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Write .
Select 1c1 Write Enable
100000 00110100{ 00000000
100001] 00110000/ 00000001
100010[ 10001100/ 00000000 OpCode Control
Input J1o0011 iigiggié gggggggg Decoder C1C2C3C4C5C6C C9 C10 C11 C12 €13 C14 C15 C16 C17 C18
100100
10010107050 1501 50005000 RN RN R
100110 01010000| 00000001 000000 00000O0OO0OO0O0OO
100111[11100000[ 11111011
101000[10100100] 00000010
Read  Code Memory .
Select elect Write Enable Write Enabl
cxl lcq 1c10 r elcr:f e
Registers ~Far0fRead Select ALU Select Flags
5
C12 Ci13
A 100000000 A I{ 0000
B
c ALU Result REG Writebac]
B Joo000000 D csMux Mux
. Port1]Read Select ALU'S lclg
Input 6| lc7 ource] ALU
C [o0000000 Al J crux o—]0
g Write Enable
D loooooooo] |b Read 10” 1
t
DMEM Input 0000190000101
Mux —1 0001100000000
[ 1016 Write 10010[00000000
Select] 0011[00000000
PC Mux , 0 0100[{00000000
|2 Wr'te"%g‘ab'e 0101[00000000
PC 1 Switches 1 Input 011000000000
Undat PC 0111]00000000
paate [100000]
Logic 0 Data Memory

i281 CPU
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g\glléit 1c1 Write Enable
6 |1oo000 00110100/ 00000000
100001| 00110000/ 00000001 ] 27
nput|220°2° 10001100| 00000000} (16 o 8high | OpCode ~— Control
\
(6 oot iigiggié gggggggg Decoder C1C2C3 €4 C5C6C 10 C11 C12 C13 C14 C15 C16 C17 C18
Y 100100
8 low
100101 [ 975667501 6006666 ERERRERRARR RN RN
6 |100110[ 01010000 00000001 000000 00000O0OO0OO0O0OO
1001111 11100000| 11111011
1010001 10100100/ 00000010
Read  Code Memory
Select Write Enable
elect .
Write Enable
cxl lcq 1c10 1014
Registers C4P0"ég Read Select ALU Select Flags 4
ci2] |eis
A Joooooooo] [} I{ 0000
8
B N
C N ALU Result REG Writebac
B [ooo00000] |2 OWMux
W3 CPort1 Read Select ALUS lcm
Input 6] |c7 ource| ALU
C (00000000 Al 1011Mux .8 :
g Write Enable
D loooooooo] |b 10”
t
0000190000101
8 0001100000000
[ 4 0010100000000
0011100000000
PC Mux 0100
olow 102 Write‘E?able 16 0101 88888888
PC 6 |, Switches 0110/00000000
Undat < 6 PC 6 0111/00000000
6 pdate 6 100000
* Logic [~o [L00000] 16 Data Memory

i281 CPU



The Arithmetic Logic Unit
(ALU)
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These two control inputs determine

the type of arithmetic operation lCM
Register
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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 Ci3
ALU _SELECT1 | ALU_SELECTO |Operation
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.
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The ALU

ALU_SELECT1
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ALU_SELECTO
L/R — negative
8 flag 8
8 8 8-bit shifter | .s calculator |— ;ero
shift out |
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o | ALU_RESULT
g add / sub \L;——‘
0
8-bit adder 8 carry
1
8 carry —'_)
overflow
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= ) overflow
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The ALU

L/R

8-bit shifter

add / sub

8-bit adder




The ALU

ALU_SELECTO
L/R
8 8 8-bit shifter N
g add / sub
8-bit adder .8




The ALU
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The ALU
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The ALU
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The ALU

ALU_SELECT1

?
ALU_SELECTO
L/R — negative
8 flag 8
8 8 8-bit shifter | .s calculator |— ;ero
shift out |
8
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1
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This ALU Can Perform 4 Operations

ALU _SELECT1 | ALU_SELECTO |Operation
0] 0 SHIFTL
0] 1 SHIFTR
1 0 ADD
1 1 SUB/CMP




SHIFTL

ALU_SELECT1

®
ALU_SELECTO
I/ R L negative
o 8 flag 8
8 8 8-bit shifter calculator | — ,er0
shift out |
ALU_ RESULT
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0
8-bit adder 8 carry
1
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ALU_SELECT1

SHIFTR

ALU_SELECTO

L/R

8-bit shifter

shift out

add / sub

8-bit adder
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ALU_RESULT
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ALU_SELECT1

ADD

ALU_SELECTO
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8-bit shifter

shift out

add / sub
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overflow
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ALU_ RESULT
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overflow

\3_%‘ \”lel
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The Shifter Circuit
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The Shifter Circuit
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The ALU Shifter Circuit

s

7R

7 &

7 &

7 £

_0/15\1__0/

1

LLLLLLLLLLLL

O Og

T

Shift_Out

Goes to
Carry Flag



The ALU Shifter Circuit
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The Internal ALU Bus Multiplexer

ALU_SELECT1

ALU_SELECTO

T/R

8-bit shifter

shift out

add / sub

8-bit adder

carry

overflow

flag
calculator
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—— Z€T10

ALU_RESULT

carry

overflow




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

C12
U7... Uo 48_ 0 g
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2-to-1 Multiplexer

ALU_SELECT1

¢
ALU_SELECTO
L/R — negative
8 flag 8
8 8 8-bit shifter | .s calculator |— ;ero
shift out |
8
8 ALU_RESULT
g add / sub fr
O
8-bit adder 8 carry
1
N carry I \ ) %
overflow
I1° ]
= ) overflow
1



2-to-1 Multiplexer

ALU_SELECT1

ALU_SELECTO

T/R

L negative
8 flag 8

calculator

8 8 8-bit shifter

8
shift out |
8
- ALU_RESULT

q add / sub \I;__‘

0
8-bit adder 8 ) carry

1

overflow

—— Z€T10

) overflow
1



2-to-1 Multiplexer

input_0

select é

input_1

-
Ba




2-to-1 Multiplexer

ALU_SELECTI i}




2-to-1 Multiplexer

a

-
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The Adder / Subtractor

ALU_SELECT1

®
ALU_SELECTO

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

ALU_RESULT

8 m/ sub \T‘
0
8-bit adder 8 carry
1
8 carry '_)

overflow
/ L° ]
) overflow
1




The Adder / Subtractor

add / sub
Y, X, Ys Xeg Ys Xs Ys Xy Y; Xj Y, X, Y X4 Yo Xo
Cs Cr7 Cs Cs Cy4 C3 C2 C1 Co

