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Recap: Key CPU Components

o

rd

CU ALU <«

\

Registers

Control Unit (CU):

1) To access system memory and cache;
2) To synchronise instructions execution;
3) Has special-purpose registers inside;
4) Other

Arithmetic Logic Unit (ALU):

1) To implement arithmetic and logic instructions;
2) Has no internal registers

Register File:

1) To syncronise input arguments provision to ALU;
2) To decode instructions;
3) To store ALU output



CPU Components: Circuit Types
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Control Unit (CU): Sequential

1) To access system memory and cache;
2) To synchronise instructions execution;
3) Has special-purpose registers inside;
4) Other

Arithmetic Logic Unit (ALU):

1) To implement arithmetic and logic instructions;
2) Has no internal registers

Register File:

1) To syncronise input arguments provision to ALU;
2) To decode instructions;
3) To store ALU output



CPU Components: Circuit Types

Control Unit (CU): Sequential

1) To access system memory and cache;
) To synchronise instructions execution;
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3) Has special-purpose registers inside;
// 4) Other
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—— Arithmetic Logic Unit (ALU): Pure Combinational
1) To implement arithmetic and logic instructions;
Registers 2) Has no internal registers
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1) To syncronise input arguments provision to ALU;
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3) To store ALU output
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CPU Components: Circuit Types

Control Unit (CU): Sequential

1) To access system memory and cache;
) To synchronise instructions execution;

N

3) Has special-purpose registers inside;
// 4) Other
ol ALU <|__ .
—— Arithmetic Logic Unit (ALU): Pure Combinational
1) To implement arithmetic and logic instructions;
Registers 2) Has no internal registers
A SN

" Register File: Sequential

1) To syncronise input arguments provision to ALU;
Rely on “flip-flop” clocked circuits, 2) To decode instructions;
which are based on latches 3) To store ALU output



Inputs Synchronization: Motivation
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Inputs Synchronization: Motivation

Expected execution:
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Inputs Synchronization: Motivation

Expected execution:
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Inputs Synchronization: Motivation

Expected execution:

Argl

Arg2

Opcode T

0, u+n 1 “_n
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Opcode | Argl | Arg2 (Exfiste N
0 0 1 1
1 1 1 0
0 0 0 0
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Opcode
Argl
Arg2

Res
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Inputs Synchronization: Motivation

Expected execution:

Reality (inputs arrive async.):

Opcode

L L
0: “+7, 1: %

Opcode  Argl | Arg2 (Ex:(::Ste d) Opcode | Argl | Arg2 (ReR:I;y)
0 0 1 1 0 uninit| 1 uninit
1 1 1 0 1 0 1 01
0 0 0 0 0 1 1 10
0 1 1 10 0 0 1 1

Opcode

Argl - NiNiT -

Arg2

Res
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Inputs Synchronization: Motivation

Expected execution:

Reality (inputs arrive async.):

Opcode

Opcode | Argl | Arg2 (Ex:(::Ste d) Opcode | Argl | Arg2 (ReR:I;y)
0 0 1 1 0 uninit| 1 uninit
1 1 1 0 1 0 1 01
0 0 0 0 0 1 1 10
0 1 1 10 0 0 1 1

Inputs synchronization is needed!

Opcode
Argl
Arg2

Res

L L
0: “+7, 1: %
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S/R Latch Inputs Synchronization Q
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No delay between S, R, and Q updates 0
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S/R Latch Inputs Synchronization Q
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S/R Latch Inputs Synchronization

S and R - outputs of other (different) circuits;

S and R update times are not syncronised, due to propagation delay:
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S/R Latch Inputs Synchronization

S and R - outputs of other (different) circuits;

S and R update times are not syncronised, due to propagation delay:
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S/R Latch Inputs Synchronization

S and R - outputs of other (different) circuits;
S and R update times are not syncronised;
* Invalid inputs combination is possible

S

R

________________________________________________________ |

Q

1

0

gprev

L O O | L | O
R | O = | O|>X

lllegal




Assumption:
Invalid latch state is reversible
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S/R Latch



