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B

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100( 00000000
00110000[ 00000001
10001100[ 00000000 OpCode Control
E‘ﬁggié 88888822 T Decoder €1 C C3 €4 Cs o C Cy Cy Cio €11 Cia Ci3 Cia Cus i C17 Cig
91000700/ 0000000 NENNRRERRE R E RN
01010000| 00000001 000000O0 000 0O0O0OO0OO0O0O0ODO
11100000| 11111011
10100100/ 00000010
Code Memory
C C C
SH 9 1 10 1014
Registers . Flags
5 ce] Jen 0000
00000000 [X
B
o)
D
00000000 {15
C
S} Jer ALU 0 o
00000000] N Jon o—10
B 1
C —
00000000 |p L~ lc” 1
0000100000101
0001100000000
[ 1016 0010[00000000
0011[00000000] |
0 0100[00000000
102 1C3 0101[00000000
PC ) Switches @ 1 0110{00000000
Uod PC 011100000000
pdate 100000
Logic 0 Data Memory

1281 CPU



Write .
Select lcl Write Enable
100000f 00110100] 00000000
100001 00110000| 00000001
100010 10001100[ 00000000 OpCode Control
Input  |100011 11213813 83883822 T Decoder Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
100100
100101 [ GT000100] 00000000 EERARRRRRRRERERRR
100110[ 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111 11100000/ 11111011
101000 10100100{ 00000010
Read  Code Memory Vi _
Select clect Write Enable _
Write Enable
Csl 109 1010 1014
Registers PO"éOIRead Select ALU Select Flags
> Ci2 Ci3
00000000 A I{ 0000
B
C ALU Result IREG Writebac
00000000 D csMux Mux
Port1]Read Select c
Input s lcy ALU Source| AU 0 1 18
00000000] N J cuMux o—10
g 1/ Write Enable
00000000] |D Read lc” 1!
Selegt
DMEM Input 0000100000101
Mux —1 9001100000000
¢ Jes WWrite 10010[00000000
Select] 0011[00000000] |-
PC Mux 0
Write Enabls 0100{00000000
102 1C3 ——10101{00000000
- 1 Switches .- . PU T 6110[00000000
Uod PC 0111/00000000
pdate 100000
¢ Logic 0 Data Memory

1281 CPU



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| lcs \\8 0\ g 5 g 1C18
00000000 X 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
\ : -1ooooo
¢ v Logic ~o [200000] J16 Data Memory

1281 CPU



Write

lcl Write Enable

Select
6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
nput | 00020 10001100] 00000000]| 16 o (8high | OpCode — Control
) N \
\16 100011 11218813 83883822 Decoder N €1 €2 €3 C4 C5 C C7 Cg Cg Cy €11 €12 C13 €14 C15 C16 C17 C13
Ay 100100
8 low
100101 01000100 00000000]| | RRERRRRRRRRRR AR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOO0OOO
100111 11100000/ 11111011
101000[ 10100100{ 00000010
Read  Code Memory i _
Select clect Write Enable Wite Enabl
rite enable
C C Clo
811 o 1 ! I lC14
Registers C4P°'ZS Read Select ALU Select Flags 4
Ci2 C13
00000000 }Lll q I{ ) 0000
B N
i 2 N ALU Result [REG Writebac
00000000 y ¢1sMux W 2% Mux
8 Port1jRead Select 8 1018
Inp;ut S| lcr ALU Source ALU e 0 g g g
00000000] N J cuMux A o-—] 0
g 1/ 41ow Write Enable
00000000] |D ead l°17 1!
\\8 deft
DMEM Input ] 7, | 9°°9]00000101 g
8 Mux 0001100000000] |
— 1016 Write | 0010{00000000
3 Select] 001100000000 f
J6 low PC Mux Write EnablS N 0100[00000000
N 102 lc3 16 R low 0101100000000
PC . ) Switches =—=c—g— 1 0110{00000000
Und 6 PC 011100000000
6 pdate
\ : 100000
¢ v Logic ~o [200000] ) & Data Memory

1281 CPU



The Arithmetic Logic Unit
(ALU)



fe
100000| 00110100[ 00000000
100001 00110000| 00000001 . 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
100011 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
100100
J 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
100110] 01010000] 00000001 000000O0O0OOOGOO
100111 11100000{ 11111011
101000[ 10100100( 00000010
Code Memory
col lee e . : . .
8” o 1 10 Arithmetic Logic Unit 1014
Registers . Flags 4
[ es 0000
A [00000000
8 14
N\
J 6 low
g B [00000000 1015 N
N \8 0\ lclg
C [00000000 N -— 0
1 4 low
8 _
D [00000000 L~ lc” 1
\ /38 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
? 0011[00000000] =
6 low N g | ©100[00000000
102 1C3 6 Slow 0101{00000000
PC CH B Switches ———g= i 011000000000
Und < 6 PC K 0111]00000000
6 pdate 6
\ : 100000
v Logic ~o J16 Data Memory

1281 CPU



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
\ 100100 11110010| 00000011 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
6 100110 01010000[ 00000001 00000000000 O0O0OO0ODODOOO
100111[11100000] 11111011
101000[ 10100100| 00000010
Code Memory . _
These two control inputs determine
CSHC9 lclo the type of arithmetic operation lc“‘
Registers Flags 4
00000000 0000
J4
N
6 low
5 00000000 1015 AN
N \8 0\ lclg
\ 8 8 8 1%
00000000 . -— g
1/ 4 low
00000000 lc” 1
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011[/00000000] j=
6 low N g | ©100[00000000
102 1C3 _ 16 8low 0101{00000000
PC N B Switches —c—g@=< | 0110[00000000
Und 6 PC 0111/00000000
6 pdate
¢ \ : 100000
v Logic ~o J16 Data Memory

1281 CPU



This ALU Can Perform 4 Operations

ALU SELECT1 | ALU SELECTO |Operation
0 0 SHIFTL
0 1 SHIFTR
1 0 ADD
1 1 SUB/CMP




This ALU Can Perform 4 Operations

Names of these

_ Ci2 Ci3
control lines

ALU SELECT1 | ALU SELECTO |Operation
0 0 SHIFTL
0 1 SHIFTR
1 0 ADD
1 1 SUB/CMP




This ALU Can Perform 4 Operations

Ci2 Cis
ALU SELECT1 ALU SELECTO |Operat ion
0 0 SHIFTL
0 1 SHIFTR
1 0 ADD
1 1 (SuB/CMP)

Both SUB and CMP are implemented
as subtraction. They both set the flags.

