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Memory
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Memory or Register Bit

based on a “D Flip-Flop” --- other designs are more efficient

Data In
NAND NAND Data Out

Write ™

o)




Memory or Register Bit

based on a “D Flip-Flop” --- other designs are more efficient

Data In
AND . AND W Data Out

Write ™

AN AND h’




Memory or Register Bit

based on a “D Flip-Flop” --- other designs are more efficient

0
Dataln O 0 0 0
— A" W AND -2 W 0 0 Data Out

0

Write 0 ™

0

0 0 0
AnD -2 W 0 - AND b
0 0

Power is just switched on — everything is at 0 momentarily.




Memory or Register Bit

based on a “D Flip-Flop”

0
Dataln O 0 1 1
0 AND W AND L b 0 0 Data Out

No change 1 Data out stays at 0

Write 0 ™
0
0 0 1
1 0
. AND W 1 ™ W
0 1

Logic gates activate — no input yet, and no change in output




Memory or Register Bit

based on a “D Flip-Flop”

Dataln 1

Data changes to 1

Write 0

AND )2 W :

1

0 Data Out

AND 1 )

0

0 1
AND W -

AND -2 W 1

Data In changes, but Write stays at 0 -- no change in output

Data out stays at O



Data In

Data changes to O

Write

0

0

Memory or Register Bit

based on a “D Flip-Flop”

AND )2 W :

1

0 Data Out

AND 1 0

0

0 1
AND W -

AND -2 W 1

Data changes back, but Write stays at 0 -- no change in output

Data out stays at O



Memory or Register Bit

based on a “D Flip-Flop”

Dataln 1

Data changes to 1

Write 0

AND )2 W :

1

0 Data Out

AND 1 0

0

0 1
AND W -

AND -2 W 1

Data changes again, but Write stays at O -- still no change out

Data out stays at O



Memory or Register Bit

Dataln 1

Write changes to 1

Write 1

based on a “D Flip-Flop”

AND - W -

0

AND NOT

1 Data Out

1

0 1
AND W -

AND }= W 0

Now Write changes to 1 --- the output changes to 1

Data out changesto 1



Memory or Register Bit

based on a “D Flip-Flop”

1
Dataln 1 0 1 1
AND W AND 2 noT>0-L 1 Data Out

: 0
Write changes to 0 0 Data out stays at 1

Write 0 T™
1
0 — 1 0
1 0
. AND W : AND W
1 0

Write changes back to 0 --- the output stays at 1




Memory or Register Bit

based on a “D Flip-Flop”

1 Data Out
Data out staysat 1

0
Dataln O 0 1 1
_ AND W TR

Data changesto 0 0

Write 0 ™

Data In also changes back to 0, but the output stays at 1
because Write is still 0.



Data In

Write changes to 1

Write

0

1

Memory or Register Bit

based on a “D Flip-Flop”

AND -2 W -

1

AND NOT

0 Data Out

0

1 0
AND W =

AND }-2 W L

When Write changes to 1 --- the output changes to the input O

Data changesto 0



Data In

Write changes to O

Write

0

0

Memory or Register Bit

based on a “D Flip-Flop”

AND }-> W -

1

0 Data Out

AND NOT

0

0 1
AND b -

AND }-2 W 1

Write changes back to 0 --- the output will continue to hold it’s

value, whatever it is.

Data out stays at O



Memory or Register Bit

Dataln 1

Data changesto 1

Write 0

based on a “D Flip-Flop”

AND }-> W -

1

0 Data Out

AND NOT

0

0 1
AND b -

AND }-2 W 1

Even though Data In changes to 1 the output continues to hold

it’s previous value.

Data out stays at O



Dataln 1

Memory or Register Bit

based on a “D Flip-Flop”

1

Write stays at O

Write 0

[ ]
0
0
$
0
0
0
0
0
r
0
0
0

‘---------------

0

0

N

0
AND -2 1' 1

1

0 Data Out

AND 1 0

o

If Write stays at zero, these two pairs of
AND and NOT gates will always output 1,
no matter how the Data In changes. This
means the Flip-Flop will hold its previous

value.