FA | FA | FA | FA | FA | FA | FA | FA |+

S7 Se S5 S4 Sg Sz 81 So



The Adder / Subtractor

add / sub
Yz X7 Ys X Y5 Xs Yo X4 Y3 X3 Yy X Y Xy Yo Xo
Cs C7 Ce Cs Cq C3 C2 C1 Co
FA |« FA |« FA [« FA |« FA |« FA [« FA |« FA |«
Sy Se S5 Sy S3 Sy S, So

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



The Adder / Subtractor

ALU_SELECT1

®
ALU_SELECTO

T/R

L negative
8 flag 8

calculator |— ;ero

8 8 8-bit shifter

8
shift out |
8
. ALU_RESULT

X add / sub \E;__‘

0
8-bit adder 8 ) carry

1
0 :I
)

Y N carry —'_
The XORs overflow
are on this line

overflow




The Adder / Subtractor

add / sub
Y, X, Ys Xeg Ys Xs Ys Xy Y; Xj Y, X, Y X4 Yo Xo
Cs Cr7 Cs Cs Cy4 C3 C2 C1 Co

FA | FA | FA | FA | FA | FA | FA | FA |+

S7 Se S5 S4 Sg Sz 81 So



The Adder / Subtractor

add / sub
Yz X7 Ys X Y5 Xs Yo X4 Y3 X3 Yy X Y Xy Yo Xo
Cs C7 Ce Cs Cs4 Cs C2 C1 Co
«—e— FA |~94 FA [« FA [« FA |« FA |« FA [« FA |« FA |«
S, Se S5 Sy S3 S, S So

® )D— overflow

carry



The Adder / Subtractor

add / sub

Y; X; Ys Xg Ys Xs Yo X4 Ys; X; Y, X Yy X4 Yo Xo
Cs Cq Cs
¢ FA | FA | FA |
S7 SG S5 rl4 r!;g rlz 81
negative

‘ ‘ ‘ ‘ 9
Cs C7 Ce
¢ )I > overflow negative and zero can be

I
RENANE e
A

carry



The Adder / Subtractor

add / sub

Y; X7 Ys Xg Ys Xs Yo X4 Ys; X; Y, Xo Yi X4 Yo Xo

IRPIa NI el e B R

Sy Se Ss Sy S3 S, Sy So

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.
® overflow

4

carry



The ALU Flag Calculator
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8 8 8-bit shifter calculator | —|,er0

8
shift out |
8
. ALU_RESULT
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0
8-bit adder 8 ) carry

1
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overflow
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The ALU Flag Calculator
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ALU Outputs to the Flags Register

ALU_SELECT1 4 Outputs to the
Flags Register
° N
ALU_SELECTO
L/R negative
o 8 flag &

8
shift out |
8
: ALU_RESULT

8 m/ sub \T‘

0
8-bit adder 8 ) carry

1
0 :I
)

N carry

overflow
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A




The Flags Register
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16 _ 8 high

OpCode

11010011

00000000

11110010

00000011
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01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder
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Registers
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2] troren)
C [00000000]
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N
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Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101
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0111
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Data Memory

i281 CPU



4-Bit Parallel-Access Register

Out_3 Out_2 Out_1 Out_0

- [ : [ : [ : :

Clock

In 3 In 2 In_1 In O



The Flags Register

Carry Overflow Negative Zero
Flag Flag Flag Flag
Write
Enable [ [
} 4 } 4
0 0
1 1
Clock
Carry Overflow Negative Zero



The Flags Register

Carry Overflow Negative Zero
Flag Flag Flag Flag

Write

Enable [ + [ ‘ [ + +

Clock 3 ’ l

Carry Overflow Negative Zero



The Flags Register

Carry Overflow Negative Zero
Flag Flag Flag Flag
Write
Enable [ [
0 0
Clock
Carry Overflow Negative Zero



The Flags Register

Carry Overflow Negative Zero
Flag Flag Flag Flag
Write
Enable [ [ [
0 0 0 OL
D Q |- D Q |- D Q |- ——
1 1 1 1

Clock : : :

Carry Overflow Negative Zero



The Flags Register

Carry Overflow Negative Zero
Flag Flag Flag Flag
Write
Enable [ [
0 0 OL
Q |- Q |- Q |- e
1 1 1
QI— QI— QI— -
Clock

Reset

Carry

Overflow

Negative

Zero



The Flags Register

Carry Overflow Negative Zero
Flag Flag Flag Flag
VCC ®
Write
Enable [ [
Q S
0 0 0
—— D Q |- Q |- e
1 1 1
Clock

Reset

Carry

Overflow

Negative

Zero



VCC

The Flags Register

Parallel Output to the Control Logic

r Carry Overflow

Flag Flag

Flag

Negative

Zero
Flag

Write
Enable [ [ [
O .
0 0 0 0
—— D Q |- )
1 1 1 1
I > (_2 I I
Clock & & <[
Reset [
Carry Overflow Negative Zero
J
Y

Parallel Input From the ALU



Only Seven OPCODEs
Update the Flags Register
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00000001
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Registers
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i281 CPU
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C14 is set to 1 for opcodes that

update the flags register.

Only 7 opcodes do that.
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C14 is set to 1 for opcodes that

update the flags register.

Only 7 opcodes do that.