The difference is that CMP does not write
back the result of the subtraction to the registers.
Only the side effect through the flags remains.



fe
100000| 00110100[ 00000000
100001 00110000| 00000001 . 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
100011 11213813 88888822 Decoder N Cp €2 C3C4 C5C5C7C3C9C10Cyp Cp2C13CrqCi5C16C17Co3
100100
J 8 low
100101 57000700 00006030]| | ERRRRRRRRRRRRRRR
100110] 01010000] 00000001 000000O0O0OOOGOO
100111 11100000{ 11111011
101000[ 10100100( 00000010
Code Memory
col lee e . : . .
8” o 1 10 Arithmetic Logic Unit 1014
Registers . Flags 4
[ es 0000
A [00000000
8 14
N\
J 6 low
g B [00000000 1015 N
N \8 0\ lclg
C [00000000 N -— 0
1 4 low
8 _
D [00000000 L~ lc” 1
\ /38 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
? 0011[00000000] =
6 low N g | ©100[00000000
102 1C3 6 Slow 0101{00000000
PC CH B Switches ———g= i 011000000000
Und < 6 PC K 0111]00000000
6 pdate 6
\ : 100000
v Logic ~o J16 Data Memory

1281 CPU



ALU_SELECT1

The ALU

ALU_SELECTO

#

L/R

8-bit shifter

shift out

add / sub

8-bit adder

carry

overflow

flag

negative

calculator |— ,aro

ALU_RESULT

carry

overflow



The ALU

L/R

8-bit shifter 8

add / sub

8-bit adder 8




The ALU

ALU_SELECTO

L/R

8-bit shifter 8

add / sub

8-bit adder 8




The ALU

ALU_SELECT1

L
ALU SELECTO
L/R
8 8 8-bit shifter 8
N
8
0
Sl 1 ALU RESULT
g add / sub

8-bit adder 8




The ALU

ALU_SELECT1

L
ALU SELECTO
L/R
8 8 8-bit shifter 8
shift out
N
8
0
Sl 1 ALU RESULT
g add / sub

8-bit adder 8

8 carry

overflow




ALU_SELECT1

The ALU

ALU_SELECTO

#

L/R

8-bit shifter

shift out

add / sub

8-bit adder

carry

overflow

ALU_RESULT

carry

overflow



ALU_SELECT1

The ALU

ALU_SELECTO

#

L/R

8-bit shifter

shift out

add / sub

8-bit adder

carry

overflow

flag

negative

calculator |— ,aro

ALU_RESULT

carry

overflow



This ALU Can Perform 4 Operations

ALU SELECT1 | ALU SELECTO |Operation
0 0 SHIFTL
0 1 SHIFTR
1 0 ADD
1 1 SUB/CMP




0

ALU_SELECT1

SHIFTL

®
ALU_SELECTO

L/R

8-bit shifter

shift out

—F

add / sub

8-bit adder

carry

overflow

flag

negative

calculator |— ,aro

ALU_RESULT

\”_E/L\ \”__°/—J

carry

overflow



0
1

ALU_SELECT1

SHIFTR

®
ALU_SELECTO

L/R

8-bit shifter

shift out

—F

add / sub

8-bit adder

carry

overflow

flag

negative

calculator |— ,aro

ALU_RESULT

\”_E/L\ \”__°/—J

carry

overflow



1

ALU_SELECT1

ADD

®
ALU_SELECTO

L/R

8-bit shifter

shift out

—F

add / sub

8-bit adder

carry

overflow

flag

negative

calculator |— ,aro

ALU_RESULT

=

carry

overflow



1
1

ALU_SELECT1

SUB / CMP

®
ALU_SELECTO

L/R

8-bit shifter

shift out

—F

add / sub

8-bit adder

carry

overflow

flag

negative

calculator |— ,aro

ALU_RESULT

carry

overflow



The Shifter Circuit

ALU_SELECT1

ALU SELECTO
/ L/R \ negative
8 flag &
8 g8 | 8-bit shifter | .8 calculator | — ;019
shift out |
N 8
8 ALU RESULT
g add / sub
8-bit adder 8
3 carry
overflow

overflow

pl
B

.

B




The Shifter Circuit

1_0/13\1_
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7R

A

7

S

Shift_Out
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7

7

7

7

7

_"/13\5°

t
Shift_ Ou



Shift Left

£/l>\_

s

A

A

7

2

A

t
Shift_ Ou



Shift Left

1£/13\1_

s

s

7

7

2
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The ALU Shifter Circuit

T &

7

7

2

7

LLLLLLLLLLLL

{f/
Shift_Out

Goes to
Carry Flag



The ALU Shifter Circuit

S &

7

7R

A

7

{f/
Shift_Out

Goes to
Carry Flag



The Internal ALU Bus Multiplexer

ALU_SELECT1

ALU_SELECTO

—F

L/R

8-bit shifter

shift out

add / sub

8-bit adder

carry

overflow

negative

flag
calculator |— ,aro

ALU_RESULT

carry

overflow



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

C12
U7...U0 AKS— 0 g
Z; ... 2,
V, ..V, —e— 1













2-to-1 Multiplexer

ALU_SELECT1

®
ALU_SELECTO

L/R

8-bit shifter

shift out

—F

add / sub

8-bit adder

carry

overflow

8 flag

ALU_RESULT

negative

calculator |— ,aro

carry

overflow



2-to-1 Multiplexer

ALU_SELECT1

.
ALU_SELECTO
L/R i
. flag negative
8 8 | 8-bit shifter | .8 calculator | — ;019
shift out [
8

ALU_RESULT

s | add/sub \]\—I—O
0
8-bit adder 8 ) carry
1

carry

overflow

) overflow
1



2-to-1 Multiplexer

input_0

select é

input_1

)
Da




2-to-1 Multiplexer

ALU_SELECTI1

)
Da

1]




2-to-1 Multiplexer

)
Da

a




The Adder / Subtractor

ALU_SELECT1

®
ALU_SELECTO

L/R negative
8 flag &
8 8 | 8-bit shifter | .8 calculator | — ;019
shift out |—

ALU_RESULT

q add / sub

8-bit adder 8

O
i carry
1
8 carry )
0 E
L

overflow/
N

overflow




The Adder / Subtractor

add / sub
Yo X7 Y X Y5 Xg Yo Xo Y3 X3 Y, X, Yy X Yo Xo
L .
o O 4 47 47 41 O
Cs Cr Ce Cs Cq Cs C2 C1 Co

«— FA [ FA |« FA | FA | FA | FA | FA | FA




The Adder / Subtractor

add / sub
Y. Xe Yo Xe Ys Xs Yo Xi Y5 Xs Y, X0 Yy Xi Yo X
9
O O7 O7 O7 87 O O
Cc C C C C C C C C
— A M ora S ora oA Y oA = R ] orA Y RA
s, Sq S. S, S, S, S, S,

This is an 8-bit ripple-carry adder. Note that the X and Y lines are swapped.



