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Flip-Flop Analogy

(double door)



D Flip-Flop Analogy

[https://www.maglocks.com/sdc-two-door-airlockmantrapcleanroom-level- 1-kit.html]
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D Flip-Flop Analogy
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[https://www nortechcontrol .com/solutions/people/door-interlock/]
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[https://www insafe.com/activa-pro-interlock/]



Shift-Register Analogy

Door 1 Door 2 Door 3 Door 4

[https://tiimg tistatic.com/fp/1/004/777/door-interlock-controllers-by-radix-566.jpg]



Registers



Register
(Definition)

An n-bit structure consisting of flip-flops



Flip-Flop

[https://www .ebay.com/itm/223956811053 ?2chn=ps&mkevt=1&mkcid=28&var=522710005842]



4-bit Register




8-bit Register




Parallel-Access Register



1-Bit Parallel-Access Register
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The 2-to-1 multiplexer is used to select whether to load
a new value into the D flip-flop or to retain the old value.

The output of this circuit is the Q output of the flip-flop.
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1-Bit Parallel-Access Register
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If Load = 0, then retain the old value.



1-Bit Parallel-Access Register
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If Load =1, then load the new value from In.



1-Bit Parallel-Access Register
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2-Bit Parallel-Access Register
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2-Bit Parallel-Access Register
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4-Bit Parallel-Access Register
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4-Bit Parallel-Access Register
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4-Bit Parallel-Access Register
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Shift Register



A simple shift register
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[ Figure 5.17a from the textbook ]
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Shift Register Simulation
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Shift Register Simulation
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Shift Register Simulation
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A simple shift register
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(b) A sample sequence [ Figure 5.17 from the textbook ]
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A simple shift register
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The simulation goes

one step further
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[ Figure 5.17 from the textbook ]



A simple shift register
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A simple shift register
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A simple shift register
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A simple shift register
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You need 2 latches to make a flip-flop




4-bit Register




4-bit Register




A simple shift register
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A simple shift register
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A simple shift register
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Simulating a shift register
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Simulating a shift register
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Simulating a shift register
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Simulating a shift register
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Simulating a shift register
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Simulating a shift register
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Simulating a shift register
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Simulating a shift register
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Simulating a shift register
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Simulating a shift register
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A simple shift register

(b) A sample sequence

Q Q, Qs
D Q D Q Q
> Q r> Q r Q
(a) Circuit
In Ql Q2 Q3 Q4 = Out
Lt 1 0 0 0 0
4 0 1 0 0 0
Lt 1 0 1 0 0
5 1 1 0 1 0
Iy 1 1 1 0 1
0 1 1 1 0
t 0 0 1 1 1
L 0 0 0 1 1

Out

This stmulation
goes only up to here

[ Figure 5.17 from the textbook ]



Parallel-Access Shift Register



Parallel-access shift register
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[ Figure 5.18 from the textbook ]



Parallel-access shift register
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[ Figure 5.18 from the textbook ]



Parallel-access shift register

Parallel output
VAN

Q34 Q24 Q1 4 Qo 4
Shift/Load 4 ’ 4
Serial ' ' '
mput D Q D Q D Q D Q H
> Q > Q > Q > Q
Clock
V
Parallel input

When Load=1, this behaves like a parallel-access register.

[ Figure 5.18 from the textbook ]



Register File



Motivation

We would like to build a circuit that can store several
numbers which can be read or written independently.

Each number is stored in a separate n-bit register.

To write: a decoder selects which resister is enabled
for writing. An input bus provides the values.

To read: a set of multiplexers select which register
will be read and copied to the output bus.

Some register files come with two read ports.
In those designs the multiplexer circuitry is doubled.



