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Course Contents

In this lecture, you’ll learn various techniques for creating combinational logic circuits that implement
a particular functional specification.

Functional Specifications

Functional Specifications

There are many ways of specifying the function of a
combinational device, for example:
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Figure 1.

A functional specification is part of the static discipline we use to build the combinational logic ab-
straction of a circuit. One approach is to use natural language to describe the operation of a device.
This approach has its pros and cons. In its favor, natural language can convey complicated concepts in
surprisingly compact form and it is a notation that most of us know how to read and understand. But,
unless the words are very carefully crafted, there may be ambiguities introduced by words with multiple
interpretations or by lack of completeness since it’s not always obvious whether all eventualities have
been dealt with.

There are good alternatives that address the shortcomings mentioned above. Truth tables are a straight-
forward tabular representation that specifies the values of the outputs for each possible combination
of the digital inputs. If a device has N digital inputs, its truth table will have 2" rows. In the example
shown here, the device has 3 inputs, each of which can have the value 0 or the value 1. There are
2.2.2 = 23 = 8 combinations of the three input values, so there are 8 rows in the truth table. It’s
straightforward to systematically enumerate the 8 combinations, which makes it easy to ensure that
no combination is omitted when building the specification. And since the output values are specified
explicitly, there isn’t much room for misinterpreting the desired functionality!
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Truth tables are an excellent choice for devices with small numbers of inputs and outputs. Sadly, they
aren’t really practical when the devices have many inputs. If, for example, we were describing the
functionality of a circuit to add two 32-bit numbers, there would be 64 inputs altogether and the truth
table would need 264 rows. Hmm, not sure how practical that is! If we entered the correct output value
for a row once per second, it would take 584 billion years to fill in the table!

Another alternative specification is to use Boolean equations to describe how to compute the output
values from the input values using Boolean algebra. The operations we use are the logical operations
AND, OR, and XOR, each of which takes two Boolean operands, and NOT which takes a single Boolean
operand. Using the truth tables that describe these logical operations, it’s straightforward to compute
an output value from a particular combination of input values using the sequence of operations laid
outin the equation.

Let me say a quick word about the notation used for Boolean equations. Input values are represented
by the name of the input, in this example one of A, B, or C. The digital input value 0 is equivalent to the
Boolean value FALSE and the digital input value 1 is equivalent to the Boolean value TRUE.

The Boolean operation NOT is indicated by a horizontal line drawn above a Boolean expression. In this
example, the first symbol following the equal sign is a C with line above it, indicating that the value of
C should be inverted before it’s used in evaluating the rest of the expression.

The Boolean operation AND is represented by the multiplication operation using standard mathematical
notation. Sometimes we’ll use an explicit multiplication operator - usually written as a dot between
two Boolean expressions - as shown in the first term of the example equation. Sometimes the AND
operator is implicit as shown in the remaining three terms of the example equation.

The Boolean operation OR is represented by the addition operation, always shown as a “+” sign.

Boolean equations are useful when the device has many inputs. And, as we’ll see, it’s easy to convert a
Boolean equation into a circuit schematic.

Truth tables and Boolean equations are interchangeable. If we have a Boolean equation for each output,
we can fill in the output columns for a row of the truth table by evaluating the Boolean equations using
the particular combination of input values for that row. For example, to determine the value for Y in
the first row of the truth table, we’d substitute the Boolean value FALSE for the symbols A, B, and Cin
the equation and then use Boolean algebra to compute the result.

We can go the other way too. We can always convert a truth table into a particular form of Boolean
equation called a sum-of-products. Let’s see how...
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Here’s a Design Approach

Here’s a Design Approach

1. Write out our functional spec as a
Truth Table truth table p

2. Write down a Boolean expression with
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3. We’ll show how to build a circuit using
this equation in the next two slides.

This approach will always give us Boolean expressions in a
particular form: SUM-OF-PRODUCTS

Figure 2.

