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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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Combinational Building Blocks

* Multiplexers
e Decoders
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Multiplexer (Mux)

* Selects between one of N inputs to connect
to output

* log,N-bit select input — control input
 Example: 2:1 Q/qu
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Multiplexer Implementations

* Logic gates e Tristates
— Sume-of-products form — For an N-input mux, use N
Y 0,0, tristates
s N T — Turn on exactly one to
10 ]° ED select the appropriate input
1 0 1 1 0
ap S
Y=D,S+D,S
D

S y
Epl
y
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Logic using Multiplexers

Using mux as a lookup table

A B Y
0 0 0
0 1 0
1 0 0
1 1 1

Y =AB

AB

00

01

10 Y
111
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Logic using Multiplexers

Reducing the size of the mux

A B|lY A|Y
® 0] 0
SR N D,
- T 0 0 a8
1| U B
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Decoders

e Ninputs, 2V outputs
* One-hot outputs: only one output HIGH at once

2:4
Decoder

M—Y,

Ay — 10— Y,

A, — 01—,

00 — Y,
A1 AO y3 y2 y1 yO
0 0 0 0 0 1
0 1 0 0 1 0
1 0 0 1 0 0
1 1 1 0 0 0

Digital Design and Computer Architecture: ARM® Edition © 2015 Chapter 5 <9>




Decoder Implementation

JIUL
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Logic Using Decoders

OR minterms

2:4
Decoder Minterm
11 AB
A 10 AB
B — 01 AB
00 AB
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1-Bit Adders

Half Full
Adder Adder
A B A B
out out Cin
S S
A B Cout S Cin A B out S
0 0 0 O 0
0 1 0 0 1
1 0 0 1 0
1 1 0 1 1
1 0 0
S = 1 0 1
L
S =
C —_—
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1-Bit Adders

A B A B
Cout Cout Cin
S S
A B |C, S c. A B |C, S
0 0 0 0 0 O 0 0 0
0 1 0 1 0 0 1 0 1
1 0 0 1 0 1 0 0 1
1 1 1 0 0 1 1 1 0
1 0 0 0 1
s = 1 0 1] 1 O
C = 1 1 0] 1 o0
out 1 1 1] 1 1
S =
C

out
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1-Bit Adders

Half Full
Adder Adder
A B A B
Cout Cout Cin
S S

A B|C, S c. A B|C, S
0 0 0 0 0O 0 O 0 0
0 1 0 1 o 0 1 0 1
1 0 0 1 0O 1 0 0 1
1 1 1 0 o 1 1 1 0
1 0 0 0 1
S =A®B 1 0 1 1 0
C = AB 1 1 0 1 0
out 1 1 1 1 1

S =A®B®C,
Cout =AB + ACin + BCin
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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

A B
o
\

o
c
~
+
-
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Ripple-Carry Adder

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

out
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Subtracter
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Subtracter

Symbol Implementation
A B
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Comparator: Equality
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Comparator: Equality

Symbol Implementation
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Comparator: Less Than

[N-1]

A<B
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ALU: Arithmetic Logic Unit

ALU should perform:
 Addition

* Subtraction

« AND

* OR
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ALU: Arithmetic Logic Unit

ALUControl,.,, Function

00 Add

01 Subtract
10 AND

11 OR
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ALU: Arithmetic Logic Unit

ALUControl,.,, Function

00 Add

01 Subtract ALUControl
ALU 2

10 AND

11 OR Result
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ALU: Arithmetic Logic Unit

ALUControl,.,, Function

00 Add

01 Subtract ALUControl
ALU 2

10 AND

11 OR Result

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

ALUControl,.,, Function

00 Add

01 Subtract
10 AND

11 OR

Example: Perform A OR B

=
Yosu0oN TV

o HL

11 10 01 00
5 ALUControl

Result
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ALU: Arithmetic Logic Unit

ALUControl,.,, Function

00 Add
01 Subtract
10 AND |
>
11 OR ~ &
Example: Perform A OR B Cout \_Yﬁ;
ALUControl,,=11 Sum
Mux selects output of OR gate as Result, so
Result=A4 OR B N N NN
\ 11 10 01 00 /Lg
5 ALUControl
AN
Result
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ALU: Arithmetic Logic Unit

ALUControl,.,, Function

00 Add

01 Subtract
10 AND

11 OR

Example: Perform A + B

=
Yosu0oN TV

o HL

11 10 01 00
5 ALUControl

Result
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ALU: Arithmetic Logic Unit

ALUControl,.,, Function

00 Add

01 Subtract
10 AND

11 OR

Example: Perform A + B
ALUControl,., =00
ALUControl, =0, so:
Cinto adder=0
29 input to adder is B
Mux selects Sum as Result, so
Result=A+ B

=
Yosu0oN TV

o HL

11 10 01 00
5 ALUControl

Result
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ALU with Status Flags

Flag Description P

N Result is Negative \/
_ = ALUControl
Z Result is Zero ALU
C Adder produces Carry out (A
Result ALUFlags
Vv Adder oVerflowed {N,z,c,vg}j
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ALU with Status Flags

A B
Ast N AN
Bs;
ALUControl, Sumg; ALUControl,
NEEFIN

JU V.