Complete the following circuit diagram to implement a
register file with four 2-bit registers, one write port,
one read port, and one write enable line.
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Components of the Register File



2-t0-4 Decoder



2-t0-4 decoder
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[ Figure 4.14c from the textbook ]



2-to-4 Decoder with Enable Input
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2-to-4 Decoder with Enable Input
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2-to-4 Decoder with Enable Input
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4-to-1 Multiplexer
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4-to-1 Multiplexer
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[ Figure 4.2¢ from the textbook ]



Analysis of the 4-to-1 Multiplexer
(s4=0 and s,=0 )
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Analysis of the 4-to-1 Multiplexer
(s4=0 and s,=0 )

.Dc.

e




Analysis of the 4-to-1 Multiplexer
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Analysis of the 4-to-1 Multiplexer
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Analysis of the 4-to-1 Multiplexer
(s4=0 and s,=1)
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Analysis of the 4-to-1 Multiplexer
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Analysis of the 4-to-1 Multiplexer
(s4=1and sy,=1)

50 >0 0 0

1 4 Dc 9 0

0 W3
D

0




Analysis of the 4-to-1 Multiplexer
(s4=0 and s,=0 )




Analysis of the 4-to-1 Multiplexer
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Analysis of the 4-to-1 Multiplexer
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Analysis of the 4-to-1 Multiplexer
(s4=1and sy,=1)



Multiplexer Tricks
(select one of two 2-bit numbers)



Select Either A=A.A, or B=B,B,
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Multiplexer Tricks
(select one of four 2-bit numbers)



Select A=A,A, or B=B,B, or C=C,C, or D=D,D,
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1-bit Parallel-Access Register



1-bit Parallel-Access
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1-bit Parallel-Access
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1-Bit Parallel-Access Register
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Positive-Edge-Triggered D Flip-Flop

Clock _._[>o-——. — —

Rl



1-bit Parallel-Access Register

Load

|
N o
In—y

Y

Clock —o—DO——o

M

YL

Y

T




Putting it all Together



lw)
o
>
(
5l 2
— o ()
lw)
o
>
o

|
o
|
oy
@)

|
Q
|
@
)

e
w)
e
-
A4
[E—
o
|
w)
e
-,
(@)

Write_address_0 __|

wo  Jof-
Write_address_1 —w, »[~ 2 =35 2 8 Read_address_1
Write_enable —{z, Read_address_0

11

01

00

5 ¥

OUtl Outo



Register file with eight 10-bit
registers and two read ports



Register file with 2 read ports

Dataln P Regster D

L: Regster 1

— Regster 2

T —e ——1 Register3
{3 B

= —» Decoder ————1 Regsterd

i (-1 Register5

WriteEnb 4 Regster &

1 Regster 7

Gray lnes are 1-bit signals

Black lines are 10-bit signals

e adAddrA
L R
o
P
A
~ 81 MUX P OutA
et
L .
—
—
Namaaas
—
L o 81MUX [ Cuifl
.
—————fi

—
-

J

wdAddrB

- -
e

-

[https://jindongpu.wordpress.com/2012/03/07/register-file/]



Register file with 2 read ports

White Addr
b

10 Re adAddrA
Dataln \\ g Regster D L |
10 L
\\
Regster 1 -
J - MUX 4&- OutA
™~ 81 u

—  Regster 2 -
R

bus mux

—1  Regster 3
38
Decoder ——# Regsterd e -
R—— 10
i — Hegusterﬁ ~ &1 ML A_" OutB

—
e}

WriteEnb S Regster 6 bus mux

FT1
¢ Regster 7 |
ReadAddrB

Gray lnes are 1-bit signals

Black lines are 10-bit signals

[https://jindongpu.wordpress.com/2012/03/07/register-file/]



The 1281 CPU has a register file
with four 8-bit registers
and two read ports



B

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder B Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000 10100100/ 00000010
Code Memory /
. ”C 10 \ The Register File
8 9 10 . .
With Four Registers Jes
Registers i le Flags 4
> Ci2 Ci3
00000000] [X 11 0000
A g I\ J4
\\ N
< J 6 low
5 00000000 D 1015 S
v c 8 0\ 1018
6 C7 ALU Y 8 8 8
00000000] N Jon N 0
8 .8
2 \ 0 8 1/ 4 low
00000000 y Jer 1
48 1 J 8 4
N N
K / 8 4 |°99°| 00000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
J6 low N g | ©100[00000000
N 102 lc3 16 R low 0101]00000000
N B Switches —c—g@=< | 0110[00000000
U PdC 6 PC K 0111]00000000
6 pdate
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 8high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