The Adder / Subtractor

ALU_SELECT1

. 4
ALU SELECTO
L/R i
. flag negative
8 8 | 8-bit shifter | .8 calculator | — ;019
shift out |
8

ALU_RESULT

X 4 add / sub

8-bit adder 8

’
i carry
Y g carry )
0 ;
L

#
The XORs overflow

are on this line

overflow




The Adder / Subtractor

add / sub
Yo X7 Y X Y5 Xg Yo Xo Y3 X3 Y, X, Yy X Yo Xo
L .
o O 4 47 47 41 O
Cs Cr Ce Cs Cq Cs C2 C1 Co

«— FA [ FA |« FA | FA | FA | FA | FA | FA




The Adder / Subtractor

add / sub
Yo X7 Y X Y5 Xg Yo X4 Y3 X3 Y, Xy Yy X Yo Xo
L ] '
A N N _l N _l N 1 N _l N -l N _l
Cg Cr Ce Cs Cy4 C3 C2 C1 Co
«<—¢— FA [*¢1 FA [ FA | FA | FA | FA [ FA [ FA
S S Ss S, S; S, S, So

® D— overflow

carry




The Adder / Subtractor

add / sub
Y. Xr Yo Xe Ys Xs  Yi Xi Y5 Xs Y, Xo Yy Xi Yo X
L 9
O Or o7 O17 o7 o1 O
C C C C C C C C C
—oH FA o FA = A = rA = A = A M A e RA =
s, S, S. S, S, rlz rl S,
yA<340)
. y
negative

¢ E > overflow negative and zero can be

computed here as well

carry



The Adder / Subtractor

add / sub

Y; X, Ye Xe  Ys Xs  Ys X Ys X5 Yo Xo Yy Xi Yy X

O 8 Oy &7 817 87 0T |

The CPU implementation uses this design,
because negative and zero need to be
computed for the result of the shifter too.

This is done only once in the flag calculator.
E —— overflow

carry




The ALU Flag Calculator

ALU_SELECT1

ALU_SELECTO
L/R i
flag negative
8 8 | 8-bit shifter | .8 calculator | —| ;019
shift out |
8
i ALU RESULT
g add / sub
8-bit adder 8

—F

overflow

overflow

O
i carry
1
8 carry )
0 ;
o




The ALU Flag Calculator

I I, 1, 1, | I,

Z2€10




ALU Outputs to the Flags Register

ALU SELECT1 4 Outputs to the
Flags Register
® —
ALU SELECTO
L/R .
q flag negative
8 8 | 8-bit shifter | (8 calculator Jero
shift out |
8
: ALU_RESULT
3 add / sub
8-bit adder 8

—F

overflow

overflow

N

O
i carry
1
8 carry )
0 ;
o




The Flags Register



B

6 [100000[ 00110100]| 00000000
~—]100001[ 00110000| 00000001 , 27
100010[ 10001100| 0000o0o000|f (16 . 8high | OpCode — Control
AY \
16 |toco11] 11010011/ 00000000 Decoder N C1 €3 C3 C4 C5 C6 C7 Cg €9 C1g C11 C12 C13 C14 C15 C16 C17 Ci8
< 100100 11110010| 00000011 8 low
100101 T000100[ 00000000]| | EERARRRRRRRERERRR
6 100110 01010000[ 00000001 00000000000O0OO0OO0OOOGOO
100111[11100000[ 11111011
101000[ 10100100( 00000010
Code Memory
Csl 109 1010 1c14
Registers F|ags 4
00000000 X \ [ [oooof])
B \\4
¢ J 6 low
q 00000000 D 1015 N\
N Co| lcs \\8 0\ g 5 g 1C18
00000000 X S —— " g
B 1 4 low
C c —
00000000] |p ~ Jer 1
438 4
4 000000000101 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
\ -1ooooo
¢ v Logic ~o [200000] J16 Data Memory

1281 CPU



Load

Clock

4-Bit Parallel-Access Register

Out_3 Out_2 Out_1 Out_0

In_3 In 2 In_1 In O



The Flags Register

Carry
Flag

Overflow
Flag

Negative
Flag

Zero
Flag

Write
Enable I
0 0L
1 »e Q |- D Q- t[\l/
I 6 I > 6 I
Clock )\
Carry Overflow Negative

Zero



The Flags Register

Carry
Flag

Overflow
Flag

Negative
Flag

Zero
Flag

Write
Enable I I
0 0
—— | Q f—e- : D Qe
I 6 I > 6 I
Clock
Carry Overflow Negative Zero



The Flags Register

Carry
Flag

Overflow
Flag

Negative
Flag

Zero
Flag

Write
Enable I I
0 0
I 6 I > 6 I
Clock
Carry Overflow Negative Zero



The Flags Register

Carry
Flag

Overflow
Flag

Negative
Flag

Write
Enable I
0 Ok
| - Q|- D Q= 1
— QfF— > Qb—
Clock é

Zero
Flag

Carry

Overflow

Negative

Zero



The Flags Register

Carry Overflow Negative Zero
Flag Flag Flag Flag
Write
Enable I I I
0 0 0 OK
HP e e HP e e HP e e HP e e

AT T

Reset

Carry Overflow Negative Zero



The Flags Register

Zero
Flag

Carry Overflow Negative
Flag Flag Flag
VCC T - .
Write
Enable I I I
0 é 0 2 0 2 Ok
ne ol ne
1 1 1 1
I— Ql— I—
Clock & T & T o T
Reset [
Carry Overflow Negative Zero