AND }-C W -

Data Out
remains the
same.



Data In

Write stays at O

Write

1

0

Memory or Register Bit

based on a “D Flip-Flop”

AND

>

=

O
o

(J
[ERY
Poooocooososoes
[EY

Y/

0 Data Out

This is the Flip-Flop part.

As long as the two inputs from the NOT
gates to the left are both 1's, the Flip-Flop

will not change it’s output.

Data Out
remains the
same.



Memory Address Decoding
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Address Decoder

Input from Address Bus
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Address Decoder

Input from Address Bus
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Bus Control
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Bus Control i
OPC 1M
- ¥
lnputs From Bus . FETCH
| “Secisres

A M\ 1L db Control Line Input
Output

All output is 0 if Control Line is O
|dentical to Inputs From Bus if Control Line is 1



Bus Control
2PC IM
Inputs From Bus " FeTeH
| ||'I'|1'.'|||‘:.|.._':.|F:L:'"-|
0 1 0 1 1 =i
N /N q\ 4k O Control Line Input
0 0 1 0 0 0 1 0 1 0

AND AND AND AND AND
0 0 0 0 0
Output
v All output is 0 if Control Line is 0 §

e LA e L A P

Identical to Inputs From Bus if Control Line is 1



Bus Control
2PC IM
Inputs From Bus " FeTeH
| ||"|'.'|||‘|.|.._':.|||.:'"-|
0 1 0 1 1 =
N /N q\ k 1 Control Line Input
0 1 1 0 1 1 1 1
AND AND AND AND AND
0 1 0 1 1
Output

All output is O if Control Line is 0

sldentical to Inputs From Bus if Control Line is 10



Incrementor
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Incrementor

Left bus into ALU

Carry out T ud b ! o

Output
Input number + 1




Incrementor INC opcode
00101 + 00001

Left bus into ALU 5 + 1
O 0101
0 0) 1 0) 1
1
Carry out O O _ O ) O 1
Decimal | ‘ ‘ |
equivalent O 0110
00101 5 Output
+0 00 0 1 + 1 Input number + 1

00110 6



Arithmetic and Logic Unit
(ALU)
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ALU
(Arithmetic and Logic Unit)

Jump Logic Arithmetic
Left bus into ALU Right bus into ALU Left bus into ALU Right bus into ALU

Inequality (Greater Than)

Inverter

Incrementer
1
j Turn on left bus to
Incrementer crossover
1 [
Turn off left bus to
Incrementer crossover
Control Lines In
Greater Than
Less Than or Equal
Greater Than or Equal
L Less Than
L Five Bit Adder Activate Five Bit Adder
Not Equal
Control Lines In
INC
suB
ADD

Jump Decision Out ALU Data Bus Out



ALU - Invertor



Bus input

Invertor

OQutput

twos complement of the input bus



Invertor

Bus input
00101
071 \% 11 R%
HRRE
11010
OQutput

twos complement of the input bus



ALU - Five Bit Adder



Five Bit Adder

Inputs from Left and Right Busses into the ALU
Left bus into ALU

Right bus into ALU

(.
\

Carry out  e=——y I

[

/-
e
-

\__\r L
\_\r
<&
(S

Output

Accurate addition of two 5-bit binary numbers.



Five Bit Adder

Inputs from Left and Right Busses into the ALU
Left bus into ALU

1 0010
Right bus into ALU
00111
1 0] 0] 0
| ] | | | o
1 1
4
Carry out  +=——j I I
0 0 1 0] N
| v \
|
1 1 0 0 1
Decimal | ‘ ‘ |
equivalent 1 1 O O 1
1 0010 18 Output
+0 0111 + 7

Accurate addition of two 5-bit binary numbers.