These 7 OPCODEs Update the Flags

NOOP
INPUTC
INPUTCF
INPUTD
INPUTDF
MOVE
LOADI
LOADP
ADD
ADDI
SUB
SUBI
LOAD
LOADF
STORE
STOREF
SHIFTL
SHIFTR
CMP
JUMP
BRE
BRZ
BRNE
BRNZ
BRG
BRGE

NO OPeration

INPUT into Code memory

INPUT into Code memory with oFfset

INPUT into Data memory

INPUT into Data memory with oFfset

MOVE the contents of one register into another
LOAD Immediate value

LOAD Pointer address

ADD two registers

ADD an Immediate value to a register

SUBtract two registers

SUBtract an Immediate value from a register
LOAD from a data memory address into a register
LOAD with an oFfset specified by another register
STORE a register into a data memory address
STORE with an oFfset specified by another register
SHIFT Left all bits in a register

SHIFT Right all bits in a register

CoMPare the values in two registers

JUMP unconditionally to a specified address
BRanch if Equal

BRanch if Zero

BRanch if Not Equal

BRanch if Not Zero

BRanch if Greater

BRanch if Greater than or Equal



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

11010011

00000000

11110010

00000011

OpCode
Decoder

27

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cxl lcq lcm

Arithmetic Logic Unit

lc14

Flags

|0 00 0|

Registers
C4l © Clzl C13
A Joooooooo] [ 1
B 8
C N\
B-_oooooooo y
8
e} |7 ALU
C [o0000000 Al 101
B
C
D loooooooo] |b
8
¢
6 low
C2 c3 16
PC 6 11 ‘ Switches
Update | S Po
pdate 6 100000
Logic [~o [L00000]

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cxl lcq lcm

These two control inputs determine

the type of arithmetic operation lCM
Register
EgISers .1 1e Flags 4
A Joooooooo] [ 0000
4
B
C
. B |00000000 D 1C1s
\
061 C g
C [00000000] [N A ®
g 4 low
D loooooooo] |b 10”
0000190000101
] 0001100000000
® 1% 0010{00000000
g 0011{00000000
6 low 0 g 010000000000
C2 c3 AN 0101]00000000
. 16 81
PC 11 ‘ Switches il 1 0110{00000000
Updat 6 PC 0111{00000000
pdate 100000
Logic [~o [L00000] 16 Data Memory

i281 CPU
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The Wiring Diagram for c,,
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OLNdNI
ADLNdNI
ALNdNI
JALNdNI
HAOWN
1Iavo’l
aav
1aav
ans

1ans
avol
JdAaVvOo1T
HYOLS
JHYOLS
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HLAIHS
dIND

cll

cl3
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The Wiring Diagram for c,;

dOON
OLNdNI
ADLNdNI
ALNdNI
JALNdNI
HAOWN
1Iavo’l
aav
1aav
ans

1ans
avol
JdAaVvOo1T
HYOLS
JHYOLS
TLATIHS
HLAIHS
dIND

cll

cl3




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

ALU _SELECT1 | ALU_SELECTO |Operation
0] 0 SHIFTL
0 1 SHIFTR
1 0 ADD ADDI
1 1 SUB/CMP SUBI

These two OpCodes
map to here as well



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 Ci3
ALU _SELECT1 | ALU_SELECTO |Operation
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.
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C42 and c43 are set by these opcodes that

need the ALU to compute something.



o0 - -
o XOW MOVEELTEM OFd -y -
nwu TIGUNT FLIEM WANA o [ - -
el — —
5 XOW INANT WEWA |
Cw XoW zosmd aTe| |- |+ - -
% TIGYNE FLTIM SOVIA GGG Y -
o - ) N
5 0LOTTAS 3¢= - ol |-
a ._”_H.omqmmlb,z_ Y [N Y Y B [ ) ) ) I ) O ) o) I
Q y,
CM XON F0¥N0S NTY | |- ) I -
Cw TTIYNT EITEM SYELSIOTS A [t [ | | |t [ [ -
5 OLOTIES HLTHYM SYELSIOEI RISIRIRR(RS|R 2|8
& TIOFTES TLTYM SYILSIOTY olielioliv] lo]ioliol}e) ol lo!
)" OLOETAS 1IN0 SYALSIOMI S8 2R S
F TIOETES 1I¥Od SYALSIORI ol |5 ol boi 5
<’ 0LOFTAS 0INOd SUALSIODEI 2l 1212 112212 12| 21828
S’ TIOETAS 0I¥Od SYAISIOEI gl [R5 (RIRIRR] (2] [HER]R
S XOW YEINNOD WYE¥DO0dd 213D
o TTGYNT FLIEM WENI| |~ |-
a1}
g >
Iy =y
0|0 ~ LT M 1]

oE(E(BIELalBl Ll o & (2 B EIE (S 8], |5

SRR EEEEEE E EEEEEEE

NIIIIMMMMSSMMSSSS MMM

SHIFTL also uses the ALU, but in this

case the two control lines are both

equal to zero.
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In fact, all of these other commands tell
the ALU to shift left. The ALU is never idle!

But they ignore the result!



The MOVE command
is implemented as addition with 0



XOW MOVHALTIM 9Fd

TTGYNT FLIEM WINA

XOW LOANT WENd

XOW INSTE 0TV

TIGYNE FLTIM SOVIA

Co IC10|C11[C12 [C13[C14 |C15]C16|C17[Cis

- 3
OLOETES D.H¢= |- [
._”_H.UW.HmmID,E_ RGN GGG EG -
/
XOW FO¥9NOS 0TV o [H]H RGN GINE
TTEYNT LLTEM SYELSIOEA A | | ] o [
OLOETES TLTYM SYELSIOEI RISIRIRR(RS|R 2|8
& TIOEIES HLIMM SYELSIOE olislislisliv]isliolie) ol bo)
)" OLOETAS 1IN0 SYALSIOMI M 2|8 S
F TIOETES 1I¥Od SYALSIORI o = ol o) o
<’ 0LOFTAS 0INOd SUALSIODEI 2l 1212 112212 12| 21828
S’ TIOETAS 0I¥Od SYAISIOEI gl [R5 (RIRIRR] (2] [HER]R
5} XOW WEINNOD WWED0ud dlslal
o TIEYNZ FLIEM WIEWI| ||~
[2%)
a e
(O} kO] ~ B4 M
o E(E (B ELlB] Ll lulala (2 B E(E el g, |5
S EEEE R EE B EEEEE
Z2|H[H|H[H m m M M nln m m njunjnin MMaMaM

The MOVE command copies the contents

of one register into another. But it tells

the ALU to do addition?! Why?



MOVE

Full name:
MOVE
Description:

Move (i.e., copy) the contents of the second register into
the first register, overwriting the first register.

