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Keeping The Clock Pure

Keeping The Clock Pure

or dternately

Making The Impurities Digestible

“Timing is everything.”
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Keeping The Clock Pure

Review of Timing Properties of Flip-Flops

Setup Time and Hold Time

FIG. 4-2
Every flip-flop hastimeregions around the active clock edgein which theinput should not change

If theinput changesin theserestricted regions, the output may be derived from either:
theold input, the new input, or even half-way in between.

—» ~—Region where data must hold stillz

—— . 'l—Setup time
INPUT_f] Setup time [ = Hold ti
Lo el ime
INPUT—D [-Q '+ ~—Hold time [ negative
CLOCK >C CLOCK ] Lo
Q b 4 B

The setup time is the interval before the clock where the data must be held stable.
The hold time is the interval after the clock where the data must be held stable.

Most modern flip-flops have a zero or a negative hold time.
A negative hold time means the data can change slightly before the clock edge and
still be properly captured.
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Keeping The Clock Pure Synchronous and Asynchronous Signals

Summary of the Restricted Region

The restricted region:
Time interval near the active clock edge where the D input signal should not change.

Otherwise the flip-flop’s output,

after the clock edge, may: f- Restricted Region
1) follow the change in D.
2) not follow D. D INPUT _/}_
3) follow it halfway (go metastable). —> =—Setup time
—= [«—Hold time
cLock | &
1) Q : } Q followed D
2 Q ___Qdid not follow D

went

Q
3 Q___ metastable

Synchronous and Asynchronous Signals

A synchronous signal

One which is constrained so it cannot change in the restricted region.
An asynchronous signal

can and will change anywhere.

© John Knight Electronics Department, Carleton University 8/27/96
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Keeping The Clock Pure Synchronous and Asynchronous Signals

FIG.4-3 Threedifferent D inputs.
The upper two are synchronous;
they do not changein therestricted region.
Thelower oneisasynchronous;
it hasatransition insidetherestricted region.

Restricted Region
f s Assume
' they don’t
Din 1D —Q  Din; Synchronous b
. ecome
CLOCK >C1l ‘ ‘ H

asynchronous
u off stage.

D in; Synchronous ! [ !
D in; Asynchronous | | ! L] \ !
clock | [ 1. I

The Clock-to-Output Propagation Delay, tcygy

The time from the active clock edge until the Q output changes.

Another name is tcygy
(time from Clock going High to Q becoming Valid).| D

Any reasonable flip-flop will have tcpgy > tHoLp. CLOCK :
This is essential in shift-registers. 7‘f § E
Q ! ~—tcHov

Clock High to Q Valid
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The Output Signal From a Clocked Flip-Flop is Always Synchronous

Any signal which passes through aflip-flop is synchronous.

Thedelay tchgy, is enough to move Q changes out of the restricted region.
The Q signal in below is synchronous.
It results from passing signal Din through a D flip-flop.

FIG.4-4 TheQ output isalways synchronous, even if theinput D signal isnot.
Theinternal propagation delay moves any change out of therestricted region.

This mmeStCHOV > tHOLD
Din__[p 0
CLOCK >C

Din; Asynchronous|

’/— Restricted Region ~—\
q tHoLD % ~— thoLp

kﬁ tchqv

Q; Synchronous

[

cLOCK k \
Q might not change, but if it does, it
will be a synchronous change-
© John Knight Electronics Department, Carleton University 8/27/96
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Clock-to-Clock Logic Propagation Delays.

Maximum and Minimum Delays With a Perfect Clock

Maximum Logic Propagation Delays

Consider a synchronous circuit made of flip-flops with logic in between them.

FIG.4-5 oOneflip-flop feeding through logic into another flip-flop.

The Q signal takestcgy to get out of theleft flip-flop.

The propagation delay through the gate(s) istpp

The D, signal must arrive at theright flip-flop at least tgg1p before the second clock edge.

ytPD— < tsETUP
D Q1 N
! b \}/4 D2 D | Q2 tcLock 2 tcHgv * tpp t+ tseTUP
e fre — —t°

The signal must get from the first flip-flop to the next, in one clock cycle, thus -
tcLock 2 tchov t tpp t+ tseTUP
or

I tpp S tcLock - tseTup - toHov I
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Keeping The Clock Pure Maximum and Minimum Delays With a Perfect

FIG.4-6 Themaximum logic delay in a synchronouscircuit

The Qq signal takestcgy to get out of theleft flip-flop.
The D, signal must arrive at theright flip-flop at least tgg1p before the second clock edge.
The gate delay, tpp, could take up therest of the clock cycle.
|CaJI thelongest allowable gate delay tppvax)t |
tchov tpp tseTup
Dy D, Q2
— FRegion where D, may change — |
Dy |1 ] -
i f Setup time : »,LHold time
ctock i § 0
Q1 ___ﬁ |
i tonoy D, 1
Ll tPO(MAX |
SETUP—»
%! |
tcLock 1
: tcLock = tcHov * tpvax) * tseTuP :
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Minimum Logic Propagation Delays.

One can have a valid minimum gate propagation delay.
This is when tCHQV < tHOLD'

Think of two flip-flops clocked on the same edge. teHQv

For a long hold time, DL D -L
one flip-flop can flip > C
within the long hold time,

and send its new output to the next flip-flop

fast enough to flip it on the same clock edge. D2

tpp

To avoid double flips: D Q2
thoLp < tcHov * tPD =C
or
tpp 2 tHoLp - teHgv
The propagation delay of the gate(s)
- must be ahove the minimum allowable,

/ t =t -1 /
f PD(MIN) = tHOLD - lcHQv ¢

P D = - |
FIG.4-7 A dynamic flip-flop in which tcpoy < tholp
>C/QSW SW
D*ﬂ_I_Gf*Q C tHoLp > L 2
= <l c T
— Q tenov sw=

© John Knight Electronics Department, Carleton University 8/27/96

ClkDst-8



Keeping The Clock Pure Maximum and Minimum Delays With a Perfect

Minimum Propagation Delay Repeated; Different Pictures.

The minimum delay appearswhen theflip-flop hasa hold time longer than tcpgv.
Then D4 can flip Q4 of the upper flip-flop,

travel through the gate and reach the lower flip-flop

insideitshold time.

In that casethelower flip-flop may changetoo on the same clock edge!