The Flags Register

Parallel Output to the Control Logic

A
r Carry Overflow Negative Zero
Flag Flag Flag Flag
VCC T *
Write
Enable I I
0 é . 0 . Ok

o — 3 |— —

Clock o

Reset

Carry

Overflow

Negative

Zero

Y

Parallel Input From the ALU



The Program Counter (PC)



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| lcs \\8 0\ g 5 g 1C18
00000000 X S & °
B 1 4 low
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 lc3 _ 6 Slow 0101[00000000
) Switches = By 1 0110{00000000
PC - PC 0111[00000000
6 Update
\ : -100000
¢ v Logic | 650 J16 Data Memory

1281 CPU



6-Bit Parallel-Access Register

A= = = = = |
0T BIE OfF P OfF Pt
ook L | [ | |

INS N, N, IN, N, N,



The Program Counter Register

=TT 1 1 %
0T BIE OfF P OfF Pt
oL | [ | [

INS N, N, IN, N, N,



The Program Counter Register

Parallel Output to the 6 Read Select Lines of the Code Memory

A
s
PC., PC, PC, PC, PC, PC,
Write
"= = = = = |
D oH- D oH- D ol D ok D okl (1>~_D okd
> Qf— > Qf— > Qf— > Qf— > Qf— — Q}—
Clock l_ l_ l_ l_ r
IN, IN, IN, IN, IN, IN,
N g )

Parallel Input From the PC Update Logic



The Program Counter Register

=TT 1 1 %
0T BIE OfF P OfF Pt
oL | [ | [

INS N, N, IN, N, N,



Write

The Program Counter Register

PC,

PC,

PC,

Enable

Clock

Reset
4| >0—

PC,

IN,

IN,

N,

IN,

IN,

N,

ol O




VCC

The Program Counter Register

IN,

N,




The Program Counter
Update Logic



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
Csl 109 1010 1c14
Registers Flags 4
00000000 [X 0000
B \\4
¢ J 6 low
) 00000000] |D 1015 L
N Co| lcs \\8 0\ g 5 g 1C18
00000000] I N -] 0
B 1 4 low
C —
00000000] |D - ) lc” 1
Jd38
A 7 | °focoo0ran] | |
8 0001100000000 | Y
= 1016 0010100000000
2 0011[/00000000] j=
6 low N g | ©100[00000000
/ﬁ 102 1C3 _ 16 8low 0101{00000000
PC ) Switches ——@=x 1 0110{00000000
Undat 6 PC 0111{00000000
6 pdate
\ _ 100000
¢ \ Logic 0 & Data Memory

1281 CPU



/ Jer
6 [100000[ 00110100]| 00000000
~~—]100001| 00110000{ 00000001 .
100010] 10001100[ 00000000(| \ 16 ° 8high | OpCode y
Y \
(16 |100011[ 11010011 00000000 Decoder Jcicecies e c5c0C Ci5 Ci6 €17 Cig
~—100100[ 11110010[ 00000011 8 low
100101[ 01000100[ 00000000 A 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1
6 | 100110/ 01010000][ 00000001 00000000000O0OO0OO0OOOGOO
1001111 33160000[ 11111011
>< 101000 10100100\00000010
\
\\ Code Memoty /
/ Cgl 1C9 1C10 1C14
/ Registers Flags 4
A loooooooo] [} 0000
B N 4
N
¢ J 6 low
g B Joooo00000] |2 1015 N
Y 8 \ 1C18
e 7 s 8 8
C |oo000000 X S & °
B 1 4 low
C —
D [o0000000] |b ~ feu 1
48 4
4 000000000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] }=
6 low L N g | ©100[00000000
102 lc3 _ 6 Slow 0101/00000000
~ XHE R Switches =g 1 0110{00000000
Y Put x 6 PC 6 0111/00000000
6 pdate 6
\ : -100000
¢ S y?gm ~~—1o \ G Data Memory

1281 CPU



e

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

.8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

J 6 low
N

PC
Update
Logic

J 8 low
N

|-

PC

i281 CPU



e

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

G 6 low
N

Code Memory

Update
Logic

S

GSIOW)
N

|-

PC

i281 CPU



e

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

PC
Update
Logic

N 610W
N

|-

PC

i281 CPU



I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

.8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

6 low
N

i281 CPU



I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

.8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

6 low

i281 CPU



I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

16

8 high

J 6 low

000001
LI

Vv

6-bit adder

16

1?

V
6-bit adder

| =
PC

100000

i281 CPU



Clock =

I

6
——

16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

10001100

00000001 ‘
00000000 ;16 ;8hlgh

11010011

00000000

11110010

00000011 d610w

01000100

00000000 A

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

000001
L]

6-bit adder

Vv

16

Js 1\6 1S Clock
i V
6-bit adder
= ) l C3
\6 1 PC
\ 6
6 N 100000
\\ 0

i281 CPU



Clock =

I

6
——

16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

16

8 high

6 low

000001
L]

6-bit adder

Vv

Co

16

1?

Vv

6-bit adder

Co

Both adders can only add.
They don’t do subtraction.
The line ¢, is set to ground/zero.

Clock

|~
! PC

100000 N

i281 CPU



Clock =

I

6
——

16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

16

8 high

6 low

000000
L]

6-bit adder

Vv

Co

16

1?

V
6-bit adder

Co

An alternative implementation
could add 000000, but set ¢, to 1.

Clock

|
1 PC

> 100000 N

i281 CPU



Clock =

I

6
——

16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

16

8 high

J 6 low

000001
L]

Vv

carry  6-bit adder

overflow

16

Carry and Overflow are generated,
but are ignored in this CPU design.
Thus, the PC can wrap around!

In other words, when the PC reaches
address 111111, advancing it by 1
sets it to address 000000.

