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OutlineOutline

Technology trend and wire pipeliningTechnology trend and wire pipelining
Previous worksPrevious works
Advantages and challenges of using Advantages and challenges of using 
latcheslatches
Concurrent repeater, flipConcurrent repeater, flip--flop and latch flop and latch 
insertioninsertion
Experimental resultsExperimental results
ConclusionConclusion
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Technology ScalingTechnology Scaling

Wire delay increaseWire delay increase
Clock period decreaseClock period decrease
Chip size increaseChip size increase
Multiple clock cyclesMultiple clock cycles for for 
long distance signal long distance signal 
propagationpropagation

1 clock cycle
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Wire PipeliningWire Pipelining

Delay < 1 clock cycle

Repeater

Delay > 1 clock cycle

Clocked 
repeater
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Future TrendFuture Trend

Critical sequential Critical sequential 
lengthlength: distance : distance 
between adjacent between adjacent 
clocked repeatersclocked repeaters
Intel: 20% of total Intel: 20% of total 
chip cells will be chip cells will be 
clocked repeaters at clocked repeaters at 
32nm32nm technology technology 

90nm 65nm 45nm 32nm

M3
M60

1
2
3
4
5
6
7

Relative 
Critical 

Sequen. 
Length

0.43x0.43x

P. Saxena, et al, ISPD 03
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Design ImplicationsDesign Implications

Minimizing delay is inadequateMinimizing delay is inadequate
Latency: number of clocked repeaters along a sourceLatency: number of clocked repeaters along a source--
sink pathsink path
Latency needs to be minimized or latency constraint Latency needs to be minimized or latency constraint 
needs to be satisfiedneeds to be satisfied

More power dissipationsMore power dissipations
Clocked repeaters are generally larger than Clocked repeaters are generally larger than unclockedunclocked
repeatersrepeaters
Extra load to clock networkExtra load to clock network

Greater vulnerability to variations Greater vulnerability to variations 
Dependence on clock skewDependence on clock skew
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Previous Work I: Concurrent Previous Work I: Concurrent 
Repeater and FlipRepeater and Flip--flop Insertionflop Insertion

CocchiniCocchini, , HassounHassoun--AlpertAlpert--ThiagarajanThiagarajan, ICCAD 02, ICCAD 02
GivenGiven

Steiner tree, candidate repeater locations on the tree Steiner tree, candidate repeater locations on the tree 
Repeater library: repeaters + edge triggered flipRepeater library: repeaters + edge triggered flip--flopsflops
Clock skew Clock skew 

MiLaMiLa
Find repeater solution to Find repeater solution to MiMinimize the max nimize the max LaLatency tency 

GiLaGiLa
Find min cost repeater solution to satisfy Find min cost repeater solution to satisfy GiGiven ven 
LaLatency constraint at each sinktency constraint at each sink
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Previous Work II: Wave PipeliningPrevious Work II: Wave Pipelining

L. ZhangL. Zhang, , Y. HuY. Hu and and C. C.C. C.--P. ChenP. Chen, TAU 2004, TAU 2004
Wave pipeliningWave pipelining

Signals are allowed to propagated over multiSignals are allowed to propagated over multi--cycles cycles 
without synchronous elementswithout synchronous elements

AdvantagesAdvantages
No setup time and skew overheadNo setup time and skew overhead

WeaknessWeakness
Complicated recovery circuits at receiverComplicated recovery circuits at receiver
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Spectrum of Synchronization EffortSpectrum of Synchronization Effort

Wave pipelining

Zero synchronization

Recovery circuit overhead

Flip-flop based 
pipelining

Strong synchronization

Setup time overhead

Skew overhead 

Using latches

Loose synchronization

Avoidable setup time

Tolerance to skew 

No recovery circuit
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Basics of FlipBasics of Flip--flop and Latchflop and Latch

FF1 FF2

Clock source

t1 t2

t1

t2

Depart

Arrive

Depart

Arrive

Combinational 
logic

Latch a Latch b

ta tb

ta

tb

Combinational 
logic
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Clocking for Latch Based DesignsClocking for Latch Based Designs
Latch 1 Latch 2

t1 t2

t1

t2

Depart

Arrive

•Traditional 2-opposite-phase clocking

•Each latch drives half clock cycle

Combinational 
logic

Latch a Latch b

ta tb

ta

tb

Depart

Arrive

•Propose 1-phase clocking

•Each latch drives 1 clock cycle

Combinational 
logic
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Area and Power Advantages of Area and Power Advantages of 
Using LatchesUsing Latches