11001 25



ALU - Equality



Equality

Inputs from Left and Right Busses into the ALU

Left bus into ALU

Right bus into ALU

7\ 7\ 7\ 7\
7\ 7\ 7\
7\ 7\

Output

1 if Left equals Right, 0 otherwise



Equality 01100 = 00101
12 = 5

Inputs from Left and Right Busses into the ALU

Left bus into ALU

01100
0
0
1 Right bus into ALU
1 00101
O LI\ LI\ LI\ LI\ 0
LI\ LI\ LI\ 0
LI\ 1
LI\ O
1

[EnY
=

1
Output

1 if Left equals Right, 0 otherwise



ALU - Greater Than



Inequality — Left > Right

Inputs from Left and Right Busses into the ALU
Left bus into ALU

Right bus into ALU

A A A A
A A A
A A

A N

OQutput

1if Left > Right, 0 otherwise



OoOr = OO

Left bus into ALU
01100

Inequality — Left > Right

Inputs from Left and Right Busses into the ALU

01100 > 00101
12 > 5

Right bus into ALU
00101

1
Output

1if Left > Right, 0 otherwise

= O O o



End of ALU



Control Circuitry
Ring Counter
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Ring Counter

based on a “D Flip-Flop” — other designs are more efficient




Ring Counter
based on a D Flip-Flops

Clock

Reset

Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6



Ring Counter
based on a D Flip-Flops

—
) DSETQ DSETQ DSETQ DSETQ DSETQ DSETQ_
CLR 5 CLR 6 CLR 5 CLR 5 CLR 6 CLR 6
Clock
Reset 1
Reset

Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6



Ring Counter
based on a D Flip-Flops

Clock

Reset 0

0 1 0 0 0 0

Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6



Ring Counter
based on a D Flip-Flops

Clock

Reset 0

0 0 1 0 0 0

Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6



Ring Counter
based on a D Flip-Flops

Clock

Reset 0

0 0 0 1 0 0

Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6



Ring Counter
based on a D Flip-Flops

Clock

Reset 0

0 0 0 0 1 0

Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6



Ring Counter
based on a D Flip-Flops

Clock

Reset 0

0 0 0 0 0 1

Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6



Ring Counter
based on a D Flip-Flops

Clock

Reset 0

1 0 0 0 0 0

Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6



Control Circuitry
Fetch
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Fetch in

(from
Execute execute  Clock
out circuitry) i

Fetch Circuitry

Ring Counter

If HALT, INC, and
NOT, then reset
the Ring Counter,

]
Increment Increment Fetch Increment Fetch H
Program Program Operand Program Jump H
Counter Fetch Opcode Counter Address Counter Address H

'

= =

.

Lo = q D~ q D~ q D~ q D~ q DSHQ_:

]

—1P D> D> D> D> D> H

- - - - - - '

a Q w Q a Q w Q w Q w Q H

H

'

]

'

.

]

'

Reset H

Ldeccccccccccccdheccccccccccccccccfeccccccccccccccccfecccccccccccccancleccccacccncccceadeccccccacaaaaaaadld
Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6

Opcode In

Decode to determine
how many additional
fetches are needed.

-

If not JEQ, INE,
ILT, JGE, JGT, or
JLE then reset the
Ring Counter.

Fetch Opcode

Fetch Operand Address

T

If IMP then fetch the
Jump Address
otherwise fetch the
Operand Addreass.

Fetch Jump Address

Only JEQ, JNE, JLT,
JGE, JGT, or JLE will
make it to here
because of the resets
at Clock 2 and Clock 4.