Js ¥ 1S Clock
‘ V
carry  6-bit adder
overflow — C, l C3
\6
— | g PC 6
6 100000 )

i281 CPU



Clock =

I

6
——

16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

10001100

00000001 .
00000000 ;16 ;Shlgh

11010011

00000000

11110010

00000011 d610w

01000100

00000000 A

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

000001
L]

6-bit adder

Vv

16

Current PC
6

\

J6 ¥ 1S Clock
‘ V
6-bit adder
= Cy l C3
| NEp Next6PC 50
) ~ 100000
\\ 0

\

i281 CPU



Clock =

I

6
——

16

100000
100001
100010
100011
100100
100101
100110
100111
101000

@
Current PC J6

000001
L]

00110100[ 00000000
00110000[ 00000001 .
10001100[ 00000000 ;16 ;8h%h
11010011/ 00000000
11110010/ 00000011 d6 10w
01000100[ 00000000 N
01010000f 00000001 Offset from the second byte
11100000/11111011 . .
101001001 00000010 of the current instruction
Code Memory

Vv

6-bit adder

6
i Current PC + 1

Offset

N [§

N

1\6 1° Clock
V
6-bit adder
= Cy l C3
I \\6 1 Next PC PC
Current PC + 1 + Offset \ 6
100000

Current PC + 1

\\6 y

Current PC
6

\

\

i281 CPU



Clock =——

I

6
——

16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

[
Current PC J6

16

8 high

J 6 low

000001
L]

6-bit adder

Vv

6
Current PC + 1

Take this route if the current instruction

is NOT a jump or a branch. This increments the
program counter by 1 and the execution
continues sequentially to the next instruction.

J6 ¥ 1S Clock
‘ V
6-bit adder
= Cy l C3
I \ \6 1 Next6PC PC Curr6ent PC

\ \

6 N 100000 N
Current PC + 1 )

i281 CPU



Clock

I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

[
Current PC J6

16

8 high

J 6 low
N

000001
L]

Vv

6-bit adder

6
1 Current PC + 1

Y

1?

Take this route if the current instruction

is a jump or a branch. This increments the

program counter by 1 and also adds the offset,
which comes from the second byte of the instruction
stored in the code memory (last six bits only).

The execution continues out of order by

Vv

6-bit adder

\ 6

Clock

%)
Next PC

Current PC + 1 + Offset )

N

|~
PC

\ 6
\

\

L

100000

skipping to the instruction at the new address.
The skip can be either forward or backward,
depending on the value of the offset.

Current PC
6

\

\

i281 CPU



Offsets with +1 Correction

0 11111111
1 00000000
2 00000001
3 00000010
4 00000011
5 00000100
6 00000101
7 00000110
8 00000111
9 00001000
10 | 00001001
11 | 00001010
12 | 00001011
13 | 00001100
14 | 00001101
15 | 00001110
16 | 00001111
17 | 00010000
18 | 00010001
19 | 00010010
20 | 00010011
21 | 00010100
22 | 00010101
23 | 00010110
24 | 00010111
25 | 00011000
26 | 00011001
27 | 00011010
28 | 00011011
29 | 00011100
30 | 00011101
31 | 00011110
N/A | 00011111

-1 11111110
-2 11111101
-3 11111100
-4 11111011
-5 11111010
-6 11111001
-7 11111000
-8 11110111
-9 11110110
-10 11110101
-11 11110100
-12 11110011
-13 11110010
-14 11110001
-15 11110000
-16 11101111
-17 11101110
-18 11101101
-19 11101100
-20 11101011
-21 11101010
-22 11101001
-23 11101000
-24 11100111
-25 11100110
-26 11100101
-27 11100100
-28 11100011
-29 11100010
-30 11100001
-31 11100000
-32 N/A

i281 CPU



Clock =

I

6
——

16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

000001
L]

16

8 high

6 low

Vv

6-bit adder

16

1?

Vv

6-bit adder

Clock

|~
PC

100000

i281 CPU
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NF)
OF)

Z

(

Negative Flag (
Overflow Flag (

ZF
~ZF

Bl=

Zero Flag

B2=

computed using

B3= AND (~ZF, XNOR(NF, OF))

B4= XNOR (NF, OF)

the flags register
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s
A B A& ses
VUOZES E5go
KEEED & >0 g
MEAmMMA=- ODOZN
> B
Do
1 .
' -
JUMP 1] 1
BRE/BRZ Bl| 1
BRNE/BRNZ B2 1
BRG B3| 1
BRGE BA| 1
C, is the OR Bl= ZF ZeroFlag  (ZF)
B2= ~ZF

of these five
times the OPCODE

B3= AND (~ZF, XNOR(NF, OF))
B4= XNOR (NF, OF)

Negative Flag (NF)
Overflow Flag (OF)



g2
2 B & a5
vuzhs EEEo
KEEED & >0 g
MOmMm~= DOZN
JUMP * 1
DD
BRE * B1
»—Dc )
BRNE * B2
D_,TBRG *B3
-
1 .
’ -
BRGE * B4
JoMp 1] 1
BRE/BRZ BL| 1
BRNE/BRNZ B2| 1
BRG B3| 1
BRGE B4| 1
C, is the OR Bl= ZF ZeroFlag  (ZF)
B2= ~ZF

of these five Negative Flag (NF)
. B3= AND (~ZF, XNOR(NF, OF))



Clock =

I

6
——

16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

10001100

00000001 ‘
00000000 ;16 ;8hlgh

11010011

00000000

11110010

00000011 d610w

01000100

00000000 A

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

000001
L]

6-bit adder

Vv

16

(1)

PC

Js 1\6 1S Clock
i V
6-bit adder
6
\ 1 6
\f 0

100000

i281 CPU
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C; is always 1, because this is
a single-cycle processor, i.e., it
executes one instruction per clock cycle.



Simulation of the For Loop program
that adds the numbers from 1 to 5



// C Version

// using a for loop

Add the numbers from 1to 5

int N=5;

int i;

int sum;

int main()

{

sum=0;

for(i=1; i<=N; i++) {

sum+=i;

// printf("%d\n", sum);

; Assembly Version

.data
N
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

-~

-~

~

~

¥ O P w
O — +» O

-

End
B, A
A, 1
Loop

[sum],

B

e e e e e e e e

e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

write B to sum



Add the numbers from 1to 5

Machine Code Version

Data Memory:
00000101
00000000
00000000

Code Memory:

0011010000000000
0011000000000001
1000110000000000
1101001100000000
1111001000000011
0100010000000000
0101000000000001
1110000011111011
1010010000000010

; Assembly Version

.data
N
i

sum

.code

Loop:

Add:

End:

BYTE
BYTE
BYTE

LOADI
LOADI
LOAD
CMP
BRG
ADD
ADDI
JUMP
STORE

~

~

¥ O P w
O — +» O

-

End
B, A
A, 1
Loop

[sum],

B

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=1i

i++

next iteration

s write B to sum



Clock .
o Code Memory:
6 [100000 00110100] 00000000 0011010000000000
=] 100001} 00110000[ 00000001 )
100010[ 10001100] 00000000 16 . 8 high 0011000000000001
16 (100011} 11010011 00000000
100100[ 11110010] 00000011 d6 10w 1000110000000000
1001014 010001001 00000000 | 1101001100000000
6 [1001104 01010000| 00000001
1001111 11100000 11111011 1111001000000011
1010004 10100100| 00000010
0100010000000000
M
Code Memory 0101000000000001
[ ; 000001 1110000011111011
[11]]] 1010010000000010
V
6-bit adder
16
Jds ¥ Clock
| V
6-bit adder
= ) l C3
I L6
\ 1 \6 PC \6
5 100000 )

i281 CPU



Clock =

I

6
——

16

100000
100001
100010
100011
100100
100101
100110
100111
101000

; Assembly Version

00110100[ 00000000 -data
00110000[ 00000001 . N BYTE 5
10001100[ 00000000 ;16 ;Shlgh i BYTE ?
11010011/ 00000000 sum BYTE ?
11110010/ 00000011 Jd6 10w s
01000100[ 00000000 N .code
01010000[ 00000001 LOADI B, 0 §um=o
11100000 11111011 LOADI A, 1 1=1.
10100100/ 00000010 LOAD D, [N] ; register_D=N
Loop: CMP A, D i<=N ?
Code Memory BRG End ; exit if i>N
Add: ADD B, A sum+=1i
ADDI A, 1l i++
6 O O 0 O O 1 JUMP Loop ; next iteration
| | | | | | End: STORE [sum], s write B to sum
6-bit adder
16
6 36
Jo 1\ N Clock
6-bit adder
- C2 l C3
I 6

- PC

\ 1 6 6

6 N 100000 >

AN 0

i281 CPU




Clock lcl ; Assembly Version
6 |100000] 00110100{ 00000000 -data
=1 100001 00110000] 00000001 . N BYTE >
100010[ 10001100] 00000000 16 ;8hlgh i BYTE ?
16 |100011[ 11010011 00000000 sum BYTE ?
—~—1100100[ 11110010] 00000011 d6 10w
100101[ 01000100[ 00000000 N .code
6 [100110[ 01010000[ 00000001 Off LOADI B, O sum=0
set from the second byte L
g 100111[T1100000] 11111011 o oA y LOADI A, 1 i=1
= 101000| 10100100] 00000010 of the current Instruction LOAD D, [N] ; register_D=N
) Loop: CMP A, D i<=N ?
5 Code Memory BRG  End ; exit if i>N
) Add: ADD B, A sum+=i
f § ADDI A, 1 i++
Current PC J6 000001 JUMP  Loop ; next iteration
| | | | | | End: STORE [sum], ; write B to sum
6-bit adder
6
Current PC + 1 Offset
6 Je6
J6 1\ V N Clock
6-bit adder
= Ca l C3
I \ O Next PC PC Current PC
\ 1 6
Current PC + 1 + Offset \ 0 N
6 N 100000 N
AN 0

\

Current PC + 1

i281 CPU




Clock lcl ; Assembly Version
6 |100000] 00110100{ 00000000 -data
=1 100001 00110000] 00000001 . N BYTE >
100010[ 10001100] 00000000 16 ;8hlgh i BYTE ?
16 |100011[ 11010011 00000000 sum BYTE ?
—~—1100100[ 11110010] 00000011 d6 10w
100101[ 01000100[ 00000000 N .code
6 [100110[ 01010000[ 00000001 Off LOADI B, O sum=0
set from the second byte L
g 100111[T1100000] 11111011 o At y LOADI A, 1 i=1
= 101000| 10100100] 00000010 of the current Instruction LOAD D, [N] ; register_D=N
) Loop: CMP A, D i<=N ?
5 Code Memory BRG  End ; exit if i>N
) Add: ADD B, A sum+=i
f § ADDI A, 1 i++
Current PC J6 000001 JUMP  Loop ; next iteration
| | | | | | End: STORE [sum], ; write B to sum
6-bit adder
6
Current PC + 1 Offset
6 Je6
J6 1\ V N Clock
6-bit adder
= Ca l C3
I \ O Next PC PC Current PC
\ 1 6
Current PC + 1 + Offset \ 0 N
6 N 100000 N
AN 0

\

Current PC + 1

i281 CPU




Clock =

I

; Assembly Version

6 |100000] 00110100| 00000000 -data
—x—]100001| 00110000{ 00000001 . N BYTE f
100010[ 10001100[ 00000000 16 _ 8 high i BYTE ?
16 |100011[11010011[ 00000000 sum BYTE ?
—~—1100100[ 11110010] 00000011 d6 10w
100101{ 01000100 00000000 N .code
6 [100110] 01010000/ 00000001 LOADI B, O §um=0
o 1001111 11100000[ 11111011 LOADI A, 1 i=1
Q 101000 10100100 00000010 LOAD D, [N] ; register D=N
8 Loop: CMP A, D i<=N ?
o Code Memory BRG End ; exit if i>N
Add: ADD B, A sum+=1i
ADDI A, 1 i++
100000 Y6 000001 JUMP Loop ; next iteration
| | | | | | End: STORE [sum], ; write B to sum
6-bit adder
6
1 100001 000000
6 6
J6 1\ N Clock
6-bit adder
= Cy l C3
|__100001 \ 6 Next PC PC Current PC
1
\ 6 6
\ \
100001 6 100000

i281 CPU




Clock

I

; Assembly Version

6 |100000] 00110100{ 00000000 -data
—<—]100001| 00110000{ 00000001 . N BYTE f
100010[ 10001100[ 00000000 16 _ 8 high i BYTE ?
16 |100011[11010011[ 00000000 sum BYTE ?
—~—1100100[ 11110010] 00000011 d6 10w
100101{ 01000100 00000000 N .code
6 |100110[ 01010000/ 00000001 LOADI B, O §um=0
— 100111 11100000{ 11111011 LOADI A, 1 1=1.
= 101000 10100100 00000010 LOAD D, [N] ; register D=N
8 Loop: CMP A, D i<=N ?
o Code Memory BRG End ; exit if i>N
Add: ADD B, A sum+=1i
ADDI A, 1 i++
100001 Y6 000001 JUMP Loop ; next iteration
| | | | | | End: STORE [sum], B ; write B to sum
6-bit adder
6
1 100010 000001
6 6
J6 1\ N Clock
6-bit adder
= C; l C3
|_100011 \ 6 Next PC PC Current PC
1
\ 6 6
\ \
100010 6 100001

