COMP2611: Computer Organization

Introduction to
Combinational Logic and Sequential Logic




Overview 2

Q You will learn about the following in this tutorial
0 Combinational logic circuits
e Do not have internal states (i.e. memoryless),

e The output is solely determined by the present input and the
circuit,

e Can be specified with a truth table or a logic equation (in
Boolean algebra expression).

QO Sequential Logic circuits
e Have memory,

e The output depends on both the current input and the value
stored in the memory of the circuits (called state).
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Combinational logic
Boolean algebra
- review of the Boolean algebra
- the Sum of Product (SoP) representation
- from Boolean algebra to circuit
- PLA implementation
- K-Maps
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Why Boolean Algebra? 4

a The Input-Output relationship of any combinational logic circuit can
be completely specified using either

Q a truth table,
0 or a Boolean algebra expression.

ad When there are N inputs, the truth table would require as many as 2N
entries.

Q The Boolean algebra expression does not have this “cardinality
explosion” problem.
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Review of Boolean Algebra 1 :

Q Boolean algebra consists of
0 Boolean variables (with values equal to either ‘0" or '1"),
0 and binary operators AND (**”), OR (*+), NOT * Hor ('").

Q The AND, OR, and NOT operations form a functionally complete set,
as they can specify any logic function.
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Review of Boolean Algebra 2 6

O Identity laws:

A+0=A A1=A
QO Annihilator (or Zero and one) laws:
A+1=1 A-0=0
O Complement laws:
A+A=1 A-A=0
O Commutativity laws:
A+B=B+A A-B=B-A
Q Associativity laws:
A+(B+C)=(A+B)+C A-(B-C)=(A-B)-C

Q Distributivity laws:
A-(B+C)=(A-B)+(A-C) A+(B-C)=(A+B)-(A+C)

Combinational Logic



Review of Boolean Algebra 3 7

O Idempotence:

A+A= A A-A=A
QO Absorption laws:

A+(A-B)=A A-(A+B)=A
O De Morgan Laws:

A+B=A.

A-B= A+

Wl W]
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An Exercise On Using Boolean Algebra 8

Q Show that
A+AB=A+B
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Truth table to Boolean representation 1

Q Any logic function can be expressed as a two-level representation,
either as

0 the Sum-of-Products (SoP) representation,
0 or as the Product-of-Sums (PoS) representation.

Q Example: Assume the truth table for a circuit is given as:

Inputs Outputs
In0O Inl1 Out0 Outl
0 0 1 0
0 1 1 1
1 0 0 1
1 1 0 0

a Can we express the truth table using SoP representation in Boolean
Algebra?
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Truth table to Boolean representation 2

Q For each output (OutO, Outl),
1. Observe the rows that the output has a value of '1’.
3 For OutO, the 1’'s are at the 1st and the 2" rows.

" InD Inl outo |
0 0 (1]
0 1 u

2.  Write the minterms for the inputs such that the minterms will
give 1’s for the input patterns in the same rows.

d For Out0, the two 1's correspond to the input patterns
(in0=0,in1=0) and (in0=0,in1=1).

0 The two minterms that will give 1's are in0-in1 and in0-in1

3.  Write the outputs as the OR operation of the minterms found in
step two. For Out0, we have
outO=1n0-in1+In0-inl
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Truth table to Boolean representation 3

Q By following the above steps. The required expressions for the two
outputs (Out0, Outl)
out0=1in0-in1+1In0-inl
outl=in0-in1+In0-inl

Q Could the expressions for Out0 and Outl be further simplified using the
laws on slide 67?
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Reducing a Boolean expression to a circuit 1

Q The expression out0=in0-in1+in0-inl can be viewed as performlng the
OR operation on two ANDed minterms in0-in1 and in0-inl

A The circuit is as follows.

0 Mind the two AND gates that correspond to the AND expressions
and the single OR gate that corresponds to the OR expression.

in0 ——

—

inl

-

O

D Out0

O What will be the impact on the circuit if we use the simplified
expression (mentioned in the last slide) to build the circuit.
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Reducing a Boolean expression to a circuit 2

0 Using the same approach, the expression outl=in0-inl+in0-inl1 can
also be drawn.

A Combine it with the previous figure we have the overall circuit:
in0 |

A
in1 QZL»L}
R
T o
1
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PLA implementation of a Boolean expression

a The same circuit can be equivalently represented by a programmable
logic array (PLA) circuit.

in0-inl

Inputs iN0-inl
In0 * i /

In1 k d

Lf AMND plane

)

Qutputs

W)ﬁ Quid
OR p?‘ ) Outt
in0-inl \

out0=in0-inl1+in0-in1  outl=in0-inl+in0-inl
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K-Maps 15

O K-Map is a graphical representation of the truth table or logic function
Q In a K-map each cell represents one possible minterm
Q Cells are arranged following a Gray code

Q That s, two adjacent cells are such that the corresponding
minterms differ in only one variable

Q Simplify expression by finding largest size groups of adjacent cells at
1 in the K-Map

