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Previously

» Grouping FFs in a reqgister
« Composing shift registers
 Serial-in, serial-out
 Parallel-in, parallel-out

» Creating counters

= \erilog, contd.
* For loops

» Operators
 Logical
 Relational
« Equality



Let’'s Talk About...

Timing Analysis of Synchronous Circuits
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Learning Outcomes A

= Discover flip-flop timing constraints and parameters

« Setup and hold
» Clock-t0-Q

= Be aware of timing issues related to the clock—the skew
= Perform timing analysis, taking into account the timing constraints
» Understand metastability and how to handle it



Quick Outline

» FF Timing Contraints and

Parameters
n | ifeof D

» Meeting setup time
 Algorithm

= Meeting hold time
 Algorithm

= Example: Timing analysis
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= Clock Skew

ife of D, revisited

Veeting setup time

Meeting hold time

mplications of clock skew
—xample: With clock skew

Metastability




Flip-flop Timing
Constraints and Parameters
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Synchronous System Design

= |n practical circuits, the outputs of sequential logic elements (registers)
connect to the inputs of other sequential logic elements

= Typically, there is some combinational logic between FFs, which
implements the circuit functionality and, inevitably, introduces delays

= For correct circuit operation, timing constraints must be met

Source FF Qs »D_D Destination FF

—D Q . Combinational / 2 FE
FFs _ Logic i ° A

CLK

Fig. Generic structure of a synchronous system



D Flip-Flop Input Timing Constraints

= Signal on input D of a DFF must be stable around the active clock edge

= D must be stable during

 Setup time: time before the active clock edge
« Hold time: time after the active clock edge

CLK

= Otherwise, the input timing constraints
are not satisfied

O
SE e

= Violating the input timing constraints

leads to metastability ' 4ol

e TR T -

i
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https://www.asic-world.com/tidbits/metastablity.html

Metastability

= |f the signal on the data input D of a FF is not
stable around the active clock edge (during
the setup time or hold time), metastability
can occur

= Metastability behavior:

* First, the output of the FF gets stuck
at a voltage level between 0 and 1

« |ater, the output settles to logic 0 or T, Metastability
in a nondeterministic (random) manner

Image source: W. J. Dally, Lecture notes
Metastability and Synchronization Failure, 2005



D Flip-Flop Output Timing Parameters

» FF timing properties (not constraints)

= Contamination delay clock-to-q
is the earliest after the clock edge
that the output Q starts changing

= Propagation delay clock-to-q
is the latest after the clock edge
that the output Q stops changing

= \We can combine the above two
timing parameters under one name
* tcQ, clock-to-Q delay

CS-173, © EPFL, Spring 2025
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Meeting FF Timing Constraints

= The outputs of sequential logic elements connect to the inputs
of other sequential logic elements

= For correct operation, all "FF output” to "FF input” paths in
the circuit must meet timing constraints

Source FF Qs DD Destination FF

—D Q R Combinational / D Q
FFs _ Logic i
D Q D Q

CLK




Meeting FF Timing Constraints

= \We must ensure the correct timing of all D inputs in our circuit

= The value at the input of the FF must be stable for
« At least t«.np before the active clock edge
« At least twa after the active clock edge

Source FF Qs DD Destination FF

—D Q N, Combinational / D Q
FFs _ Logic i
D Q D Q

CLK



Life of D
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Life of D

Lasting One Clock Cycle
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Waits to be~ Born as Q

replaced

Gets captured

on the clock
edge
Waits to be
captured on
clock edge

of the
source FF

Journey through
combinational logic

Arrives at the
destination FF
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Born as Q of a Source DFF

And to get born took some time...clock-to-Q

= For an arbitrary sequence of values on the input D of the FF, the output Q
changes after the clock-to-Q delay; clock-to-Q delay can be any value in
the range between tcQ,min and tcQ max

= Example delays

TCLK = 1.6 ns

CLK | -

N !yt ! TN

teq — 0.3 ns teq — 0.2 ns tCQ.z 0.4 ns teq = 0.3 ns

Updating the output of the source FF (Qg) takes some (variable) clock-to-Q delay

CS-173, © EPFL, Spring 2025
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Journey Through Combinational Logic

Wild ride...