i281 CPU




Clock =—— lc ; Assembly Version
1
6 |100000] 00110100{ 00000000 -data
—x—]100001| 00110000{ 00000001 . N BYTE f
100010[ 10001100] 00000000, 16 _ . 8 high i BYTE ?
16 |100011[11010011[ 00000000 sum BYTE ?
—~—1100100[ 11110010] 00000011 d6 10w
100101[ 01000100{ 00000000 N .code
6 [100110[ 01010000[ 00000001 LOADI B, O §um=0
o 1001111 11100000 11111011 LOADI A, 1 i=1
<~ 101000| 10100100] 00000010 LOAD D, [N] ; register_ D=N
8 Loop: CMP A, i<=N ?
o Code Memory BRG End ; exit if i>N
Add: ADD B, A sum+=1i
ADDI A, 1 it++
100010 46 000001 JUMP Loop ; next iteration
| | | | | | End: STORE [sum], B ; write B to sum
6-bit adder
6
1 100011 000000
6 6
J6 1\ N Clock
6-bit adder
= Cy l C3
|_100011 \ 6 Next PC PC Current PC
1
\ 6 6
\ \
100011 6 100010

i281 CPU




Clock = lc ; Assembly Version
1
6 |100000[ 00110100/ 00000000 -data
=] 100001 00110000[ 00000001 . N BYTE f
100010 10001100 00000000 ;16 ;8hlgh i BYTE ?
16 |100011[ 11010011 00000000 sum BYTE ?
100100[ 11110010[ 00000011 Jd6 10w
100101[ 01000100| 00000000 N -code
6 [100110] 01010000[ 00000001 LOADI B, O %um=°
— 1001111 11100000 11111011 LOADI A, 1 =1
o 101000[ 10100100[ 00000010 LOAD D, [N] ; register_ D=N
o Loop: CMP A, D i<=N ?
o Code Memory BRG  End ; exit if i>N
Add: ADD B, A sum+=1i
ADDI A, 1 i++
100011 6 000001 JUMP  Loop ; next iteration
| | | | | | End: STORE [sum], B ; write B to sum
6-bit adder
6
i 100100 000000
6 Je6
J6 1\ N Clock
6-bit adder
= Cy l C3
| 100100 \ 6 Next PC PC Current PC
= 1
\6 \6
\ \
100100 6 100011

i281 CPU




Clock lc ; Assembly Version
1
6 [100000[ 00110100]| 00000000 -data
——]100001| 00110000{ 00000001 . N BYTE f
100010[ 10001100[ 00000000 16 _ 8 high i BYTE 2
16 |100011[ 11010011 00000000 sum BYTE ?
——~—100100[ 11110010] 00000011 d6 10w
100101[ 01000100[ 00000000 N -code
6 100110 01010000/ 00000001 LOADI B, O ; §um=0
o 100111111100000[ 11111011 LOADI A, 1 pi=l
— 101000 10100100 00000010 LOAD D, [N] i register D=N
S Loop: CMP A, ; i<=N ?
— Code Memory BRG  End ; exit if i>N
Add: ADD B, A ; sum+=i
ADDI A, 1 ; i+
100100 6 000001 JUMP  Loop ; next iteration
| | | | | | End: STORE [sum], B ; write B to sum
6-bit adder The branch is not taken.
6
i 100101 000011
6 6
J6 1\ N Clock
6-bit adder
= Ca l C3
101000 NG Next PC PC Current PC
~ 1
\6 \6
\ \
100101 6 100100

i281 CPU



100101

Clock lc ; Assembly Version
1
6 [100000[ 00110100]| 00000000 -data
——]100001| 00110000{ 00000001 . N BYTE f
100010[ 10001100[ 00000000 16 _ 8 high i BYTE 2
16 |100011[ 11010011 00000000 sum BYTE ?
100100[ 11110010[ 00000011 Jd6 10w
100101[ 01000100] 00000000 N -code
6 |100110] 01010000[ 00000001 LOADI B, O sum=0
1001111 11100000f 11111011 LOADI A, 1 =1
101000 10100100 00000010 LOAD D, [N] ; register D=N
Loop: CMP A, D i<=N ?
Code Memory BRG End ; exit if i>N
Add: ADD B, A sum+=1i
ADDI A, 1 i++
100101 J6 000001 JUMP  Loop ; next iteration
| | | | | | End: STORE [sum], ; write B to sum
6-bit adder
6
i 100110 000000
6 6
J6 1\ N Clock
6-bit adder
= Cy l C3
100110 NG Next PC PC Current PC
~ 1
\6 \6
\ \
100110 6 100101

i281 CPU




Clock =

I

; Assembly Version

6 |100000] 00110100{ 00000000 -data
—x—]100001| 00110000{ 00000001 . N BYTE f
100010[ 10001100[ 00000000 16 _ 8 high i BYTE ?
16 |100011[11010011[ 00000000 sum BYTE ?
100100[ 11110010] 00000011 d6 10w
100101{ 01000100[ 00000000 N -code
6 | 100110 01010000( 00000001 LOADI B, O §um=0
o 100111 11100000 11111011 LOADI A, 1 i=1
- 1010001 10100100 00000010 LOAD D, [N] ; register D=N
Loop: CMP A, D i<=N ?
o /
— Code Memory BRG  End ; exit if i>N
Add: ADD B, A sum+=1i
ADDI A, 1 i++
100110 6 000001 JUMP Loop ; next iteration
| | | | | | End: STORE [sum], ; write B to sum
6-bit adder
6
1 100111 000001
6 6
N 1\ N Clock
6-bit adder
= C; l C3
101000 NG Next PC PC Current PC
~ 1
\ 6 6
\ \
100111 6 100110