J 8 low
N

OpCode
Decoder

Control

Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3

AR RN R RN

00000000000O0OO0OO0OOO0OOO

Code Memory

o o oo

Redqist Register A
egisters . Flags A
[A 00000000 ] 0000
J4
N
J 6 low
e B 100000000 1015 k
N \8 7;\‘ lcm
Y 8 8 8
C 00000000 N 0 .
’L,/ 4 low
D |o0000000 Jer |
\\8 4
4 | °°°°l00000101 .
8 0001[g0000000] | 4
1 1016 0010[00000000
] 0011[00000000] |=
6 low N g | ©100[00000000
102 103 16 8low 0101[00000000
PC CH B Switches ———g= i 011000000000
Uod ’ 6 PC 0 0111[00000000
6 pdate 6
A ) 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toooil 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
A} 100100
J 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Cgl 1Co C10
11 1 1C14
Registers Register B Flags 4
A 00000000 0000
14
J 6 low
g B [00000000 1015 N
N \8 0\ lclg
* 8 8 8
C [00000000 A —— " g
1 4 low
D [00000000 L~ lc” 11
48 4
A 7 | °focoo0ran] | |
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
6 low N g | ©100[00000000
102 1C3 _ 16 8low 0101{00000000
PC O Switches —c—g=x i 0110[00000000
Und < 6 PC 0111/00000000
6 pdate 6
¢ \ : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \ \
16 |toooil 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
A} 100100
J 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
1001111 11100000[ 11111011
101000[ 10100100( 00000010
Code Memory
C C C
s) Joo fen Jeu
Registers | Register C Flags 4
ce] Jen 0000
A [00000000
J4
N
J 6 low
g B [00000000 1015 N
N \8 0\ lclg
* 8 8 8
[C 00000000 N — "
1/ 4 low
D (00000000 lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
? 0011[00000000] =
6 low N g | ©100[00000000
102 1C3 _ 16 8low 0101{00000000
PC O Switches —c—g=x i 0110[00000000
Und < 6 PC K 0111]00000000
6 pdate 6
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



B

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
\ \
16 |toooil 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
A} 100100
J 8 low
100101 9T060706[06600005]| | NN R R RR RN
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000[ 10100100[ 00000010
Code Memory
Cgl 1Co C10
11 1 1C14
Registers . _ Flags 4
5] Register D cnl cis
A 00000000 . 0000
N
N
B 00000000 N6 low
8 1015 A
® \\8 0\ g g 9 lC]g
C [00000000 A —— " g
1 4 low
[D 00000000 L~ lc” 11
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
6 low N g | ©100[00000000
102 1(;3 Suitchos 6810w 0101{00000000
PC O witches ——g= i 0110[00000000
Und < 6 PC 0111/00000000
6 pdate 6
¢ \ : 100000
v Logic ~o [100000] J16 Data Memory

1281 CPU



Write

Register A

Enable

Clock

1
.__It:j'

0 0 0 L
D |—- | D Q= | D Qe | D Q}-=
ol r> 6— r> 6— r

e

1
___,v:i
lw)]

IN,

ING

IN:  IN,  IN;

8-Bit Parallel-Access Register

IN,

N,

IN,

B



VCC

Write

Register A

Enable

Clock

|
.

Reset

IN,

ING

IN,




Register A

A A A A A A A A
]\;I]lral.'}:)ele
DI DIE DOE DI POE ET PET P
wa [T [T [T [ [ [T [ [T

IN,

INg

INs  IN,  IN,

8-Bit Parallel-Access Register

IN,

N,

IN,



Write

Register B

Enable

Clock

-
l
-

0 0 0
D - . ED—D Q |- . D Qe ED—D Q|-
1

> QM l‘> QfF—

.