QO Can only group 2" adjacent cells wheren =0, 1, 2, 3, 4, ...
Q Table is a toroid

= That is, rightmost cells are adjacent to the leftmost cells and
topmost cells are adjacent to bottom cells)

aQ Example: Simplify F = AB" + AB + A'B

B B
A 0 1 A 0 1
0 | AB| AB 0 0 1 F=B+ A
AB" | AB 1 || 1 | 1 |
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K-Maps

O Example: Consider a 7-segment digital display which displays a
hexadecimal digit. Each segment is represented by a logic function

g
6 )
D >
Q Thatis, 4 inputs is, i,, iy, iyto represent values O, ..., 9,a, b, ¢, d, e, f
(to avoid confusion between 0, and 8 on one hand and D and B

respectively, on the other hand, we use miniscule b and d
representation)

What is the truth table for segment C?
Also, use a K-Map to simplify the equation

(.
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A Truth Table for segment C:

Output

Inputs

Hexadecimal
Digit

o,

bt

-

e

(]

£

1

£

s
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151, 00 01 11 | 10
oo [T T 1] o
or Lo 40 177 4
11 0 |1 0 0
10 1 |1 1 1
a C=i"i," + + 3"+ i iy + 050y
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Sequential logic
- clock
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Clock

Q A clock acts as a global signal that gives all the components in the
system an indication of time.

Q Clock is used in sequential logic to decide and co-ordinate state
updates.

Q Just to remind you, a clock signal has three important key words that
you need to know:

Falling edge

A

Clock period Rising edge
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Sequential logic

- Memory elements: SR latch, D latch, D
flip flop, register file
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The simplest memory element - SR latch

Q A S-R latch (Set-Reset latch) shown below is the simplest memory
element.

Q Unclocked memory element (Asynchronous device)

R S R Action on Q
Q 0 0 Nothing
changed
0 1 Q=0
< Q 1 0 Q=1
1 1 forbidden

Q Question: How does this circuit “stores” information? What is the size
of the information being stored?
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A clocked memory element — D latch

A The value stored in a D-latch can be updated iff the clock is asserted

(i.e. C=1).
C (Clock) |D Action on Q
C ¢
© ~ Q 0 0 Nothing changed
0 1 Nothing changed
- Q 1 0 Q=0
D 4o
1 1 Q=1

a Note the S-R latch on the right part of the D-latch circuit.

a Question: From the circuit, argue whether it is possible to do update
when the clock is not asserted?
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The D Flip Flop

Qa A D Flip-flop can be updated only on a falling/rising clock edge.

Q There are many ways to create a D flip flop, the figure below (from
the lecture notes) shows a D flip flop created from two D latches.

D DD Q0 D 1 01 Q
D latch 0 D latch 1

C_0 C1 a1 3
C |7 Dﬁ

A This flip flop can be updated in a falling edge or in a rising edge?

Q Question: Without adding new hardware, how to modify the device so
that it can only be updated on rising edges (if this is not already the
case)?
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Register file

Q A register file is a piece of hardware that allows reading from and
writing to the desired registers. The following figure shows a sample

register file.
Read_RM
Write | l
[
0 _)_ Register 0 |—
1 [ = O m
) (n+1) to 1] - —c
Write RN———+ decoder | - Register 1 |_ M
4 D
n-— 1
— | U
n - Qutput
: X
_)_ =
Registern— 1 |[—»
q O
Clock ¢
_)_ Register n —"I' \J
Reqgister Data L

a How do you read from a register (what are the inputs)?
a How do you write to a register (what are the inputs)?
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Combinational logic

Sequential logic

Exercises
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Exercises

Question 1: A decoder takes a single N-bit input and outputs 2N 1-bit
signals. The 1-bit output corresponds to the N-bit input bit pattern is
true while all other outputs are false. The following figure shows a
block diagram for a 2-to-4 decoder.

4 1-bit outputs

2-bit input —t L0
\ Decoder O

— (L2

— CILIt3

A 2.hit decoder
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Exercises

- Why a 2-bit input can generate 4 outputs in the decoder?

- If the input bits are 11, what will happen to the outputs of the
decoder?

- Is it possible to have more than one outputs asserted?
- Name two potential uses of the decoder.
- Implement the decoder using Logisim
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Exercises

Question 2: A multiplexor is a devices that given the control signal,
selects one of the inputs to be forwarded to the output. The following

figure shows a 4-input multiplexor.

4inputs A,B,Cand D
U Output O
it

U O
X

o0 mw>

S 2-bit control signal S
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- If the inputs A/B are 32-bit in width, what is the data width of the
Output O?

- What is the maximum number of inputs if the control signal is 10-bit
in width?

- What is the bit-width of the control signal for the multiplexor if there
are 9 inputs?




Conclusion

a Today we have reviewed:
O simple Boolean algebra and the related laws,
O reducing truth table to the canonical Sum-of-Products form,
O converting simple Boolean algebra expressions to circuits,
O simple combinational logic circuits,
O K-maps.
O clock,
O simple memory elements (SR latch, D latch, D flip flop),
O register file.
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