< tHoLp» Excessively long hold time
ey 1
i
‘ I
tPD ]
Very small ]
i
D, is just a little early, inside the
) ! hold time.
Pl : Q, changed, when it should
i tPD(MINY Q, have waited till the next active
] |
! e | clock edge.
i i
[y
§  thop =tchov *lepminy S
[}
e
© John Knight Electronics Department, Carleton University 8/27/96

ClkDst-9

Keeping The Clock Pure Minimum and Maximum L ogic Delays With

Minimum and Maximum Logic Delays With Clock Skew.
Clock Skew

Clock skew
is when the clock edge does not reach all the flip-flops at the same time.

Positive skew
Define skew as positive when
the data and clock are delayed in the same direction.
In most schematics
the right (or bottom) flip-flop will receive the delayed clock.

Dy Qi T D, Q2
D t D
C —/ C

Maximum Logic Delays With Clock Skew

Positive skew increases the time available to get to the right-hand flip-flop.
From FIG. 4-8
I tcLock t tskew = tcrov * trowax) + tseTup I

© John Knight Electronics Department, Carleton University 8/27/96
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Keeping The Clock Pure Minimum and Maximum L ogic Delays With

FIG.4-8 Positive Clock Skew IncreasestPD(MAX)

If thereisa positive skew in the clock, thereis more timeto get to theright hand flip-flop,
and tpp(max) isincreased by the amount of the skew.

tcHov tseTup

tep
S Q I D2 51

>C t C
SKEW
CLOTK] 0 CLOCK,

— ISkEW

CLOCK; ! 31 | 7
CLOCK, ‘ '

teLock + tskew

tcLock t tskew = tcHov * tPovax) * tseTup
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Minimum Logic Delays With Clock Skew

See FIG. 4-9
The minimum logic delay tppgyiny is made worse (increased) by positive skew.

Modern ﬂlp-ﬂOpS have tHOLD < tCHQV,
the minimum allowed prop delay is zero (tppguiny = 0)-

With skew one may require tppguin) > 0.

But shift registers have tpp 0JO.
Thus with clock skew, shift registers may fail.

From FIG. 4-9, the limit on minimum delay is -
tskew * tHoLp = tcHov * tPpviny
Thus

I tep 2 HoLp * tskew - tcHov I

© John Knight Electronics Department, Carleton University 8/27/96
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Keeping The Clock Pure Minimum and Maximum L ogic Delays With

FIG.4-9 Minimum propagation delay limit with skew.

(a) With positive clock skew, the clock to the lower flip-flop is delayed.

The chance of a D, change going through both flip-flopsin one cycle increases.
Thetgpw actslikean increasein the hold time of the lower flip-flop.

(b) Waveforms, when skew makes the actual tpp < tpp(m|n)-

@ ® D]

I

Gate with
PD<tPD(MIN)

_A/t

—

tskew * thoLp = tcHov * tPDMIN)
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PROB 4.1 Maximum Skew For A Shift Register

Find the maximum delay in the clock buffers for the shift register shown.

tcHov=2 tcHov=2
Q 'o=0 D, Q, to=0 D3

Dy

1D 1D 1D [—

tpp (Qto D) =0ns

>C1| SC1| SC1 Fb

SKEW1-2 SKEW2-3 tcHov = 2 ns max

CLOCK; ™ CLOCK, ™ _CLOCKs tyoLp = -1 ns min
L L

Solution

For Q, to D, For Q, to D3

tpp 2 thoLp * tskew - tcHov tpp 2 thoLp * tskew - tchov

02 -1 +tskewiz - 2 02 -1 +tskewzs - 2

tskewiz2 £ +3 tskewzz < +3

tskewi-a = tskewi2 + tskewzz < +6

Thus the delay from CLOCK1 to CLOCK2 may be up to 3 ns.
The delay from CLOCK1 to CLOCK3 may be up to 6 ns

© John Knight Electronics Department, Carleton University 8/27/96
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Keeping The Clock Pure Minimum and Maximum L ogic Delays With

PROB 4.2 Maximum Negative Skew For A Shift Register
Find the maximum delay in the clock buffers for the shift-register shown below.
The clock delays now go opposite the data, i.e. tgxgw iS negative.
tehov=2 tehov=2 tpp (Qto D)=0ns
D1 ip Qi 'o™0 Dppp1Q o0 D3 p=TQs tehy = 2 ns max
,_>C1 tkew 1—>Cl tskew r>Cl tyoLp =-1 ns min
CLOCK; _—]CLOCK, —1 CLOCK, tskew is negative that is
] N _
tskew = -Itskewl
This is equivalent to PROB 4.1 with tgxgy negative.
Thus
Itskewi-2l = +3  and [tskewz-3l = +3
Any negative skews is less than 3 ns,
Thus any negative skew is acceptable.
However watch out if the negative skew approaches a clock period.
I In shift registers, route the clock against the shift. I
© John Knight Electronics Department, Carleton University 8/27/96
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PROB 4.3 Maximum and Minimum Delay With Bounded Skew

Two registers of D flip-flops have a clock skew which is between -3 and 3 ns.
Since we do not know the sign, we must always assume the worst case,

i.e. positive when calculating tppgviny

and negative when calculating tppgmax)-

Q, is the collective name for any or all outputs of the right-hand register.
D, is the same for the inputs of the right-hand register.

Find tpp viny @nd tpp (vax)-
tskew = tepcE-cLoCK2 - lEDGE-cLOCK2

ltskewl <3 ns
tCLOCK =20ns
Ec_j_jQ tHOLD:OnS min
1D |— 2 tCHQV =2ns max
I tSETUP =4ns max

COMBINATIONAL
LOGIC

Q trominy =2
PD(MAX) =7

Solution:
For tppmin) For  tpppmax)
tpp 2 fioLp t tskew - tcHov tpp <tcLock t tskew - tseTuP - tcHQV
tepviny =0 + 3 - 2 tppmaxy=20 + (-3) - 4 - 2
=1ns =11ns
© John Knight Electronics Department, Carleton University 8/27/96
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Keeping The Clock Pure Summary of Simple Propagation Delay Bounds

Summary of Simple Propagation Delay Bounds

Define positive skew as-
Clock delay in the same direction as data-flow delay, i.e.

tskew = IDESTINATION-CLOCK-EDGE ~ 'SOURCE-CLOCK-EDGE
then

f e o o ommweewee e e e e e

_ [}
: tppvax) = tcLock * tskew - tcHqv - tseTup (EQY)
V---------------------’

s teoovin) = tskew * tHotp - teHqv | (EQ?2)
Positive skew: iaieieieiaiaiaiaiaiaiaiaiaiaiaiaiaiaiaiied
« allows longer logic delays
» forces the minimum delay to be longer.
Negative skew:
« allows a shorter minimum logic delay
« forces the maximum logic delays to be shorter.