A flipA flip--flop is usually composed by two flop is usually composed by two 
latcheslatches
Replacing each flipReplacing each flip--flop with one latch flop with one latch 
may reduce bothmay reduce both

AreaArea
Dynamic powerDynamic power
Leakage powerLeakage power
Load to clock networkLoad to clock network
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Timing Advantages of LatchesTiming Advantages of Latches

Each flipEach flip--flop is associated with flop is associated with ttsetupsetup, , ttskewskew, , 
and propagation delay and propagation delay ttpropprop

An optimally buffered long wire, total An optimally buffered long wire, total 
delay Ddelay D
Latency of flipLatency of flip--flop based pipelining         flop based pipelining         
Y = D/( Y = D/( TTcyclecycle -- ttsetupsetup -- ttskewskew -- ttpropprop ))
Latency of latch based pipelining             Latency of latch based pipelining             
Y = D/( Y = D/( TTcyclecycle -- ttpropprop ))
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Timing Flexibility of LatchesTiming Flexibility of Latches
FF1 FF2

Clock source

t1 t2

t1

t2

Depart

Arrive

T

Delay

Delay < T

Latch a Latch b

ta tb

ta

tb

Depart

Arrive

Tp

Delay

Delay < T + Tp
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Advantage of Latches on Advantage of Latches on 
Handling BlockagesHandling Blockages
Delay ~ T Delay ~ T

Blockage

Negative edge 
triggered flip-flops

Delay ~ T + TpDelay ~ T - Tp

Positive latch

F1 F2L

F1 F2LClock
Time borrowing

~75% area 
reduction !
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Marginal Wave PipeliningMarginal Wave Pipelining

Sometimes there are two signals between L and F2
Insert repeaters between L and F2                            
=> one signal may not overwrite the other
Turn off during inactive clock level => avoid signal loss

Sometimes there are two signals between L and F2Sometimes there are two signals between L and F2
Insert repeaters between L and F2                            Insert repeaters between L and F2                            
=> one signal may not overwrite the other=> one signal may not overwrite the other
Turn off during inactive clock level => avoid signal lossTurn off during inactive clock level => avoid signal loss

Delay ~ T + TpDelay ~ T - Tp
F1 F2L

F1 F2LClock
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Advantages of Latches in TreeAdvantages of Latches in Tree

Delay ~ T Delay ~ T

Negative edge 
triggered flip-flops Delay ~ T

Delay ~ T + TpDelay ~ T - Tp
Positive latch

~75% area 
reduction !

Delay ~ T + Tp
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Challenge:Challenge:
InputInput--Output Timing CouplingOutput Timing Coupling

Output departure time of Output departure time of flipflip--flopflop
Aligned to clock edgeAligned to clock edge
IndependentIndependent of input arrival timeof input arrival time

Output departure time of Output departure time of latchlatch
May May dependdepend on input arrival timeon input arrival time

clock

Depart

clock

DepartDepartFlipFlip--flopflop
Latch

Arrive
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Challenge:Challenge:
Tight Short Path ConstraintTight Short Path Constraint

FF1 FF2

t1 t2

t1

t2

Depart

Arrive

Delay

th < Delay < T - ts

tsth

T

Clock 

Latch a Latch b

ta tb

ta

tb

Depart

Arrive

Delay

Tp + th < tdepart + Delay < T + Tp - ts

ts + th < Delaymin < Tp + th

Tp tsth

ts

Clock Long path constraint

Short path constraint
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There’s Something About LatchThere’s Something About Latch

Designers don’t like latch despite its advantagesDesigners don’t like latch despite its advantages
Complicated for circuit designsComplicated for circuit designs

Circuit topology == graph, sometimes with loopsCircuit topology == graph, sometimes with loops

Wire pipelining topology == treeWire pipelining topology == tree
Use latches together with flipUse latches together with flip--flopsflops

Timing flexibility of latches + short path immunity of Timing flexibility of latches + short path immunity of 
flipflip--flopsflops
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AssumptionsAssumptions

FlipFlip--flop + latch based wire pipelining is applied flop + latch based wire pipelining is applied 
in a flipin a flip--flop based circuit designflop based circuit design
Single phase clock for flipSingle phase clock for flip--flops and latchesflops and latches
FlipFlip--flops are negative edge triggeredflops are negative edge triggered
Latches are positive level sensitiveLatches are positive level sensitive
Timing reference point is aligned with fall Timing reference point is aligned with fall egdeegde
of the clock signalof the clock signal
Clock skew and repeater intrinsic delay are Clock skew and repeater intrinsic delay are 
neglected for simplicity of expressionneglected for simplicity of expression
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Problem FormulationProblem Formulation
GivenGiven

