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— Gate Delay, Interconnect Delay

CK Cheng

Dept. of Computer Science and En 1ne&gc\/\5t@ \
D,E:.

University of California, San 1egoDo \]F)‘ & \\

.z — Flip-Flop Timing Window

* Two Timing Constraints: shortest and
longest timing paths

— Examples

* Clock Skews and Retiming

§{>0&.< 0?2 > Pa@_ f§ agwfj/\”\ — Examples

f( aCﬁeV > g/m%
Timing: Motivation

Clock specifies a precise time for the next state

— In general, we allocate one clock period for signal
propagation between registers. Goldilocks timing.

Too late: Fail to reach for the setup of the next state.

Too early: Race to disturb the holding of the next
state.

Analysis: Verify the timing of the system.
Goal: A robust design.

The Story of Goldilocks and the Three Bears

Once upon a time, there was a little girl named
Goldilocks. She went for a walk in the forest.
Pretty soon, she came upon a house. She
knocked and, when no one answered, she walked
right in. At the table in the kitchen, there were
three bowls of porridge. Goldilocks was hungry.
She tasted the porridge from the first bowl. "This
porridge is too hot!" she exclaimed. So, she

tasted the porridge from the second bowl.

"This porridge is too cold," she said. So, she
tasted the last bowl of porridge. "Ahhh, this
porridge is just right," she said happily and

she ate it all up. DLTK's Crafts for Kids




Motivation: So far .... Motivation: This lecture ...
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» When does our (seemingly logically correct) design go wrong?
» How can we design a circuit that works under real constraints?

Logic-level analysis  Popular interview questions.
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Motivation: Sequential Networks Timing of the System
R1 R2
A P X0~ e __m c2 [ Y0
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CLK1 CLK2 For a synchronized digital Moore machine, we take care of the

A typical sequential network has combinational circuit between timing of the. followipg three groups of paths between:
registers (R1 to R2). »  Every pair of registers,
The registers are synchronized by clocks (CLK1 and CLK2). * Each Input and register, and
Timing is set between clocks (CLK1 and CLK2). *  EBach register and output.

The beauty of the synchronized design is that we need only to take
care of the timing of the regions separated by the registers.



Basic Timing Characteristics: Gate Delay Gate Delay: Combinational Logic Timing
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I.  Min delay of a gate, also called Contamination del!i{y'{'T?1 t 4 Different situation causes different delay at output, e.g.
Minimum time from when an input changes until the o\{tput starts input patterns, process variations, noises, temperature, aging

to change Pa)
II. Max delay of a gate, also called Propagation delay: 7,, CC{ I O

Maximum time from when an input changes until the output is I
guaranteed to reach its final value (i.e., stop changing) O l
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Combinational Logic Delay Interconnect Delay
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Combinational Logic: Output timing constraints
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X, Y,
X, Y,
X, Y,
X4 Y4

Contamination delay (shortest): z,,
Minimum time from when an input changes until any output starts to change
I.  Propagation delay (longest): #,,

Maximum time from when an input changes until the output or outputs of a
combinational circuit are guaranteed to reach their final value (i.e., stop
changing)

FF Input Constraints: Set up and hold time
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Setup time f,,,, Time before the clock edge thtzlt data must be
stable (i.e. no change)

Setup time violation This occurs if the input signal D does not
settle (set up) to the stable value at least 7., before the clock
edge.

