Synchronous Systems
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Clock -

o All parts of the system share the same clock and the same clock edge sensitivity.

e The data may change between active clock transitions but must be stable by
the time the next active transition occurs'.

Hor most systems the active transition is the rising edge of the clock
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Synchronous Systems - D-type Timing

tsetup thold

[

tsetup Setup Time

Clock ! / ! ! tholq  Hold Time

y— tog  Clockto Q delay

th

e Valid data should be present on D input for at least ¢, before the active clock
edge and at least t;,4 after the clock edge.

e The minimum D-type cycle time will be limited by the sum #.4,;, + t,0-
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Synchronous Systems - Static Timing Analysis (1deal Clock)

D-type#1 D-type#2
Combinational
D Q . D QF
Logic
p- p-
Clock Clock

t comb

Clock

o To avoid a setup violation:

ClockPeriod > th + tmmb + tS‘t’/,up
e To avoid a hold violation:

th + teomb > thold
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Synchronous Systems

Static Timing Analysis
e Predicts the timing of a circuit without simulation?

o Analysis of gate network based on:
- Propagation delays
— Set-up and hold times for storage elements

— Constraints such as desired operating freqency and the timing
of inputs and outputs

Note that the examples given here are simplified in that they reduce the propagation de-
lay through a gate to a single number - in reality there are predictable and unpredicatble
variations in gate delays which must be accounted for by static timing analysis tools.

2timing simulations for large digital systems are slow and will usually not catch all edge and
coner cases
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Synchronous Systems - Static Timing Analysis (1deal Clock) Synchronous Systems - Static Timing Analysis (1deal Clock)

20ps _ th =25ps t =5ps
1] € i = 20 DS pQ =29P hod™P°40ps 20ps
Clock - D1—D Q D Q —[>0—
— Clock $C Clock = C 30ps
D QF—aq4
D2 —
Ut = 1P PS Clock - C
Clock " 10ps
D2—D Q
20ps 35ps
Clock =+ C t L= 0 ps
o To avoid a setup violation:
A tp0 + teombmin >t
ClockPeriod > th + t(:mn,b—nun: + tss,[,up »Q comb=min hotd
* To avoid a hold violation: If we have an ideal clock and ¢, > t5,¢ we won't see hold violations even with if
teomb—min = 0.
th + teomb—min > thold comb—min
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Synchronous Systems - Static Timing Analysis (ideal Clock) Synchronous Systems - Clock Skew
thq =25ps
P2 20ps D-type#1 o D-type#2
D1—D Q Combinational
a0 tseryp =995 1 Q@ N Logic D Q:
Clock 0 10ps 2 Clock Distribution Clock Clock
D Q—q4 Network
p2—{p a 20ps t comb
Clock = C
Clock - C Clock: tar
t =
p3—D a Dc 35ps comb-max 95 ps tgo
10ps ClockPeriod = 135 ps
ClockpC o Clock Distribution

f =74GHz
The process of distributing clocks from a central source gives rise to delays.

Clock skew is the difference between the arrival times of the clock at different

o Critcal path analysis allows us to determine the maximum feasible clock fre-
points in the circuit.

quency:
o Clock Skew may cause unexpected timing violations

ClockPeriod > th + t(:mn,b—nmflz + tsrlup
Hold: if D-type #1 clocks first, D input of D-type #2 may change too early®

1 Setup: if D-type #1 clocks second, D input of D-type #2 may change too late
th + teomb—maz + tsetup

f maxr —

3most likely where combinational logic is minimal or absent
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Synchronous Systems - Static Timing Analysis (inc. clock skew)

D-type#1 D-type#2
Combinational
D Q ’ D QF
Logic
p- p-
Clock Clock
t comb
Clock tar
taz

o To avoid a setup violation:

ClockPeriod > tpg + teomp + tsetup + (ta1 — tao)

e To avoid a hold violation:
th + 2L/coml) > t/zold + (tdZ - tdl)
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Synchronous Systems - Static Timing Analysis (inc. clock skew)

[75%e] =25ps 5ps

thola™ 10ps

20ps
p1—{D Q@ D Q
fsetup =1P°
Clock1 —C Clock2 - C P
DI QF—aQ4
C
p2—{D Q
t =95ps
c 20ps 35ps comb-max P
Clock2 )
ClockPeriod = ps
LI 0ps ‘ Iskew—max‘ =16ps = GHz

max

e What is the maximum operating frequency of the circuit if the clock skew is no
more than 16ps?

ClockPeriod > t,qg + teomp + tsetup + tokew

e What is the maximum clock skew that can be tolerated before we have a hold
violation?

th + t(:nmb > thultl + tsk'é:w
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Synchronous Systems - Static Timing Analysis (inc. clock skew)

Critical Path

D-type#1 . Combinational Logic
—D Ql—

b-

—p Clock

D-type#2 D-type#4 D-type#5
—D Q] —D Q —D QF
b- p- b-
—p Clock —p Clock —p Clock

D-type#3
“ip aql

b—

—p Clock

Lt

e To avoid a setup violation:
Clock Period > th + teomb—erit + tsetup + tskew
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Synchronous Systems - Static Timing Analysis (inc. clock skew)

Critical Path

D-type#1 . Combinational Logic
“dp Qq}—-.

l
P [

— Clock S~

"~ _ Critical Path
D-type#2 e SR D-type#4 D-type#5
—p al= --—D Q —p af

b- . p-

p-

—b Clock ’ — Clock —b Clock

D-type#3
“ip aq}

b— ...

— Clock

L

e To avoid a setup violation:
ClockPeriod > th + teomb—crit + tscmp + (tdl — td4)
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Synchronous Systems - Static Timing Analysis (inc. clock skew)

Critical Path

D-type#1 . Combinational Logic

~p a}=
p-

Critical Path? _ // -

—p Clock

D-type#2 R ’ D-type#4 D-type#5
“dp ql—..7 --—1p a _ciicaPan? = fpQ

b- s b- S b-
— Clock - — Clock — Clock

s
| Critical Path?

D-type#3 |
—p al: |
I

— Clock P

ClockPeriod > th + teomb—crit + tsetup + (tdlaum‘h — 14,

capture)

o If we can control the skew (e.g. by increasing ¢4), we can ease the timing con-
straint.*

4this may result in the critical path moving to another part of the circuit
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Synchronous Systems - Static Timing Analysis (inc. clock skew)

35ps
”__E>— g (NI 1ps 3s
10ps
Clock1 - C
20ps 20ps GO LC ks b G
12— D Q —
20ps Clock2 C Clock5 - C
13 D Q
Clock3 - C

e Calculate f,,,, in the presence of intentional clock skew.
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Synchronous Systems - Static Timing Analysis (inc. clock skew)

35ps 10ps 45ps 20ps
/1—_§>_D 2 10ps 35ps 10ps
} >:| Jo—— P Q—| S0—
C D QF—as
20ps 20ps c c
. o =D
—>C
20ps —pC
»C
tg2
tg1 (g3

101 R K

e Calculate f,,,, in the presence of intentional clock skew.

o Suggest suitable values for t41, ta, tas, tas, tas, tas
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Synchronous Systems - Static Timing Analysis (inc. clock skew)

35ps

10ps 45ps
") >—F o iy o s g
c o a—>o D al—as
20ps 20ps —pC Cc
12—
D Q
_D; D Q tpQ =25ps tsetup =15 toig=PS
—pC
20ps —bC
13 D Q
»C
to2
ta1 (a3

A lgq ld5 ld6
50ps| 50ps | 50ps 50pszﬁ Z|&50ps 50psZ|&
Clock T T

o Calculate f,,,, in the presence of intentional clock skew.