Increment Program Counter

| =

Program Counter to Incrementor bus enable

Program Counter Write

Opcode Register in bus enable

Opcode Register Write

Data Bus to Fetch Circuitry Opcode In bus enable

Operand Register in bus enable

Operand Register Write

Jump Register in bus enable
Jump Register Write

Program Counter to Address Bus enable

Control Lines Out

Detect HALT, INC, and NOT

Detect IMP

O<—

Detect all jumps
(IMP, JEQ, INE,
ILT, JGE, JGT, JLE)



Fetch Circuitry

Fetch in
(from

Execute execute  Clock

out circuitry) i

Ring Counter

¢ Increment o Increment Fetch Increment Fetch
8 Program : Program Operand Program Jump
H o Fetch Opcode Counter Address Counter Address
1
Lo = Q=== " o D~ q D~ q D ™ q D~ q
=
ok => D> D> D> D>
pause a Q an Q a Q an Q a Q an Q
during
execute
Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6

If HALT, INC, and
NOT, then reset
the Ring Counter.

-

If not JEQ, INE,
ILT, JGE, JGT, or
JLE then reset the

Ring Counter.

T

If JMP then fetch the
Fetch Opcode Jump Address

otherwise fetch the

Operand Addreass. Only JEQ, INE, ILT,

Fetch Operand Address JGE, JGT, or JLE will

make it to here
because of the resets
Fetch Jump Address at Clock 2 and Clock 4.

Increment Program Counter

Program Counter to Incrementor bus enable
Program Counter Write

Opcode Register in bus enable
Opcode Register Write
Data Bus to Fetch Circuitry Opcode In bus enable

Control Lines Out

Operand Register in bus enable
Operand Register Write

Jump Register in bus enable

Jump Register Write

Program Counter to Address Bus enable

Opcode In

Decode to determine
how many additional
fetches are needed.

Detect HALT, INC, and NOT

Detect JMP

Cl%'_—_

Detect all jumps
(IMP, JEQ, INE,
ILT, JGE, JGT, JLE)



Fetch Circuitry

Fetchin
(from
Execute execute  Clock
out circuitry) i Ring Counter
'
H Increment Increment Fetch Increment Fetch
H Program cececeeee Program Operand Program Jump
H Counter % Fetch Opcode s Counter Address Counter Address
' boesndase
b =
- E o = q D~ q D ™ q D " q D~ q )
.
"
= Il i r P > > > >
pause H w Q a Q w Q a Q ar Q a Q
during H
execute '
'
1
'
Reset
P g | Ry Y IR PN W
Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6

Fetch Opcode

If HALT, INC, and

NOT, then reset

the Ring Counter|
1

e

Opcode In

Decode to determine
how many additional
fetches are needed.

5

If not JEQ, INE,
ILT, JGE, JGT, or
JLE then reset the
Ring Counter.

Fetch Operand Address

T

If IMP then fetch the
Jump Address
otherwise fetch the
Operand Addreass.

Fetch Jump Address

Only JEQ, INE, ILT,
JGE, JGT, or JLE will
make it to here
because of the resets
at Clock 2 and Clock 4.

Increment Program Counter

Program Counter to Incrementor bus enable

Program Counter Write

Opcode Register in bus enable

Opcode Register Write

Data Bus to Fetch Circuitry Opcode In bus enable

Operand Register in bus enable

Operand Register Write

Jump Register in bus enable
Jump Register Write

Program Counter to Address Bus enable

Control Lines Out

Detect HALT, INC, and NOT

Detect IMP

1

@ v —

Detect all jumps
(IMP, JEQ, INE,
ILT, JGE, JGT, JLE)



Fetch Circuitry

Fetch in

(from
Execute execute  Clock
out circuitry) i

T Ring Counter

cccces
Increment o Increments Fetch Increment Fetch
Program o Program : Operand Program Jump
Counter Fetch Opcode ¢ Counter Address Counter Address
boocococoe
PRl —————— [N D a D aq
Clock P> P> P> P>
pause a Q an Q a Q an Q
during
execute
Clock 1 Clock 2 Clock 3 Clock 4 Clock 5 Clock 6

If HALT, INC, and
NOT, then reset
the Ring Counter.

Opcode In

Decode to determine
how many additional
fetches are needed.

-

If not JEQ, INE,
ILT, JGE, JGT, or
JLE then reset the

Ring Counter.