= D starts the journey as Qq

Q Combinational
S Logic

_>DD

» Ends the journey as Dy
* Input of the destination FF

= Duration of the journey: teomn

TeLk
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Arrives at the Destination FF

s After, in total, tco + tcomb

CS-173, © EPFL, Spring 2025
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Waits...

= _to be captured by the next clock edge

ToLk

1
E<—>E

th ~+ tcomb

th + tcomb th + tcomb th + tcomb

= During the "wait”, Dy should be stable

» The wait must be at least as long as the setup time #setup
for the destination FF to capture D correctly

CS-173, © EPFL, Spring 2025
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Gets Captured on the Clock Edge

» The destination FF takes the value on Dy and "works” on
memorizing it and passing it to the output Qg

TeLk

CS-173, © EPFL, Spring 2025
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LIFE OF D

D Waits...

= _to be replaced. The clock edge that captured is passed...

. Tork R
CLK | |
’ e \ o\ oo\
DD XXX >< hold: >< hold: >< hold: ><
th + tcomb th + tcomb th + tcomb th + tcomb

= The "wait” must be at least as long as the hold time tnod
for the destination FF to capture D correctly

CS-173, © EPFL, Spring 2025
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Meeting Timing Constraints
Checking for Setup and Hold Time Violations
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Meeting Setup-Time Constraints

Terk

— 1 i s S s SN
o [ (e (T

1 1 1 1 1 1 1
«—>: i <« i «— i «— >
1 1 1 1 1 1 1

A

th + tcomb th + tcomb th + tcomb th + tcomb

» The following expression must hold for all possible values of t.q and tcomp:
TCLK — (th + tcomb) 2 tsetup
= The worst-case constraint can be rewritten as

th,maX + tcomb, max T tsetup < TCLK — 1/fCLK



Algorithm for Finding f_ .,

= Algorithm for finding f,,
1. Identify all Q-to-D paths

2. For every such path
a. Compute its longest combinational delay

b. Find the shortest clock period that satisfies
the path’s setup-time constraint

3. Find the shortest clock period T« that satisfies
the setup-time constraints of all those paths

4. Compute f ., = 1/Tq«

CS-173, © EPFL, Spring 2025
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Meeting Hold-Time Constraints

. ToLk R
= o\ o\ o\
D, ><><>< >< o >< ol >< joid ><
th + tcomb th + tcomb th + tcomb th + tcomb

» The following expression must hold for all possible values of t.q and tcomp:
th + tcomb = thold

= The worst-case constraint can be rewritten as

tCQ,min + tcomb, min = thold



Algorithm for Checking Hold-Time Violations

= Algorithm for checking if hold-time
constraints are satisfied W
1. ldentify all Q-to-D paths

2. For every such path
a. Compute its shortest combinational delay .
b. Verify if hold-time constraint is satisfied

Hold-time constraints must be satisfied
for all Q-to-D paths

>
L _gue =
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Example: Timing Analysis

Counter
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Timing Analysis of a Counter

f Hold-time violations

max’

= Given the following FF timing constraints

EN
and parameters
° tsetup = 0.6 ns thold = 0.4 ns
* 0.8ns <t.qg <1nms
and gate delays taxp = 1.2 ns and txor = 1.3 ns
(a) Find the max operating frequency fimax
(b) Are there hold-time violations in this circuit?
Note: For simplicity, we will assume that EN is available without delay CLK

CS-173, © EPFL, Spring 2025
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' —‘)D b Q
5 .

jD b Q

_______________________________

Qo

Q1

Q2

Q3
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Timing Analysis of a Counter
f

max

= Step 1: Identity all Q-to-D paths
« Q0to DO
« Q0to D1
« Q0to D2
« Q0to D3
* Q1to D1
* Q1toD2
« Q1toD3
« Q2to D2
« Q2to D3
« Q3to D3