1
__Iv:i
lw)]

IN,

INg

INs  IN,  IN,

8-Bit Parallel-Access Register

IN,

N,

IN,




Write

Register C

Enable

Clock

-
L
-

0 0 0 0
D |—e- ED—D Q |- ED—D Q |- ) D Qf-e
1

> QP r> QFH—

IN,

INg

INs  IN,  IN,

8-Bit Parallel-Access Register

IN,

N,

IN,




Write

Register D

Enable

Clock

-

!
e

> QP r> QFH—

0 0 0 0
b ED—D Q |- ED—D Q e ) D Q-
1

IN,

INg

INs  IN,  IN,

8-Bit Parallel-Access Register

IN,

N,

IN,




B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000[ 11111011
101000 10100100/ 00000010
Code Memory
Csl 109 1010 1c14
Registers Flags 4
00000000 . 0000
\\
1
g 00000000 Jes N & low
N \8 0\ lclg
* 8 8 8
00000000 N o-—| 0 q
1/ 4 low
c _
00000000 l 17 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101{00000000
N B Switches —c—g@=< | 0110[00000000
PC 6 PC 0111/00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



4-to-1 Bus Multiplexer
(with 8-bit lines)

Cy4 'C5

A7 AO +

o0

P, ... P,

o]

C7 CO +
D7 DO —

s

o

o
oQwp

OO




AO—
BO_
CO_
Dy —

Qw >
»)



A1—

C1—
D1—

>
w
@

»)

>
w
@)
)

-

o



A2—
B, —
Cz—
D, —

>
oo
@)

w)

Po
A

AO—B

BO_ C

CO—D

i

A q

B

C

D

0



A —
B, —
C7—
D; —

>
vo)
@)

)

A6_
Be—
Cg=—

>
vo)
@

O

>
w
@)

)

o

A, —
B, —

D, —

>
oo
@)

)

o0

Az —
B; —
C; —
D;—

A

A2_B

Bz— C

C2_D

| oz

A g
B
C
D

Po
A

AO—B

BO_ C

CO—D

i

A q

B

C

D

0



Ar—
B; —
C,—
D; —

OO wp

A6_
BG—
Ce —

Ay— A
BO_ B PO
' CO_ C
A1 _ A DO_ D
B»] B P1
' C1 — C
A2— A D1 — D
Bz— B P2
' C2— C
D2— D
A;— A
B3— B P3
l C;—C
D3— D
Ai— A
B,— B P,
' Cs—C
A5— A D4— D
B5— B P5
' C5_ C
A Ds— D These 8 lines form the output bus
B for Port_0 of the register file.
Pe
C
D



A —
B, —
C7—
D; —

>
vo)
@)

)

A6_
Be—
Cg=—

>
vo)
@

O

>
w
@)

)

o

A, —
B, —

D, —

>
oo
@)

)

o0

Az —
B; —
C; —
D;—

A

A2_B

Bz— C

C2_D

| oz

A g
B
C
D

Po
A

AO—B

BO_ C

CO—D

i

A q

B

C

D

0



A —
B, —
C7—
D; —

>
vo)
@)

)

A6_
BG—
Cg=—

>
vo)
@)

O

>
w
@)

)

o

A, —
B, —

D, —

>
oo
@)

)

o0

Az —
B; —
C; —
D;—

A

A2_B

Bz— C

C2_D

' D2—

A 4
B
C
D
Py

Po
A

AO—B

BO_ C

CO—D

L

A q

B

C

D

0



A; —
B; —
C7—
D; —

COQw

/
| A
B.—| B
Ce—C
Ds— D

P,

/4
B — A
B
C5_C
D;— D
P

eI A

wRe N I TA

o

—_



A; —
B, —
C;, —
D; —

o O T/»

00

Cs||C5

pAp

5—B

C5—C

. Ds— D
Ce— C
Ds—{ D

o QO =/

o
&)

g A W/ L)

N
I
RN FA




0 1
C411Cs e s
] &1
KA A D1_
2_ 2
o= C
s
B; —8 P,
C;—C
4_A
B, —8B P,
{ C,4 C
A Ds—D
5_ s p5
] S—¢
K/—1 A D5_D
B —18 P,
Cs— C
Ds D

wNON SISWA

o

A; —
B, —
C; —
D, —

oAQp >




A7—
B7—
C7—
D7—

Villve =
)

BG—
CG_

%

Z
7N

6. —p
Cs— <
Ds —

5 P

B

D

P;

/ \
D T >
)