Steiner tree, candidate repeater locations on the tree Steiner tree, candidate repeater locations on the tree 
Repeater library: repeaters + flipRepeater library: repeaters + flip--flops + latchesflops + latches

MiLaMiLa: : find repeater solution to find repeater solution to MiMinimize the max nimize the max 
LaLatency tency 
GiLaGiLa: : find min cost repeater solution to satisfy find min cost repeater solution to satisfy 
GiGiven ven LaLatency constraint at each sinktency constraint at each sink
Both long path and short path constraints are Both long path and short path constraints are 
satisfied for flipsatisfied for flip--flops and latchesflops and latches
Gate RC switch model, wire Elmore delay modelGate RC switch model, wire Elmore delay model
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Algorithm OverviewAlgorithm Overview

Driver

Sink

Sink

Candidate 
locations

WIRE

WIRE

WIRE JOIN

REPEAT

REPEAT
? ? ?

Repeater Flip-flop Latch

Candidate solutions are propagated 
from sinks toward the driver

REPEAT
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Candidate SolutionsCandidate Solutions

Each candidate solution is associated with Each candidate solution is associated with 
a node in tree, and is characterized bya node in tree, and is characterized by

c: downstream cap seen from the nodec: downstream cap seen from the node
r: required arrival time r: required arrival time 
y: latencyy: latency
a: repeater assignmenta: repeater assignment

At each sink node j, initial candidate At each sink node j, initial candidate 
solution solution ( ( ccjj, , rrjj, 0, 0 ), 0, 0 )
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Solution Propagation: WIRESolution Propagation: WIRE

rr22 = r= r11 –– rcxrcx22/2 /2 –– rxcrxc11
IfIf rr22 < < --TpTp, , drop this solutiondrop this solution
cc22 = c= c11 + + cxcx
yy22 = y= y11
r: r: wire resistance per unit lengthwire resistance per unit length
c: c: wire capacitance per unit lengthwire capacitance per unit length

(c1, r1, y1, a1)(c2, r2, y2, 0) x

-Tp 0

Allow time borrowing
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Solution Propagation: JOINSolution Propagation: JOIN

ccjoinjoin = = ccll + + ccrr

rrjoinjoin = = min(rmin(rll , , rrrr))
yyjoinjoin = = max(ymax(yll , y, yrr))
aajoinjoin = a= all ∪∪ aarr

(cl , rl , yl , al) (cr , rr , yr , ar)
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REPEAT: Insert RepeaterREPEAT: Insert Repeater

rr1r1r = r= r11 –– RRrrcc11

IfIf rr1r1r < < --TpTp, , drop this solutiondrop this solution
cc1r1r = C= Crr

yy1r1r = y= y11

CCrr: : repeater input capacitancerepeater input capacitance
RRrr: : repeater output resistancerepeater output resistance

(c1, r1, y1, 0)
(c1r, r1r, y1r, a1r)
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REPEAT: Insert FlipREPEAT: Insert Flip--flopflop

IfIf rr11 –– RRffcc1 1 < < 00
Skip the REPEAT to enforce long path constraintSkip the REPEAT to enforce long path constraint

cc1f1f = = CCff

rr1f1f = T = T -- ttsetupsetup

yy1f1f = = yy11 + 1+ 1
CCff: : flipflip--flop input capacitanceflop input capacitance
RRff: : flipflip--flop output resistanceflop output resistance

(c1, r1, y1, 0)
(c1f , r1f , y1f , a1f)
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REPEAT: Insert LatchREPEAT: Insert Latch

r’ = rr’ = r11 –– RRLLcc1 1 

If If rr’’< < --TpTp, , quit ( long path constraint )quit ( long path constraint )
rr’’ <= <= delay paddingdelay padding ( short path constraint ) ( short path constraint ) 
cc1L1L = C= CLL

rr1L1L = min(T = min(T –– ttsetupsetup , T + , T + r’r’ ))
yy1L1L = = yy11 + 1+ 1
CCLL: : latch input capacitancelatch input capacitance
RRLL: : latch output resistancelatch output resistance

(c1, r1, y1, 0)
(c1L, r1fL, y1L, a1L)

r’r’ < < –– ttsetupsetup implies implies 
time borrowingtime borrowing
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Delay PaddingDelay Padding

Short path violation can be fixed by delay Short path violation can be fixed by delay 
paddingpadding

Wire snaking Redundant repeaters Extra load
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Uniform Delay PaddingUniform Delay Padding