Rule of thumb for maximum clock skew

For a modern clock distribution system.
They do not know, or do not have time to examine the logic details.

Assume there may be very fast paths between flip-flops(tppviny =0)-
Assume modern flip-flops thoLp < 0.
Approximate bound on skew, from (EQ 2) is -

i ————————y

J| tskew Sterov / (EQ3)
L @V @V @V JF oV oV o o5 & & & & & |
© John Knight Electronics Department, Carleton University 8/27/96
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Clock Skew Related to Signal Delay

Most circuits do not have a simple structure where one flip-flop or register is
the source and another is the destination.

Here we relate clock skew in circuits where the data travels in more complex
paths.

Finding Minimum and Maximum Propagation Delays Given Clock Skew

* Avregister here is a set of edge-triggered simultaneously clocked D flip-flops.
* Registers are connected to other registers by combinational logic.
« Let the clock skew between registers be known.

* We will find the fast bound tppgvn) and the slow bound tppgyax) on the logic
paths between each register pair.

© John Knight Electronics Department, Carleton University 8/27/96

ClkDst-18



Keeping The Clock Pure Summary of Simple Propagation Delay Bounds

FIG.4-10 Figureto establish notation for skew calculations

The registers shown have a common edge-triggered clock input.

Theregister’sbottom block represents one or more flip-flops.

A singleline entering or leaving a register, represents 1 or morewires.

Theoval L 5_g represents combinational logic with a sourceregister A and destination register B.

Theclock delay for each register is shown by a waveform above the register.
Thusif register-A hasthe clock edge applied at 0 ns as shown,
then register-B will be clocked at +2 ns.

From the waveforms tggw a.g = +2NS.

m R O O S
R O A
012 34 56 78 9101121314150 0123456 78 Sibtuiztataisd
CLOCK, tppMAX)=? CLOCKg
62.5 MHz 1 tooiny =2 I

A B

5 D
@ A 94 @—%10 3B\ REGISTER
Period ONE OR MORE ) - BINATIONAL
T= 16ns WIRES LoGIc
teHov = 1 ns max

tHOLD =0ns min
tepviny = thoLp * tskew - tcHou=0+2-1=0 tseTup = 3 NS max

tppmax) = tcLock * tskew - tseTup - tcHoy =16 +2-3-1=14

© John Knight Electronics Department, Carleton University 8/27/96
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FIG.4-11 Morecomplex interconnectionswith clock skew.

For no clock skew, the propagation delay bounds are

tPD(M|N) = tHOLD - tCHQV =0-1=-1 (Effec“vdy O, |OgiC cannot have a negativetpD)

tppmax) = tcrLock - tseTup - tcHov =16 -3-1=12

To add skew, calculate a table of the skew for each logic block, and add it to these base delays.

tchov =1 ns max

NN N |l | | = i
012 54 56 78 91d111212l4150 012 5456 78 91b11113lis0 thoLp = 0 Ns min

CLOCKp CLOCKpg tseTup = 3 NS max
62.5 MHz
Da
= (LeP)
T=16ns N
8 9101112131
CLOCKEg
Cl
i 4 De[ E |Qe
RO
© John Knight Electronics Department, Carleton University 8/27/96
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Keeping The Clock Pure Summary of Simple Propagation Delay Bounds
FIG.4-12 Clock skew, and propagation delay limits assuming no skew.
Table of tg gy between: Minimum/maximum tpp limitsfor logic
sourceregister (listed on theleft), and connected between registersin FIG. 4-11.
destination register (listed on thetop). No skew.
Skew = tgestination - tsource
Source A
. Destination Reg; Clock edge delay
goegrce Destination Reg; Clock edge delay Reg;
delay |A;0Ons B;2ns |E;5ns |F; 3ns
delay |A;Ons B;2ns |E;5ns |F; 3ns
A; 0 -1 -1 -1 -1
A; 0 0 2 5 3 12 12 12 12
B; 2 -2 0 3 1 B; 2 -1 -1 -1 -1
E; 5 -5 -3 0 -2 12 12 12 12
E'3 3 1 2 0 E; 5 -1 -1 -1 -1
12 12 12 12
F; 3 -1 -1 -1 -1
12 12 12 12
No skew
tpoMINy = thop - fchov 5
tppmax) = tcLock - tseTup - teHov
© John Knight Electronics Department, Carleton University 8/27/96
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Keeping The Clock Pure Summary of Simple Propagation Delay Bounds

FIG. 4-13 Propagation delay limitswith skew.
tpoviny / troguiny limitswith skews, Minimum/maximum prop delaysfor connections
] . actually madein FIG. 4-11.
Thistableisthe box-by-box sum of the ta-
blesin FIG. 4-12. Example: the oval showsLg s has
tep(Miny = -3 1S
tepviny =10 ns.

goelgce Destination Reg; Clock edge delay goelérce Destination Reg; Clock edge delay
delay |A;0ns |B;2ns [E;5ns |F;3ns delay |A;0Ons [B;2ns [E;5ns |F; 3ns
A0 -1 1 4 2 A; 0 1 4 2
12 14 17 14 14 17 14
B; 2 -3 -1 2 0 B; 2 -3 0
1 12 1 1 ]
0 5 3 10 N 13
E; 5 -6 -4 -1 -3 E;5 -6 -3
7 9 12 10 7 10
F; 3 -4 -2 1 -1 F; 3 1
9 11 13 12 / 13
B-A

0‘\3« tpp<10

© John Knight Electronics Department, Carleton University 8/27/96
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Keeping The Clock Pure Summary of Simple Propagation Delay Bounds

FIG.4-14 Min/Max Propagation Delays Shown on Schematic

\
910
CLOCKg
62.5 MHz 1

T=16ns

0<tp<10

L F-E
1<tp<13[*

© John Knight Electronics Department, Carleton University 8/27/96
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Example: Using a Ripple Counter in a Supposedly Synchronous Design

Ripple counters are a very simple binary counter.

Unfortunately they have impure clocking.
The clock does not run directly to each flip-flop’s clock input.
Thus they are not strictly synchronous.

One must check for timing and hazards in ways not necessary for a truly synchro-

nous design.
Qallip Qs Lhip Qe Uip |40
Cl C1l C1l

Consider a circuit using the ripple counter output,
decoded by a blob of combinational logic,
feeding a register.

FIG.4-15 A 4-bit Binary Ripple Counter.