Assembly Example:
MOVE A, B

Instruction Layout:

o,0|j1,0/0/]0|O0O|1/0|0O|O0O|O0O|O0O|0O]|O0]O




MOVE

Full name:
MOVE

Description:

Move (i.e., copy) the contents of the second register into
the first register, overwriting the first register.

Assembly Example:
MOVE A, B

Instruction Layout: A=B +0

o,0|j1,0/0/]0|O0O|1/0|0O|O0O|O0O|O0O|0O]|O0]O
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The MOVE command copies the contents

of one register into another. But it tells

the ALU to do addition?! Why?



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

00100001

00000000

16

. 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

4
C loooooo00 8
D 00000000 1017
0000190000101
8 0001{00000000
¢ 0010[00000000
0011[00000000
6 low 0100[00000000
C2 c3 - 010100000000
. 16 81
PC 11 ‘ Switches =il 1 011000000000
x 6 PC 0111[00000000
Update | [Lo0000]
Logic 0 16 Data Memory

i281 CPU



B

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

00100001

00000000

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

27

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

4
C loooooo00 8
D 00000000 1017
0 0000100000101
8 0001{00000000
¢ 0010[00000000
0011[00000000
6 low 0100[00000000
C2 c3 - 010100000000
. 16 81
PC 11 ‘ Switches =il 1 011000000000
x 6 PC 0111[00000000
Update | [Lo0000]
Logic 0 16 Data Memory

i281 CPU



The Program Counter (PC)



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

11010011

00000000

11110010

00000011

OpCode
Decoder

27

8 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

" Control
C1 €C2C3C4C5C6C7C8C9oC10C11C12C13C14Ci5Cl6C17 Cl18
EERRRRRRRRRERERRR
00000000000O0O0OO0ODOOO0ODO

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C.

o0 w»>

N
!

\U O wx

o
(=}

!
o

Cs

1017

8
[ _
6 low
16
6 Switches
PC .
Update
6 |100000|
Logic > 16

0000100000101

00000000
00000000
00000000
00000000
00000000
00000000
00000000

0001
0010
0011
0100
0101

0110
0111

Data Memory

i281 CPU



6-Bit Parallel-Access Register

OUT; OUT, OUT; OuT, ouT, OUT,
ﬂ D Qf-&- E D Q} ﬂ D Qf E D Q} D Q& D— D Q
l— > Qb I > Q > Q Q > 0 > Ofp—

IN, IN; N, N, IN,



The Program Counter Register

PCs PC, PC, PC, PC, PC,
Write
Enable I I T
ﬂ D Q& E D Q= ﬂ D Qf E D Q= D Q-+ D—D Q=
l—> 6— I> 6— P> 6— l—> 6— l—> 6— d 6
Clock | l— |

INs INy IN; IN, IN, INy




The Program Counter Register

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

A
4
PC; PC, PC, PC, PC, PC,
Write
Enable I T
0
ﬂ D Q& E D Q-+ D Q-+ D—D (0] = %
l—> Q- > Q— > Qf— |—> Q-
Clock | | J_ l_
IN5 IN4 INI I1\10
1\ J

Parallel Input From the PC Update Logic



The Program Counter Register

PCs PC, PC, PC, PC, PC,
Write
Enable I I T
ﬂ D Q& E D Q= ﬂ D Qf E D Q= D Q-+ D—D Q=
l—> 6— I> 6— P> 6— l—> 6— l—> 6— d 6
Clock | l— |

INs INy IN; IN, IN, INy




The Program Counter Register

PC,

ol O
)|

PC; PC, PC;4 PC, PC,

Write
Enable I I

ﬂ D Q& B D Q= ﬂ D Q&

l—> Qo > Qf— > Qf—
(@) | (@) l—
Clock | Q
IN IN IN




The Program Counter Register

VCC

PC; PC, PC, PC, PC,

[ [ I [

(@) Q O (@)

ﬂ D Q& E D Q-+ ﬂ D Q& E - ﬂ -
> QO Qo o p P
=gn=ans

IN IN, N, N, N, N,




The Program Counter
Update Logic



Je
¢ [100000[ 00110100] 00000000
100001/ 00110000{ 00000001 . 27
100010] 10001100] 00000000} (16 o 8high | OpCode ,
16 |ro0011[TT010011] 00000000]|[ ° Decoder €1 Cy C3 Ca Cs C C7
Se——1100100[ 11110010[ 00000011 2 low 1 1 l l 1 1 1
100101[01000100] 00000000
6 [100110[01070000[ 00000001 0000000
100111[11100000[ 11111011
101000[10100100] 00000010
Code Memory
cxl lcq lcm
Registers
9 041 cs ci2
A [oooooooo] [ l l
B
C
. B Joo000000] |D
\
Cél C
C [00000000] [N
B
C
D Jo0000000] |p
8
¢
6 low
C2 c3
o . 16
PC 6 11 ‘ Switches
Update ||, 2 LS
6 pdate 6 [100000]
¢ X Logic 0 16

1017

0000100000101

0001100000000

0010100000000

0011100000000

0100100000000

0101)00000000

0110/00000000

0111]00000000

Data Memory

i281 CPU



B

/

1017

¢ |100000] 00110100[ 00000000
] 100001[ 00110000[ 00000001 . 27
100010[ 10001100[ 00000000 (|| 16 _ {8high | OpCode " Control
16 |roco11[T1010011[00000000]| ° Decoder C1 €2 C3 C4 Cs €5 C7 Cg Co C10 C11 C1
——]100100[11110010] 00000011
8 low
100101[101000100]{ 00000000 1 1 l l 1 1 1 l
6 [100110]01010000] 00000001 00000000
100111131360000[ 11111011
>< 101000[7701001001.00000010
\
Code Memory
/ cxl 109 lcm
/ Registers
c4] |c
A (00000000 }Lg
B
C
. B |oo000000] |2
\,
061 C
C [00000000] [N
B
C
D foooooooo] |p
8
T <
6 low
C2 C3
, 16 81
PC 6 ll ‘ Switches il 1
U “t N 6 PC
6 pgate 6
\ 100000
S }oygic ~—1o 100000} 16