If If delay > delay > TpTp + + ttholdhold,                   ,                   
there is no short path violationthere is no short path violation
Pad delay if Pad delay if delay < delay < TpTp + + ttholdhold when when 
insert latchinsert latch
If If r > T r > T –– ttsetupsetup –– TpTp –– ttholdhold
pad delay of pad delay of r r –– T  + T  + ttsetupsetup + + TpTp + + ttholdhold

Tp

thold

0 T
Delay

r
ttsetupsetup
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Pessimism of Uniform Delay PaddingPessimism of Uniform Delay Padding

Even if delay < delay < TpTp + + ttholdhold , , 
short path constraint may be short path constraint may be 
satisfied when signal arrival satisfied when signal arrival 
time is latetime is late
Uniform delay padding may Uniform delay padding may 
cause unnecessary paddingcause unnecessary padding
Arrival time is not known in Arrival time is not known in 
bottombottom--up solution up solution 
propagationpropagation!!

Latch A Latch B
Delay

Delay

Arrival time at A

Early arrival 
Clock

Delay

Late arrival
Clock
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Delay Padding in Post Processing?Delay Padding in Post Processing?

To do padding with known To do padding with known 
arrival timearrival time

Propagate solutions ignoring Propagate solutions ignoring 
short path constraintshort path constraint
Do delay padding in post Do delay padding in post 
processingprocessing

Problem: in multiProblem: in multi--fanoutfanout
tree, delay padding in one tree, delay padding in one 
branch may affect delay of branch may affect delay of 
other branchesother branches

Short path

Long path violation
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Deferred Delay PaddingDeferred Delay Padding

Along with solution propagationAlong with solution propagation
Note potential delay padding Note potential delay padding 
Defer actual padding till arrival information Defer actual padding till arrival information 
is availableis available
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Additional Characteristics for SolutionsAdditional Characteristics for Solutions

Earliest required arrival time Earliest required arrival time rr
rr < RAT < r< RAT < r
Large Large rr implies more chance of actual paddingimplies more chance of actual padding

Potential delay padding Potential delay padding p p associated with associated with 
a specific short patha specific short path
Each solution is characterized by           Each solution is characterized by           
(c, r, y, a, (c, r, y, a, rr, p ), p )
At sink j, solution is At sink j, solution is ((ccjj, , rrjj, 0, 0, , 0, 0, rrjj –– T, 0 )T, 0 )
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JOIN Operation for Deferred Delay PaddingJOIN Operation for Deferred Delay Padding

ccjoinjoin = = ccll + + ccrr

rrjoinjoin = = min(rmin(rll , , rrrr))
yyjoinjoin = = max(ymax(yll , y, yrr))
aajoinjoin = a= all ∪∪ aarr

rrjoinjoin = = max(max(rrll , , rrrr))
ppjoinjoin = p= pll ∪∪ pprr

If If rrjoinjoin > > rrjoinjoin , , pad pad 
delaydelay

(cl , rl , yl , al , rl , pl) (cr , rr , yr , ar , rr , pr)
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Latch Insertion RevisitedLatch Insertion Revisited

r’ = rr’ = r11 –– RRLLcc1 1 

If If rr’’< < --TpTp, , quit ( long path constraint )quit ( long path constraint )
rr’’ <= <= deferred delay paddingdeferred delay padding, decide, decide

Potential delay padding Potential delay padding pp
Any part of Any part of pp needs to be instantiated needs to be instantiated 
Update Update rr

cc1L1L = C= CLL

rr1L1L = min(T = min(T –– ttsetupsetup , T + , T + r’r’ ))
yy1L1L = y= y11 + 1+ 1

(c1, r1, y1, 0, r1, p1)
(c1L, r1fL, y1L, a1L, r1L, p1L)

r’r’ < < –– ttsetupsetup implies implies 
time borrowingtime borrowing
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DDP: Generating Potential Delay PaddingDDP: Generating Potential Delay Padding

If If --TpTp << rr < 0< 0,, generate generate p =p = rr ++TpTp, propagate, propagate r r 
through latchthrough latch
Neglect setup/hold time for simplicityNeglect setup/hold time for simplicity

a b c
Dbc = 2

r = 8

r = 0

p = 0

r = 6

r = -2

p = 0

WIRE bc
r = 8

r = 6

p = 2

Latch b

At c
0 4 86

rr
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DDP: Small Earliest RAT DDP: Small Earliest RAT 
If If rr < < --TpTp, arrival time can be arbitrarily early , arrival time can be arbitrarily early 
without causing short path violationwithout causing short path violation