Yol WA



A7—
B7—
C7—
D7—

>
vy
@

O

<

A
Bl — .
BG—C
Ce— >
D6_

P

2
74

<

A
‘ _B
Bg—C
Cy— :
D3—

Py




B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 100011} 11010011f00000000 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100f 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000[ 10100100( 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X 0000
B \\4
¢ J 6 low
q 00000000 D 1015 N
N Co| |7 \\8 0\ g g . 1C18
00000000 | I S & °
B 1 4 low
C c —
00000000 | |p ~ Jer |
438 4
4 0000100000101 g
8 0001100000000] | Y.
= 1016 0010100000000
2 0011[00000000] =
J6 low N g | ©100[00000000
N
102 1C3 _ 6 Slow 0101[00000000
) Switches = By 1 0110{00000000
PC - 6 PC 0111[00000000
6 Update
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



4-to-1 Bus Multiplexer
(with 8-bit lines)

Ce 'C7

A7 AO +

0

Q... Qq

o]

C7 CO +
D7 DO —

s

o

o
oQwp

CO




A7—
B7—
C7—
D7—

Qw >
)

A6_
Be—
Cg=—

Qw >
»)

A, —
B, —

D, —

O w >
w)

0

A3—
B; —
Cy—
D3—

Qw >
»)

A2—
Bz—
C2—
D2—

QO w >
)

Qo
A

AO—B

BO_ C

CO—D

i

A -

B

C

D

9]

2



Ar—
B; —
C,—
D; —

OO wp

AG_
Be—
Ce —

Ay— A
BO_ B QO
' CO_ C
A1 _ A DO_ D
B»] B Q1
' C1 — C
A2— A D1 — D
Bz— B Q2
' C2— C
D2— D
A;— A
B3— B Q3
l C;—C
D3— D
A,— A
B4— B Q4
' Cs—C
B5— B Q5
' C5_ C
A Ds— D These 8 lines form the output bus
B for Port_1 of the register file.
Qs
C
D



A; —
B; —
C7—
D; —

COQw

Ce | |C7

pAp

Al — A

5—B

C5_C

. D;— D

BG—B QG
Ce— C
Ds D

oA w > /L)

wReN I TA

0

1



A; —
B, —
C;, —
D; —

CQw

CaOw

By —

Dy —

A
O W/
»)

I >A
oo

0

1



N

1]

IIU>A
o O

2

A; —
B, —
C7_
D, —

O QW

Be —
Ce —

74

B, —|

C5—
D5—

'u:(>A
@
o

0

1



A7—
B7—
C7—
D7—

Villvo =
)

74
7 o—

B
BG— -
CG—D

Villve =
)

7 —

Qo
CO—D
Q Dy —
A S
‘ _B
A, ’
C1—D
D1—
>
‘ _B
Doy = >
2_D
< o]
A o
‘ _B
B3— -
C3—D
D3—
Q,



A7—
B7—
C7—
D7—

QW >
w

/4

A

B

5_(:

C5_ Z

< D, —

1A -
S .
BG—C
Cg=— >

D6_

<

A
‘ _B
B3—C
Cy;— :
D3—

Q,




B

6 |100000] 00110100{ 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11) 11010011} 00000000 Decoder B Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
\ 100100 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000] 11111011
101000 10100100/ 00000010
Code Memory /
. ”C 10 \ The Register File
8 9 10 . .
With Four Registers Jes
Registers i le Flags 4
> Ci2 Ci3
00000000] [X 11 0000
A g I\ J4
\\ N
< J 6 low
5 00000000 D 1015 S
v c 8 0\ 1018
6 C7 ALU Y 8 8 8
00000000] N Jon N 0
8 .8
2 \ 0 8 1/ 4 low
00000000 y Jer 1
48 1 J 8 4
N N
K / 8 4 |°99°| 00000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] j=
J6 low N g | ©100[00000000
N 102 lc3 16 R low 0101]00000000
N B Switches —c—g@=< | 0110[00000000
U PdC 6 PC K 0111]00000000
6 pdate
\ : 100000
¢ v Logic ~o [100000] J16 Data Memory

1281 CPU



Counters



T Flip-Flop

(circuit and graphical symbol)

Clock

[ Figure 5.15ac from the textbook ]



The output of the T Flip-Flop
divides the frequency of the clock by 2




The output of the T Flip-Flop
divides the frequency of the clock by 2




A three-bit down-counter

.