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

Sl
R’ )
Step 1:
The inclusion .I CLK S/R Latch
of a clock \ |
generator Clock U

generator
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Clock Generator (Oscillator)

An electronic device, producing a periodic clock signal

Direct Current (DC) Alternating Current (AC)
from power supply

Clock >
Oscillator |

Clock signal (wave)

Clock oscillator — a physical device, that converts direct current (DC) from a power supply into an alternating periodic signal

Oscillation — a repetitive variation, typically in time, of some measure between two or several values

25



Clock Generator (Oscillator)

An electronic device, producing a periodic clock signal

Quartz Piezo-Electric

Oscillator
Direct Current (DC) 4 N Alternating Current (AC)
from power supply
................................................................................................................................................................................................................................................................................................. )
Y time
Clock signal (wave)
\_ J

Clock oscillator — a physical device, that converts direct current (DC) from a power supply into an alternating periodic signal

Oscillation — a repetitive variation, typically in time, of some measure between two or several values



Clock Signal Terminology

A

Deasserted state

/ Asserted state
Rising (or leading)
edge

N

\

Falling edge
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Edge-Triggered and Level-Triggered Timing Methodologies

S

Deasserted state

/ Asserted state

Rising (or leading)
edge

I

\

Falling edge
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Edge-Triggered and Level-Triggered Timing Methodologies

Edge-Triggered Circuit:

a circuit is activated either on a raising or a falling edge
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Edge-Triggered and Level-Triggered Timing Methodologies

Edge-Triggered Circuit:

a circuit is activated either on a raising or a falling edge
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Edge-Triggered and Level-Triggered Timing Methodologies

............................................................. L g S sy | L P U S S S S -.—_--)

time

Level-Triggered Circuit:

a circuit is activated either when clock signal is asserted,
or deasserted
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Edge-Triggered and Level-Triggered Timing Methodologies

Edge-Triggered:
a circuit is activated either on a raising or a falling edge

............................................................. | .I-—-——-)
j time

Deasserted state Asserted state

L _ Falling edge
Rising (or leading)

edge

Level-Triggered:

a circuit is activated either when clock signal is asserted,
or deasserted



Characteristics of a Rectangular Clock Signal

Tc - clock cycle time, or period, or cycle length (measured in ~ns)

I
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Characteristics of a Rectangular Clock Signal

Tc - clock cycle time, or period, or cycle length

Fc = 1/Tc - clock frequency (measured in “GHz)

I




Characteristics of a Rectangular Clock Signal

T, - clock cycle time, or period, or cycle length
C

Fc = 1/Tc - clock frequency (measured in ~GHz)

I

Clock frequency sets the tempo for the processor to execute instructions

35



Characteristics of a Rectangular Clock Signal

T, - clock cycle time, or period, or cycle length
C

Fc — 1/Tc - clock frequency

Ie

Clock frequency sets the tempo for the processor to execute instructions

Common characteristicts for modern general-purpose CPUs:
T, - a few nanoseconds, ~10~? sec
F . - a few gigahertz, 2-3 GHz

36
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Clock Signal Variations

(A waveform generator is used to control the form of a clock wave signal)

Square

Rectangular

Pulse

Sawtooth

Triangular

Sine

Clock
Oscillator

Waveform
Generator



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

Sl
R’ )
Step 1:
The inclusion .I CLK S/R Latch
of a clock \ |
generator Clock U

generator
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S

Step 2: Adding “AND” gate,
to propagate “S” at asserted
clock states only

R’ )
Step 1:
The inclusion E \DI CLK S/R Latch
of a clock |
generator ook H U1

generator



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S

>

Step 2: Adding “AND” gates,
to propagate “S” and “R” at
asserted clock states only

