL Dynamics O/
® The key difference is in the VCDL vs. VCO transfer characteristics g

®* VCO integrates (accumulates) phase

Hycols) = Kyco/s
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Linear Phase-Frequency Detector
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Charge Pump O/
® Push/pull current source operation g

VDD

O Spligigigigipy
]

UP / To VCO Control Input - - =
¢ > - -

Razavi’2001
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Charge-Pump PLL

PFD

— Vbp

u
D

P
s

N
? [
\

VCO

(Din 6

» Phase transfer function

)
H(s) = out _

CDin

Kprp Kvco

S

S

T cDout

KPFD KVCO

1 4 Kerp  Kvco 5% + KprpKyco
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Charge Pump PLL with a Zero

®* Charge pump PLL has a stability problem

®* Compensation by adding a zero

’ !

— Cp

Cr

R
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Charge Pump PLL with a Zero

/
PFD DN g —[ . VCO a)n — \/ZﬂCP KVCO
? %R
R [ICo
= K
. / 4 > \/ 2, VCO
2\/7?8 . (RCPS + 1)

H(s) g
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Higher Order Loops

® Another pole naturally exists

® Filters the control voltage V7,

® Lowers phase margin

® Reduces the lock range

> PFD

UP

DN

Vbp

VCTRL

P
>/
7

Cps

.

— Cp

\

VCO
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Phase Noise at the PLL Input

® Low-pass characteristic

CI)in T H |7 (Dout
4{ 9—>| LPF VCO —>

2
Wn

s% + 20w,S + a)n2

“Og(CDout/CDin)l
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VCO Phase Noise — Noise Transfer Function

® High-pass characteristic noise transfer function
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log(D /Py co)l

D e [ veo o
I CI)VCO
Dout(s) _ s(s+apr)
Dycols) s2+ 2(w,S + 0,
[

2
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Adding clock buffers — all noise transfer functions

E 10 T T ML | T L] T L |
©
o _ from from
S input clock / clock buffer supply
c
>
T ﬂL 1 | 8 10
| e |
RefClIk|—tel e +@ e el P L S g
d gR Kvcols —Buter °
=~ Kp L | ]
cp ‘S 20+t
L c z° from
g VCO supply
=30+
=N [
10° 10° 10’ 10 10° 10"°

® Noise Transfer Functions (NTFs)
® Low-pass from refclk
®* Band-pass from YCO supply
®* High-pass from clock buffer supply
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Resulting Output Phase noise spectrum

N

B

o

T ﬂL T
RefClk ~lsiner Siep —|_vco <HR
|_ Kpd Icp R | Kvcols - puner |

c

Phase noise [dBc]

® Set by reference clock f < loop bandwidth

® Set by supply noise f > loop bandwidth
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Digital PLL

® Replace analog functions with digital equivalents

fREF

PFD

Digital Loop
Filter

DCO

» Digitally-controlled oscillator (DCO)

(

‘



Digital vs Analog PLL
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Digital PLL Quantization noise

® Limit cycle phase noise adds to the linearized model phase noise

q)in ‘Derr D
-J-D

(pout,lc,rms —

Ve
Kyvon
1p, e — o
Kmu‘é) 2 ;'Ut
1-7"
+N
Pout,lcp-v — Tref ) KDCO ’ (ZPBB T IBB)
Trer - Kpco Ipg’
= reﬁ - |Pgg® + Pgg - Igg + >
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Digital PLL Analysis

1 0‘:_mt
® Loop parameters can be matched to the analog PLL ’
Vn
_ P-Kyco o
PBB — . ‘ P VOO, n
GalnBB.KDCO Qi ~\Perr | D o K é 1 | Pout
o D i DCO B -
1-7"
I... = XTrerKvco =
BB : ‘
Gaingg-K .
BB'"\DCO Yy | © Linear PLL Simulation| =~ 1
E - | X BBPLL Simulation
Gaingg = |—- 5 R .
M O o i K
berr s . MCO noise”™
Linear VCO noise to output phase: S’; reductloh AR ndlsé :
2 = IEEHN
” B \/ﬁ 1 (mvco,n) o 10;2001 B 01 . ;::,E:i1 T
outyrms — [ ° ) . . . i
‘ 2 4.Psn - K A Linear
be - Kpco N\ _Af o fo e
VCO thermal and supply noise unstable

(assume it dominates)
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Digital BBPD-PLL O/

Coarse  iCentor. =124 I Nl Sol - ; g
Frequency | Code (1 @} .
Control ! F.or 5

BB
Frequency |
Control

®* PFD to DCO direct proportional path for faster phase tracking
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Practical Digital PLL

Programmable P F D
Voltage Regulator
Proportional Bypass : Qutput
, 1/2/4 | Clock RefCk (. [ E_‘D -
Reference Early/ Integer Row »| Output —'D —p"h 5
Clock Late Control | pco [ Divider = ; o [ OFB Early
> /5 > ’5: > Control | Col o] Mutex [— :-—-—-\J‘
| PFD | Fasysiow| Pl S FBCk 4 || A g P [ ORef Early
| 2 | Loop 2 DCO C—p"H = ‘_‘:)J
Filter | 2 [ Feed- 2/4/8 S
Control Dither K
-+<—{ Forward [—~%— » Pre- . ] Ref Edge B
® A 3 scaler i A first ! FB Edge N e
A Elﬁrsti =1 E
’ : 1 2 l :
N ) B i | RefClk—{> ! .
Clock-gating signals Feedback clock, e ! : !
Multiplier ° toalldigttallogiq  Mutual exclusion element L FB Faster Dy E
. . |Fractional Integer | Multi-modulus determines which edge came first  D— |
8 - . 1 i
Mg'itl'ti'r'er Multiplier FFZ; N[ Muttiplier |~ Feed-back < Cycleslip '~~~
Dﬁ" ’13 > /g > Divider detect Self-timed
Slew-rate reset
o : )
In IBM Power”7 processor, per each core Tiemo, JSSC'08

Tierno, VLSI’'10
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Next Lecture

® Clock distribution

® Power-supply regulation
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