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



Je

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

PC
Update
Logic

8 low

102

‘CB

PC

|100000|

i281 CPU



Je

100000{ 00110100] 00000000
100001] 00110000 00000001
100010[ 10001100/ 00000000]| \ 16 o\ 8 high
100011 11010011 00000000
100100[11110010[ 00000011 <810w>
100101[01000100| 00000000

100110[ 01010000[ 00000001

100111111100000( 11111011
1010001 10100100 00000010

Code Memory
——
dow

e Jes
6 Ude(;te \\6 1 d @
N Logic 0

i281 CPU



Je

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

PC
Update
Logic

6 low

‘CB

PC

|100000|

i281 CPU



I

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100[ 00000000
00110000{ 00000001 '
10001100| 00000000|| (16 o (8high

11010011]00000000
11110010 00000011
01000100) 00000000
01010000| 00000001
11100000/11111011
10100100 00000010

6 low

Code Memory

i281 CPU



le

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

6 100000
AF 100001
100010
16 100011
100100
100101
6 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

000001
HRERR

6-bit adder

Vv

V
6-bit adder

%3

| =
PC

100000

i281 CPU



Clock =

I

6 |100000
=1 100001
100010

16 |ro0011
] 100100
100101
6 [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

000
||

6 low

-

6- b|t adder

V
6-bit adder

Clock

|
PC

100000

i281 CPU



Clock =

le

6 |100000
=1 100001
100010

16 |ro0011
] 100100
100101
6 [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

000001
| [ 1]

6-bit adder

Vv

Co

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

6 Clock

V
6-bit adder  Co

|«
& PC

100000 Y

i281 CPU



Clock =

I

6 |100000
=1 100001
100010

16 |ro0011
] 100100
100101
6 [100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000]} 10 8 high

11010011

00000000

11110010

00000011 6 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

—

Code Memory

000000
| [ 1]

6

V
-bit adder  ©o 1

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

6 Clock

6-bit adder  Co

Vv

|«
g PC

100000 N

i281 CPU



Clock =

I

6 100000
AF 100001
100010
16 100011

—AF 100100

100101
6 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

000001
| [ 1]

carry  6-bit adder

overflow

Vv

Vv

carry  6-bit adder

overflow

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.

Clock

|
PC

100000

i281 CPU



Clock =

I

6 |100000
=1 100001
100010

16 |ro0011
] 100100
100101
6 [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

000
||

6 low

-

6- b|t adder

V
6-bit adder

Clock

%3

Next PC
6

|
PC

100000

Current PC
6

\

\

i281 CPU



Clock =

I

6 |100000] 00110100/ 00000000
=1100001] 00110000| 00000001 ]
100010[ 10001100] 00000000} 16 8 high
16 |t00011[11010011[00000000
=—=—1100100[11110010| 00000011 6 low
100101{ 01000100[ 00000000
(6 [1o0r10[ 01010000] 00000001 Offset from the second byte
100111[11100000[ 11111011 . .
101000[ 701001001 00600010 of the current instruction
Code Memory
Current PC {6 (l)(l)(i(l)(l);
6-bit adder /Li
6 Off
Current PC + 1 set
¢ 6 6
! \V/
6-bit adder

Current PC + 1 + Offset

Current PC + 1

Clock

%3

Next PC
6

|
PC

100000

Current PC
6

\

\

i281 CPU



Clock =

¢ |r00000[ 00110100] 00000000
= 100001 00110000] 00000001
100010 10001100[ 00000000(| 16 o 8 high
100011[ 11010011 00000000
———1100100[ 11110010] 00000011
100101[01000100[ 00000000
¢ |200110[ 0T0T0000[ 00000001

16

I

100111111100000f 11111011

1010001 10100100 00000010

Code Memory

—
Current PC

000001
| [ 1]

V
6-bit adder

6 Current PC + 1

6

6 low

6

Vv

6-bit adder

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.

Clock
\ 6 Next PC
\ 1
6
6

Current PC + 1

|~
PC

100000

Current PC
6

N\

\

i281 CPU



Clock

I

6 100000

=1100001

100010
100011

—AF 100100

100101
6 100110

100111
101000

00110100

00000000

00110000

00000001

10001100

11010011

00000000

11110010

00000011 6 low

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Current

Code Memory

PC d6

000001
| [ 1]

6

\V4
-bit adder

6 Current PC + 1
[

00000000]} 10 8 high

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

6 6
6
V
6-bit adder
\ 6
Current PC + 1 + Offset )
6

Clock

%3

Next PC
6

|~
PC

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

N\

\

i281 CPU



Possible 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
32 | 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 |100000
=1 100001
100010

16 |ro0011
] 100100
100101
6 [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

000
||

6 low

-

6- b|t adder

V
6-bit adder

Clock

(1)

PC

100000

i281 CPU
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c3 is always 1, because this is
a single-cycle processor, i.e., it
executes one instruction per clock cycle.



Clock =

I

6 |100000
=1 100001
100010

16 |ro0011
] 100100
100101
6 [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

000
||

6 low

-

6- b|t adder

V
6-bit adder

Clock

|
PC

100000

i281 CPU
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(ZF)

ZF

Bl=

Zero Flag

B2= ~ZF

computed using

Negative Flag (NF)
Overflow Flag (OF)

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

B4= XNOR (NF, OF)

the flags register
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(ZF)

ZF

Bl=

C,is the OR
of these five

Zero Flag

B2= ~ZF

Negative Flag (NF)
Overflow Flag (OF)

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

B4= XNOR (NF, OF)

times the OPCODE



Comparison of Sighed Numbers



Comparison of Sighed Numbers

* Equal

* Not equal

 Greater

» Greater or Equal

e Less

* Less or Equal

ZF =1

ZF =0

ZF =0 and NF =OF

NF = OF

NF != OF

ZF =1 or NF !=OF



Comparison of Sighed Numbers

- Equal ZF

* Not equal Z:

- Greater ZF « XNOR( NF, OF )
» Greater or Equal XNOR( NF, OF )
 Less XOR( NF, OF)