R
Step 1:
The inclusion I CLK
of a clock |
generator Clock

generator

S/R Latch
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S
Sl
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Step 2: Adding “AND” gates,
to propagate “S” and “R” at

asserted clock states only

\ R’ -
Step 1:
The inclusion I CLK S/R Latch
of a clock |
generator Clock

generator



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S

>

Step 2: Adding “AND” gates,

to propagate “S” and “R” at

asserted clock states only
R\
Step 1:
The inclusion I CLK
of a clock |

generator Clock
generator

Q

S/R Latch

Observation:

Inputs “S” and “R” make effect on “Q”
only when clock is asserted
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S
Sl
. “« ” /?
Step 2: Adding “AND” gates,
to propagate “S” and “R” at
asserted clock states only

Observation:
Inputs “S” and “R” make effect on “Q”

only when clock is asserted
R — Q

~ R’ )
Step 1:
The inclusion I CLK S/R Latch
of a clock |
generator Clock
generator
S — M
| t
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S
Sl
. “« ” /?
Step 2: Adding “AND” gates,
to propagate “S” and “R” at

asserted clock states only

Observation:

Inputs “S” and “R” make effect on “Q”
only when clock is asserted

~ R’ )
Step 1:
The inclusion I CLK S/R Latch
of a clock |
generator Clock
generator

c,y | .\ | ... 4 b o A

N Y S S [ |

) S S S S S W S
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S
Sl
. “« ” /?
Step 2: Adding “AND” gates,
to propagate “S” and “R” at
asserted clock states only

Observation:

Inputs “S” and “R” make effect on “Q”

only when clock is asserted
R — Q

~ R’ )
Step 1:
The inclusion I CLK S/R Latch
of a clock |
generator Clock
generator
ck 4 . A . 4 A o o
N Y S S [ |




Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S
Sl
. “« ” /?
Step 2: Adding “AND” gates,
to propagate “S” and “R” at
asserted clock states only

Observation:
Inputs “S” and “R” make effect on “Q”

only when clock is asserted
R — Q

~ R’ )
Step 1:
The inclusion I CLK S/R Latch
of a clock |
generator Clock S’ and R’ are updated only at these time intervals
generator (in other intervals they equal to 0s)
CLk | .« |« [ ~71 [ .« [I._ ”
S e [, I




Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S
Sl
. “« ” /?
Step 2: Adding “AND” gates,
to propagate “S” and “R” at

asserted clock states only

\ R’ -
Step 1:
The inclusion I CLK S/R Latch
of a clock
generator CIock
generator
cLg (... o\ ..., 4. L




Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S
Sl
. “« ” /?
Step 2: Adding “AND” gates,
to propagate “S” and “R” at

asserted clock states only

= R’ )

Step 1:
The inclusion I CLK S/R Latch
of a clock

generator CIock

generator

(079 G R A W NN R NN R R —
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

tother

| | |
| | |
E S S N\ g i
| |
: W :
| | |
| | |
: : 0
= : -\ R |
| | |
: W :
| | CLK | S/R Latch |
| \ I | | Assumption:
i( )i( )i Latch propagation delay AtlatCh is
| Atother | AtlatCh | insignificant, as compared to A
077G T N N N S MR R S S
S, S 1 r
R R N L
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S

Step 2: Adding “AND” gates,
to propagate “S” and “R” at
asserted clock states only

AN

— )

Step 1:
The inclusion I CLK
of a clock |
generator Clock
generator
CLK | ..
S, S

S/R Latch

Possibility of an
invalid state

(both S and R are 1s)
remains




Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

Step 3: Adding another latch
————————— (“slave”) with 2 “AND” gates

~
-

D e
7’ -~
7 ~<
7 \\
f' / AY
1 \
S’ :

Step 2: Adding “AND” gates,
to propagate “S” and “R” at

asserted clock states only
R\

RII ¢ :
Step 1: X //,
The inclusion I CLK Master Latch N Slave Latch e
of a clock _)| T T
generator Clock

generator
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop Step 3: Adding another latch

_________ (“slave”) with 2 “AND” gates
Stepd: .-~ TTTTmeee—l

S ’ Providin’g' Q . \\\
—— \.s ' ] s \

Step 2: Adding “AND” gates,
to propagate “S” and “R” at

asserted clock states only
R\

)

