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o 1-Bit ALU
0 Full Adder
0 32-Bit ALU
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Different Implementations

0 Not easy to decide the "best” way to build something

o Don't want too many inputs to a single gate

o Don't want to have to go through too many gates

o for our purposes, ease of comprehension is important
0 Let's look at a 1-bit ALU for addition:

carryin

a—s

ab+ac;,+bc,
a xor b xor c;,

out
sum

+ —> Sum

b —>

Carryout

0 How could we build a 1-bit ALU for add, and, and or?
0 How could we build a 32-bit ALU?
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32-bit ALU

ALU Contral

32-bit 312 Result

[ Zero

———— Overflow
* Carry out

0 Our ALU should be able to perform functions:

o logical and function

logical or function

o arithmetic add function

o arithmetic subtract function

o arithmetic slt (set-less-then) function

logical nor function

0 ALU control lines define a function to be performed on A and B.

(@)

(@)

Louisiana State University 7- Arithmetic / Logic Unit — ALU Design - 4 CSC3501 SO7



A 1-Bit ALU

Operation
] |
0
=
Result
1
b—s

0 The 1-bit logical unit for AND and OR

Louisiana State University 7- Arithmetic / Logic Unit — ALU Design - 5 CSC3501 SO7

A Full Adder

Carryln

Carryout

0+0+0=00,,
O+0+1=01,,
0+1+0=01,,
0+1+1=10,,
1+0+0=01,,
1+0+1=10,,
1+1+0=10,
1+1+1=11,,

rlr|r|lr|lolo|o|o
plrlolo|kr|kr|ole
rlo|kr|lo|rlo|lra
rlr|r|lo|r|le|e|o
rlo|o|lr|lolkr|r|o
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A Full Adder

Ccarryln

Co o e a

[5N IFN N Y
NS
r|o|k|r

|

CarryOut

0 CarryOut=( b*CarryIn)+( a*CarryIn)+( a*b)+(a*b*CarryIn)
0 CarryOut=( b*CarryIn)+( a*CarryIn)+( a*b)
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A Full Adder

Operation

carryln |
a — /DL\
—L_/
ﬁ\!f 1 H—= Result
—
b Jlr \2_/
!

CarryOut

o Sum=(a b- CarryIn)+(Z~ b Carr‘yIn)+(TJ~_b -CarryIn)+(a-b-CarryIn)
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ALU Control lines

Function

Ainvert

Binvert

Operation

and

0

0

00

or

o

add

10

subtract

10

st

11

nor

s lo| alalae

0
0
1
1
1

oo

Functioning of 32-bit ALU

ALU Contral

. 2 Rewult
32-bit i
ALU » Lero
» Dverflow
——* Carry out

0 Result lines provide result of the chosen function applied to
values of A and B Since this ALU operates on 32-bit operands, it
is called 32-bit ALU

0 Zero output indicates if all Result lines have value O

0 Overflow indicates a sign integer overflow of add and subtract
functions; for unsigned integers, this overflow indicator does not
provide any useful information

0 Carry out indicates carry out and unsigned integer overflow
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al
b0

1. Let us start with and function
2. Letus now add or function

a3l

(=3

Designing 32-bit ALU: Beginning

=02 and
=1=>or

[ * Rasulid
-

. Resulti

——— Rasuli

F | Rezulti
L L
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° ° ° ° P ° ° I
Designing 32-bit ALU: Principles
* Number of functions =osand

are performed inter- =100
nally, but only one
result is chosen for e .
the output of ALU  ®° ]' o | .
—
L | LB Result!
- 32-but ALU is built  *' S
out of 32 identical | |
1-bit ALU's :: T —
- or ﬂ "
—
:: T ] nd Resuts1
o |y "
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32-bit Adder

0 J % _wm O This is a ripple carry adder.
" ‘T‘ 0 The key to speeding up addition
. . is determining carry out in the
S ’ higher order bits sooner.
2 I 0 Result: Carry look-ahead
. I e adder.

I

&
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32-bit ALU With 3 Functions

Operation
=00 = and
carryin =01 =>or
Operation ' _
Camyin | =10 - add
a0l .| Carryin
a N\ ALUO Resulto
4’|_j 0 S CarryOut
& al Carryin
E ' [ Result N ALU1 Result1
e carryOut
+ 2 [
E a2 camyn
I - ALUZ Result2
l —* camyout
CarryOut l
a3l— Camyln
pa_.| ALU3T > Resul3i
CarryOut
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32-bit Subtractor

S S
) —— ©n

4 b+ Resum
bl 4@ Cout

N

at Cin

+ » Resultl
b1 D’“ Cout

.|
az Cin

" Result2
b2 >,

c?l.ll

v

|

3

[
1 :' , Resultsl
b3 D-u Cout

D° , camyout

a+b+1=a+(b+1)=a+(-b)=a-b
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Operation

carmyin
|

a0

binvert

32-bit Adder / Subtractor

gy

. o) | + » Result0
Cout

- + I, Resultl

a2
b

Result2

a3l

b31

2 ﬁﬁh ot
| 3

Result31
+ E—

—
m Cout
4 dﬂ Camyout

[>4
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Bavert

Operation
carmyin
|

canmyOut

Control lines

Function | Binvert [ Operation
{1 fine) (2 limes)
and o on
ar [u) o1
add 1] 10
subtract 1 10