Clock

Rl

_

Qo

Ol
\V4
Ol

Qi Q,

[ Figure 5.20 from the textbook ]



A three-bit down-counter

A b

Clock > Q| +—P ol —P 0o

Qo Qi Q;

The first flip-flop changes
on the positive edge of the clock

[ Figure 5.20 from the textbook ]



A three-bit down-counter

AL

T Q T Q
Clock > gl ¢ > o t > Q
Qo Q; Q;
The first flip-flop changes The second flip-flop changes

on the positive edge of the clock  on the positive edge of Q

[ Figure 5.20 from the textbook ]



A three-bit down-counter

1 l T Q T QI T Q
Clock > o ¢ > Q| +—P 0
Qo Q; Q;
The first flip-flop changes The second flip-flop changes The third flip-flop changes

on the positive edge of the clock  on the positive edge of Q on the positive edge of Q,

[ Figure 5.20 from the textbook ]



A three-bit down-counter

ul

Clock

QLTQ T Q

Rl
\%
Rl
\%
&)

Qp Q Q,

(a) Circuit
| |

5 4 3 2 1 0

(b) Timing diagram [ Figure 5.20 from the textbook ]



A three-bit down-counter

1~LTQ LTQ T Q

Clock > Q > Q > Q
Qo Q Q,
(a) Circuit
| |
Clock
east g I o [ 1 | o [1 0 | 1
significant
Q, 1 1 0 0 1 1 0
most o 1 1 1 1 0 0 0
significant | | | |
Count O 7 6 5 4 3 2 1

(b) Timing diagram



A three-bit down-counter

ul

Clock

QLTQ T Q

Rl
\%
Rl
\%
&)

Qp Q Q,

(a) Circuit

| | | | |
Clock
Qo toggles
on the positive
Qo | I I clock edge

5 4 3 2 1 0

(b) Timing diagram



A three-bit down-counter

ul

Clock

QLTQ T Q

Rl
\%
Rl
\%
&)

Qp Q Q,

(a) Circuit
| | |

> > Q, toggles
q on the positive
edge of Q,

5 4 3 2 1 0

(b) Timing diagram



A three-bit down-counter

1~LTQ LTQ T Q

Clock

Qp Q Q,

(a) Circuit
| |

Q, toggles
on the positive
| | | edge of Q,

0 7 6 5 4 3 2 1 0

(b) Timing diagram



A three-bit down-counter

ul

Clock

QLTQ T Q

Rl
\%
Rl
\%
&)

Qp Q Q,

(a) Circuit The propagation delays get longer

AT

(b) Timing diagram



Clock

A three-bit up-counter

Ol

L

Ol
Vv
Ol

[ Figure 5.19 from the textbook ]



A three-bit up-counter

The first flip-flop changes
on the positive edge of the clock

[ Figure 5.19 from the textbook ]



A three-bit up-counter

L

1 T Q T Q T Q
Clock Q > Q > Q
Qo Q Q,
The first flip-flop changes The second flip-flop changes

on the positive edge of the clock  on the positive edge of Q,

[ Figure 5.19 from the textbook ]



A three-bit up-counter

L

1 T Q T Q T Q
Clock (—) > (3 > (—)
Qo Q Q,
The first flip-flop changes The second flip-flop changes The third flip-flop changes

on the positive edge of the clock  on the positive edge of Q, on the positive edge of Q,

[ Figure 5.19 from the textbook ]



A three-bit up-counter

ul

Clock

Rl
Vv
Ol
Vv
Ol

Qp Q Q,

(a) Circuit

(b) Timing diagram
[ Figure 5.19 from the textbook ]



Clock

least
significant

Q

most
significant ~2

Count

A three-bit up-counter

ul

Clock

Al

T Q
> Q
Qo
(a) Circuit
| I
1 0
1 0
0 1
|
3 4
(b) Timing diagram

T Q
> Q

Q
0 1 0
1 1 0
1 1 0
6 7 0

[ Figure 5.19 from the textbook ]



A three-bit up-counter

ul

Clock

Rl

Clock

The count

1s formed < Q
s 1

by the Q’s

Al

Qp Q

(a) Circuit

(b) Timing diagram

[ Figure 5.19 from the textbook ]