)

1

1

X \
' \
' 1
X |
' |
. 1
1

}

|

\

\

|/
\ﬂ R’ ‘ Q-}o—
|/

\ RII ¢ '
Step 1: Master Latch ‘\\ _j Slave Latch
The inclusion I CLK e oemEmEE T
of a clock T e
generator Clock

generator



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

—— -
- —~~ o

Stepd: .-~ TTTTTmee—al

Step 2: Adding “AND” gates,
to propagate “S” and “R” at

asserted clock states only
R\

S ’ Providin'g'Q .
a—— )

)
)
1
1
1
I
1
1
|
}
1
}
|
\
\

Step 3: Adding another latch
(“slave”) with 2 “AND” gates

|
\ﬂ R’ ' Q{>°—
|

\ RII ¢
Step 1: Master Latch ‘\‘\ Slave Latch
The inclusion I CLK el Pt
of a clock | ------------------
generator Clock

generator



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop Step 3: Adding another latch

(“slave”) with 2 “AND” gates

= ————
- -
- ~o

Stepd: -7 TTTTmeee—el N
S Providing'Q .
\ S " S" )
Step 2: Adding “AND” gates, ‘\‘
to propagate “S” and “R” at

asserted clock states only

)
)
1
1
1
I
1
1
1
}
1
}
|
\
\

W
=] R ' Q4>°
W

\
\
\

\

R\
Step 1: \

Master Latch N Slave Latch ,x/
The inclusion I CLK D S St
of a clock | »‘ ________________________

generator Clock Step 5: Providing an inverted clock signal
generator




Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

QFlnal

)

) i
CLK Master Latch

e A :

Clock . For Qfinal update at a falling clock
generator For Qfinal I>O edge: remove NOT gate in black,

and place another NOT gate at the
specified location

Slave Latch

update at a
rising clock
edge



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop Step 3: Adding another latch
e (“slave”) with 2 “AND” gates

Step4: .7

| X
Providing'Q | M
S/ ,l \ S” \\\

\
\
\

S

>

Step 2: Adding “AND” gates,
to propagate “S” and “R” at

|
I
A\
/|
asserted clock states only :
\ | Q
R \
)
|
|
I
!(

1
I
I
1

! \

! 1

! 1

! \

! 1

! 1
1
1
1
1

1

generator

A R’ ¢ ~[>c R ‘ .I
\ | | | ,"
'?'Leep'rlm:cl sion s \ | CLK Master Latch N { Slave Latch ) I,/
inclusi e L -

of a clock D| {>° _____________________ |
generator Clock Step 5: Providing an inverted clock signal |
|
|

Inputs S and R are propagated
through this subcircuit only
when clock is asserted
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop Step 3: Adding another latch
T (“slave”) with 2 “AND” gates

Step 4: /” ~~~~~~~~~~~~~~ I

|
Providing'Q I M
SI 'l \ S” \\\

S

>

Step 2: Adding “AND” gates,
to propagate “S” and “R” at

)
)
1
1

1
I
1
1
1
}
1
}
|
\
\

generator

A R’ ¢ ~[>c RII ‘ I
\ | | | ,"
'?'I1eep'r11:cl sion s \ I CLK Master Latch N { Slave Latch /:,/
inclusi e L -
of a clock [I| I>° _____________________ |
generator Clock Step 5: Providing an inverted clock signal |
I

I

I

A\

/|

asserted clock states only :

\ | Q

R \
)

|

I

I
I(

Inputs S and R are propagated Instead, inputs propagate
through this subcircuit only through this subcircuit only
when clock is asserted when clock is deasserted



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop Step 3: Adding another latch
T (“slave”) with 2 “AND” gates

Step 4: /” ~~~~~~~~~~~~~~ |

|
Providing'Q | M
SI 'l \ S” \\\

S

>

Step 2: Adding “AND” gates,
to propagate “S” and “R” at

I

I

A\

/|

asserted clock states only :

