Combinational Circuits

Chapter 3
S. Dandamudi




Outline

e Introduction e Adders
e Multiplexers and * Half-adders
demultiplexers * Full-adders
* Implementing logical * Programmable logic devices
functions * Programmable logic arrays
* Efficient implementation (PLAs)
« Decoders and encoders * Programmable array logic
* Decoder-OR (PALs)
implementations e Arithmetic and logic units
« Comparators (ALUs)
2003 © S. Dandamudi Chapter 3: Page 2

To be used with S. Dandamudi, “Fundamentals of Computer Organization and Design,” Springer, 2003.



Introduction

e Combinational circuits
» Output depends only on the current inputs
» Combinational circuits provide a higher level of
abstraction
* Helps 1n reducing design complexity
* Reduces chip count

* Example: 8-input NAND gate
» Requires 1 chip if we use 7430
» Several 7400 chips (How many?)

e We look at some useful combinational circuits
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Multiplexers

e Multiplexer
* 20 data inputs

4-data input MUX

* n selection iputs ‘ ‘

* a single output . S1 So S1 So|O
- |10
0 oI
. —1, M ’
* Selection mput U Oo— 0 1|L
. 112
determines the |~ % 1 0|5
input that should ’ 1 11
be connected to
the output
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Multiplexers (cont’d)

4-data input MUX 1mplementation

S1 So

: P
o

—) >—o

I>

UKHQU

I3

2003 © S. Dandamudi Chapter 3: Page 5

To be used with S. Dandamudi, “Fundamentals of Computer Organization and Design,” Springer, 2003.



Multiplexers (cont’d)

MUX implementations

A B C A B C

Sz S1 S() SZ S1 S0
0 — b 0 Io
0 — I 1 I
0 Lz 1 I,
| —1; M 0 I, M

U o— F U o— F
0 — 14 1 I4 X
1 —1s 0 Is
1 — 1 0 Ig
1 — 17 1 I
Majority function Even-parity function
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Multiplexers (cont’d)

Example chip: 8-to-1 MUX

/
I; 1] 116 Vec ‘ ‘ ‘
I, 2| 115 14 S, S; So
— 1,
I; 3] 114 Is _ 11,
I, 4] 113 I — b
74151 —1; M
O 5l 112 1, g, U O
X ol
— — 1
O 6] - 111 S >
E 7] - 110 S, 11,
GND 8| 19 S, — E
(a) Connection diagram (b) Logic symbol
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Multiplexers (cont’d)

Efficient implementation: Majority function

Original truth table New truth table

A B C|F A B | F

0 0 0|0 0 0|0

0 0 10 A B

01 0|0 0 1|C ‘ ’

0 1 1|1 0_1031 S0

1 0 0|0 1 0| C c—l1, M

1 0 11 c —I11, g or—Hh
1 1 01 1 1|1 1 —1,

1 1 1|1
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Multiplexers (cont’d)

Efficient implementation: Even-parity function

Original truth table New truth table
A B C| F A B | F,
O 0 0O 0 0| C
00 1|1 A B
0 1 011 0 1|C ’ ’
S1 So

O 1 1|0 B c —1,
1 0 0|1 1 0| C C —1, M

- F
1 0 10 c—11, g O ’
1 1 0| O0 1 1| C c —|1;
1 1 1 1
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Multiplexers (cont’d)

74153 can used to implement two output functions

— /
E, 1| 116 Vec ‘ ‘
. — S Sy
Sl 21 :l 15 Eb ] Ea
- IOa
I3, 31 [ 114 Sy — 1, 0, H—
1,, 4] 113 Iy — 1z
74153 —{1 M
Iy 5| 112 T, e
X
g, 6! 11 Iy, e
I IZb Ob -
0, 7l - 110 I 1
GND 8| 19 0, —1Ep
(a) Connection diagram (b) Logic symbol
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Demultiplexers

Demultiplexer (DeMUX)
>
>

S1 So ® |

®
Control input ® ? ) 0,

O 0 — Ps O 2
g O 1 —
Datain — I % Data out ®
QA O, — L 4 O3
O; —
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Demultiplexers (cont’d)

74138 can used as DeMUX and decoder

/
I, 10 116 Ve
I, 2] 115 O
I o o)
» 3 - 114 O E ) 0-
Eq 4[] 113 O, Er O
_ 74138 _ Eg 8 Os
E, 60 11 o, o B —
_ _ I, = 0, _ T
0, 7] 110 O , ° 0o, 0
— I 0 Input to final
GND 8L 19 Og 0 0 AND gates
(a) Connection diagram (b) Logic symbol (c) Enable input logic details
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Decoders

* Decoder selects one-out-of-N 1nputs

1, I,| 05 0,0,0,
0 00 0 0 1 I o !
1
0 1/0 0 1 0 > — ) Oo
1 000 1 0 0 1, ¢—| >o
1 1|1 0 0 0 ? ) o
. 1
o j
OO_ 02
= @
Encoded — L1 -Qg’ O, [— [ Decoded
] Q
data in —108 0, H— data out .
03— T 03
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Decoders (cont’d)