o Suggest suitable values for t41, ta, tas, tas, tas, tas
Initially set all to a minimum value (in this case 50ps)
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Synchronous Systems - Static Timing Analysis (inc. clock skew)

35ps

10ps 45ps
" >—F o =N s S g
o b Q_|>°_ D al—os
20ps 2ps [ C c
2—]
—>bC
20ps —pC
3 D Q
$HC
la2

ta1 A {43 [ ta5 tde
50ps| 50ps | 50ps 50pslﬁ lemps 50psZ|&
Clock

e Calculate f,,,, in the presence of intentional clock skew.

o Suggest suitable values for t41, ta2, tas, tas, tas, tas

= Identify longest timing paths
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Synchronous Systems - Static Timing Analysis (inc. clock skew)

3%ps 10ps A 45ps 200 C
" D Q P 10ps 35ps 10ps
B Q
C D Q—as
=—=>C
» 20ps 20ps D c
__D D Qi _D D Qq toQ =25pS setup =15ps
20 —bC B Lg
S
3 p D Q t path-A = 1 15 ps
1 ——
E tp«l)l*(‘ = 95 ps
= 85ps
o path-D

Clock

e Calculate f,,,, in the presence of intentional clock skew.
o Suggest suitable values for tg1, ta, tas, tas, tas, tas
= Identify longest timing paths

tpath = th + teomb + t.setup + (f
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Synchronous Systems - Static Timing Analysis (inc. clock skew)

thq =25ps
35ps PQ A ~
1 = = 10ps 45ps 20ps Ise tup = 15ps 10ps 3505
j >— 10ps
c D:DO_D Q |>° D Q}l—as
20ps oops [ c c
Dt
D Q
G —D ty= 50 ps ty= 50ps
20) 1 —pC - _
_EIS) ti3= 50ps  ty,= 50ps
D Q _ —
tgs= 50ps  ty= 50 ps
»C
wma = TIPS
{ .
¥ \tas ClockPeriod =115 ps

at Zﬁ toa le Zlycﬁ a6 le .
TIL f =87GHz

ClockPeriod > th + teomb—a + tsetup + <t(11 - td4)

1

fnaz =
e th + tmmb—f’l + tsr?[nup + (tdl - td-’l)
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Synchronous Systems - Static Timing Analysis (inc. clock skew)

10ps 45ps
(i ) S s B G S s aws g
o b Q_|>°_ D al—os
20ps 20ps —pC C
D Q
—D P« W= PSS t,=
_ic di @ ps
20ps —C - — )
i 3= PS Ly=  ps
D Q - -
5=  PS Lg=  PS
»C
’pD =25ps [se 1wp =15ps [ho/ d:5ps

ta1 A {43 [ ta5 to6 Cone = 85 ps
50psT 50ps—|_50ps 5095% Z|&50ps 50psZ|& e = 115D

t .
ty1 $ t43 ¢ d4[|&[|y 5 ¢ "6L|§ ClockPeriod = ps
TTT f = GHz

ClockPeriod > th + t(‘nmbf(;rit + tsctup + (tdg,,m,,,;), - tdr‘aptul'c)

1
Q@ + t(:omb—r'ril + tselup + <td/,,,,,,m~h - tdmptm-g)

f mar — ¢
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Synchronous Systems - Static Timing Analysis (inc. clock skew) Synchronous Systems - Static Timing Analysis (inc. clock skew)

35ps
" 10ps 45ps 20ps 0 3
35 A v ) > o———| —| >o—ps X s
pS D Q
10ps 45ps —
1 3 & & 20ps C ops 5 o c . b Q—as
D o—| >0— 20ps | c
— 20ps
¢ b Qras 12— 5o 2
o} D Q 9
" 20ps 20ps D ¢ c _D 4= PS ot 0= ps
] D Q - - - 200s | [ | ¢ = =
B D Q thq =25ps Isetup =15ps [ d75ps 5 P t 3= ps t 4= ps
—=pC D Q
20ps rt° 5= ps L= ps
. t =115ps
3 D Q path-A $C
tp. s 105 ps foQ =25ps Iselup =1%ps thoig=5PS
»C ath-1
t = 95ps
E path-C tgo . _ .
ty = 85D a1 Zﬁ & tgs le Zlytﬁ tde le ClockPeriod = ps
too o =
t = 85ps Clock 11T f.= GCHz

t t

a1 A a3 ld4 le Zlyds td6 le .