Theclocking isnot pure.
Onemaster clock does NOT go directly
to all flip-flop clock inputs.

Calculate tppguax) and tppgminy for the logic.

Each flip-flop output in the counter is delayed by tcygy from the previous stage,
SO tchgy is the skew between the counter flip-flops.

Also check the counter outputs for hazards which might trigger the next clock input.
Fortunately signals directly from flip-flops do not glitch.

© John Knight Electronics Department, Carleton University 8/27/96
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Summary of Simple Propagation Delay Bounds

FIG.4-16 A circuit using aripplecounter.

Theripple counter flip-flops have a

With no clock skew
tppmax) = tcLock - tseTup - tcHoy =16 - 2
tppMINy = thop - tchov = 0-1

tcHoyv =1 ns max

Calculate the bounds on tpp in the combinational logic.

large clock skew.

-3

COMBINATIONAL
LOGIC

tepminy = ?
tpomax) = ?

tseTup = 2 NS max 1D Qc
thoLp = 0 ns min c1
>C1 >Cl >C1 ‘0‘ H4‘ é‘é‘l‘o‘l‘Z‘l‘l"‘b
A B E F CLOCKg
FLIL LT LT |
tcLock= 16 ns b'5'4'6'5" 01214 b'5'4'6'5'01214'6
S
024 bhDBI0 (D6
© John Knight Electronics Department, Carleton University 8/27/96
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FIG. 4-17 Clock skew, and propagation

delay limitsfor the circuit.

Table of Tg gy Detween any register as
source (listed on theleft), and any regis-
ter asdestination (listed on thetop).

ggur Destination Reg; Clock edge
Reg; delay

deayle® 10e” hs” e s
A;0| O 3 6 9 0

B; 3| -3 0 3 6 -3
E; 6| -6 -3 3 -6
F, 9| -9 -6 -3 0 -9

G:0| O 3 6 9 0

Minimum/maximum prop. delay limits.
Limitsfor tgxgyw=0 are[-1, 11] ason the diagonal.
The off diagonal limits arethe sum of [-1, 11] and the
skew from thetable on theright.
Sour ce Destinati .
Reg; estination Reg; Clock edge delay
delay |A;Ons B;2ns |[E;5ns |F;3ns |G:0ns
A; 0 -1 2 5 8 -1
11 14 17 20 11
B; 2 -4 -1 2 5 -4
8 11 14 17 8
E; 5 -7 -4 -1 2 -7
5 8 11 10 5
F; 3 -10 -7 -4 -1 -10
2 5 8 11 2
G: 0 -1 2 5 8 -1
11 14 17 20 11

Note clock G is the sam

The four delays applicable to the logic blob are shaded.
The negative (minimum) delays are not needed here.
Note: flip-flop output Qf to Dg in register G, has a maximum of 2 ns extra delay.

e as A. They could have been combined in the table.

© John Knight Electronics Department, Carleton University 8/27/96
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Gating the Clock

Many designer succumb to the temptation to gate the clock.
It is a simple way to disable a D flip-flop or a group of flip-flops.
This may save area or power.

This is a design method has three problems:
1) It will add to the clock skew.

2) It can cause a false clock edge.

3) Full-scan testing will not test it

FIG. 4-18

(@ The“approved” method of enabling/disabling a D flip-flop.
Thereisno clock skew and no false clock edges.

(b) Gatingtheclock isthe“high risk” way to enable/disable the flip-flop.
However the gate saves power by not clocking nonflipping flip-flops.

@ (b)

INPUT—— 1D —Q
1D Q ENABLE(H) Cl p—antiQ
INPUT. Cl p—antiQ
CLOCK
ENABLE(H
CLOCK
© John Knight Electronics Department, Carleton University 8/27/96
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Clock Skew From Gating the Clock

Clock skew was just covered.
One can compensate for clock skew with extra work.

False Clock Edges.
FIG. 4-19 shows how false clock edges are generated.
It also shows how changes in EN must be restricted to avoid false clock edges.

FIG.4-19 Falseclock edges caused by the EN signal rising while the clock is high.
Onehasarestricted region during the time the clock is high (¢h;gnh)
wherethe EN signal must not rise.

(b) Restricted Region
(@) ‘ / EN must not rise herein
INPUT D j | 3
Tr—— LAl -

EN EN
] °1 | N Z
CLK GCLK! Problem edge No problem | Problem edge

| «—flow  ——]
CLK |-—— fhigh |

GCLK A A A
‘L False clock edges J

Proper (though skewed) clock edge

© John Knight Electronics Department, Carleton University 8/27/96
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Keeping The Clock Pure False Clock Edges.

The four cases of clock gating

To avoid false clock edges, The clock EN signal must be restricted.
There are 2 groups of 2 cases each.

1) EN must not change in the first half cycle

Cases (a) and (b) allow EN changes in the last half of the clock cycle.

@ I [T v P o
No!

EN
INilD Q —— 11D |
EN CLK

GCLK
CLK;I ——pCL

|
EN
GCLK
C1
oK, )9
2) EN must not change in the second half cycle

Cases (c) and (d) allow EN changes in the first half of the clock cycle.

© @
N o o En TR I 1 |Q

IN
EN
GCLK EN GCLK
CTHED e CLK] [ Not | ek ] o

Or one could say
(a) and (d) allow changes only during Qg

(b) and (c) allow changes only during ¢hign

© John Knight Electronics Department, Carleton University 8/27/96
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FIG.4-20 Falseclock edgesillustrating why the first half-clock-cycleisrestricted

Restricted Region

@ EN ‘ [ [ |
IN Q | |
N lp j !
CIIE_'\Iij—DM>C1 CL% No upward transitions
GCLK ‘4—] Iy : allowed in the restricted

region ( Ghigh)-
<1’0K edge X False Fals 9

/— Restricted Region j'
(b)
é’;\‘l D |2 EN M M —
CLK GCL op-CL Q No downward transitions
C'-Km allowed in the restricted

v vy e (e
GCLK
(‘OK edge - False OK—J

© John Knight Electronics Department, Carleton University 8/27/96
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Keeping The Clock Pure False Clock Edges.

FIG.4-21 Falseclock edgesillustrating why the second half-clock-cycleisrestricted

Restricted Region

"\L EN | [ [ [ No upward transitions

EN GCLK ——— allowed in the restricted
clk) ¢ CLK ! :
| region (@ow)-

(d) Restricted Region

IN
EN GCLK Q ENJl{j_{LFNO downward transitions
G

CLK allowed in the restricted

CLK - %ig@ region (Ghigh)-
cotk [y 10

FalseJ‘ LFalse
OK edge
© John Knight Electronics Department, Carleton University 8/27/96
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Clock Gating Summary

1) EN must not change in the first half cycle

EN changes in the last half of the clock cycle.

