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Clocking Strategies
1. Clocked System 
2. Latch and Registers
3. System Timing (Constraint)
4. Single-Phase Memoryg y
5. Phase Locked Loop Clock Techniques
6. Metastability and Synchronization Failurey y
7. Single-Phase Logic Structure
8. Two-Phase Clocking8. Two Phase Clocking
9. Two-Phase Memory Structure
10 Two-Phase Logic Structures10.Two-Phase Logic Structures
11.Four-Phase Clocking
12 Four Phase Memory Structures12.Four-Phase Memory Structures
13.Four-Phase Logic Structures
14 Cl k Di t ib ti
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14.Clock Distribution

Clocking Strategies
Cl k d S tClocked System

Considerations:
• Independent Clock Count
• Clock phase count for each independent clockp p
• Clock domains
• Synchronous or AsynchronousSynchronous or Asynchronous
• Clock-Generator: Jitter
• Distance route → Skew → PLL H-tree reverseDistance route → Skew → PLL, H-tree, reverse ..
• Toggle rate, data rate, DDR
• Transparency problems• Transparency problems
• Meta-stability

Gating• Gating
• Latch, FF, Register

St ti D i
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• Static or Dynamic
• What else …

Latch
F tiFunction

1. Level-Enabled (E, EN, Enable, Clk)( )
2. Function: Q=D  if E=1

No Change if E=0g

D Q D Q

EN

EN
EN

EN
High-Level Enabled

EN
Low-Level EnabledHigh Level Enabled Low Level Enabled
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RS Latch
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R

D Latch
Static:

1D 0D

0

EN

1

ENEN EN

D QWeak-Static: D Q

Dynamic:
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Clk Clk



Flip-Flops
F tiFunction

1. Edge-Triggeredg gg
2. Usually consisted of a low- and a high latches

D QD Q D QD Q

EN

Clk
EN EN

Clk
EN

Clk Clk

D Q D Q

Clk Clk
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Flip-Flops
A ll t ti iti d D Fli fl (Vdd 2Vt)A small-area static positive-edge D Flip-flop (Vdd>2Vt)

D Q

ClkClk
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4-Phase FF

Φ Φ
PrechargePrecharge PrechargePrecharge

1Φ 3Φ
Q

2Φ 4Φ

Q

Redistribute Redistribute

12Φ 34Φ

D

Evaluate Evaluate1Φ 3ΦEvaluate Evaluate1Φ 3Φ
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Comparison of some DFF’s
D

Q

Q

D

1 1

D Q

Clk

Clk

1 1

Clk

1 C
ClkClk

1:11:1
1 2

2φ1φ
1 2

2φ1φ
1 2
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Synchronous v.s. Asynchronous Control
Settable Resettable etcSettable, Resettable, etc.

SSynchronous Asynchronous

S
truc

Control QControl Qctural No Clk in the path to QWith Clk in the path to Q

B

p QWith Clk in the path to Q

B
ehav

always @(posedge Clk or posedge Control)
if(Control) Controlled_state;

l Cl k d i it

always @(posedge Clk)
if(Control) Controlled_state;vioral

else Clocked_circuit;else Clocked_circuit;
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Transparent Output

D Q D QtPG

EN EN

Φ Φ1Φ 2Φ

1Φ t1

2Φ
tPG

2
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Flip-Flops without Transparency

D QD Q

EN

Clk
EN

Clk

ClkΦ ≡ ClkΦ ≡1

ClkΦ ≡2

Fully self-constrained!
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Clocking Strategies
H ff M d l f Fi it St t M hiHuffman Model for a Finite State Machine

PI: 
Primary Inputs

PO: 
Primary OutputsN

Combinational
Circuit

y p

PPI:

y p

O
L

PPI: 
Pseudo PI

PPO: 
Pseudo PO

Q DQ DQ D
MM

Q DQ D

Clk MS 2Count  State ≤
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Clocking Strategies
B i L Ti i C t i tBasic Loop Timing Constraints