* Less or Equal ZF + XOR( NF, OF )
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B B & a5
VUZRS &80
FEEED & >0 9
MMM DVOZN
c2
i B
o
| *
' -
JUMP 1] 1
BRE/BRZ BL| 1
BRNE /BRNZ B2 1
BRG B3 1
BRGE B4 1
C,isthe OR ::= :z Zero Flag (ZF)
of these five - Negative Flag (NF)
3= ~ ’ ’
times the OPCODE  pa- mioncee. om0 ) Overflow Flag (OF)

i281 CPU



29
B B & a5
fofs2 3%
S
AEmmE OOz
JUMP * 1
BRE * B1
BRNE * B2
:>_,78RG “B3
o
| .
' DS
BRGE * B4
JUMP 1 1
BRE/BRZ Bl 1
BRNE/BRNZ B2 1
BRG B3 1
BRGE B4 1
C,isthe OR ::= :z Zero Flag (ZF)
of these five N Negative Flag (NF)
times the OPCODE . s e s XNOR(NE, OF)) Overflow Flag (OF)

B4= XNOR(NF, OF)

i281 CPU



Some Interesting Dualities

« Equal = Not Equal

* Greater = Less or Equal

 Less = Greater or Equal



Comparison of Unsigned Numbers
(not supported by this CPU)



Comparison of Unsigned Numbers
* Equal

* Not equal

» Greater

» Greater or equal

* Less

* Less or Equal



Comparison of Unsigned Numbers
* Equal

* Not equal

* Greater / Above

» Greater or Equal / Above or Equal

* Less / Below

» Less or Equal / Below or Equal



Comparison of Unsigned Numbers

* Equal

* Not equal

 Greater

» Greater or Equal

e Less

* Less or Equal

ZF =1

ZF =0

ZF=0 and CF =1

CF =1

CF=0

ZF=1 or CF=0



Comparison of Unsigned Numbers

- Equal ZF
* Not equal Z:
* Greater Z= e CF
» Greater or Equal CF
* Less &

* Less or Equal ZF + CF



Comparison of Unsigned Numbers

- Equal ZF
* Not equal Z:
* Above Z: « CF
 Above or Equal CF
* Below a:

* Below or Equal ZF + CF



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



Add the numbers from 1 to 5

// C Version

// using a for loop
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

)

)

B, O
A, 1
D, [N]
A, D
End
B, A
A, 1
Loop

[sum],

B

~e ~e ~e ~e ~e ~e ~e

~e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=i

i++

next iteration

write B to sum



Add the numbers from 1 to 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

-~

-~

D, [N]

End
B, A
A, 1
Loop

[sum],

B

~e ~e ~e ~e ~e ~e ~e

~e

sum=0

i=1

register D=N
i<=N ?

exit if i>N
sum+=i

i++

next iteration

write B to sum



Clock

I

6 |100000
=1 100001
100010

16 |ro0011
] 100100
100101
6 [100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16

8 high

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

6 low

Code Memory:

0011010000000000
0011000000000001
1000110000000000
1101001100000000

11100000

11111011

10100100

00000010

—

Code Memory

000001
| [ 1]

6-bit adder

Vv

V
6-bit adder

1111001000000011
0100010000000000
0101000000000001
1110000011111011
1010010000000010

Clock

| &
1 PC
100000

i281 CPU



Clock = ‘Cl ; Assembly Version
6 |100000] 00110100] 00000000 -data
—=—]100001| 00110000[ 00000001 . N BYTE 5
100010[ 10001100] 00000000 || 16 8 high 1 BYTE ?
16 |100011[11010011] 00000000 sum BYTE 2
=—=—1100100[ 11110010[ 00000011 6 low
100101[01000100[ 00000000 -code
6 |100110[ 01010000] 00000001 Loapr B, 0 i sum=0
Se=1100111[ 11100000 11111011 LOADI A, 1 ioi=1
1010000 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+=i
G—— 00 1 ADDI A, 1 ;oi++
6 JUMP Loop ; next iteration
| | | End: STORE [sum], B ; write B to sum
6- b|t adder
[ _
6 6
6 Clock
6-bit adder
= C, l C;
6
1
6
100000 Y
o 0

i281 CPU



Clock ‘Cl ; Assembly Version
6 |100000] 00110100] 00000000 -data
—=—100001| 00110000[ 00000001 . N BYTE 5
100010[ 10001100] 00000000} 16 8 high 1 BYTE ?
16 |r00011]11010011[00000000 sum BYTE ?
=—=—1100100[11110010| 00000011 6 low
1001011 01000100[ 00000000 -code LoADI B. © .
sum=
¢y _\6]°0r] 01010000/ 00000001 Offset from the second byte LOADI A, 1 i=1
ol 100111[11100000[ 11111011 £ h tinstructi ' .
= 101000[ 70100100/ 00000010 Orf the current Instruction LOAD D, [N] ; register D=N
o Loop: CMP A, D i<=N ?
5 Code Memory BRG  End ; exit if i>N
@) Add: ADD B, A sum+=i
GP——— ADDI A, 1 i++
Current PC 000001 JUMP  Loop ; next iteration
| | | | | | End: STORE [sum], B ; write B to sum
6-bit adder /L‘L
6 Off
Current PC + 1 set
@
6 6
6 Clock
6-bit adder
= C l C3
6 1 Next PC PC Current PC
Current PC + 1 + Offset 6 N
100000 \
o 0
Current PC + 1

i281 CPU




Clock ‘Cl ; Assembly Version
6 |100000] 00110100] 00000000 -data
—=—100001| 00110000[ 00000001 . N BYTE 5
100010[ 10001100] 00000000} 16 8 high 1 BYTE ?
16 |r00011]11010011[00000000 sum BYTE ?
=—=—1100100[11110010| 00000011 6 low
1001011 01000100[ 00000000 -code LoADI B. © .
sum=
¢y _\6]°0r] 01010000/ 00000001 Offset from the second byte LOADI A, 1 i=1
ol 100111[11100000[ 11111011 £ h tinstructi ' .
= 101000[ 70100100/ 00000010 Orf the current Instruction LOAD D, [N] ; register D=N
o Loop: CMP A, D i<=N ?
5 Code Memory BRG  End ; exit if i>N
@) Add: ADD B, A sum+=i
GP——— ADDI A, 1 i++
Current PC 000001 JUMP  Loop ; next iteration
| | | | | | End: STORE [sum], B ; write B to sum
6-bit adder /L‘L
6 Off
Current PC + 1 set
@
6 6
6 Clock
6-bit adder
= C l C3
6 1 Next PC PC Current PC
Current PC + 1 + Offset 6 N
100000 \
o 0
Current PC + 1

i281 CPU




Clock =

I

16

f

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

100000

100000 s

Code Memory

000
||

6 low

-

6- b|t adder

100001

6

000000

V
6-bit adder

100001

100001

; Assembly Version
.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code

LOADI B, O sum=0

LOADI A, 1 i=1

LOAD D, [N] ; register_D=N
Loop: CMP A, D i<=N ?