This allows more time to generate the EN, but
It has both an upper and lower bound on its delay.
It must be glitch free in the first half cycle before it settles down

This is difficult to design

(b)

@
|N71D Q EN INilD %Q
EN coLk| o EN GCLK |
CLK;I ) — ck J )—9

2) EN must not change in the second half cycle

EN changes in the first half of the clock cycle.

The EN signal must be generated quickly within 1/2 cycle
It must be glitch free in the last half cycle but there it has settled down.

This is simple to design except for speed requirement.
EN d
N p o @
EN;E: GCLK | EN GCLK
CLK m CLI&I—D—O>C1

© John Knight Electronics Department, Carleton University 8/27/96
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Safe Clock-Gating Using a Latch. (safe except for skew!)
Suppose the clock-gating signal EN-RAW has glitches.

EN-RAW is latched and applied to an AND gate.
The AND gate suppresses glitches in the 2st half clock cycle (method (a) above).

¢ Glitches in the 1st half of EN-RAW are stopped because the latch is in store mode.
« Glitches in the 2nd half of EN-RAW are stopped by the AND gate (clock is low).

This method is good for shutting down a subcircuit for several cycles.
For example shutting off the floating point unit in a microcomputer.

FIG.4-22 A clock gating method with no false clock edges.

Q1 and Q2 are enabled for clock cycleswhen EN-RAW is high.
Thelatch blocks glitches when the clock is high.
The AND blocks glitches when the clock islow.

TRANSPARENT
SHU LATCH Q
DOWN '\ ip |93 EN
LOGIC " "EN-RAW
CLK Q,
GCLK L
© John Knight Electronics Department, Carleton University 8/27/96
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FIG. 4-23 Waveformsfor a gated clock with no false edges.
Q1 and Q2 areenabled for clock cycleswhen EN-RAW is high.
Thelatch ensuresthe EN will not changein therestricted region for AND type gating.
1st half LATCH
CLK LATCH |TRANSP'T| LATCH
SHU LATCH STORES STORES
DOWN \ EN-RAW[ 5 1Q3 EN -
W \ 1D |93 EN-RAW ] ] L]
C1 EN
CLK Q2 !
GCLK [EnaBLED]
N —
LATCH AND GATE
STOPS STOPS
GLITCH  GLITCH
When gating the clock to save power:
¢« One normally gates many flip-flops at once.
For one flip-flop, the power for the extra latch may be more than the saving.
» One normally shuts off the clock for many cycles at a time.
The clock skew is minimized if an AND is placed in every clock line.
The full-scan test people will make it hard to do this.
© John Knight Electronics Department, Carleton University 8/27/96

ClkDst-34



Keeping The Clock Pure Why Two Frequencies?

Clock Dividers

Why Two Frequencies?

The Pentium, the DEC Alpha, and other modern microprocessors run internally at a
clock frequency which is too high for the board level circuitry.

Where a system has both slow and fast logic, considerable circuitry and power can
be saved by using a slower clock for part of the logic.

Basic Methods

« Clock all flip-flops at high-speed and enable the flip-flops at a lower speed.
Is the safest (easiest) method.
Will not give much power saving.
e Gate the high-speed clock with a slower signal.
Will give medium power reduction.
The lower frequency will use less power in the flip-flops,
but charging and discharging the clock line at high speed will waste power.
Gated clock designs are subject to false edges and skew.
« Divide the clock
Divider can supply different frequencies to different flip-flops.
There must not be skew between the main and divided clocks.
Many divider/counters give glitches which are poisonous on clock lines.

© John Knight Electronics Department, Carleton University 8/27/96

ClkDst-35

Keeping The Clock Pure Binary Counters As Clock Dividers

Binary Counters As Clock Dividers

Many synchronous (not ripple) binary counters acts as a fairly good clock dividers.

The output bits form a natural division chain.
Q1 =divide-by-2,
Q2 =divide-by-4,

Qn = divide-by 2".

Skew
The Flip-flop outputs are the counter outputs

so all counter outputs change a flip-flop propagation-delay (tchqy) after clock.
If the flip-flops are identical, at the same temperature, and as physically close,
the skew between the divided clocks should be small.

The original clock (CLK) has a larger skew with respect to the divided clocks.
CLK rises (falls) tcpqy before the divided clock edges.

One should only use CLK for clocking the divider chain.
Otherwise, resynchronize it (to be discussed).

© John Knight Electronics Department, Carleton University 8/27/96
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FIG. 4-24 Falling-edge clock-divider
" T 1=CLK/2 A binary counter suitablefor a clock divider.
CLK a Toggle flip-flops make a simpler counter than D-flip-flops.
2 = CLK/4 Thisisafalling-edge-triggered up counter.
i j which makes flip-flops flip together on falling edges.
a Thedivided clocks are suitable for falling-edge-triggered
= flip-flops.
| [T 1Q3=CLK/8 Ip-tiops.
(o]
COMMON COMMON
| [T 1Q4=CLK/16 FALLING EDGE FALLING EDGE
a CLK
TRDIVIi CLK/2
— »Op>C+
I iag CLK74
[4]—> —+—NEGLIGABLE SKE!
B, CLK/8 |
[16]—» —»«—NEGLIGABLE SKEW
cLK/16|
© John Knight Electronics Department, Carleton University 8/27/96
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FIG. 4-25 A clock-divider with common rising-edges
(a) A binary down-counter suitable for a clock divider.

(b) The |EEE symbol for a down counter.
Theblocks[___represent individual flip-flops and associated gates.
These blocks have a common clock which is shown entering the common control block C_Jat thetop.
The“-" after the clock input showsit counts down. An up counter would havea“+".

(c) The wavefor ms showing that down-counter flip-flopsflip together rising edges.
Thedivided clocks are suitable for rising-edge-triggered flip-flops.

&

(b) COMMON COMMON

—CLK/2 RISING EDGE (©) RISING EDGE
“Qp T 1
CLK a CLK
— TRDIV1
— CLK/4 > C-
—OAT Q2 ’—> CLI@
] [2
[4] —> cLk/a
Q3 —L
+—Cl [16] LCLKIB
—OFEI(_;(]-G CLK/16
L>C
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Resynchronization
Making all clocks tick together

Necessary for circuits clocked by both divided clocks and the main clock.