QDDQp ttt == →:n timePropagatio QDDQp ttt → :n timePropagatio

T

Q D

T

Q DQ DQ DQ Dsetup

C DCCDs ttt == → : timeSetuphold

CQQC tt =→ : timeQ-to-Clock
1iC l
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 1 : timeCycle DCQDCQ tttT
f

++>=

Clocking Strategies
Ti i C t i t C id i Jitt & SkTiming Constraints Considering Jitter & Skew

Q DQ DQ DQ DQ DQ D

Clk

Jitter Skew

tttttT ++++>
1

Clk

SKJTDCQDCQ tttttT
f

++++>=  

tttttTt )(i l titiS t
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setupSKJTQDCQDC tttttTt <+++−= ) (  : violationtime-Setup

Clocking Strategies
H ld ti Vi l tiHold-time Violations

CQt QDt

holdt

holdSKJTQDCQ ttttt >±±+  
hold

ttttt ++<+:violationtimeHold SKJTholdQDCQ ttttt ++<+  : violationtime-Hold
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Clocking Strategies
H ld Ti R l & S t Ti R lHold-Time Rule &  Set-Time Rule

D

Q
1

HoldSKJTPCQ ttttt ++>+  
D

Q
2

Q

)( tttTtt
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Q ) ( SetupSKJTPCQ tttTtt ++−<+



Clock Buffering
Clock Tree with a branch
Degree of 3 or 4 (~ 2.718)
without consideration of route

A single large buffer:
without consideration of route
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H-Tree
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Contra-data Direction Clock

D QD QD QD Q D QD QData

Clk

D QD QD QD Q D QD QData

Clk R
C CQDCRC ttt +<

D QD QD QD Q D QD QData

ClkR
CC

PGCQDCSKRC ttttntT ++++<Generally,
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Phase Lock Loop (PLL)

U fif
Phase

Detector
Charge
Pump LPF VCOD

of

nf / nf ×Frequency
Divider

nfo / nfo ×

1. Skew Reduction; Synchronizationy
2. Frequency Multiplier
3. Data Recovery

Page 22T.-C. Huang, NCUE    Spring 2016

y

A Typical VCO

Current mirror

fo

Vc

180-degree oscillator
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VCDL
V lt C t l D l LiVoltage Control Delay Line

toti

Vc
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PLL Clock Generator

D Q D Q

Clock
PLL PLL
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PLLs Applied to Different Domains
Skew (ps)

PLL3

Max Skew PLL1
PLL2

Equivalent Distance (ps)
Max Skew

CLK
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Metastability & Synchronization Failure

N
ex

Q
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ata
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ext D

at Q

Setup
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N

N
ext D
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anted D

Clock

Setup

W
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ext D
ata

ata

Q

Q

D
ataHold

ted D
ata W

a

Q

W
anted

anted D
ata Logic Error!d D

ata

a Logic Error!
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Skew-Tolerant Design

1. Reverse Order of Clocking for only scan 
2 Sk T l t D i Ci it2. Skew-Tolerant Dynamic Circuit
3. Skew-Tolerant Domino
4. Clock Domain Ranging
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Single-Clock Complementary Phase
Combinational

Circuit L
Combinational

Circuit H
XL XHCircuit L Circuit H

DHQL DL QH

TL
TH

Clk
L

CDLt
HCQt HQ

HHDQt

LLDQt T
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CDHtLCQt

Single-Clock Complementary Phase

Timing DiagramTiming Diagram
DH

Clk

t

DL

CDLt
HCQt

t
HHDQt

LLDQt T

CDtCQt
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CDHLCQ



Single-Clock Double Edge

Combinational
CircuitCircuit

Q DQ D

T
TH

Q DQ DQ D

1 Can slack the master clock only

TL

1. Can slack the master clock only. 
2.

SKJTDCQDCQHLHL tttttTTTT
f

++++>+=  ) ,min(  ;1
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f

Single-Clock Complementary Phase
L t h S tLatch System

Combinational CombinationalX XCombinational
Circuit L

Combinational
Circuit H

XL XH

DHQL DL QH

T

Clk
TL

TH

Data Transparency!Data Transparency!
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Single-Clock 2 Phase
Combinational