BRG End ; exit if i>N
Add: ADD B, A sum+=i

ADDI A, 1 it+

JUMP Loop next iteration
End: STORE [sum], ; write B to sum

Clock
0
) l C3

Next PC PC Current PC

1
6 NS
100000 N

i281 CPU



Clock =

I

16

f

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

100001

100001 s

Code Memory

000
||

6 low

-

6- b|t adder

100010

6

000001

V
6-bit adder

100011

100010

; Assembly Version
.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code

LOADI B, O sum=0

LOADI A, 1 i=1

LOAD D, [N] ; register_D=N
Loop: CMP A, D i<=N ?

BRG End ; exit if i>N
Add: ADD B, A sum+=i

ADDI A, 1 it+

JUMP Loop ; next iteration
End: STORE [sum], ; write B to sum

Clock
0
) l C3

Next PC PC Current PC

1
6 NS
100001 N

i281 CPU



Clock =

I

16

f

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

100010

100010 46

Code Memory

000
||

6 low

-

6- b|t adder

100011

6

000000

V
6-bit adder

100011

100011

; Assembly Version
.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code

LOADI B, O sum=0

LOADI A, 1 i=1

LOAD D, [N] ; register_D=N
Loop: CMP A, D i<=N ?

BRG End ; exit if i>N
Add: ADD B, A sum+=i

ADDI A, 1 it+

JUMP Loop ; next iteration
End: STORE [sum], B ; write B to sum

Clock
0
Cy l Cs

Next PC PC Current PC

1
6 NS
100010 N

i281 CPU



Clock =——

I

16

f

100000 00110100 00000000

100001| 00110000 00000001

100010[ 10001100] 00000000} 16

8 high

100011 11010011| 00000000

100100 11110010| 00000011

1001011 01000100( 00000000

1001101 01010000 00000001

100111111100000( 11111011

1010001 10100100 00000010

100011

Code Memory

100011

000
||

6 low

-

6- b|t adder

100100

6

000000

V
6-bit adder

100100

100100

; Assembly Version
.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code

LOADI B, O sum=0

LOADI A, 1 i=1

LOAD D, [N] ; register_D=N
Loop: CMP A, D i<=N ?

BRG End ; exit if i>N
Add: ADD B, A sum+=i

ADDI A, 1 i+t

JUMP Loop ; next iteration
End: STORE [sum], ; write B to sum

Clock
0
) l C3

Next PC PC Current PC

1
6 NS
100011 N

i281 CPU



Clock =

‘Cl ; Assembly Version
6 |100000] 00110100] 00000000 -data
—=—100001| 00110000[ 00000001 . N BYTE 5
100010[ 10001100 00000000} \ 16 8 high 1 BYTE ?
16 [100011[11010011[ 00000000 sum BYTE 7?2
——100100[ 11110010 00000011 6 low
100101{ 01000100/ 00000000 -code
6 |100110[ 01010000 00000001 LOADI B, 0 sum=0
o [oo111[T1100000[ 11111011 LOADI A, 1 i=1
o 1010000 10100100[ 00000010 LOAD D, [N] ; register_ D=N
S Loop: CMP A, D i<=N ?
e Code Memory BRG  End ; exit if i>N
Add: ADD B, A sum+=i
00000 1 ADDI A, 1 i++
100100 JUMP  Loop ; next iteration
| | | End: STORE [sum], B ; write B to sum
6- b|t adder The branch is not taken.
100101 000011
6 6
6 Clock
6-bit adder 0
= ) l C3
101000 6 1 Next PC PC Current PC
6 6
100101 6 100100 )

i281 CPU




Clock =

I

16

f

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

100101

100101 s

Code Memory

000
||

6 low

-

6- b|t adder

100110

6

000000

V
6-bit adder

100110

100110

; Assembly Version
.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code

LOADI B, O sum=0

LOADI A, 1 i=1

LOAD D, [N] ; register_D=N
Loop: CMP A, D i<=N ?

BRG End ; exit if i>N
Add: ADD B, A sum+=i

ADDI A, 1 it+

JUMP Loop ; next iteration
End: STORE [sum], ; write B to sum

Clock
0
) l C3

Next PC PC Current PC

1
6 NS
100101 N

i281 CPU



Clock =

‘Cl ; Assembly Version
6 |100000] 00110100] 00000000 -data
—=—100001| 00110000[ 00000001 . N BYTE 5
100010[ 10001100 00000000} 16 8 high 1 BYTE ?
16 |r00011]11010011[00000000 sum BYTE ?
=—=—1100100[ 11110010[ 00000011 6 low
100101[ 01000100{ 00000000 -code -
¢ |200110[ 0T010000] 00000001 LOADT B, © sum=0
o [0 [T1100000[ 11111011 LOADI A, 1 =1
~ 101000 10100100/ 00000010 LOAD D, [N] ; register D=N
pay Loop: CMP A, D i<=N ?
e Code Memory BRG  End ; exit if i>N
Add: ADD B, A sum+=i
00000 1 ADDI A, 1 i++
100110 Jdo JUMP  Loop ; next iteration
| | | End: STORE [sum], ; write B to sum
6- b|t adder
100111 000001
6 6
6 Clock
6-bit adder 0
C, l C;
101000 6 1 Next PC PC Current PC
6 6
100110 N
100111 6