Hold time ¢, Time after the clock edge that data must be stable
Hold time violation This occurs if the input signal D does not
remain unchanged (hold) for at least 7, ., after the clock edge.
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Flip-Flop Timing Window

Timing: Setup Time and Hold Time Constraints

CLK
- e <
D @, CLK CLK
/I\ pip oMb ala
CIK L1 Q+ L2 Q+Q

Once a flip flop has been ‘built’ we are stuck with its timing
characteristics:

tsetups thoid timing relation between D and CLK

tecq tooq timing relation between CLK and Q

No direct timing relation between input D and output Q
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FF Output Timing Constraints
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» Propagation delay: ¢,,, = time after clock edge that

the output Q is guaranteed to be stable (i.e., to stop
changing)

+ Contamination delay: .., = time after clock edge

that O might be unstable (i.e., start changing)



Two Timing Constraints Two Timing Constraints
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CLK1 CLK2 CLK1 CLK2
t,. t+t +t <T
th _ ;Omb_l_ , setup — /tCo'm— Setup time constraint  Longest delay from CLK1 to CLK2
hold ~ ‘cq comb
th + tcomb + tsetup = T => max(th T tcomb + tsel‘up )S T
t,: time from rising edge of clock to Q update (CLK1=>B)
tomy: time of combinational logic delay (B=>C) Hold time constraint  Shortest delay from CLK1 to CLK2
erp’ SELUP time before ri's%ng edge of clock (C=>CLK2) thold < feq T Zoomb —> < min(th + tomb)
thoe: hold time after the rising edge of clock
T: clock period (CLK1=>CLK2) 17 18

Two Timing Constraints e * Zeomb * fetup < T
thold < Teq T Zcomb Example: The timing of which of the following signals can

cause a setup-time violation?
Too long D() 5 ___’Q(t)
_ _Ip
A. Signal D arrives too early b Qt—
B. Signal D arrives too late |
' C. Clock CLK arrives too late CLK
Just right D. Output Q(t) responds too early
E. None of the above
N N
I I
Too short
/\ 19 20

CLK]1 CLK2 |



Example: A hold time violation is likely to occur An alternate view of the sequential circuit

oCaow»

when
D(t) Q Q) -
Signal D changes too early —1 D Q’
Signal D changes too late A —
Clock CLK arrives too early |
Clock CLK arrives too late CLK
D1
R1
A\
|
CLK
21
What should happen within a clock cycle The delay between registers has a minimum and maximum delay,
for correct functi onality? dependent on the delays of the circuit elements
CLK CLK
: f‘ Q1 l ¢ )DZ f‘
D1 = Q1 o+
— (@) R1 R2
T | < T N
CLK CLK | oL,
Q1 1




The delay between registers has a minimum and maximum delay,
dependent on the delays of the circuit elements

CLK CLK CLK
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Setup Time Constraint

* The setup time constraint depends on the maximum delay from
register R1 through the combinational logic.

 The input to register R2 must be stable at least ¢

setup DefOTE the

clock edge.
CLK CLK
e QeI e ]
R1 R2
e T >
Setup Time Constraint: CLK
[ |
QT T X® |
[ | ' |
D2 | | , [
I tpcq E tpd E tsetup I
e e S Bl

PI Q: Suppose CLK rises at t;, what is the maximum delay (from t,)
after which D2 reaches a stable value?

A. Setup time of R1+
Propagation delay of CL +

CLK CLK
Propagation delay of R2 Q1 D2
B. Hold time of R1+ Propagation ’ [ [ € ) ’ l
(@) R1 R2

delay of CL + setup time of
R1 T
C. Propagation delay of R1+ [ - T
Propagation delay of CL+ CLK
Propagation delay of R2 :

i
D. Propagation delay of R1+ | :
Propagation delay of CL E@XXXXEE@(:
E. Propagation delay of CL+  (b) '
Propagation delay of R2
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Setup Time Constraint

r= tpcq + tpd + tsetup

, CLK CLK
PI Q: As a designer, which of the

’ ~,Q1 D2
following parameters would you I

modify to meet the set up time R1
constraint? l¢ T

L

The clock period, T

The prop. delay of R1, ¢ b |
The prop. delay of CL, ¢ D2 :

The setup time of R2, 7,,,, PR d , lrep
All of the above

mo 0w

28



Setup Time Constraint
TZ tpcq + tpd + tsetup

tpd <T- (tpcq + tsetup)
CLK CLK

PI Q: As a designer, which of the 4 s

following parameters would you I at D2 I
R2
»l

modify to meet the set up time R1
constraint? » Te
CLK =
A. The clock period, T Y '
B. The prop. delay of R1, 7,., L : E : :
C. The prop. delay of CL, 1,4 m
D. The setup time of R2, 7.,,,,, Mt |t ot |
E. All of the above ' '
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Hold Time Constraint

+ The hold time constraint depends on the minimum delay from
register R1 through the combinational logic.