T

If JMP then fetch the
Jump Address
otherwise fetch the

Fetch Opcode

Only JEQ, INE, ILT,
JGE, JGT, or JLE will
make it to here

Operand Addreass.
Fetch Operand Address peran: reass

because of the resets
at Clock 2 and Clock 4.

Fetch Jump Address

Increment Program Counter

Program Counter to Incrementor bus enable
Program Counter Write

Opcode Register in bus enable

Opcode Register Write

Data Bus to Fetch Circuitry Opcode In bus enable .
Control Lines Out

Operand Register in bus enable
Operand Register Write

Jump Register in bus enable
Jump Register Write

Program Counter to Address Bus enable

Detect HALT, INC, and NOT

Detect JMP

Cl%'_—_

Detect all jumps
(IMP, JEQ, INE,
ILT, JGE, JGT, JLE)



SUB opcode

Fetch Circuitry 01011

Fetch in
(from Opcode In
Execute execute  Clock
out circuitry) in 01011

Ring Counter

'
Increment Increment SFetch Increment Fetch H
Program Program ¢ Operan Program Jump H
Counter Fetch Opcode Counter 8 Address Counter Address H
cooas H
H
b " o= " a b " aH !
| '
'
'
> > > :
pause w Q w Q w Q H
during H
execute '
]
.
'
'
'
'

. .
! Decode to determine

Clock 1

Clock 2 Clock 3 Clock 4 Clock 5 Clock 6 how many additional
fetches are needed.

If HALT, INC, and
NOT, then reset
the Ring Counter.

T

If not JEQ, INE,
ILT, JGE, JGT, or Detect HALT, INC, and NOT

JLE then reset the 0
Ring Counter. 1 1
1

1
= 1 .40 1 N 0 {1]
T 5 0 _< 1
0
1
Detect JMP

-
Only JEQ, JNE, JLT, 0 1

JGE, JGT, or JLE will Detect all jumps
0 make it to here (JMP, JEQ, JNE,

because of the resets JLT, JGE, JGT, JLE)
at Clock 2 and Clock 4.

If JMP then fetch the

Fetch Opcode Jump Address
otherwise fetch the
Operand Addreass.

Fetch Operand Address

Fetch Jump Address

Increment Program Counter

Program Counter to Incrementor bus enable
Program Counter Write

Opcode Register in bus enable
Opcode Register Write
Data Bus to Fetch Circuitry Opcode In bus enable

Control Lines Out

Operand Register in bus enable
Operand Register Write

Jump Register in bus enable
Jump Register Write

Program Counter to Address Bus enable



Control Circuitry
Execute



EXECUTE CIRCUITRY
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Execute Circuitry ( e T2

opcode execute AND, SUB,
opcode and INC

Clock 1

HALT - disables clock input
—_D—'—_D_ (not implemented)

:D INC

ented

£NOT

<
o
=

9
L

.

Operand Register out Hus enable
Opcode Register dut bys enable

ALU INC enable
ALU SUB enable
ALU ADD enable

Reset after
two clocks

ALU Jump Comparison

Data Buj to ALU Right in enable

Iso
(R

Accuulator opit tolALU Left in enable

v

Choose output

Q for third clock

L— Opcode Register out bus enable
L—— Operand Register out bus enable
Jump Address Register out bus enable

— _LOAD
—

f —)_STOR
{ )

E
:

ALU ADD enable

ALU SUB enable Control Lines Out
ALU INC enable

Opcode bus in j& le

Accumulator Write
Accumulator out to Data Bus enfable

Memory Write
Program Counter Write
Data Bus to Accumulator in enable

Accumulator out to ALU Left in enable
Accumulator out to Data Bus enable
Accumulator Write

Data Bus to ALU Right in enable

Data Bus to Accumulator in enable

Program Counter Write
Memory Write




ALU Jump Comparison

Opcode bus in

Execute Circuitry

—_D_I——D'

HALT - disables clock input
(not implemented)

Fetch out
(1o fetch
circuitry)