A three-bit up-counter

l‘LTQ T Q T Q

Clock

Qp Q Q,

(a) Circuit

The toggling
< d 2
is done Q,

by the as

(b) Timing diagram




Clock

ul

Rl

Qo

(a) Circuit

(b) Timing diagram

Rl

@]

A three-bit up-counter

60 toggles
on the positive

clock edge



A three-bit up-counter

l‘LTQ T Q T Q

Clock

Qp Q Q,

(a) Circuit

S B

< S

(b) Timing diagram

61 toggles
on the positive

Edge of Q,



A three-bit up-counter

l‘LTQ T Q T Q

Clock

Qp Q Q,

(a) Circuit

> D

B

(b) Timing diagram

62 toggles
on the positive

edge of 61



A three-bit up-counter

ul

Clock

Rl
Vv
Rl
Vv
Ol

QO Ql Q2

(a) Circuit 1he propagation delays get longer

(b) Timing diagram



A three-bit up-counter

ul

Clock

Rl
Vv
Ol
Vv
Ol

Qp Q Q,

(a) Circuit 1he propagation delays get longer

AR

|4

<

\V%

Pa\

v

3 4 5 6 7 0

(b) Timing diagram
[ Figure 5.19 from the textbook ]



Synchronous Counters



A four-bit synchronous up-counter

1 —T QLT Q;D_LT Q———D—‘—T Q—
Qo
ClockT> Q r

[ Figure 5.21 from the textbook ]



A four-bit synchronous up-counter

1 —T QJ“T Q——B_J—T Q——‘B_I—T ol—
ClockT> Q l/> Q r> Q > Q

The propagation delay through all AND gates combined must
not exceed the clock period minus the setup time for the flip-flops

[ Figure 5.21 from the textbook ]



A four-bit synchronous up-counter

] —

Ol

Clock T >

Rl

D+

Ol

Daur

Ol

Clock

Qo

Qi

Q,

Q;

Count O

(a) Circuit

6 7

8

9

10 11

(b) Timing diagram

12 13

14 15

0

I
1

[ Figure 5.21 from the textbook ]



Derivation of the synchronous up-counter

Clock cycle | Q,Q; Qg
0 0O 0 O
1 0O 0 1
2 0 0
3 0O 1 1
4 0
5 1 0 1
6 1 0
7 1 1 1
8 0

Q changes
Q, changes

[ Table 5.1 from the textbook |



Derivation of the synchronous up-counter

Clock cycle | Q, Qq Qg
0 0O 0 O
1 0O 0 1
2 0 0
3 0O 1 1
4 0
5 1 0 1
6 1 0
7 1 1 1
Q 0

TO: 1
T, =Qy

T, =Qy Q

Q changes
Q, changes

[ Table 5.1 from the textbook |



A four-bit synchronous up-counter

Clock T

Dt

Q J‘ Q Q
Qo Q Q, Q3
T,= 1
T, =Q
T, =Q, Q

[ Figure 5.21 from the textbook ]



In general we have

To=1

T, =Q

T, =Qy Q
T5=QpQ;Q,

T = Qo Q;Q; ...



Synchronous v.s. Asynchronous Clear



Clock

2-Bit Synchronous Up-Counter

(without clear capability)

Rl (@)

Qo

el O

Q



Clock

Clear_n

Qo

2-Bit Synchronous Up-Counter
(with asynchronous clear)

~

el O

Q



2-Bit Synchronous Up-Counter
(with asynchronous clear)

Qo Q

) O>— T fl ) >— [ fL
all >TQ_

Clear n j

This 1s the same circuit but uses D Flip-Flops.



2-Bit Synchronous Up-Counter
(with synchronous clear)

Qo

— s QJ_ DD QL
I

Clock

Clear n s

This counter can be cleared only on the positive clock edge.