Logic function implementation

A B Cj, | Sum C gy o

0
0 00 |0 0 |
00 1|1 0 O1 | }j Sum
01 011 0 A —|I 0 |
01 1|0 1 B I2 g 0 |

1
1 0 0|1 o c.. —I g O
in 0 05 |

1 0 1 0 1 o D'C

6 : out
1 1.0 |0 1 o /

07—*—
1 1 1 |1 1
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Decoders (cont’d)

74139: Dual decoder chip

— /
E, 11| 116 Vec —i1;, Og—
Sy —
— — L L
T, 2 115 Ey, loa2014
80,,—
I, 301 L 114 1 = A7
la Ob —E, O3,
. 74139 .
O, 501 [ 112 O,
o) [e) —Iy Ogp[—
09, 6] 111 Oy Oo
5. 7 . 2O —
O 0O S—
0 — E O3
GND 8[ L 19 Oy, b Y3
(a) Connection diagram (b) Logic symbol
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Encoders

e Encoders

+ Take 25 input lines and generate a B-bit binary number
on B output lines

* Cannot handle more than one input with 1

Enable Input active j>7
input 13 12 11 19|01 00 : control signal N o
0 X X X X[00: 0 to—
1 0000[00 o0 =1 D—ol
: : 12 ® *
1 000 1/0 0 1
: : I o
1 00 1 0]0 1 ! ’ T\)/ Input active
1 :0 1001 0: 1 Enable o control signal
: ; mput
1 2100 01 1: 1
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Encoders (cont’d)

 Priority encoders
* Handles imnputs with more than one 1

Enable Input active .qr>_,7—/ Input act.ive
input §I3 I, I} 1p|01 0y : control signal control signal
0 X XX X/00: 0 > }
5 [ — (-
1 :0000[00: 0 0 0
! ; I ¢ | 0
1 1 1 I
:0 0 0 0 0 : 1 . D’Q ! }
1 :0 01 X{0 1 1 2 =
101 XX[1o0: 1 1 ! 0
I L X X X110 1 Enble
' nput —
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Comparator

« Used to implement comparison operators (=, >, <, >, <)

D
) o
N D
re)

2003 © S. Dandamudi Chapter 3: Page 18

To be used with S. Dandamudi, “Fundamentals of Computer Organization and Design,” Springer, 2003.



Comparator (cont’d)

4-bit magnitude comparator chip

/
B
3 1[0 116 Ve — T,g
Ipneg 20 115 A, — la=B
—1 IasB
I,-p 3 - 114 B, — B,
Insp 40 113 A, —1 B2 Oass[—
7485 -] Bl OA=B —
O A
asp 5[] - 112 A, — B, Opp|—
Opp 6] - 111 B, 1 A3
Opcp 7] [ 110 A —1 A,
GND 8[| 19 B, — Ao
(a) Connection diagram (b) Logic symbol
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Comparator (cont’d)

Serial construction of an 8-bit comparator

[ [N
3?333?33555 33’3353’3?555
7485 7485

]
A>B A=B A«<B
AN
Final result
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Adders

 Half-adder
* Adds two bits

» Produces a sum and carry

* Problem: Cannot use 1t to build larger inputs

e Full-adder
* Adds three 1-bit values

» Like half-adder, produces a sum and carry

* Allows building N-bit adders

» Simple technique
— Connect Coyt of one adder to Cin of the next
» These are called ripple-carry adders
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Adders (cont’d)

A B |Sum C,,
O o|0 o
0 1|1 0
1 0|1 0
1 1|0 1

o |
NS
B —+——e

¢

(a) Half-adder truth table and implementation

A B C in Sum C out C.
0O 0 O 0 0 A \)D QT\ Sum
0O 01 |1 O B -~ 7
O 1 O 1 0
0O 1 1 0 1
1 0 O 1 0 }
1 01 |0 1 D e
1 1 O 0 1
1 1 1 1 1 }
(b) Full-adder truth table and implementation
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Adders (cont’d)

A 16-bit ripple-carry adder

A 15 B 15 e o o A 1 B 1 AO B 0
A B A B A B
Cu C, Co
Cis = Com Cinf[<— ¢ ¢+~ Comn Cin C out Cin=—0
Overflow
signal S S S
Rs o« oo R, Ry
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Adders (cont’d)

* Ripple-carry adders can be slow

* Delay proportional to number of bits

e Carry lookahead adders
* Eliminate the delay of ripple-carry adders
* Carry-1ns are generated independently

» Co= Ao Bo
»w C1=AoBo A1+ AgBogB1 +A1 By
» ...