CS-173, © EPFL, Spring 2025

L S
s .
D
0
| —‘)D b Q
5 .
D b Q

_______________________________

Q0
—a

— Q2

Q3
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Timing Analysis of a Counter

f

max

= Step 2a: For each path, find longest comb. delay

Q0 to DO:
QO to DT:
Q0 to D2:
Q0 to D3:
QTtoD1:
QT to D2:
QT to D3:
Q2 to D2:
Q2 to D3:
Q3 to D3:

teomb(Qi, Dj) = (j — 1) X tanp +txor, 0 <i <5 <3

CS-173, © EPFL, Spring 2025

lecomb = txor = 1.3 ns

tcomb = tAND + txOR = 2.5 ns
tcomb = 2tAND + txor = 3.7 ns
tcomb = 3tAND + txor = 4.9 ns
tcomb = IXOR

tcomb = tAND + IXOR

tcomb = 2tAND + tXOR

tcomb = IXOR

tcomb = tAND + tXOR

tcomb = TXOR

L S
5 .
i Sy
0
' —‘)D b Q
5 .

jD b Q

_______________________________

Qo

Q1

Q2

Q3
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Timing Analysis of a Counter

f

max

= Step 2b: Find the shortest clock period that satisfies the path's setup-time

constraint

Q0 to DO:
Q0 to DT:
Q0 to D2:
Q0 to D3:
Q1 to D1:
QT to D2:
Q1 to D3:
Q2 to D2:
Q2 to D3:
Q3 to D3:

CS-173, © EPFL, Spring 2025

th,maX + tcomb, max T tsetup <TJcLk = 1/fCLK

tecQ,max + tXOR + tsetup = 1 + 1.3+ 0.6 = 2.9 ns

te@ max + tAND + txOR + tsetup = 1 +1.2 4+ 1.3 4+ 0.6 = 4.1 ns
tcQ max T 20AND + tXOR + Csetup = 9.3 1S

teQ max + 3tAND + txOR + Lsetup = 6.5 1S

teQ max T IXOR + tsetup = 2.9 ns

teQ max + tAND + txOR + tsetup = 4.1 1S

teQ max + 2LAND + txOR + Lsetup = 9.3 1S

te@,max T IXOR + tsetup = 2.9 ns

teQ max T LAND + tXOR + tsetup = 4.1 1S

te@,max T IXOR + tsetup = 2.9 ns

32
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Timing Analysis of a Counter
f

max

= Step 3: Find the shortest clock period T, « that satisfies the setup-time
constraints of all those paths:

Torx = max(2.9,4.1,5.3,6.5) = 6.5 ns

= Compute the highest operating frequency:

Note: max frequency is rounded down

fmax = 1/Tcork = 153 MHz

CS-173, © EPFL, Spring 2025
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Timing Analysis of a Counter

Hold-Time Violations

= Step 1: Identity all Q-to-D paths

= Step 2a: For each of the paths, find shortest
combinational delay

No need to repeat these steps in our example, because there is only
one path between every Q and D; its delay is unique (therefore, the min
equals the max). In another case, however, one should repeat these
steps, as there could be multiple paths between every Q and D.

CS-173, © EPFL, Spring 2025

_______________________________

Qo

Q1

Q2

Q3
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Timing

Hold-Time Viol

= Step 3: Verity if hold-time constraint is satisfied

Analysis of a Counter
ations

tcQ,min T tcomb, min = thold N —O -
« Q0toDO: tcQ,min + txor = 2.1 = thola = 0.4 ns b -
* Q0toD1: te@,min + tanD +txor = 3.3 = 0.4 ns O -
» Q010 D2: teq@min + 2tAND + txor = 4.5 > 0.4 ns | ' L 3
« Q0toD3: te@,min + 3taND + txor = 5.7 > 0.4 ns LJ
 Q1to D1: Same as Q0 to DO ) O+t e
« QTtoD2: Sameas Q0 to DT LJ P
e Q1toD3:Same as Q0to D2 |
- Q2 to D2: Same as Q0 to DO Lo )
+ Q2o D3: Same as QO to D1 U -
« Q3toD3: Same as Q0 to DO CLK——

CS-173, © EPFL, Spring 2025

Conclusion: All relevant paths satisfy hold-time constraints

Qo

Q1

Q2

Q3

35
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Clock Skew
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Q D
CIOCk Skew —D Q- .. Combinational ,.'"D_ D Q=
> FFs _ B Logic - > FFo al—
CLKSr Q CLKDr
Ag AD

CLK ' I

= |n real circuits, the clock signal may not arrive at all FFs at the same time
because of the variations in the delay of the wires that carry it