Widely distributed divided-clock signals may need local adjustments so their active
edges all change together.

When divided clock signals are used over a large physical area.
It may be easier to resynchronize at each locality,
than to distribute low-skew divided clocks over the large area.

Resynchronizing latches should be physically close together for low skew between
them.

© John Knight Electronics Department, Carleton University 8/27/96
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FIG.4-26 Examplesof wheredivider resyncronization might be used.

(a) Using one or moredivided clocks. and the original clock.
(b) Using one main clock distributed with special careto avoid skew,
and divided clocks which can have skew because they are resynchronized locally.
(a) (b)
CLK CLK //_\
|, SYCH CLK . ClRsvcn 32 L ClLKsych o
cIRpve N CLK/2gychH CTRDIVS N CLK/2 8 N CLKR/2 %
- J_. é E;M ~ C- g SYCH 0 g SYCH 0
2 z SYCH 2 % CLK/Asych s % CLK/4sych 3
@2 le) o]
8] o | CLKBsyen 5 £ | CLK/BoyenT S | CLK/8syen O
i — Blle n SYCH 0 SYCH
x & &
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Resynchronization

FIG. 4-27 Examplesof wheredivider resyncronization might be used

()

((c) Distributing oneTow-skew main clock,
gener ating divided clocks as needed in different localities,
and resynchronizing to a reduce skew between regions.

GOOD LOW-SKEW CLOCK LINE

CLK
- R CLKsych . N ClKsven
CTRDIVS o CTRDIV &
- CLK/2 ol S
~ C g SYCH 8 S C- g @
b4 o = @
2] 2 = 2] £ | CLKMsycn x
I I
Wl g 3 w| I8 S
CLK/8 CLK/8 (@]
] o SYCH ] o SYCH
w w
4 4
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Construction of a resynchronizer
. 1D | LATCH 1D FLIP-
The resynchronizer uses transparent latches, c1 Lc1 FLOP
rather than edge-triggered flip-flops.
A transparent latch: ) CLK [sToRE| TRANS| STORH TRAN] |_
- acts like a piece of wire when the clock is low, B
- stores the last passed Q value when the clock D
goes high. .
CHQF»|
Reason for latches: Q °

Latches are simpler than flip-flops.
Flip-flops cannot synchronize the highest frequency signal, CLK.

All latches must have the same delay tc g,
(time from clock low to Q transparent)

The resynchronizer input CLK/n signals:
Except for the latch’s setup or hold times,
Input signals may rise/fall or glitch anywhere in the store-mode half clock-cycle.

To resynchronize CLK:

Use an inverted advanced clock which rises more than a setup-time before the latch
goes transparent.

This delay is shown as one inverter. It may take three.

The actual delay must be carefully done.
The high duration of CLKgyncH is always under a half cycle.
The shortening of this high pulse is linearly related the advance in ADV-CLK.

© John Knight
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FIG.4-28 Resynchronizer

Resynchronization positionstherising edges of all clocks very close together.
Resynchronization using transparent latches.

The closely-spaced lines show the latches D-to-Q transfer when thelatch istransparent.
Thearrow <=— showsthevalue stored when the latch enters stored mode.

To synchronizetheoriginal CLK, one needs an inverted clock (ADVN-CLK) which leads CLK.
Note CLK gyncH IS not symmetric

CLKsyncH
ADVN-CLK o
CLK get CLK |STORE| TRANSl STOREi TRAN4 | | |
_ CLK2gyncH
TgDIVl CLK2 hp |- ADVN-CLK |
‘O> -
(O Cl1 CLKsyNncH
[2] — CLK/4
@iCcLKA Jfip [ o ]
| B +oci CLK |STORE| TRANSl STOREI TRANS{ | |
_ CLK/8synchH
cukigl ip 1
ADVN-CLK CLK/2syncH
LocCl
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Example:

_ Using aripple counter as a divider; Then resynchronizing the outputs.

FIG. 4-30 shows aripple counter used as a clock divider.
The ripple counter outputs are delayed 3, 6, and 9 ns.

When the latches input changes inside the “store” state of the latch, the synchroniz-
ing latch will wait until CLK makes it transparent before its output will change.
The synchronized signals emerge when all the latches go transparent together.

The ripple counter puts a 9 ns delay in CLK/8.

This is over half a clock cycle and is too much for the synchronizer.
CLK/8 enters its latch after the latch has gone transparent.

Thus CLK/8gyncH is delayed 1ns and is skewed.

Synchronization narrows the CLKgync pulse by the 4 ns delay of the three inverters.
The one inverter delay would be only be 1.3 ns.
This delay is to short to counteract the D-to-Q delay in the synchronizer?.

1. Thisspec saysthat ahigh output will not come out of the latch until aD =1 signal has been applied for
toHoH = 5 ns. Thiswould be 3.7 ns after the active CLK edgein stead of 3 ns, and CLKgync Would rise at
11.7 ns, not 11ns.

© John Knight Electronics Department, Carleton University 8/27/96
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FIG.4-29 A clock divider circuit using aripple counter.
Theflip-flopsin theripple counter have a large clock skew.
Theresynchronizer will try synchronizetherising edges.
However thedelay in CLK/8isover half of CLK and istoo much to be synchronized.
The shaded blocks show how the clock is delayed at various points.
tchov = teLgr = 3 ns max for both flip-flops and latches
tpHgH = 5 Ns max RIPPLE COUNTER D |okKsvnen
tpp.INVERTER = 1.3 NS max ADVICLK | D K 2svnen
CLK/2 CLK/4gyncH
CLK/4 —ip_ ——
CLK8
et oo P [CTRBsynew
16 ns 0 0
<~—4ns—» ELID reF RESYNCRONIZING
c1 LATCH
\ CLK
T ] 1
ThP0pAER T b4 b DY |\ 6Re b2 b 0244
R
0246 bidisd6  [65H 6B oA
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FIG.4-30 Theresynchronizer waveformsto scale

TTIETAIUITESS Ar©ir arnigJar It 1T e 3ITautcu ar ©as.

The slope of the grey arearepresentsthelatch prop. delay tcygr - Heretepor =3ns.

CLK/8 risesafter the latch goestransparent. The %\ showstcgr, for therising edge.
It shows CLK/8 will have a 1ns skew.

|
‘ ‘ |
| | | |
| E | |
| | | | | | | I I I | | I I | | I
CLK/2 N o e mEEEEE Do i
e N N q% | L
CLK2syncH :ripple oou%ter: | : : T\ : : : \I : : : :
[ [ [ [ [ [l | [ [ | | | | [ [ [
0 2 4 6 8 101214161820 20 24 26 28
| |
|
|

i
ar

L1
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Data Resynchronization Between Skewed Clocks

Isochronic Regions And Data Signals Between Them
Consider a circuit so large that skew cannot be controlled over the whole circuit.

