Constructing an ALU

Ref: Chapter 4
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Arithmetic Logic Unit

» The device that performs the arithmetic
operations and logic operations.
— arithmetic ops: addition, subtraction
— logic operations: AND, OR
» For MIPS we need a 32 bit ALU
— can add 32 bit numbers, etc.
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The Goal
32 bit
operalnd ::>
32 bit
operalnd :>

ALUE= 2
]

Control
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Starting Small

We can start by designing a1 bit ALU.

Put a bunch of them together to make larger

ALUs.

— building alarger unit from a 1 bit unit is simple
for some operations, can be tricky for others.

Bottom-Up approach:

— build small units of functionality and put them
together to build larger units.
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1 bit AND/OR machine

We want to design a single box that can
compute either AND or OR.

We will use a control input to determine
which operation is performed.

— Name the control “0p”.
¢ if Op==0 do an AND
¢ if Op==1 do an OR
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Truth Table For 1-bit AND/OR

® A B |Result A—]

0 0 0 0 B — — Resul t
o o 1] o @

0O 1 0 0

0 1 1 1 )
17766 0 Op=0: Resul t isAB

1 0 1 1 p=1:Resul t isA+B

1 1 0 1

1 1 1 1
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Logic for 1-Bit AND/OR

» We could derive SOP or POS and build the
corresponding logic.

» We could also just do this:
— Feed both A and B to an OR gate.
— Feed A and B to an AND gate.

— Use a2-input MUX to pick which one will be
used.
« Op isthe selection input to the MUX.
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Logic Design for 1-Bit AND/OR

T

MuX |— Resul t

|
(o)
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Addition

* Weneed to build a 1 bit adder
— compute binary addition of 2 bits.
» We aready know that the result is 2 bits.

A B| Q O This is addition,

0 0 0 0 not logical OR! A
T,

0o 1 0 1 —_—

1 oo |1 S Q

1 1 1 0
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One Implementation

A
e

ol | > Ujl;f
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Binary addition and our adder

1 1 «—Carry
01001

+ 01101
10110

What we really want is something that can be

used to implement the binary addition
algorithm.

—Qisthecarry
—Q isthesum
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What about the second column?
1 —14— Carry
0100
+ _ 01101
101D

» Weare adding 3 bits

— new hit is the carry from the first column.
— The output is still 2 bits, asumand acarry
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Revised Truth Table for Addition

A B Carry|Carry | Sum
I'n Qut
0 0 0 0 0
0o o0 1 0 1
0o 1 0 0 1
0o 1 1 1 0
1 0 0 0 1
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1
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Logic Design for new adder

» We can derive SOP expressions from the
truth table.

» We can build a combinational circuit that

implements the SOP expressions.

* Wecan put it in abox and give it aname.
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New Component: Adder

Carry In

A —»

B —

|

Carry Out
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adder |—» Sum
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1Bit ALU

» Combine the AND/OR with the adder.

* We must now use a4-input MUX with 2
selection inputs.

AND OR add
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Operation d——
Carryln l
|

b
Figwe414 ~ C2™OU
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Building a32 bit ALU

* 64 inputs
« 3different Operations (AND,OR,add).
* 32 hit output
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Ripple Carry Adder

» Carry out from ALU, is
sent to carry in of ALU,

» How long will it take for
the result to become
available?

* the CarryOuts must

propagate through all
32 1-Bit ALUs.
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New Operation: Subtraction

 Subtraction can be done with an adder:
A - B can be computed as A + -B

» To negate B we need to:
— invert the bits.
—add1
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Negating B inthe ALU
» We can negate B by in the ALU by:

— providing B to the adder.
« need a selection bit to do this.

—Toadd 1, just set the initial carry into 1!
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Revised 1 Bit ALU

Binvert Operation
Carryln
|

Figure 4.16
CarryOut
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Usesfor our ALU

addition, subtraction, OR and AND
instructions can be implemented with our
ALU.

— we still need to get the right values to the ALU
and set control lines.

» We can also support the sl t instruction.
— need to add alittle more to the 1 bit ALU.
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Supporting sl t
sl t needsto compare 2 numbers.
— comparison requires a subtraction.

if A- Bisnegative, then A<Bistrue.
otherwise A<B isfalse.

True: output should be 0000000..001
False: output should be 0000000..000
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sl t Strategy

e Tocomputeslt A B:

— subtract B from A (set Bi nvert andtheL.S.
Carry Intol.

— Result for all 1-bit ALUs except the LS should
aways be 0.

— Result for the LS 1-bit ALU should be the
result bit from the MS 1-bit ALU!