= Variation in the arrival time of the clock signal between different flip-flops is
called clock skew:
tskew = AD — AS
= A; is the arrival time of the clock edge to the FF;
= Clock skew should also be taken into account in the timing analysis



Clock Delays

= Clock arriving to the flip-flops is delayed with respect to the clock source
= For example, assuming Ap > Ag:

AS’ AD |tskew|

CLK

TeLk

CLKs ||

ToLk

CLK,

= Clock delays impact the timing of D; they should not be ignored



Clock Skew

Positive

lskew > 0
= Positive clock skew between CLK and —] ;
CLKg means that the rising edge of CLKj cLs | E—
is delayed (late) with respect to the rising — L
edge of CLK; CLKo | .
tskew = Ap —Ag >0 D, )

CS-173, © EPFL, Spring 2025 40



Clock Skew

Negative

tskew <0
= Negative clock skew between CLK, and — :
CLKg means that the rising edge of CLK, s .
is advanced (early) with respect to _ |
the rising edge of CLKg CLK, i -
tokew = Ap — Ag < 0 E
k D s < D, X : X

CS-173, © EPFL, Spring 2025 41



Life of D

In the Presence of Clock Skew

CS-173, © EPFL, Spring 2025
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Life of D

In the Presence of Clock Skew

= Born as Q of the source FF: appears after t.q with respect to CLK¢

CLK -
CLKy | | | -

CS-173, © EPFL, Spring 2025
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Life of D

In the Presence of Clock Skew

= Journey through the combinational logic: starts as Qg, arrives as Dy
= Duration of the journey: teomn

e I
ck | -
| ; ; —

CS-173, © EPFL, Spring 2025
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Life of D

In the Presence of Clock Skew

= Waits to be captured at the next rising edge of the clock CLKj
(the clock at the destination FF). The wait time must be at least fsetup

TeLk

i B
< »

CLK

LIFE OF D

CLKs

CLK,

th + fcomb th + tcomb th + tcomb th + tcomb
CS-173, © EPFL, Spring 2025 45
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Life of D

In the Presence of Clock Skew

= Gets captured by the next rising clock edge and then waits to be replaced,;
the "wait” must be at least t,01q

TeLk

CLK
CLKq
CLK, E i :
E E E : E Itholdé : E iholdi :
Dy SR B . P
FHE I ! S S I
th + tcomb th + tcomb th + tcomb th + tcomb

CS-173, © EPFL, Spring 2025
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Meeting Timing Constraints

In the Presence of Clock Skew

CS-173, © EPFL, Spring 2025



Meeting Setup-Time Constraints

In the Presence of Clock Skew

) Touk R
s, . Ap
CLK | -
CLKs B
CLK, |
oo I X ) = X

= The following expression must hold for all values of t.g and tcomb:
TCLK + AD - (AS + th + tcomb) 2 tsetup

= The worst-case constraint can be rewritten as

th,max + tcomb, max T tsetup — (AD — AS) < TCLK — 1/fCLK



What Changes if A < As

= Q: We derived the expression for testing setup-time
constraints assuming that Ag < Ap . What changes
if the relationship is different (Ap < Ag)?

= A: Nothing Toux .
Asi 0 LA
CLKs | .
oo T T -
t(:g:;jomb o

CS-173, © EPFL, Spring 2025 TCLK -+ AD — (AS -+ th + tcomb) Z tsetup




Meeting Hold-Time Constraints

In the Presence of Clock Skew

DSy
Ap
CLK N
CLKS— T
CLKD— 1
0, il X (e X

= The following expression must hold for all possible values of tcg and tcomb :
th + Lcomb + AS - AD > thold

= The worst-case constraint can be rewritten as

th,min + tcomb,min - (AD — AS) > thold



Implications of Clock Skew

« On the max operating frequency
« On meeting the hold-time constraints

CS-173, © EPFL, Spring 2025



Implications of Clock Skew

On the Max Operating Frequency

= Recall:
th,max + tcomb, max T tsetup - (AD — AS) < TCLK — 1/fCLK

= SUbstituting tskew = Ap — Ag:

th,max + tcomb, max T tsetup — Tskew < TCLK — 1/fCLK
1

.fmax,skew:()

1

fmax

— tskew —

tc@,rnax + tcomb, max T tsetup — lskew =

= Positive skew improves the max frequency:

1 > 1

.fmax, skew=0 frnax

fmax > fmax, skew=0

= Negative skew worsens the max frequency:

1 < 1

.fmax, skew=0 frnax

fmax < fmax, skew=0

CS-173, © EPFL, Spring 2025
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What Can One Do...