i281 CPU




Clock =

I

; Assembly Version

6 |100000] 00110100{ 00000000 -data
—x—]100001| 00110000{ 00000001 . N BYTE f
100010[ 10001100[ 00000000 16 _ 8 high i BYTE ?
16 |100011[11010011[ 00000000 sum BYTE ?
100100[ 11110010{ 00000011 d6 10w
100101[ 01000100{ 00000000 A -code
6 |100110{ 01010000[ 00000001 LOADI B, O §um=0
— 1001111 11100000] 11111011 LOADI A, 1 i=1
= 101000 10100100] 00000010 LOAD D, [N] ; r.:ng.ster_D=N
o Loop: CMP A, D i<=N ?
— Code Memory BRG  End ; exit if i>N
Add: ADD B, A sum+=1i
ADDI A, 1 it++
100111 6 000001 JUMP Loop ; next iteration
| | | | | | End: STORE [sum], ; write B to sum
6-bit adder
6
1 101000 111011
6 J6
N 1\ N Clock
6-bit adder
= Ca l C3
|_100011 NG Next PC PC Current PC
\
\ 6 6
\ \
101000 N 100111

i281 CPU




Clock = lc ; Assembly Version
1
6 |100000[ 00110100/ 00000000 -data
=] 100001 00110000[ 00000001 . N BYTE f
100010 10001100 00000000 ;16 ;8hlgh i BYTE ?
16 |100011[ 11010011 00000000 sum BYTE ?
100100[ 11110010[ 00000011 Jd6 10w
100101[ 01000100| 00000000 N -code
6 [100110] 01010000[ 00000001 LOADI B, O %um=°
— 1001111 11100000 11111011 LOADI A, 1 =1
o 101000[ 10100100[ 00000010 LOAD D, [N] ; register_ D=N
o Loop: CMP A, D i<=N ?
o Code Memory BRG  End ; exit if i>N
Add: ADD B, A sum+=1i
ADDI A, 1 i++
100011 6 000001 JUMP  Loop ; next iteration
| | | | | | End: STORE [sum], B ; write B to sum
6-bit adder
6
i 100100 000000
6 Je6
J6 1\ N Clock
6-bit adder
= Cy l C3
| 100100 \ 6 Next PC PC Current PC
= 1
\6 \6
\ \
100100 6 100011

i281 CPU




Clock lc ; Assembly Version
1
6 [100000[ 00110100]| 00000000 -data
=1 100001 00110000] 00000001 . N BYTE >
100010[ 10001100[ 00000000 16 _ 8 high i BYTE ?
16 |100011[ 11010011 00000000 sum BYTE ?
——~—100100[ 11110010] 00000011 d6 10w
100101[ 01000100[ 00000000 N -code
6 100110 01010000/ 00000001 LOADI B, O ; §um=0
o 100111111100000[ 11111011 LOADI A, 1 pi=l
— 101000 10100100 00000010 LOAD D, [N] i register D=N
S Loop: CMP A, ; i<=N ?
— Code Memory BRG  End ; exit if i>N
Add: ADD B, A ; sum+=i
ADDI A, 1 ; i+
100100 6 000001 JUMP  Loop ; next iteration
| | | | | | End: STORE [sum], B ; write B to sum
6-bit adder Let’'s assume that the
= branch is taken this time.
6
i 100101 000011
6 6
N 1\ N Clock
6-bit adder
= Ca l C3
101000 NG Next PC PC Current PC
\
\6 \6
\ \
100101 N 100100

i281 CPU



Clock =

I

; Assembly Version

6 |100000] 00110100{ 00000000 -data
—x—]100001| 00110000{ 00000001 . N BYTE f
100010[ 10001100[ 00000000 16 _ 8 high i BYTE ?
16 |100011[11010011[ 00000000 sum BYTE ?
—~—1100100[ 11110010] 00000011 d6 10w
100101{ 01000100 00000000 N .code
6 |100110[ 01010000/ 00000001 LOADI B, O §um=0
o 1001111 11100000[ 11111011 LOADI A, 1 i=1
Q 101000[ 10100100[ 00000010 LOAD D, [N] ; register D=N
\C—> Loop: CMP A, D i<=N ?
o Code Memory BRG End ; exit if i>N
Add: ADD B, A sum+=1i
ADDI A, 1 i++
101000 Y6 000001 JUMP Loop ; next iteration
| | | | | | End: STORE [sum], B ; write B to sum
6-bit adder
6
1 101001 000010
6 6
J6 1\ N Clock
6-bit adder
= C; l C3
101011 \ 6 Next PC PC Current PC
1
\ 6 6
\ \
101001 6 101000

i281 CPU




/ Jer
6 [100000[ 00110100]| 00000000
~~—]100001| 00110000{ 00000001 .
100010] 10001100[ 00000000(| \ 16 ° 8high | OpCode y
Y \
(16 |100011[ 11010011 00000000 Decoder Jcicecies e c5c0C Ci5 Ci6 €17 Cig
~—100100[ 11110010[ 00000011 8 low
100101[ 01000100[ 00000000 A 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1
6 | 100110/ 01010000][ 00000001 00000000000O0OO0OO0OOOGOO
1001111 33160000[ 11111011
>< 101000 10100100\00000010
\
\\ Code Memoty /
/ Cgl 1C9 1C10 1C14
/ Registers Flags 4
A loooooooo] [} 0000
B N 4
N
¢ J 6 low
g B Joooo00000] |2 1015 N
Y 8 \ 1C18
e 7 s 8 8
C |oo000000 X S & °
B 1 4 low
C —
D [o0000000] |b ~ feu 1
48 4
4 000000000101 g
8 0001100000000 | Y
= 1016 0010100000000
2 0011{00000000] }=
6 low L N g | ©100[00000000
102 lc3 _ 6 Slow 0101/00000000
~ XHE R Switches =g 1 0110{00000000
Y Put x 6 PC 6 0111/00000000
6 pdate 6
\ : -100000
¢ S y?gm ~~—1o \ G Data Memory

1281 CPU



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| lcs \\8 0\ g 5 g 1C18
00000000 X 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
\ : -1ooooo
¢ v Logic ~o [200000] J16 Data Memory

1281 CPU



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
C C C
s) Joo Jew Jeu
Registers Flags 4
A 00000000 0000
J4
N
o | B Leooooooo Jes N & low
N \8 0\ lclg
\ 8 8 8
C [00000000 A —— " g
1 4 low
D [00000000 L~ lc” 11
438 4
4 0000100000101 g
8 0001100000000 | Y
= 1016 0010100000000
b 0011{00000000] j=
low - N 0100{00000000
Y jump or branch,address v 8
102 1C3 6 Slow 0101{00000000
B Switches =< Ay 1 0110/00000000
PC © 6 PC 0111/00000000
6 Update 6
\ : 100000
¢ v Logic ™10 J16 Data Memory
next address in

sequential order

1281 CPU



Questions?



THE END