Within certain regions of the circuit the skew is small and causes no problem.
We call such regions isochronic regions.

The problem to be considered here is synchronizing the data signals that pass be-
tween isochronic regions.

CLOCK (

@

-

© John Knight Electronics Department, Carleton University 8/27/96
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FIG.4-31 Onemaster clock with isochronic regions

Herethe different delays are caused by a different number of clock buffers.
No Engineering graduate from Carleton would design this!
Morelikely, skew would be caused by:
- grossly different lengths of clock lead,
- adifferent type of lead to different areas;
perhaps coax to some areas and circuit board track to others,
- or differencesin the buffer loadings, perhaps a different number of flip-flops on each buffer.

ISOCRONIC REGION 1

© John Knight Electronics Department, Carleton University 8/27/96
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Cycle Skipping

FIG.4-32 Cycle skippingin data flowing from an early clock region to a late clock region.

Clock Cqinlsochronicregion 1, leadsthe clock in region 2.

A Qq change clocked by C4, will get through to D3 before Cs rises.
Then Q3 will change on the delayed rising-edge of C,.

Clearly the designer planned to delay Qz as shown by Qg (desired).

T C
REGION 2 1

Q3 (desired)

© John Knight Electronics Department, Carleton University 8/27/96
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Keeping The Clock Pure

Adding Delay To Avoid Cycle Skipping

FIG. 4-33 Delaying the datato compensate for clock skew.

Herethe clock skew is compensated by a data skew.
Thedataisdelayed by at least as much asthe clock.
Then Q3 will be properly delayed and there will be no cycle skipped.

Alternatel
B S aan i
REGION 2

CLOCK
‘ Q3=Q3 (desired)

Alternately choose a path that has several gates anyway.
Recall tpp was the propagation delay for gates between Q4 and D3
Make sure tpD > tSKEW‘

8/27/96

© John Knight Electronics Department, Carleton University

ClkDst-50



N %

Keeping The Clock Pure Resynchronizing The Data Lines To

)
)

Resynchronizing The Data Lines To Accommodate Clock Skew
There are two circuits, for resynchronizing data to compensate for clock skew.

They both insert a latch in each data line going between isochronic regions.

In the first circuit the latch is gated by the region which send the data.

n the second circuit the latch is gated by the region which receives the data.

Latches can be dynamic.
They are recharged every cycle.

© John Knight Electronics Department, Carleton University 8/27/96
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Method 1, for resynchronizing data

FIG.4-34 Resynchronizing data with a D latch, to compensate for clock skew.

Herethedelay isput in by a D latch.
Such alatch delaysthe signal half a clock period,
that isuntil the latch t goestransparent.

Thisallows a more automatic design than inserting gate-delaysasin FIG. 4-33.
Half a clock cycle should be more than adequate delay for deskewing.

LATCH LATCH

RECION 2 ©1 ['sTORING| TRaNsP[
=D
Q 2] atch Delay L
-
Q2:D3 L

Q3 = Q3 (desired)

© John Knight Electronics Department, Carleton University 8/27/96
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Method 1: Analysis of data resynchronization using latches in detail

FIG.4-35 Resynchronizing data signals.

Timing limitations of using latchesin data linesto compensate for clock skew.
The clock feed is changed so the skew might be positive or negative.

Also gates have been inserted in the latch leads.

Seethetiming diagram in FIG. 4-36.

© John Knight Electronics Department, Carleton University 8/27/96
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FIG.4-36 Timing diagram for data resyncronization

Thetiming diagram when there are delaysin the circuitry around thelatch.

It isused to derive bounds for the amount of skew the circuit can resynchronize.
Thedark squaresrepresent the flip-flop/latch input-to-output propagation delays.
Thelighter gray rectangles represent setup times.

t
LATCH LATCH i tovay
c, | STORING TRANSP h tcHov OF tcLor
Do — tpg(max) tseTuP

tpp(max) tehgy * tpr +icLgr T tp2 * tseTUP

< tork t tskew

teLor T tp2 titseTup < toLkie tiskew

tskew —mt  le—— ok — 3
Qs
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Resynchronizing The Data Lines To

Timing details for skew correction with latches in the data paths

Consider the data path Q,-> D, -> Q, -> D3 in the dashed oval in FIG. 4-36.
The shaded squares represent either a setup or a clock-to-output delay.
The delays along this data path, starting at the rising edge of C,, are-

tcHov *tp1 T teLor Hip2 +iseTUP
This must happen before the second rising edge of C, which is at -

L tok * tskew
after Cq rises. Thus

tcHov T tp1 T toLgr T ez *tseTup < ok ttskew (EQ4)
The first gate(s) delay, tp1, may extend into the transparent half clock cycle.

Thus for tp, = 0, and small internal latch/flip-flop delays,
tpy can approach tg i |,

However, Q, can never change before the latch goes transparent, so tp, is limited by
teLqr +tp2 *iseTup < toLksz * lskew (EQ5)

Thus for small internal latch/flip-flop delays and

tpy <tcLk/2,
[ tppcanapproach tc /2. |

This circuit can accommodate nearly 180° of negative skew (C; lagging).
and over 180° of positive skew (C, leading).

1. For tp; extended into the transparent half of the clock cycle, replacetc gt (Clock Low to Q Transparent) with tpy gy (D input
data Vaid to Q output Valid) in (EQ 4). They are usually about the same.

© John Knight Electronics Department, Carleton University 8/27/96
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FIG. 4-37 Timing diagram showing upper positive skew limit.

Thediagram isfor positive skew over 180°.

The upper bound for cycle skipping is shown.

Notethat D3 can rise up to a hold time after clock C, and still be captured as Qs.

t
LATCH LATCH i tovay
c, [ STORING| TRANSP [ | | tomov Or teror
h -« fclk—

=t
0 = HOLD

D r For tPl < tCLK/Z
2 t
= —cLer /> tskew < tcik/2 +teLQr *+te2 - tHoLp
, B
Q. [ fewk2 T L
\y\ ! For tpy >t k/2 (not shown)
D tpy
3 L4 tskew < tp1+tpvqv * tr2 - thoLb
< tskew—m
C, Vo
| i’ P Early Qz, Same clock cycle as Q;
Q3 | 1
""""""" ~—Desired Qg, next clock cycle after Q;
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The range of skew for which correction is possible

FIG.4-38 Timing diagram showing the meaning of positive and negative skew.