No padding, No padding, p = 0p = 0, , rr = 0= 0 after latch insertionafter latch insertion
a b c

Dbc = 2Dab = 11

r = 8

r = 6

p = 2

r = -3

r = -5

p = 2

WIRE ab
r = 8

r = 0

p = 0

Latch a At b

0 4 8-4

a

7

b No short path violation 
even without padding
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DDP: Medium Earliest RAT 1 DDP: Medium Earliest RAT 1 
If If --TpTp << rr < 0< 0, , rr + + TpTp << pp, update , update pp, propagate , propagate 
rr, no actual padding, , no actual padding, 

a b c
Dbc = 2Dab = 9

r = 8

r = 6

p = 2

r = -1

r = -3

p = 2

WIRE ab
r = 8

r = 5

p = 1

Latch a At b

0 4 85

a

14

b

16

p = min ( previous r + Tp, previous p ), potential padding on (a, b)
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DDP: Medium Earliest RAT 2 DDP: Medium Earliest RAT 2 
If If --TpTp << rr < 0< 0, , rr + + TpTp >> pp, update , update pp, propagate , propagate 
rr, no actual padding, no actual padding

a b c
Dbc = 2Dab = 7

r = 8

r = 6

p = 2

r = 1

r = -1

p = 2

WIRE ab
r = 8

r = 7

p = 2

Latch a At b

0 4 87

a

14

b

16

p = min ( previous r + Tp, previous p ), potential padding on (b, c)
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DDP: Large Earliest RAT 1 DDP: Large Earliest RAT 1 
If If 0 <0 < rr < p< p, instantiate padding of amount , instantiate padding of amount rr !! p p 
decreases bydecreases by rr , , rr = T, = T, 

a b c
Dbc = 2Dab = 5

r = 8

r = 6

p = 2

r = 3

r = 1

p = 2

WIRE ab
r = 8

r = 8

p = 1

Latch a At b

0 4 8

a

13

b

16

Instantiate padding of 1 on either (a, b) or (b, c)
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DDP: Large Earliest RAT 2DDP: Large Earliest RAT 2
If If rr > p > 0> p > 0, instantiate padding of amount , instantiate padding of amount pp ! ! 
resetreset p p andand rr

a b c
Dbc = 2Dab = 3

r = 8

r = 0

p = 0

r = 5

r = -3

p = 0

WIRE ab At b

0 4 8

r = 8

r = 5

p = 1

Latch a

For (a, b)

a

5

After instantiating padding r = 8

r = 6

p = 2

r = 5

r = 3

p = 2

WIRE ab At b

Instantiate padding of 2 on (b, c)
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DDP: MultiDDP: Multi--fanoutfanout TreeTree

a

b

c

d

D = 10

1

1

r = 8

r = 0

p = 0

r = 7

r = -1

p = 0

WIRE bc

At c

r = 8

r = 0

p = 0

r = -2

r = -10

p = 0

WIRE bd

At d

r = -2

r = -1

p = 0
JOIN

r = -2

r = -2

p = 0

Padding

0 4 8-2

b d

-1

c: before padding

c: after padding



4545

Experiment: Experiment: MiLaMiLa without Blockageswithout Blockages

0

1

2

3

4

net1 net3 net5 net7 net9 net11

FF
FF+Latch

Latency

#sinks/net 1~17

Runtime 0.01~0.07 s
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Experiment: Experiment: MiLaMiLa with Blockageswith Blockages

0

1

2

3

4

net1 net3 net5 net7 net9 net11

FF
FF+Latch

Latency

No feasible solutions 
with only FF

#blockages 3~40
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Experiment: Experiment: GiLaGiLa without Blockageswithout Blockages

0

2

4

6

8

10

12

14

16

net1 net3 net5 net7 net9 net11

FF
FF+L UDP
FF+L DDP

Area No feasible solutions 
with only FF
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Experiment: Experiment: GiLaGiLa with Blockageswith Blockages

0

2

4

6

8

10

12

14

16

net1 net3 net5 net7 net9 net11

FF
FF+L UDP
FF+L DDP

Area No feasible solutions 
with only FF
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ConclusionsConclusions

Wire pipelining becomes a necessity and Wire pipelining becomes a necessity and 
requests more on timing and power/arearequests more on timing and power/area
Advantages of using latches: area and timing Advantages of using latches: area and timing 
flexibilityflexibility
Short path constraint can be solvedShort path constraint can be solved

Mixed latch and flipMixed latch and flip--flopflop
Proper delay paddingProper delay padding

Timing advantage of latch can be traded to Timing advantage of latch can be traded to 
variation tolerancevariation tolerance
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