i281 CPU



Clock = ‘01 ; Assembly Version
6 |100000] 00110100] 00000000 -data
=~—]100001[ 00110000 00000001 . N BYTE 5
100010[ 10001100[ 00000000 || 16 8 high 1 BYTE ?
16 |r00011]11010011[00000000 sum BYTE ?
=—=—1100100[ 11110010[ 00000011 6 low
100101 01000100] 00000000 -code
6 |00110[01010000( 00000001 LoADI B, 0 i sum=0
— [ro0r11[11100000[ 11111011 LOADI A, 1 P i=1
= 101000['10100100{ 00000010 LOAD D, [N] } register D=N
pay Loop: cMP A, D ; i<=N ?
8 Code Memory BRG End ; exit if i>N
Add: ADD B, A ; sum+=i
00000 1 ADDI A, 1 s i+
100111 6 JUMP Loop ; next iteration
| | | End: STORE [sum], B ; write B to sum
6- b|t adder The jump is taken.
101000 111011
6 6
6 Clock
6-bit adder 1
= C, l C;
100011 6 Next PC PC Current PC
6 NS
101000 s | o 100111 )

i281 CPU



Clock =——

I

16

f

100000 00110100 00000000

100001| 00110000 00000001

100010[ 10001100] 00000000} 16

8 high

100011 11010011| 00000000

100100 11110010| 00000011

1001011 01000100( 00000000

1001101 01010000 00000001

100111111100000( 11111011

1010001 10100100 00000010

100011

Code Memory

100011

000
||

6 low

-

6- b|t adder

100100

6

000000

V
6-bit adder

100100

100100

; Assembly Version
.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code

LOADI B, O sum=0

LOADI A, 1 i=1

LOAD D, [N] ; register_D=N
Loop: CMP A, D i<=N ?

BRG End ; exit if i>N
Add: ADD B, A sum+=i

ADDI A, 1 i+t

JUMP Loop ; next iteration
End: STORE [sum], ; write B to sum

Clock
0
) l C3

Next PC PC Current PC

1
6 NS
100011 N

i281 CPU



ion

, 0
, 1
[N]
D

14

P o P w

14
End

B, A
A, 1
Loop
[sum],

B

sum=0
i=1

; register_D=N

i<=N ?

; exit if i>N

sum+=i
i++

; next iteration
; write B to sum

Clock = ‘Cl ; Assembly Vers
6 |100000] 00110100] 00000000 -data
=~ 100001/ 00110000] 00000001 ) N BYTE
100010] 10001100] 00000000} | 16 8 high . BYTE
16 |r00011]11010011[00000000 sum BYTE
——1100100[ 11110010| 00000011 6 low
100101[01000100] 00000000 -code
6 |100110] 01010000 00000001 LOADI
me=1100111[11100000] 11111011 LOADI
o
<) 101000[ T0100100] 00000010 LOAD
E; Loop: CMP
o Code Memory BRG
Add: ADD
ADDI
000001
100100 JUMP
| | | End: STORE
6- b|t adder
100101 000011
6 6
P Clock
6-bit adder 1
101000 6 Next PC
6
100101 slo

Let’'s assume that the
branch is taken this time.

|«
PC Curr6ent PC
100100 >

i281 CPU




Clock =

I

16

f

100000 00110100 00000000

100001| 00110000 00000001

100010[ 10001100] 00000000} 16

8 high

1000111 11010011 00000000

100100 11110010| 00000011

1001011 01000100( 00000000

1001101 01010000 00000001

100111111100000( 11111011

101000 10100100( 00000010

101000

Code Memory

101000

000
||

6 low

-

6- b|t adder

101001

6

000010

V
6-bit adder

101011

101001

; Assembly Version
.data
N BYTE 5
i BYTE ?
sum BYTE ?
.code

LOADI B, O sum=0

LOADI A, 1 i=1

LOAD D, [N] ; register_D=N
Loop: CMP A, D i<=N ?

BRG End ; exit if i>N
Add: ADD B, A sum+=i

ADDI A, 1 it+

JUMP Loop ; next iteration
End: STORE [sum], ; write B to sum

Clock
0
) l C3

Next PC PC Current PC

1
6 NS
101000 ®

i281 CPU



B

/

1017

¢ |100000] 00110100[ 00000000
] 100001[ 00110000[ 00000001 . 27
100010[ 10001100[ 00000000 (|| 16 _ {8high | OpCode " Control
16 |roco11[T1010011[00000000]| ° Decoder C1 €2 C3 C4 Cs €5 C7 Cg Co C10 C11 C1
——]100100[11110010] 00000011
8 low
100101[101000100]{ 00000000 1 1 l l 1 1 1 l
6 [100110]01010000] 00000001 00000000
100111131360000[ 11111011
>< 101000[7701001001.00000010
\
Code Memory
/ cxl 109 lcm
/ Registers
c4] |c
A (00000000 }Lg
B
C
. B |oo000000] |2
\,
061 C
C [00000000] [N
B
C
D foooooooo] |p
8
T <
6 low
C2 C3
, 16 81
PC 6 ll ‘ Switches il 1
U “t N 6 PC
6 pgate 6
\ 100000
S }oygic ~—1o 100000} 16

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 _ 8 high

OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

8 low

Decoder

27

cxl lcq lcm

Registers

A 00000000
2] troren)
C [00000000]
D [isam00]

C4] |cs

N
!

\U O wx

o
(=}

!
o

o0 w»>

6 low

PC
Update
Logic

|100000|

Switches

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



I

.16

100000
100001
100010
100011
100100
100101
100110
100111
101000

00110100

00000000

00110000

00000001

10001100

00000000

16 , 8 high OpCode

11010011

00000000

11110010

00000011

01000100

00000000

01010000

00000001

11100000

11111011

10100100

00000010

Code Memory

Decoder

27

8 low

cxl lcq lcm

Registers
C4] |c
A [00000000 }LH
B
C
B J00000000] |D
Cél C
C [o0o00000] I
B
C
D Jo0000000] |p

6low jump or branchlacgdress

6
U F;Ct K Pe
pdate 6 100000
Logic 0 I—l
next address in

sequential order

Switches

16

1017

0000

00000101

0001

00000000

0010

00000000

0011

00000000

0100

00000000

0101

00000000

0110

00000000

0111

00000000

Data Memory

i281 CPU



Questions?



THE END