Circuit 1
Combinational

Circuit 2
X2 X2Circuit 1 Circuit 2

D2 Q2Q1 D1

1Φ 2Φ

1Φ
Φ2Φ
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N-Phase Clock Notations

divisionsintodividediscycleaeconveniencFor N divisions. into divided is cycle a e,conveniencFor N
NN LL 1or     )1(0 − )(

division.th  in theonly  levelhigh  a hasit   that denotes  iΦi

1Φ

2Φ

Φ3Φ

4Φ4Φ

23Φ
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Johnson Counter

(a)

0 1 2 3 4 5 -22
n -12

n

( )

D1 D1 D2 D2 D3 D3 D4
n D 4

n

Clk=1Clk=1

(b)

0 1 2 3 4 5 -22
n -12

n

( )

D4
n D1 D1 D2 D2 D3 D4

n -1 D 4
n

Clk=0Clk=0
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Multiple Phase Clock Generator

n-2n-30n-1 -2n2-3n2
n
2-1n2

0
D Q

1
D Q D Q

2n
D Q

1nD
D Q

0
Q

1
Q Q

-22 Q
-12D

Q

Clk
Reset
Clk Clk/2
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Clock Domain Programming
S

ke
w

S
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Clock Domain Interface
Latch-base

Bufer
Leading Phase

Logic
Lagging Phase

Logicg g

Latch baseLagging Phase Leading PhaseLatch-base
Bufer

Lagging Phase
Logic Logic with 

1 cycle delay

SIPOInteger-Times
Frequency

Low--Frequency
Circuitq y

Low Frequency Integer TimesPISOLow-Frequency
Circiut

Integer-Times
Frequency

PLL
Data Recovery

Skewed 
or Remote

Clock recovered
But delayed
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Data Recoveryor Remote But delayed

Clock Gating Problem
QDtDCt

D1 Q1

CQt

D3 Q3

1Φ

D1 Q1

ΦUngated 1

G i

3Φ Gated
Ungated

GatingD2
Q2

2Φ

Discussed in advanced topic and should be careful!
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Design Guide for Clock Gating
Traditional Rules

Avoid from tri-state buffer and clock gatingAvoid from tri state buffer and clock gating

Later Moderate Rules
1. Prevent from inverting polarity, i.e., use non-inversion 

gating.g g
2. Control values should be glitch-free during high (low)-level 

clock pulse for positive (negative)-edge triggered flipflops.
3. The control logic can have glitches/hazards only when the 

clock level can control them.
4. Usually, the control logic is triggered by negative (positive) 

edge of the same clock for gating positive (negative)-
triggered flipflops.

5. Prevent from using tri-state gating along the clock paths.
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Clock-Gating Cells for Synthesis

D    Q
LE

K
G

I
C

K

D    Q

Label Signal 0 1 RuleLabel Signal 0 1 Rule
C Regular Clock ↓ ↑

I = C⊕KI Inversion Type Non inverted Inverted I = C⊕KI Inversion Type Non-inverted Inverted

K Gated Clock ↓ ↑

L Latch Type Low-level High-level L = ~C

G Gate Type OR AND
G = E
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G = E
E Enable/Disable Disable Enable

DFF2REG Design
CComparison

DFF changes by all triggering clock events.
REG h b it bli d lREG changes by its enabling commands only.

Implementation
M ltiple ed Control + Le el Enable Area O erheadMultiplexed Control: + Level-Enable.  - Area Overhead
Gated Clock: + Multiplexer Saving.  - Skew Issue

(1)  Level-Enable Distribution (2)  Gated-Clock Distribution

D Q
0    

D      QIN

D      Q
1    IN Trigger

EN
EN
Clk

D Q Trigger
EN
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Clk
Clk