\ | Q

R \
)

|

I

I
I(

)
)
1
1

1
I
1
1
1
}
1
}
|
\
\

generator

A RI ¢ ‘DC R” ] | :
\ | | | ,’,
'?'Leep'rlm:cl sion | CLK Master Latch N I[ Slave Latch /:,/
inclusi e L -
of a clock \[h {>C _____________________ |
generator Clock Step 5: Providing an inverted clock signal |
I

Inputs S and R are propagated Instead, inputs propagate
through this subcircuit only through this subcircuit only
when clock is asserted when clock is deasserted

Latch propagation delay
is negligible



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop Step 3: Adding another latch
(“slave”) with 2 “AND” gates

|
| T |
: Step4: .- : ~~~~~~~~~ N
S | Providing'Q | I*
\! Sl L \! SII I\
/? ', ! \\\
Step 2: Adding “AND” gates, J ; /i L
to propagate “S” and “R” at : ! : : ‘.|
asserted clock states only : I| : | ',
1 I 1
| \ | !
I n
| ', I Final
| LR T LR T
\ I J
\ I
Step 1: J ' J | 7
I Master Latch N I Slave Latch g
The inclusion | CLK | {>C ) U e
of a clock | | -—:— ____________________ |
generator Clock : Step 5: Providing an inverted clock signal : :
generator | | I
| |
) 0 >
| |

Propagation takes place Propagation takes place when
when clock is ASSERTED clock is DEASSERTED
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop Step 3: Adding another latch
(“slave”) with 2 “AND” gates

| |
| T ,
: Step 4. ,// : ____________ |
S | Providing'Q | M
\ S/ L \l SII : \
/? ', ! \\\
Step 2: Adding “AND” gates, J ; /i L
to propagate “S” and “R” at : ! : : ‘.|
asserted clock states only : l| : | ',
1 I 1
| \ | !
| n
| ! | .
' ! 0 ~[>c | I N .‘
~ \ R : \_R o
|‘ I )
\ I
Step 1: J ' J | -7
I Master Latch N I Slave Latch g
The inclusion I CLK I {>C N I
of a clock | | b o |
generator Clock : Step 5: Providing an inverted clock signal :
generator | :
|
< >

Propagation takes place
when clock is ASSERTED

Propagation takes place when
clock is DEASSERTED

CLK:

QFinal is updated only at the decreasing clock edge »



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop Step 3: Adding another latch

(“slave”) with 2 “AND” gates

= ————
- -
- ~o

Stepd4: .7 TTTTTmeeeal

S Providing Q N
\ S’ L S” Y
ﬁ \

Step 2: Adding “AND” gates,
to propagate “S” and “R” at
asserted clock states only

R Ql
=] R >
Jep CLK _j Master Latch ‘\\ Slave Latch e
The inclusion I {>C b Pt
of a clock L

generator Clock Step 5: Providing an inverted clock signal
generator




Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S

) s

J

Master Latch

ﬂ S//

-

CLK

[

0 Final

Slave Latch

A clock signal, which governs the entire activity (that is the propagation of electrical signals) in our circuit;
A clock periodicity is decided by a computer architect, accounting the expected propagation delays
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S —\ I ﬂ N
) +H

R 0 0 Final

CLK Master Latch Slave Latch
[ >
S
R

Input signals for S and R (given)
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S —\ Y j N
| +H

R 0 0 Final

N Dl CLK Master Latch {>c Slave Latch
e [ 1 (1 [ 1 [ 1 [ 1 [ 1 [ .,

| —

Time intervals, when S” and R’ are set to S and'R, respectively (due to an asserted clock signal);
S’ and R’ are always reset to Os in all other time intervals, independently of input values S and R



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S

D s

j S//

-/

0 Final

Master Latch

Slave Latch

S’ = (S, CLK)




Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

j S//

|

0 Final

S —\ g
_
R , Q
s =
CLK aster Latch
9[]l Master Lat {>c

Slave Latch
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S —\ I j N
) +H

R 0 0 Final

N Dl CLK Master Latch {>c Slave Latch
e [ 1 (1 [ 1 [ 1L [ 1 [ 1 [ .,
S'=f(S,CLK) [l n.. ... 1T - . IN

R' = f(R,CLK
Ry



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S

) s
»

j S//

-/

Master Latch

0 Final

Slave Latch

R = f(R,CLK)
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

Sl SII
— )
R | 0 ) 0 Final
Da b
a
CLK Master Latch Slave Latch
-1 >
S'=f(S,CLK) [l n.. ... 1T - [
e=f& R | I | 2

(does not depend on CLK directly)

Recap: Whenever R’ and §’ go to Os, Q retains its value unchanged (the property of a latch)
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S —\ S, j S//
_ -/
R | 0 ) QFinal
T\ F el ) 5
CLK _/ Master Latch __/ Slave Latch
) >
S
R
S'=f(S,CLK) [l n.. ... 1T - [
o=fs Ry | 20 N

An invalid state
(due to S’ and R’ both set:to 1s);
Assume the value of Q is to be unknown
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Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

j S//

|

S —\ g
J
R , Q
s =
CLK aster Latch
9[]l Master Lat {>c

R" = f(R,CLK)

Slave Latch

Q=f(S,R)

0 Final
.................... N
.................. [ s
?



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S

) s

j S//

-+

Master Latch

0 Final

Slave Latch

R" = f(R,CLK)

Q=f(S,R)

\

!

Time intervals, when S”” and:R” are set to Q and 6, respectively; S” and R” are reset to Os in all other time intervals



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

S

) s

Master Latch

D 5
L

0 Final

Slave Latch

R" = f(R,CLK)

Q=f(S,R)

S" = f(Q,CLK)

— N

Despite of invalid Q,
value $””is 0,
due to a clock signal value



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

D\ s

j S//

-/

Master Latch

0 Final

N Dl CLK
S N IS N—
I R R
R
S'= f(S,CLK) []

Slave Latch

R" = f(R,CLK)

Q=f(S,R)

S§" =f(Q,CLK)

R" = f(Q,CLK)

The same reasoning, as
on the previous slide



Transformation of an Asynchronous Latch into a Synchronous Flip-Flop

) s

j S//

-/

Master Latch

QFinal

N Dl CLK
S N IS N—
I R R
R
S'= f(S,CLK) []

Slave Latch

R" = f(R,CLK)

Q=f(S,R)

S§" =f(Q,CLK)

R" = f(Q,CLK)




Transformation of an Asynchronous Latch into a Synchronous Flip-Flop Step 3: Adding another latch
(“slave”) with 2 “AND” gates

| |
| T ,
: Step 4. ,// : ____________ |
S | Providing'Q | M
\ S/ L \l SII : \
/? ', ! \\\
Step 2: Adding “AND” gates, J ; /i L
to propagate “S” and “R” at : ! : : ‘.|
asserted clock states only : l| : | ',
1 I 1
| \ | !
| n
| ! | .
' ! 0 ~[>c | I N .‘
~ \ R : \_R o
|‘ I )
\ I
Step 1: J ' J | -7
I Master Latch N I Slave Latch g
The inclusion I CLK I {>C N I
of a clock | | b o |
generator Clock : Step 5: Providing an inverted clock signal :
generator | :
|
< >

Propagation takes place
when clock is ASSERTED

Propagation takes place when
clock is DEASSERTED

CLK:

QFinal is updated only at the decreasing clock edge .



‘------------------T ---------------------------------------------------------------------- -i

Input Registers

Reg. O

Reg. 1

Reg. 2

Arg 2

Result

Output Register

T Opcode

>|:|~ Reg. 3
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Reg. O

Reg. 1

Reg. 2

Arg 2

Result

‘ ------------------- r ---------------------------------------------------------------------- -E

Input Registers

Output Register

T Opcode

Registers are constructed of Flip-Flops

>. Reg. 3
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