32-bit ALU With 4 Functions

1]

a0 — Caryln
o0 —= ALUD Resul®D

CamyOud

1]

al —=| Camyln
bl —+ ALUM = Resultl

CamyOutl

11

a2 —| Camyln
02 —| ALUZ Resulz

CamyCutl

[

331 —=| Camyln [———————= Rasuiti1
b3 —=| ALUZY

[ Carry Out
’ o
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results in a negative number
- if sum of two negative numbers
results in a positive number

Laus

2's Complement Overflow

1-bit ALU for the most significant bit

2's complement overflow happens:
= if sum of two positive numbers

aratioe

Carryln

!

= Eaaun

1 * Canry Ow

Overllow
— O Farliow
dataztizn

Other 1-bit ALUs, i.e. non-most significant bit ALUs, are not affected.
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32-bit ALU With 4 Functions

and Overflow

Binvert

a1 —| camyin
o0 —=| ALuD Resusd
CamyOu
Control lines | l |
= = al —= Camyin
Function | Binvert | Operation 81— ALUY [op——
{1 ling} (2 lines) e
and ] oo 1 J 1
or D m 22 —+{ camyin
2dd 0 0 52 —+| ALuz Resul2
subtract 1 10 s il
i : Jca.r—, n |
221 —| Saryln [ Resuli
b3t —= ALUZY
Missing: slt & nor functions and Zero output o
| » (Camy out
| Add correction for CarryOut |
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Set Less Than (slt) Function

« slt function is defined as:

000 ...001 ifA<B,ie ifA-B<0
AsltB =

000 ... 000 ifA=2B,ie ifA-B=0
+ Thus each 1-bit ALU should have an additional input (called

“Less"), that will provide results for st function. This input has
value O for all but 1-bit ALU for the least significant bit.

+ For the least significant bit Less value should be sign of A— B
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32-bit ALU With 5 Functions

y 0 —f
1-bit ALU for non- e [ e Fesuln
mast significant Less
bits CarryOu
21— carmin
b1 —s{ ALU1 Results
0 —= Less
carryou
1-bit ALU for the Y omon 111
most significant Carryin | a2 —={ Carryin
bits bz — ALUZ Resulz
. 0—s| Less
o carrySu
ﬁ : !
= Mesull H . . . :
1 1Gurwln |
b o + =
o HG U]
231 —={ Carryin [——————————+ Resultad
L | B3 — ALUZ1 set
e 0—s Lesz Overfaw
® Carp ot
i [+ Cvestoe [ . Camyout
=3 and =1 for slt function | Add correction for CarryOut
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0 A-B=0 =>A=B

0 To test fore Zero:

Zero

0 Zero = (Result31+Result30+ . . . Result2+ Resultl+ Result0)
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32-bit ALU with 5 Functions
and Zero

] ]
] ]

1]

amyn
LU
L

Control lines
Function | Binvert [ Operation

{1line) | (2lines)
and ] (]
or ] D01
add i 10
subtract 1 i0
skt 1 11

CaryCul

Resull

1]

al —=
bl —
0 e}

Camyin
ALY

Rusuti

Lurss
CanryOul

22—
B —
[ e}

Camyin
AL

Pissu2

Lirsk
CanryOut

i

a3 — R
B2 m— AL LIET
R Crearfiow
| Canry Out
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Faster Addition: Carry Lookahead

0 The key to speeding up addition is determining the
carry in to the high-order bits sooner.

0 Fast Carry Using "Infinite"” Hardware
o CarryIn2 = (bl-CarryInl)+(al-CarryInl)+ (al-bl)
o CarryInl=(b0-CarryIn0)+(a0-CarryIn0O)+ (aO-b0)
And
o C2=(al-a0 b0)+(al a0 cO)+(al b0 cO) +
+(b1-a0-b0)+(b1 a0 cO)+(bl b0 cO)+(al bl)
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Carry-lookahead Adder
a c/+l=(bric)+(arc)+(arbi)=
=(a/b)+(ar b)) cs