Positive skew of over 180° isa special case.
In this case a positive skew of 360°-0 is not the same as a skew of 6.
Thedifferenceisin which cycle Qz isintended to change. See the Q3 waveforms below.

Therestrictions on the skew are stated beside the waveforms.

LATCH LATCH C, clock taken as fixed

c W‘ TRANSP ? | ?
Q1

1
of [ L__f il
Qs L
Positive skew under 180°

c, | 4 | f (Same as for over 180°)
Ii—

Negative skew under 180°
[ tskew | < tcikre - teLot - tseTup - th2

Qs tskew < tcLk/2 +teLoT *tp2 - tHoLp
sz ] 4 | 4 | Positive skew over 180°
Q3 tskew < tcLk/2 +teLgr *tp2 - tHolp
© John Knight Electronics Department, Carleton University 8/27/96
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FIG.4-39 When clock skew isa problem

Thisshowsthat resynchronization isneeded only if the clock and data delay are in the same direction.
If they arein opposite directions, it reducesthe propagation delay Q; to Dj,4 .
If thisisa problem, compensate by slowing the clock period by the amount of the skew.

+Skew; Clock Delay In Same Direction as Data Delay
Hold-time violation likely

1D | Q1 h 1D L@ tpp(min) increased.
Lc1 c1 Need synchronization or

more delay in data path.
<+—O

-Skew; Clock Delay In Opposite Direction from Data Delay
Setup-time violation likely

tpp(max) decreased.

No synchronization needed
provided data-path delay is
within the reduced bound.

© John Knight Electronics Department, Carleton University 8/27/96
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Summary: First circuit for resynchronizing on the data lines

Positive skew

« If the data delay and the clock delay are in the same direction resyncronization is
needed.

« It can be omitted if one can guarantee the data delay is larger than the clock delay.

Negative skew

« If the data delay and the clock delay are in opposite directions no resyncroniza-
tion is needed.

» Setup time violations may become critical

For latch resynchronized data

1D
* A negatively gated latch, clocked from the data input circuit clock, can resyn-
chronize for skews of nearly tg /2.

¢ This latch is useful when the magnitude and sign of the skew are not well con-
trolled.

« Thelogic delay at the latch input tp;, can approach tc k. See (EQ 4)

« The logic delay at the latch output tp,, can approach tg /2, provided tp, is corre-
spondingly reduced. See (EQ 5)

e Thesum of tpy + tpy, can approach tc k. See (EQ 4).

© John Knight Electronics Department, Carleton University 8/27/96
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Resynchronizing The Data Lines To Accommodate Clock Skew; Circuit 2

The second resynchronizing circuit is much like the first.
The timing will be analyzed in Figures etc.

FIG.4-40 Resynchronizing data with a D latch, to compensate for clock skew.
Herethedelay isput in by a D latch.
Thelatch delaysthe signal half a clock period until the latch goestransparent.
Thisallows a more automatic design than inserting gate-delaysasin FIG. 4-33.
Half a clock cycle should be more than adequate delay for deskewing.

Q3 =Q3 (desired)

© John Knight Electronics Department, Carleton University 8/27/96
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FIG. 4-41 Resynchronizing data signalswith a latch; shown in more detail.

The schematic fro analysis of timing limitations of method 2.

The clock feed is changed so the skew might be positive or negative.
Also gates have been inserted in the latch leads.

Thetiming diagram for thiscircuit isgiven in FIG. 4-36.

REGION 2

© John Knight Electronics Department, Carleton University 8/27/96
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FIG. 4-42 Timing diagram for the data resyncronization; 2nd circuit
Thetiming diagram of the delays around the latch.
It isused to derive bounds for the propagation delays and skew.

i tcHov O tovoy

LATCH tDVQV = tmalidmalid is the time to
C, | TRANSP propagate through the transparent latch
e - — tpi(max)

tseTup

Bounding equations for delays and skew
tpa(Max)

tehy +tpa + tpvgy * tpz +tseTUP
< terk t+ tskew

tenov +tpr T ipvoy < tolk/2 +tskew

For long tpq near tpy(mMax), the timing may
be limited by the latch tSETUP’ not tDVQV.

tskEw = lt———tox ——>g

Q3
tcHov t tp1 * tseTup * tp2 + tsETUP
< tork t tskew
tcHoy *tpy + tseTup < teLk/2 + tskew
© John Knight Electronics Department, Carleton University 8/27/96
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Circuit 2; timing details for skew correction with latches in the data paths

The data path Q;-> D, -> Q, -> D3 is inside the dashed oval in FIG. 4-42.

The delays along this data path, starting at the rising edge of C,, are-
tcHov t tp1 * tovoy T tp2 * tseTUP

This must finish before the second rising edge of C, which happens at -
tork + tskew

Thus

tcHov * tp1 * tpvoy T tp2 HtseTup < terk t tskew (EQ6)

The signal propagation through the first gate(s) tp; must leave time for D, to change
and propagate to Qg before the latch stops being transparent.
Thus the logic propagation delay tp, is also limited by?!

tcLor ttp1 tipvoy < teiksz +tskew (EQ7)

For small tchgy and tserup,

¢ tpp can approach tc k/2,

¢ tpy can approach tg k.

¢ thesum tp; + tp, must be under tg k.

1. To bestrictly correct, one should replace tpy gy With Max(tpy v tseTup) in both (EQ 6) and (EQ 7). This
applies when tpy is near tp;(max) and the signal must be captured as the latch enters store mode.
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Summary of Method 2

This circuit can accommodate nearly 180° of negative skew (C, lagging).
It can accommodate over 180° of positive skew (C, leading).

For negative skew the output Qg changes slightly under tc ¢ after Q; changed, in the
transparent part of Cy.
The Qs timing is just as it would be with no latch.

Bounds on the skew are found by rearranging (EQ 7) and drawing another diagram.
For negative skew -

| tskewl < tcLo/2 - tohov-te1 - tovov - tea - tseTup (EQ8)
For positive skew -
tskew < tcLor+te1 + tovoy + toik/2 +tpo - tholp (EQ9)

Choice of Methods

Circuit 2 has similar properties to circuit 1.
The main difference is the allowable propagation delays tp; and tp,.

For long tpy > tc /2 use circuitl.
For long tp, > tc /2 use circuit2.

In both the sum tp; + tp, must be under te .
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