LS: Least significant (rightmost)

MS: Most significant (leftmost)
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New 1-bit ALU
Tl [}
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Figure 4.17

MSALU

Figure 4.17
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New 32-bit ALU

* Less inputisO for
all but the LS.

—» Resultd

» Result of additionin
the MSALU isfed
back tothe Less
input of the LSALU

Resultal

et
1— Overflow
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Put it in abox and give it a name

ALU operation

a —»|
Zero
Result
Overflow
b —>
CarryOut
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Speed isimportant.

» Using aripple carry adder the time it takes
to do an addition istoo long.

— each 1-bit ALU has something like 4 levels of
gates.

— Theinput to the it ALU includes an output
from thei-1th ALU.

— For 32 bits we have something like 128 gate
delays before the addition is complete.
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Strategies for speeding things up.

» We could derive the truth table for each of
the 32 result bits as a function of 64 inputs.

» We know we can build SOP expressions for
each and implement using 2 levels of gates.

» This might be a good test question!

— don’'t worry, you would need so much paper |
couldn’t carry the tests to class...
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A more redlistic approach

» The problemistheripple
— Thelast carry-in istakes along time to
compute.
» We can try to compute the carry-in bits as
fast as possible
—thisiscalled carry lookahead
— It turns out we can easily compute the carry-in
bits much faster (but not in constant time).
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Carry In Analysis

* Carryln;isaninput to A B Gy Gy fsum
theit 1 bit adder. 00 o [ o [o
00 1 0 0

* CarryOut, ; isconnected (@8 ° | ° ¢
to Carryln, o I
10 o0 0 1

10 1 1 0

* Weknow about how to g e
compute the CarryOuts  , ;, 1|1

«
@
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Computing Carry Bits
* Carryln, isan input to the adder.
— we don’t compute this—it's an input.
 Carryln, dependson A, B, and Carrylny:

Carryln, = (By* Carrylng) + (A, Carrylng)+(Ay* By)

SOP: Requires 2 levels of gates
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Carryln,
Carryln, = (B,* Carryln,) + (A, « Carryln)+(A, * B,)

We can substitute for Carryln, and get this mess:

Carryln, = (B;* By Carrylng) + (B Ay
Carrylng)+(B,* Ag* By) + (A, * Bye Carrylng) +
(A Age Carrylng)+(A » Age By)+(A, * By)

The size of these expressions will get too big (that’s
the whole prablem!).
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Another way to describe Carryln

Ci1=(Bi* C) + (A= C)+(A;* B)
=(Ai*B) + (A +B) C

A, * B, : Call this Generate (G)
A, + B; : Call this Propagate (P,

Ci=G+P G
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Ci=G+P G

Generate and Propagate & =Ai*Bi

P =AitB

* When A, and B, are both 1, G, becomes a 1.
— aCarryOut is generated.

« If Bisal, any Carry inis propagated to Carry
Out.
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Using G, and P,
C, =GytPsC,
C, =G;+P;*C,
=G+ Ppe (GytPyeCy)

=G+ P Gy+ Ppe PpC,

C, =G,+PsG,+ PpePsGy+ PpP,sPyeC,
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Implementation

» Expression is still too big to handle (for 32
bits).

» We can minimize the time needed to
compute all the Carryln bits for a4 bit
adder.

» Connect a bunch of 4 bit adders together
and treat CarryInsto these addersin the
same manner.

CompOrg Fall 2001 - Building an ALU 39

13



carryin

20— Cary]
= Resu0-3
b ALUD

= “ho—ln
e B
b3 —| rry-lookahe
a
e
— G
—* Resultd-7
b > ALUL
— [ —
[ 1t
b —
oo
—[Garm]
= Resue-11
= Ay
Py oz
b10 —»| & 5 2
H=
v
a12 [ Caryi]
B Resuti2-15
e
133 s )
i Tea——pirg Figure 4.24
S o
H= s
camou
ompOr, - Building an
Ce Org Fall 2001 - Buildi ALU 40

Binary Multiplication

1000 «—multiplicand
X 1001 «— multiplier
1000
0000
0000
1000
1001000 «— product
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Implementing Multiplication

—

| Multiplicand

Shift left

64 bits

| Product

I 64 bits
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—
Multiplier
Shift right

32 bits

Write

Figure 4.25
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Multiplier0 = 1 Multplierd =0

1a. Add multplicand to product and
place the resultin Product register

2. Shift the Multipicand register left 1 bit
3. Shift the Multplier register right 1 bit

No: < 32 repetitons

G2nd repetition?

Yes: 32 repetitons
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Figure 4.26
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