Yonuoony

N AN N

N
11 10 01 00
5—— ALUControl
Resulty, N
NzZCV
F4
V C N

Z Result ALUFlags
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ALU with Status Flags:

A B .
A N In N =1 if:
831 . [
Result is negative
So, N is connected to
ALUControl, Sumg; ALUControl, . g .
1IN most significant bit of

JU V.

y

Result

Yonuoony

AN

N

10 01 00
5—— ALUControl

N
\ 11
Kf Lﬁ Results4
V C N Z

Result

ALUFlags
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ALU with Status Flags: “ero

ALUControl, Sumg; ALUControl,

JU V.

.y

AN

N

Yonuoony

Z=1if:

all of the bits of Result

are 0

10 01 00
5—— ALUControl

N
\ 11
* Lﬁ Results4
V C N Z

Result

ALUFlags
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ALU with Status Flags: “arry

As; N In c=1if:
N :
C,,. of Adderis 1
AND
ALUControf)L Sumg; ALUControl,

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

VO YL

11 10 01 00
5—— ALUControl
Results4 N
NzZCV
F4
V C N Z

Result ALUFlags

Yonuoony

Digital Design and Computer Architecture: ARM® Edition © 2015 Chapter 5 <34>

ELSEVIER




ALU with Status Flags: o' erflow

A B .
A N In V=1Iif:
= g
The addition of 2 same-
signed numbers
ALUContro| S ALUC I i
ontrol || - |Sumgy ALUGOniro produces a result with

YOV L

'

the opposite sign

Yonuoony

AN

N

Result

11 10 01 00
5—— ALUControl
Results4 N
NzZCV
F4
V C N Z

ALUFlags
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ALU with Status Flags: o' erflow

B, vV=1Iif:
ALU is performing addition or subtraction

ALUControl, Sumyf ALUControl, (ALUCO”trOll = O)
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ALU with Status Flags: o' erflow

ALUControl,

vV=1if:

Sumgy XLUControl, (ALUCO”trOll = O)

)Y aw
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ALU with Status Flags: o' erflow

B, vV=1Iif:
ALU is performing addition or subtraction
may ALUcontrol,  (ALUControl, = 0)
AND
A and Sum have opposite signs
AND
A and B have same signs upon addition OR
kj A and B have different signs upon subtraction

ALUCghtrol,
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ALU with Status Flags: o' erflow

B, vV=1Iif:
ALU is performing addition or subtraction

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

tj (ALUControl, = 0) OR

A and B have different signs upon subtraction
(ALUControl, = 1)
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ALU with Status Flags

A B
Ast N AN
Bs;
ALUControl, Sumg; ALUControl,
NEEFIN

JU V.

Yonuoony

N AN N

N
11 10 01 00
5—— ALUControl
Resulty, N
NzZCV
F4
V C N

Z Result ALUFlags
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Shifters

Logical shifter: shifts value to left or right and fills empty spaces with 0’s
— Ex: 11001 >>2=
— Ex:11001<< 2=

Arithmetic shifter: same as logical shifter, but on right shift, fills empty
spaces with the old most significant bit (msb)

— Ex: 11001 >>>2 =

— Ex: 11001 <<k 2=

Rotator: rotates bits in a circle, such that bits shifted off one end are shifted
into the other end

— Ex: 11001 ROR 2 =

— Ex: 11001 ROL 2 =
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Logical shifter:
— Ex: 11001 >>2 =00110
— Ex: 11001 << 2 = 00100

Arithmetic shifter:
— Ex: 11001 >>>2 =11110
— Ex: 11001 <<< 2 =00100

Rotator:
— Ex: 11001 ROR 2 = 01110
— Ex: 11001 ROL 2 = 00111
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Shifter Design

A, A, AL A, shamt,

3 2
2
S,
01
10 Y3
11
shamt,.
1:0 o
2 o1 1:0
10 B Y2
4 4 1
Ao Y30 1
00 S1:0
01
10 B Y1
11
00 S1:0
01
10 YO
11
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Shifters as Multipliers, Dividers

e AK<N=Ax2N

— Example: 00001 << 2 =00100 (1 x 22 =4)

— Example: 11101 << 2 =10100 (-3 x 22 = -12)
e A>>N=A+2N

— Example: 01000 >>> 2 = 00010 (8 +2%2=2)

— Example: 10000 >>>2 =11100 (-16 + 2% =-4)
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Multipliers

e Partial products formed by multiplying a single
digit of the multiplier with multiplicand

» Shifted partial products summed to form result

Decimal Binary
230 multiplicand 0101
X X
460 partial 0101
+ 920 products 0101
9660 0101
+ 0000

result 0100011

230 x 42 = 9660 S5Xx7 =35
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4 x 4 Multiplier

A B
4 J4
X
Te
P A A, A A
B
; Sy B0 G
) . L
X B, B, B, B, 2
A,B, AB, AB, AB, Cj Cj CJ ij
A,B, A,B, AB, AB, o —\( _/—\()V_ /—\()V_ A o
AB, AB,AB,ApB, 3 Q Q Q tj
+ AB,AB,AB,AB, f\ (v Ay Knnlay
P, P, P, P, P, P, P P, L . - : . A
7 6 5 4 3 2 1 0
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