« The input to register R2 must be stable for at least ., after the

clock edge. CLK CLK
' f 01[ ¢ )DZ |i|
Minimum delay, t,;, R1 R

- [ !

CLK

| I

Hold Time Constraint: Q1 1T XXX ]

] I

D2 | XXXXXXXXKX |

I

‘ I

I

I

31

A.

PI Q: Suppose CLK rises at t;, what is the minimum delay (from t;)
after which D2 starts to change?

Setup time of R1+

propagation delay of CL + CLK CLK
propagation of R2 f Q1 ( ¢ )D2 ‘f
Hold time of R1+

propagation time of CL (@) R1 R2
+setup time of R1 T

Hold time of R1+ ke : »

Contamination delay of CL S
+ Propagation time of R2 Qi

|

|
Contamination delay of R1+ g 1
Contamination delay of CL D2 '
Contamination delay of CL (b)
+ Contamination delay of R2
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Hold Time Constraint

thold < tccq + tcd

Lea ™ thold ™ leeq

CLK CLK
m 01( c ]DZ Ej
R1 R2
I I
CLK
| I
Qi T XXX ]
I I
D2 | MK [
]
! I
I
|



Timing Analysis: Example
Timing Characteristics
FFs t,,=30ps

CLK CLK

tpcq =50 ps
Y | O ‘Ji toerup = 60 ps
VP - thoid = 70 PS

t,s(com) = 5 ’{"F d(am) Gates t,,(g) = 35 ps
t.{(com) = I '{"Ccucaaf,q,) t.4(9)= 25 ps

Setup time constraint:  Hold time constraint:

TZT ¢ T Tpdlea)
c=1p
fc=1/Tc} tf +T;éfu{>

tccq + tcd(com)> thold ?

33

Example: Fix Hold Time Violation
Add buffers to the short paths:
CiK CLk FFs t.,=30ps

Timing Characteristics

theq = 90 ps
tsetup = 60 pS
thoia = 70 ps

Gates t,,(g)= 35 ps
t,s(com)= P

t.q(com)= 2% tCC( (j aﬁ) =5DFS t.4(9)= 25 ps

Hold time constraint:
Setup time constraint:

T2
fo=

tccq + tcd(com) > thold ?

?)O"f‘ 50.>70{;_g
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Timing Analysis: Example

FFs tocq = 30 ps
tocqg = 50 ps
tsetup = 60 PS
thoig = 70 ps

Gates t,,(9)= 35 ps
t.q(9)= 25 ps

Hold time constraint:

t,s(com)= 3 x 35 ps = 105 ps

t.s(com)=25 ps
Setup time constraint:
T2 byeg T Lyg(com)+ £

=50 + 105 + 60 = 215 ps
f.=1/T,= 4.65 GHz

tccq + tcd(com)> thold ?

(30 + 25) ps > 70 ps ?
No!
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Example: Fix Hold Time Violation

Add buffers to the short paths: FFs  to,=30ps
theq = 90 ps
tsetup =60 ps
thoia = 70 ps

, Gates t,4(9)= 35 ps

4(com)=3 x 35 = 105 ps

P
t.,(9)= 25 ps
t.s(com)=2x 25 =50 ps .

Hold time constraint:
t
T=50+ 105 + 60 =215 ps eed

30 +50)ps>70ps ?
f,= 1/T, = 4.65 GHz 9+ S0 ps = 70p

Setup time constraint:
+ tcd(com)> thold ?

36



Clock Skew . oLk
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The clock doesn’t arrive at all registers at the same time. The
difference between two clock edges is skew.