* Requires complex circuits

* Usually, a combination carry lookahead and
ripple-carry techniques are used
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Adders (cont’d)

4-bit carry lookahead adder

/
S, 1] 116 Ve
—1 A
B, 2[] - 115 B, 3 S, —
[ ] N
A A
1 3 14 A, — A, s, —
So 4] 113 S, —1 B2
74283 — A4 s |
Ag 5] 112 A, — B, 1
By 6] 111 B 1 Ao
0 3 Sqn F—
0
Co 70 110 S5
GND 8 19 C, — Co Cq—
(a) Connection diagram (b) Logic symbol
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Programmable Logic Arrays

e PLAS

* Implement sum-of-product expressions

» No need to simplify the logical expressions

* Take N mputs and produce M outputs
» Each input represents a logical variable

» Each output represents a logical function output

* Internally uses
» An AND array
— Each AND gate receives 2N inputs
=N inputs and their complements
» An OR array
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Programmable Logic Arrays (cont’d)

A blank PLA with 2 inputs and 2 outputs

U | R P O

o dnnnr e

OR array
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Programmable Logic Arrays (cont’d)

Implementation examples

VY

® - -
¢ s @—— Fo=AB+AB+AB
.—
@ ° _
¢ —— F,=AB+AB+AB
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Programmable Logic Arrays (cont’d)

Simplified notation

A o Sk
p= XX
B * K X
o x X
UL
P, P, P, P,
SN S D F,-AB+AB+AB
ﬂ< >F >ﬁ D F,=AB+AB+AB
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Programmable Array Logic Devices

 Problem with PLASs

* Flexible but expensive

* Example
» 12 X 12 PLA with
— 50-gate AND array
— 12-gate OR array
» Requires 1800 fuses
— 24 X 50 = 1200 fuses for the AND array
— 50 X 12 =600 fuses for the OR array

 PALs reduce this complexity by using fixed OR
connections

* Reduces flexibility compared PLAs
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Programmable Array Logic Devices (cont’d)

X

>
o

KK

U

Notice the fixed OR
array connections

/

i:)%—_——m=AE+KB

E::>—_——E=AB+K§
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Programmable Array Logic Devices (cont’d)

* An example PAL (Texas Instruments TIBPAL22V10-10C)

* 22 X 10 PAL (24-pin DIP package)
» 120-gate AND array
» 10-gate OR array

* 44 X 120 = 5280 fuses
» Just for the AND array

— OR array does not use any fuses

* Uses variable number of connections for the OR gates
» Two each of 8-, 10-, 12-, 14-, and 16-input OR gates

* Uses 1nternal feedback through a programmable output
cell
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Programmable Array Logic Devices (cont’d)

« MUX selects the input
* S and S1 are programmed through fuses Fo and F1

Sum-of-product logic

Programmable output logic cell

Output
enable

Clock
Internal inputs ¢
to product terms 0<]7
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Arithmetic and Logic Unit

Preliminary ALU design
B A Ci F1 Fo
i 1 S1 So
E T 7\ I(l) M
! @ /) U oflb——
! | 3 X
| I3
| T A pan O
i t B.adlcller L
g .
: i Co—

Fi1 Fo F

O O|AandB
0 1 AorB
1 O A+ B
1 1 A—B
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Arithmetic and Logic Unit (cont’d)

Final design

1
1 1
1 1
I I
[ ® :
: S1 So '
I Io :
B T\ [, M ;
: 12 X . F
1
| L I3 |
] 1
| A S |
1
S :
'Fo adder !
| C i C o T
1 : Cout
: I
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Arithmetic and Logic Unit (cont’d)

16-bit ALU

A15B15 o o o A] B1 AO Bo F1 Fo
. ® ®
[ ] o [ ] T '
A B Fi1 Fo A B Fi1 Fo A B Fi1 Fo
— Cout Cinf— » o o« — Cout Cin Cout Cin
Carry out
F F F
R s . o R, R
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Arithmetic and Logic Unit (cont’d)

4-bit ALU

By 1L — 1 24 Vee
A, 2] 123 A,
S5 3[] 122 B,
S, 4 121 Az
74181 o

S, 5[] 120 B,
So 61 119 A5
c, 70 118 B,
M 8[] 117 G
Fo 9 [ 116 Cpya
F, 10 [ 115 P
F, 11 [ 114 A=B
GND 12 [] — 113 Fg

(a) Connection diagram

23 22 21 20 19 18

w

2
A
n

JITILIL]

7 —— C
8 —/ 1 M Ch+a
6 | So A=B
5 _ Sl G
4 — 1s, P
3 — S35
Fo F,; F, Fs
9 10 11 13
(b) Active low operands
2 1 23 22 21 20 19 18
Ao B A B A5 B A-x; B
~ Cn o (0] 1 1 2 2 3 3
8 —/ 1 M Chta
6 | So A=B
5 —1s, G
3 — S3
Fo F,; F, F3
9 10 11 13

(c) Active high operands

16
14
17
15

16
14
17
15
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Summary

» Combinational circuits provide a higher level of
abstraction
* QOutput depends only on the current inputs

e Sample combinational circuits
* Multiplexers and demultiplexers
* Decoders and encoders

* Comparators

* Adders
» Half-adder
» Full-adder
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Summary (cont’d)

* Programmable logic devices
* PLAS
* PALSs

e Some more complete sets
* Multiplexers
* Decoder-OR
* PLAS
* PALS

* Looked at a very simple ALU design

Last slide
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