= Q1: ...if the circuit cannot work correctly at the desired frequency
due to unsatisfied setup-time constraints?

th,max + tcomb, max T tsetup — Tskew < TCLK — 1/fCLK

= A1: Redesign the combinational logic to reduce the combinational
path delay; try to increase the clock skew. In practice, we let
computer-aided design tools do this for us.

CS-173, © EPFL, Spring 2025
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Implications of Clock Skew

On Meeting the Hold-Time Constraints

= Recall:
tCQ,min + tcomb,min — (AD - AS) > thold

= Substituting tskew = Ap — Ag

th,min + tcomb,min — tskew = Thold

= Positive skew makes meeting hold-time constraints more difficult
= Negative clock skew makes meeting hold-time constraints easier

CS-173, © EPFL, Spring 2025 54



What Can One Do...

= Q2: ..if the circuit cannot work correctly due to unsatisfied
hold-time constraints?

th,min + tcomb,min — tskew = Thold

= A2: Insert buffers on the short combinational paths to increase
their delay; try to reduce the clock skew. In practice, we let
computer-aided design tools do this for us.

CS-173, © EPFL, Spring 2025
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Example: Timing Analysis

In the Presence of Clock Skew

CS-173, © EPFL, Spring 2025



Recall: Algorithm for Finding f__.

= Algorithm for finding f,,
1. Identify all Q-to-D paths

2. For every such path
a. Compute its longest combinational delay

b. Find the shortest clock period that satisfies

the path’s setup-time constraint
Remember to include clock delays in the expressions

3. Find the shortest clock period T« that satisfies
the setup-time constraints of all those paths

4. Compute f ., = 1/Tq«

CS-173, © EPFL, Spring 2025
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* FF timing parameters
(same as in the previous examples)

° tsetup = 0.6 ns thold = 0.4 ns

* 0.8ns <t.qg <1nms
and gate delays taxp = 1.2 ns and ¢xor = 1.3 ns
Assume clock delays:

A():O A1:0 AQIO A3:2DS

(a) Find the max operating frequency fmax
(b) Are there hold-time violations in this circuit?

Note: For simplicity, we will assume that EN is available at the rising clock edge

CS-173, © EPFL, Spring 2025

Timing Analysis with Clock Skew
f

L S
5 .
i Sy
0
' —‘)D b Q
5 .

jD b Q

_______________________________

Qo

Q1

Q2

Q3
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max

= Step 1: Identity all Q-to-D paths

= We already computed delays of all paths
(see earlier example); let us focus on
only the paths affected by clock delays

= As clock at FF3 is delayed, the Q-to-D paths
starting or ending at FF3 are the only ones affected
« Q0to D3
« Q1toD3
« Q2to D3
« Q3to D3

CS-173, © EPFL, Spring 2025

Timing Analysis with Clock Skew
f

L S
?b .
D
U -
LD
U —
B e S

_______________________________

Q0
—a

— Q2

Q3
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max

= Step 2a: For all paths, find the longest
combinational path delay

Q0 to D3: fecomb =3 X taND +txor =3 X 1.2+ 1.3 =4.9 ns
Q1 to D3: ftcomb =2 X taAND +txor =2 X 1.2+ 1.3 =3.7 ns
t
t

Q2 10 D3: tcomb = tanDp +txor = 1.2 4+ 1.3 = 2.5 ns
Q3 to D3:

comb = txor = 1.3 ns

CS-173, © EPFL, Spring 2025

Timing Analysis with Clock Skew
f

_______________________________

Qo

Q1

Q2

Q3
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max

= Step 2b: Find the shortest clock period that satisfies

the path’s setup-time constraint
Remember to include clock skew in the expressions

th,ma,x + tcomb,max + tsetup — (AD — AS) < TCLK

e Q0toD3: 1+49+0.6—(2—0) = 4.5 ns
e Q1toD3: 1+3.7+0.6—(2—0) =3.3ns
e Q2toD3: 1+25+0.6—(2—0) = 2.1 ns
e Q3toD3: 1+1.3+0.6—(2—2)=29ns