Vv
Rl
Vv
<l



Adding Enable Capability



A four-bit synchronous up-counter

Ol
\4
1
\4
Rl
\4
|

Clock —e—

[ Figure 5.21 from the textbook ]



Inclusion of Enable and Clear Capability

I DA DA D
ClockT>

Clear_n

—=O
Ol
|
Vv
_O
Ol
V
—1—0O
Ol
V
—C0
Ql

[ Figure 5.22 from the textbook ]



Inclusion of Enable and Clear Capability

This is the new thing relative to
the previous figure, plus the clear_n line

Enable L T Q T Q LD‘L T Q L}‘— T Q-
Clock 4+—p> > Q > Q
L k= i

Clear_n

¢—1O
ol
]
\Y
_O
Ol

[ Figure 5.22 from the textbook ]



Providing an enable input for a D flip-flop

Ol

Clock >

Clock

(a) Using a multiplexer (b) Clock gating

[ Figure 5.56 from the textbook ]



Synchronous Counter
(with D Flip-Flops)



A 4-bit up-counter with D flip-flops

Enable D Q Qo

J U U ?

3
U —
Z

[ Figure 5.23 from the textbook ]

Clock




A 4-bit up-counter with D flip-flops

Enable D— D Q 2
L J T flip-flop >

) > b o o
LJ T flip-flop >

D D Q Q,
LJ T flip-flop >

i > D Q Q;
u T flip-flop >
Z

[ Figure 5.23 from the textbook ]

Ql

Ql

Ql

Ql

Clock




Equivalent to this circuit with T flip-flops




Equivalent to this circuit with T flip-flops

el DA D DD
ClockT> l’> l’>

But has one extra output called Z, which can be used to
connect two 4-bit counters to make an 8-bit counter.

Ol
Ol
Ol
\Y4

Ol

When Z=1 the counter will go to 0000 on the next clock edge, i.e.,
the outputs of all flip-flops are currently 1 (maximum count value).



Counters with Parallel Load



A counter with parallel-load capability

Enable

Clock

ﬁ[%j}

=D

Q(J

—)O

—)O

pa:
I

[ Figure 5.24 from the textbook ]



How to load the initial count value

» >7 0
Enable l 7 D Q Q,
Dy !
—> 6

LD

pa:
|
Voo

1 —)O

pa:
|

pa:
I

Set the initial count on LT) 7
the parallel load lines Load
(in this case 5). Clock




How to zero a counter
Enable 1 —)Di ’ 1 D Q Qo

0 _)D O\loDQ Q,

1 —)D 0\|1DQ Q,

Set "Load" to 1, to open the LT) 7
"1" line of the multiplexers. |4 1

Clock




How to zero a counter
Enable 1 —)Di ’ 1 D Q 1 Qo

Dy

0 —)D U\loDQ 0Ql

1 —)D 0\|1DQ 103

0 —)D 0\|0DQ 003

When the next positive edge of | —t
the clock arrives, the outputs u
of the flip-flops are updated. 1

Load
Clock

D,

Ol




Reset Synchronization



Motivation

An n-bit counter counts from 0, 1, ..., 2"-1

For example a 3-bit counter counts up as follow
= 0,1,2,3,4,5,6,7,0,1, 2, ...

What if we want it to count like this
= 0,1,2,3,4,5,0,1,2,3,4,5,0, 1, ...

In other words, what is the cycle is not a power of 2?



What does this circuit do?

Clock

S O O =

Enable

[ Figure 5.25a from the textbook ]



A modulo-6 counter with synchronous reset

1 = Enable
0—1 Do Qo
0— D, Q
\ 0— Db, Q,
J Load
Clock
Clock
(a) Circuit
Clock
Qo
Q
Q,
\ | | | |
Count O 1 2 3 4 5 0 1

(b) Timing diagram [ Figure 5.25 from the textbook ]



A modulo-6 counter with asynchronous reset

U -

Q() Q1 Q2
Clock > Q > Q > Q
@) @) ]»
(a) Circuit
I

Clock

Qo

Q;

Q,

I I I I

Count 0O 1 2 3 4 5 0 1 2

(b) Timing diagram
[ Figure 5.26 from the textbook ]



A modulo-6 counter with asynchronous reset

U -

Q0 Ql Q2
Clock > Q > 0 > 0
(@) Q T
(a) Circuit The number 5 is displayed
for a very short amount of time
|

Clock

Q

Q

Q,

I I I I
Count 0 1 2 3 4 \5/ 0 1 2

(b) Timing diagram
[ Figure 5.26 from the textbook ]



Questions?



THE END



