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Chapter 5 Introduction

* Digital building blocks:

— Gates, multiplexers, decoders, registers,
arithmetic circuits, counters, memory arrays,
logic arrays

* Building blocks demonstrate hierarchy,
modularity, and regularity:

— Hierarchy of simpler components

— Well-defined interfaces and functions

— Regular structure easily extends to different sizes

* Will use these building blocks in Chapter
7 to build microprocessor
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1-Bit Adders
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Multibit Adders (CPAs)

e Types of carry propagate adders (CPAs):

— Ripple-carry (slow)
— Carry-lookahead (fast)
— Prefix (faster)

e Carry-lookahead and prefix adders faster for large
adders but require more hardware
Symbol
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Ripple-Carry Adder

e Chain 1-bit adders together
e Carry ripples through entire chain
e Disadvantage: slow
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Ripple-Carry Adder Delay

{

ripple = Vi tFA

where t;, is the delay of a 1-bit full adder
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Carry-Lookahead Adder

Compute C,, for k-bit blocks using generate and propagate signals

Some definitions:

— Column i produces a carry out by either generating a carry out or
propagating a carry in to the carry out

— Generate (G;) and propagate (P;) signals for each column:
e Generate: Column j will generate a carry out if A; and B; are both 1.

G;=

l
e Propagate: Column i will propagate a carry in to the carry out if A; or B; is 1.

P,=

l
e Carry out: The carry out of column i (C)) is:
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Block Propagate and Generate

Now use column Propagate and Generate signals to
compute Block Propagate and Generate signals for
k-bit blocks, i.e.:

 Compute if a k-bit group will propagate a carry in (to the block)
to the carry out (of the block)

 Compute if a k-bit group will generate a carry out (of the
block)
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Block Propagate and Generate Signals

e Example: Block propagate and generate
signals for 4-bit blocks (P;., and G;.):
P30 = P3P, P, P
G, = G3+ G P53 + G P,Ps + GyP P, P;
= G3+ P3 (G, + P, (G + PGy)
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Block Propagate and Generate Signals

e In general for a block spanning bits i through j,
Pi:j=PiPi-1Pi-2...Pj
G;;=G;+ P (Gt Py (Giyt Py G)

C; =G;; +P;C,
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32-bit CLA with 4-bit Blocks

By A B,7.0s A B A By Agg

31 28

4- b|t CLA 274~ b|t CLA 23 7|4-
Block Block

31 28 27 24 27 24
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Carry-Lookahead Addition

e Step 1: Compute G; and P, for all columns
e Step 2: Compute G and P for k-bit blocks

e Step 3: C,, propagates through each k-bit
propagate/generate logic (meanwhile
computing sums)

e Step 4: Compute sum for most significant k-
bit block
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Carry-Lookahead Addition

e Step 1: Compute G; and P, for all columns
G;=A; B,
P,=A;+B,
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Carry-Lookahead Addition

e Step 1: Compute G; and P, for all columns

e Step 2: Compute G and P for k-bit blocks
P3.o = P3P, P, P,
G390 = G3+ P3 (G, + P, (G + PiGy)
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Carry-Lookahead Addition

e Step 1: Compute G; and P, for all columns
e Step 2: Compute G and P for k-bit blocks

e Step 3: C,, propagates through each k-bit
propagate/generate Iogic (meanwhile
computing sums) 4

4-bit CL C274 bit CL C23 . Cr]4a-bit CLA Cs|4-bit CL
Block Block Block Block

S31 28
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Carry-Lookahead Addition

e Step 1: Compute G; and P, for all columns
e Step 2: Compute G and P for k-bit blocks

e Step 3: C,, propagates through each k-bit
propagate/generate logic (meanwhile
computing sums)

e Step 4: Compute sum for most S|gn|f|cant k-
bit block
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Carry-Lookahead Adder Delay

For N-bit CLA with k-bit blocks:
tera = tye T g prock T (VK — 1)tsnp or T Kty

Ps PS_
— lpg: delay to generate all P;, G;
— Ly block - delay to generateall P, G,

— Itanp or - delay from Gy, to C,,, of final AND/OR gate in k-bit CLA block

An N-bit carry-lookahead adder is generally much faster than a
ripple-carry adder for N > 16
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Prefix Adder

e Computes carry in (C,,) for each column, then
computes sum:

$;=A4;"B) LC,
e Computes G and P for 1-, 2-, 4-, 8-bit blocks, etc.
until all G; (carry in) known
e log,N stages
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Prefix Adder

e Carryin either generated in a column or propagated from a
previous column.

e Column -1 holds C,, so

G, =G,
e Carryinto column = carry out of column i-1:
Ci1= Gii:q

G, ,...: generate signal spanning columns j-1to -1
e Sum equation:
$i=A; LB) L Gy,

e Goal: Quickly compute Gy..;, Gy..1, Gy..1, G3..1, Gy.f, Gs. g, ...
(CaHEd pre_fixe.S) (= Co, Cl? Cz, C3, C4, CS? . e )
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Prefix Adder

e Generate and propagate signals for a block spanning bits i:j
G;; =G+ Py Gy g
Pi:j - Pi:kPk-lzj
e |n words:
— Generate: block i;j will generate a carry if:

* upper part (i:k) generates a carry or

* upper part (i:k) propagates a carry generated in
lower part (k-13))
— Propagate: block i;j will propagate a carry if both the
upper and lower parts propagate the carry
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16-Bit Prefix Adder Schematic

14:13 12:11 10:
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Prefix Adder Delay

tpy =t,, T10ZN(1,, |reix) T IxoR

t,,: delay to produce P;, G; (AND or OR gate)