0 Generate (g/) and propagate (p/)

o g/=ar- br

o p/=ai+b/
Q ci+l=gi+pi- ¢/
0 If g/=1. That is, the adder generates a CarryOut (c/+J)

independent of the value of CarryIn (c/)

o ci+l=gi+pi-ci=1
o Ifg/=0andp/=1

o ciHl=gi+pi-ci=0+1-ci=c/
0 The adder propagates CarryIn to a CarryOut.
0 CarryIni+lisalif either giis1or both piis1and CarryIniis 1.
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Carry-lookahead Adder

cl = g0+ (p0d-cO)
¢2 = pgl+(pl-glh)+ipl-p0-cO)
3 =2+ (p2-gl)+(p2-pl-g0)+(p2-pl-p0d-co)

cd =g3+(p3-g2)+i(p3-p2-gl)+i(p3-p2-pl-gd)
+(p3-p2-pl-p0-cO)
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Carry-lookahead Adder
™

v

a A plumbing analogy for =
carry lookahead for 1
bit, 2 bits, and 4 bits
using water pipes and
valves.
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Fast Carry Using the Second
Level of Abstraction

0 To go faster, we'll need carry lookahead at a higher level.
0 For the four 4-bit adder blocks:

PO = p3-p2-pl-pd
Pl =p7-p6-p5-pd
P2 = pll:plD-p2-p&
P3 = pl5:pl4d:pl3-pl2

0 That is, the "super” propagate signal for the 4-bit abstraction
(P7) is true only if each of the bits in the group will propagate a
carry.
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Fast Carry Using the Second
Level of Abstraction

0 For the "super” generate signal (Gi), we care only if there is a
carry out of the most significant bit of the 4-bit group.

0 This obviously occurs if generate is true for that most
significant bit; it also occurs if an earlier generate is true andall
the intermediate propagates, including that of the most
significant bit, are also true:

GO = g3+(p3-g2)+(p3-p2-gli+(p3 p2-pl-gd)
Gl = g7 +(p7-g6) +(p7 - p6-25)+(p7 - p6- p5 - gd)
G2 = gll +ipll-gl0)+i{pll - plO-g9) +{pll - pld- p9. 28)

G3 = gl5+i(pl5-gld)+(pl5- pld-gl3)+(pl5-pld - pl3 . gl2)
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Fast Carry Using the Second
Level of Abstraction

Cl = GO+(P0.c0)
C2 = G1+(P1-GO0O)+(P1-P0-cD)
C3 =G2+(P2-Gl)+(P2-P1-GO)+(P2-P1-Po0-co)

C4 = G3I+(P3-G2)+(P3-P2-G1)+(P3-P2-PL-G0)
+(P3-P2-P1-P0-c0)

0 A plumbing analogy for the next-
level carry-lookahead signals PO
and GO.

a PO is open only if all four
propagates (pi) are open, while
water flows in GO only if at least
one generate (g/) is open and all
the propagates downstream frorm
that generate are open.
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Example: Speed of Ripple Carry
versus Carry Lookahead

0 Time is estimated by simply counting the number of gates along
the path through a piece of logic. Compare the number of gate
delays for paths of two 16-bit adders, one using ripple carry and
one using two-level carry lookahead.

0 the carry out signal takes two gate delays per bit. Then the
number of gate delays between a carry in to the least significant
bit and the carry out of the most significant is 16 x 2 = 32.

Carryin

|

CarryOut

Louisiana State University 7- Arithmetic / Logic Unit — ALU Design - 30 CSC3501 SO7



Example

0 For carry lookahead, the carry out of the most
significant bit is just C4, defined in the example. It
takes two levels of logic to specify C4 in terms of Pi
and Gi (the OR of several AND terms). Pi is specified
in one level of logic (AND) using pi, and Gi is specified
in two levels using pi and gi, so the worst case for this
next level of abstraction is two levels of logic. pi and
gi are each one level of logic, defined in terms of ai
and bi. If we assume one gate delay for each level of
logic in these equations, the worst caseis2+2+1=5
gate delays.
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NOR

Ainvert Cperation
| Binvert carryln |

a— 0

1

)
—~_J
Fi) 1 —~ Result
—

Carryout
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Less

32-bit ALU with 6 Functions

Ainvert
‘ Binvert

Operation
Carryin |
I

— Result

CamyOut

Bnegate

Ainvert

Operation

W

a0 camyin Resulto

b0 — ALUD T

= T

CarryQut
Al

T —| Ci I

o o [Resun

0— Less | S
CarryQut Zero
il

az—| Camyin

b2—s| ALz | Resulz

0—= Less
CarryOut

Carry!

RN

Function | Ainvert | Binvert | Operation
and o 1] oo
of o 01
acld

o 10

subtract

10

skt

s lololala

1

nor

oo

adl—s
b31—s

00—

Carryln
ALU31
Less

In i
Result31

Set

Overflow
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32-bit ALU Elaboration

0 We have now accounted for all but one of the
arithmetic and logic functions for the core MIPS
instruction set. 32-bit ALU with 6 functions omits
support for shift instructions.

0 It would be possible to widen 1-bit ALU multiplexer to
include 1-bit shift left and/or 1-bit shift right.

0 Hardware designers created the circuit called a barrel
shifter, which can shift from 1 to 31 bits in ho more
time than it takes to add two 32-bit numbers. Thus,
shifting is normally done outside the ALU.
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Summary

o 1-Bit ALU
o Full Adder
o 32-Bit ALV
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