CS-173, © EPFL, Spring 2025

Timing Analysis with Clock Skew
f

L S
5 .
i Sy
0
' —‘)D b Q
5 .

jD b Q

_______________________________

Qo

Q1

Q2

Q3
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Timing Analysis with Clock Skew
f

max

= Step 3: Find the shortest period that satisfies all paths
» Clock period that satisfies all paths involving FF3: =N

max (4.5,3.3,2.1,2.9) = 4.5 ns

» Clock period that satisfies other paths is determined
by the path with the longest combinational delay:
Q0 to D2: tcomb =2 X tanD +txor =2 x 1.24+1.3=3.7 ns

Q0toD2: 14+3.7+0.6+ (0—0)=5.3 ns

* Finally, the shortest clock period that satisfies all paths
TcorLk = max(4.5,5.3) = 5.3 ns

= The max operating frequency is
CS-173, © EPFL, Spring 2025 frnax = 1/TCLK — 188 MHz
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' —‘)D b Q
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jD b Q

_______________________________

Qo

Q1

Q2

Q3
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Recall: Algorithm for Checking Hold-Time Violations

= Algorithm for checking if hold-time constraints are satisfied

1. Identify all Q-to-D paths

2. For every such path
a. Compute its shortest combinational delay

b. Verify if hold-time constraint is satisfied -
Remember to include clock delays in the expressions 5

Hold-time constraints must be satisfied
for all Q-to-D paths

63
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Timing Analysis with Clock Skew

Hold-Time Violations

= Step 1: Identity all Q-to-D paths

We already verified hold-time constraints

for all paths (see earlier example);

Therefore, we now focus only on the paths
iInvolving FF3, because clock at FF3 is delayed

Step 2a: Find min combinational path delay
* QOtoD3: tecomb =3 X taND +txor =3 x 1.2+ 1.3 =4.9 ns
e Q1toD3: tcomb =2 X tanD +txor =2 x 1.2+ 1.3 = 3.7 ns
* Q2toD3: tcomb = tanD + txor = 1.2+ 1.3 = 2.5 ns
* Q3toD3: tcomb = txor = 1.3 ns

CS-173, © EPFL, Spring 2025
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Timing Analysis with Clock Skew
Hold-Time Violations

= Step 2b: Given the clock delay to the source FF, >
verify if hold-time constraint is satisfied =N b ' .
th,min + tcomb,min — (AD — AS) > thold _,)D
*+ Q0toD3: 0.8 +4.7—(2—0) =3.5ns > 0.4 ns u | > @
« Q1toD3: 0.8 4+3.7— (2—0) = 2.5 ns > 0.4 ns |
*+ Q2toD3: 0.8+2.5—(2—0)=1.3ns > 0.4 ns i mDan )
.+ Q31t0D3: 0.8+ 1.3~ (2—2) =2.1 ns > 0.4 ns U [
D
= Conclusion: | U > G
All relevant paths satisfy hold-time constraints

_______________________________
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Metastability

= |f the signal on the data input D of a FF is not
stable around the active clock edge (during
the setup time or hold time), metastability
can occur

= Metastability behavior:

* First, the output of the FF gets stuck
at a voltage level between 0 and 1

« |ater, the output settles to logic 0 or T, Metastability
in a nondeterministic (random) manner

Image source: W. J. Dally, Lecture notes
Metastability and Synchronization Failure, 2005



Synchronizer

Shift Register

= Metastability concerns input signals that are not synchronous with the clock
(e.g., a person pressing a button on the device)

= Easy solution: insert a shift register on the external signal’s path

External signal D Q D Q Internal signal

(asynchronous) FE1 FF2 (synchronous)
CLK > Q > Q




Synchronizer

Shift Register, Contd.

= The output of FF1 is at risk of entering metastability, but if the clock period
is long enough, there should be enough time for the output of FF1
to converge to one of the logic values (0 or 1) sufficiently early before
the next clock edge. As a consequence, FF2 would operate correctly and
prevent the propagation of the metastability to other FFs in the system

External signal

(asynchronous)
CLK

Q
FF1_

FF2

Internal signal
(synchronous)

Low probability of metastability

High probability of metastability
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