4

e prefix: delay of black prefix cell (AND-OR gate)
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Adder Delay Comparisons

Compare delay of: 32-bit ripple-carry, CLA, and prefix adders
* CLA has 4-bit blocks
e 2-input gate delay = 10 ps; full adder delay = 30 ps

tripple - NtFA - 32(30 pS)
=960 ps
tCLA - tpg + tpg_block + (N/k o 1)ZLAND_OR + ktFA
=10 + 60 + (7)20 + 4(30)] ps
= 330 ps
tPA - tpg + logZN(tpg_preﬁx) + tXOR
=[10 + log,32(20) + 10] ps
=120 ps
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Subtracter

Symbol Implementation
A B
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Comparator: Equality

Symbol Implementation
A3
B3
A B A,
fa  fa B,
— Equal
= A
E‘ | >
qua
AO
BO
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Comparator: Less Than

[N-1]

A<B
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ALU: Arithmetic Logic Unit

ALU should perform:
* Addition

* Subtraction

e AND

* OR
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ALU: Arithmetic Logic Unit

ALUControl,., Function

00 Add

01 Subtract
10 AND

11 OR

ALUControl
ALU 2

Result

Example: Perform A + B
ALUControl = 00
Result=A4+ B
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ALU: Arithmetic Logic Unit

ALUControl,., Function A o

00 Add
01 Subtract
10 AND v |
>
11 OR = S
. t v
Example: Perform AORB Cou \_+S_/ 3
N N YN N
\11 10 01 00 /LL
5 ALUControl
N
Result
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ALU: Arithmetic Logic Unit

ALUControl,., Function A o

00 Add
01 Subtract
10 AND Iv |
>
11 OR = S
. \ / =
Example: Perform AORB Cout \_Y_/ S
ALUControl,., =11 Sum
Mux selects output of OR gate as Result, so
Result=A4 OR B N Y 7 7Y
\ 11 10 01 00 /LL
5 ALUControl
N
Result
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ALU: Arithmetic Logic Unit

ALUControl,., Function A o

00 Add
01 Subtract
10 AND AN 1
>
11 OR = S
Example: Perform A + B Cou \\_Y S_/ §
N NN N
\ 11 10 01 00 /LL
5 ALUControl
N
Result
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ALU: Arithmetic Logic Unit

ALUControl,., Function A o

00 Add
01 Subtract
10 AND N 1
>
11 OR . §
Example: Perform A + B Cout \\_Y_// 5
ALUControl,., = 00 Sum
ALUControl, =0, so:
C,toadder=0 N NN N
2" input to adder is B \ 11 10 01 00 /LL_ R
Mux selects Sum as Result, so : ontro
Result=A+ B AN

Result
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ALU with Status Flags

Flag Description

N Result is Negative
: ALUControl
4 Result is Zero ALU 2
C Adder produces Carry out e
4 Adder oVerflowed ReSUlt A{ITVUZFAan}J >
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ALU with Status Flags

A B
Asi N AN
Ba1
ALUControl, Sumg, ALUControl,
}
Q
Cout Q
S
3
|| S~
N N KN N
11 10 01 00
tj <L ALUControl
Results4 N
NzCYV
F4
V C N V4 Result ALUFlags
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ALU with Status Flags: legative

A B .
As; N In N=1 |f:

Result is negative

So, N is connected to
most significant bit of
Result

ALUControl, Sumgy ALUControl,

JU V.

Yonuooniy

u kj«% N N
1110 01 00
tj <L ALUControl

Results4 N
NzCYV
F4
V C N V4 Result ALUFlags
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ALU with Status Flags: “ero

A B .
A31 N AN z - 1 |f:
BS1 .
all of the bits of Result
are 0
ALUCOm‘rOf)L Sumgy ALUControl,

JU V.

Yonuooniy

u kj% N N
1110 01 00
tj <L ALUControl

Results4 N
NzCYV
F4
V C N V4 Result ALUFlags
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ALU with Status Flags: Carry

A B :
A N In c=1if:
831 .
C,.: of Adderis 1
AND
ALUCOm‘rOf)L Sumgy ALUControl,

COUt

ALU is adding or
subtracting (ALUControl
is 00 or 01)

Yonuooniy

AN

N

11 10 01 00
5~ ALUControl

Results4

y

Z

Result

ALUFlags
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ALU with Status Flags: o'/erflow

,I?N V=1Iif:

ALUControl,

Sumgy ALUControl,

COUt

.

The addition of 2 same-
sighed numbers
produces a result with
the opposite sign

Yonuooniy

AN

N

11 10 01 00
5~ ALUControl

Results4

y

Z

Result

ALUFlags
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ALU with Status Flags: o'/erflow

vV=1if:

ALU is performing addition or subtraction

ALUControly || |sumd ALucontol\  (ALUControl, = 0)

JONY
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ALU with Status Flags: o'/erflow

V=1Iif:
ALU is performing addition or subtraction

/
ALUControly (| |sumg,NLUcontro,  (ALUControl; = 0)

@L V AND

A and Sum have opposite signs
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ALU with Status Flags: o'/erflow

V=1Iif:

ALU is performing addition or subtraction

ms; ALUControl,  (ALUControl; = 0)

AND

A and Sum have opposite signs

AND

A and B have same signs upon addition OR

A and B have different signs upon subtraction

ALUCghtrol,
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ALU with Status Flags: o'/erflow

B, V=1if:

ALU is performing addition or subtraction

ALUCghtrol, ms; ALUControl,  (ALUControl; = 0)

AND
A and Sum have opposite signs
AND
A and B have same signs upon addition
(ALUControl, = 0) OR

7 A and B have different signs upon subtraction
(ALUControl, = 1)

V
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