+ Skew as Noise: Caused by process variation, voltage
fluctuation, crosstalks (PVC). Examine the worst case to

+ Designated Skew: Make skew by design to improve the
performance.

Timing Analysis with Clock Skew: Example

Timing Characteristics

teeq =30 ps

toeq = 90 ps

tsetup = 60 PS
t,g =3 x 35 ps = 105 ps thoq = 70 ps
t.q=25ps t,g =35 ps
Setup time constraint: t.g=25ps

T, 2265 ps b lew = 90 ps
f,=1/T,=3.77 GHz
Without skew we got f,=4.65 GHz
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Time Constraint with Clock Skew (Noise)

In the worst case, the CLK2 is: terkz = terk1 Etskew (Z [)
« Earlier than CLK1 for setup time tcrxk2 = terki —Uskew
« Later than CLK1 for hold time.  t¢ix2 = terki tlskew

+t CLKA1 CLK2

Tc 2 tpcq + tpd(com)+ tsetuR_ skew

N mall
tccq + tcd(com)> Z‘hold + tskew R1 ] R2

N Sr——A e ———

g c »l
o=

Q N ¥94§6 Faﬂt g T—Ts‘ku%':z

tpcq tpd ) tsetuptskew
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Time Constraint with Clock Skew: Example

+ In the worst case for setup time, CLK2 is later than
CLK1
CLK1 CLK2

ecg T Led(COM)> Bt T Lyew Mias =
R1 R2

| |
SN /7/ g N/ &

I |

Q1 DEXXXX I

, .
D2 I XXRXOORRRRRR

tt:::q : tt:d




Clock Skew: Example Retiming with Designated Skew

CLK1 CLK2
Add buffers to the short paths: Timing Characteristics
¢ P
t"cq =30ps R1 T R2
fooq = 90 pS Skew as noise (worst case) Designated skew
tsetup = 60 pS tCLKZ = tCLKl itskew tCLKZ = tCLKl +tskew (2, l)
thoia = 70 Ps
t,[(com)=3 x 35 ps = 105 ps _
pdcom) i P toa(9)= 35 ps T>t  + 1, (Com)t tu, + tywy T2 boy + Locomyt tge -
— — — “pcq D setup skew pcq g% setup skew
t.q(com)=2 x 25 ps = 50 ps £ (g)= 25 ps
Hold time constraint:
tokew = 30 ps tccq + tcd(com)> thold+ lekew tCC‘I + th(com)> th01d+ Likew

tccq + tcd(COITI)> thold + tskew?

(30 + 50) > (70 +50) ps ? W Fa'ﬁ/(_ < THdeu
“ g sholal ptk

Retiming: Example

teeq = 30 ps Timing and Retiming
theq =90 ps
4 tserup = 60 PS * Retiming: Adjust the clock skew so that
= the clock period can be reduced.
T, 2 t,0, + L ACOM)t Lp = Lo thoia = 70 PS o p 1 - .
frog * £ea(COM) 2 byora T L t.9)= 35 ps a few more examples on timing an

B retiming.
Z TT.> 50+ 105+ 60 - tye, too(9)= 25 ps

30+ 50> 70+ tye, —> Fepgue < [0ps = o= sot{oS+hoH0
Example: The minimum clock period T can be: __
A. 195 =205
B. 205
C. 215
D. None of the above 43 44



Conclusion

* Clock to Clock: Range of shortest and longest
paths

» Design revision and retiming to adjust the
constraints

» Research: Variation aware designs
Extra materials:

* C. Leiserson and J. Saxe, "Retiming Synchronous
Circuitry," Algorithmica, pp. 6:5-35, 1991.

« L.T. Liu, M. Shih, N.C. Chou, C.K. Cheng, and W. Ku,
"Performance-Driven Partitioning Using Retiming and
Replication,” IEEE Int. Conf. on Computer-Aided Design,
pp. 296-299, Nov. 1993.
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