50ps| 50ps | 50ps 50ps| | 50ps 50ps t =115ps
Clock 5 R P a a i p

ClockPeriod > tp() + teomb—crit + ts@tup + (tdluum'h - tdm]mn'n)

= Initially try increasing t44 by 20ps Frnar = L
' tpQ + teomb—crit + tsetup + igunen — deapture)
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Synchronous Systems - Static Timing Analysis (inc. clock skew) Synchronous Systems - Static Timing Analysis (inc. clock skew)

35ps 10ps 45ps

" ﬁ>_ D Q 20ps 10ps 35ps 10ps D1 =20
] =20 ps
D Q comb-min
c Z :D —> b Q= Clockt -G 20ps

20ps 20ps — C | o4
12— D Q ]

B g > ve t=50Ps 1= 50ps oz
. 20ps i~ tz=50ps  ty,= 70ps clos2 =120 ps

o Q ty= S0ps  ty= 50ps ps—p @ [>o oy
= Clock3 - C 10ps
th =25ps ise tup =15ps tho/ d:5ps
th =25ps tse tup =15ps tho/ d:5ps
ty1 a2 t43 tya to5 t6 ClockPeriod = ps
194 Tr i = o
Clock e Calculate f,,,, in the presence of intentional clock skew.
ClockPeriod > tyq + teomb—crit + tsetup + (tdgunen = deapture) o Suggest suitable values for t1, tao, t43, tas given that the minimum delay through
the clock tree is 50ps
P — 1
T o+ Lot crit ety T (s — Lone) remember to check for hold violations
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Synchronous Systems - Jitter

ta2

2 X titter
tat

Ideal_Clock
I

Clock1
Clock2 \‘SS&

tskew tskew

o Jitter

Jitter is the cycle-by-cycle variation in the arrival time of the clock.

e Caused by

- Variation in frequency/phase of clock source®
- Power supply noise affecting clock distribution
- Cross-talk affecting clock distribution

e Jitter may cause unexpected timing violations

Sprimary clock source or Phase-Locked Loop (PLL)
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Synchronous Systems - Jitter

Synchronous Systems - Static Timing Analysis (skew + jitter)

thQ =25ps t,  =5ps
pQ ==5P hoid™P 10ps 20ps
D1—D Q@ D Q
t =15ps
Clock1 € setup
DI QF— 4
Clock4 - C
D2—D Q =
20ps 35ps U = 95 ps
Clock2—p C
f =6 GHz
=0ps | tskew-max| =16ps ClockPeriod = 167 ps

comb-min

o What is the maximum jitter that can be tolerated given an operating frequency
of 6GHz and clock skew of no more than 16ps?°

ClockPeriod > TpQ + teomb—maz + t.setup + tskew + 2 X tjzttey'

th + teomb—min > thotd t tskew + 2 x t]'i,h‘,(‘r

D-type#1 D-type#2
Combinational
4D Q K D -
Logic
p- p-
Clock Distribution Clock Clock
Network
t comb

Clock: a1
taz

o To avoid a setup violation:

ClockPeriod > tpq + teomb + tsetup + (ta1 — ta2) + 2 X tiitter

e To avoid a hold violation:

th + 2L/(:omb > tlzald + (tdz - tdl) +2x t]zﬁm'
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bremember to consider both setup and hold violations
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