Decode Third
Activate and Clock for
opcode execute AND, SUB,

opcode and INC

:D INC

9

d
x
o
=

I

ALU INC enable

ALU SUB enable

ALU ADD enable

Operand Register jout Hus enable

Opcode Register dut bds enable

Iso

Reset after

two clocks

Data Bu} to ALU Right in enable

Accuulator olit tolALU Left in enable

Y

9

Yoy

v

Choose output

Q for third clock

— _LOAD
— )

DJOR

Memory Write

Program Counter Write
Data Bus to Accumulator in enable

Accumulator Write
Accumulator out to Data Bus enfpble

OO0 OO0 O OO0

Opcode Register out bus enable
Operand Register out bus enable
Jump Address Register out bus enable

ALU ADD enable
ALU SUB enable
ALU INC enable

Control Lines Out

Accumulator out to ALU Left in enable
Accumulator out to Data Bus enable
Accumulator Write

Data Bus to ALU Right in enable

Data Bus to Accumulator in enable

Program Counter Write
Memory Write
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Execute Circuitry

Fetch out
(to fetch
circuitry)

Decode Third
Activate and Clock for
opcode execute AND, SUB,

opcode and INC

Control Lines Out

Accumulator out to Data Bus enable
Accumulator Write

JLT opcode
10100
HALT - disables clock input
—_D—l—_D_ (not implemented)
- -
——D_ D_l_’ o
[ g
| —{ EAND
- O
| )EXOR
Q
o
.ED %E
—_ADD 2l®
=0 _ o |
. ™)_SUB 3ls
L o Q@ ol|o 3[s
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ALU Jump Comparison = = Reset after
—\_JMP 2 5 two clocks
—\ =
= D :D_I — ] s
| e e
] 3
EDE )_INE 2
1 1 T=1)7
TR s ~
1 ™\ _JGT
D=
)—iLE 1
L/ 0 Choose output
Q for third clock
_D—I —\__LOAD
| )_STOR =
i J S -
2 9 —0 Opcode Register out bus enable
EE N N ==1 Operand Register out bus enable
1 s o g = 0 Jump Address Register out bus enable
o T| = =
2| @] e §<}
0 Al 0 SEER HE ALU ADD enable
o 1 EEERHE ALU SUB enable
HEEREE ALU INC enable
ZT& of 1 5| 5| & [3l=
0 ZTSO SEERE E Accumulator out to ALU Left in enable
S g
8

Opcode bus in
10100

OO0 ORrOOoOr 00O

Data Bus to ALU Right in enable
Data Bus to Accumulator in enable

Program Counter Write
Memory Write



JLT opcode

10100

———:j[)PJ___:i:)‘

Execute Circuitry

NC

HALT - disables clock input
(not implemented)

Decode Third
Activate and Clock for
opcode execute AND, SUB,

opcode and INC

=1

ented

ENOT
£AND
OR

ot

9

S

| )SXOR

>

Logic op

I

ALU INC enable

ALU SUB enable

ALU ADD enable

Operand Register jout Hus enable
Opcode Register dut bds enable

ALU Jump Comparison 1

Opcode bus in j&

Reset after
two clocks

Iso

Data Bu} to ALU Right in enable

Accupnulator ot tdlALU Left in enable

Y

—

9

Yoy

= lo

1 ol [y Choose output

L“J for third clock

— _LOAD
— )

v

DJOR

Memory Write

Program Counter Write

Data Bus to Accumulator in enable

Accumulator Write
Accumulator out to Data Bus enfpble

O 00000 00O

Opcode Register out bus enable
Operand Register out bus enable
Jump Address Register out bus enable

ALU ADD enable
ALU SUB enable
ALU INC enable

Control Lines Out

Accumulator out to ALU Left in enable
Accumulator out to Data Bus enable
Accumulator Write

Data Bus to ALU Right in enable

Data Bus to Accumulator in enable

Program Counter Write
Memory Write



Next Presentation:
Execution Sequence, individual clock cycles

End of Presentation