Start by looking at the truth table and answering the question “When does Y have the value 1?” Or in
the language of Boolean algebra: “When is Y TRUE?” Well, Y is TRUE when the inputs correspond to
row 2 of the truth table, OR to row 4, OR to rows 7 OR 8. Altogether there are 4 combinations of inputs
for which Y is TRUE. The corresponding Boolean equation thus is the OR for four terms, where each
term is a Boolean expression which evaluates to TRUE for a particular combination of inputs.

Row 2 of the truth table corresponds to C=0, B=0, and A=1. The corresponding Boolean expression is
C - B - A, an expression that evaluates to TRUE if and only if Cis 0, Bis 0,and Ais 1.

The Boolean expression corresponding to row 4is C - B - A. And so on for rows 7 and 8.

This approach will always give us an expression in the form of a sum-of-products. “Sum” refers to the
OR operations and “products” refers to the groups of AND operations. In this example, we have the
sum of four product terms.

Our next step is to use the Boolean expression as a recipe for constructing a circuit implementation
using combinational logic gates.
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Sum-of-products Building Blocks

Sum-of-products Building Blocks
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Figure 3.

As circuit designers, we’ll be working with a library of combinational logic gates, which either is given
to us by the integrated circuit manufacturer, or which we’ve designed ourselves as CMOS gates using
NFET and PFET switches.

One of the simplest gates is the inverter, which has the schematic symbol shown here. The small circle
on the output wire indicates an inversion, a common convention used in schematics. We can see from
its truth table that the inverter implements the Boolean NOT function.

The AND gate outputs 1 if and only if the A input is 1 and the B input is 1, hence the name AND. The
library will usually include AND gates with 3 inputs, 4 inputs, etc., which produce a 1 output if and only
if all of their inputs are 1.

The OR gate outputs 1 if the Ainputis 1 or if the B input is 1, hence the name OR. Again, the library will
usually include OR gates with 3 inputs, 4 inputs, etc., which produce a 1 output when at least one of
their inputs is 1.

These are the standard schematic symbols for AND and OR gates. Note that the AND symbol is straight
on the input side, while the OR symbol is curved. With a little practice, you’ll find it easy to remember
which schematic symbols are which.

Now let’s use these building blocks to build a circuit that implements a sum-of-products Boolean
equation.
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Straightforward Synthesis

Straightforward Synthesis

We can implement Y = CBA +CBA + CBA + CBA
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No more than 3 gate delays?*

*assuming gates with an arbitrary number of inputs,
which, as we’ll see, isn’t a good assumption!

Figure 4.

The structure of the circuit exactly follows the structure of the Boolean equation. We use inverters
to perform the necessary Boolean NOT operations. In a sum-of-products equation the inverters are
operating on particular input values, in this case A, B and C. To keep the schematic easy to read we’ve
used a separate inverter for each of the four NOT operations in the Boolean equation, but in real life we
might invert the C input once to produce a NOT-C signal, then use that signal whenever a NOT-C value
is needed.

Each of the four product terms is built using a 3-input AND gate. And the product terms are ORed
together using a 4-input OR gate. The final circuit has a layer of inverters, a layer of AND gates and
final OR gate. In the next section, we’ll talk about how to build AND or OR gates with many inputs from
library components with fewer inputs.

The propagation delay for a sum-of-products circuit looks pretty short: the longest path from inputs
to outputs includes an inverter, an AND gate and an OR gate. Can we really implement any Boolean
equation in a circuit with a tpp of three gate delays?

Actually not, since building ANDs and ORs with many inputs will require additional layers of compo-
nents, which will increase the propagation delay. We’ll learn about this in the next section.

The good news is that we now have straightforward techniques for converting a truth table to its
corresponding sum-of-products Boolean equation, and for building a circuit that implements that
equation.
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ANDs and ORs with > 2 Inputs

ANDs and ORs with > 2 Inputs

Replace 2-input AND gates with 2-
input OR gates to create large fan-in
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Figure 5.

On our to-do list from the previous section is figuring out how to build AND and OR gates with many
inputs. These will be needed when creating circuit implementations using a sum-of-products equation
as our template. Let’s assume our gate library only has 2-input gates and figure how to build wider
gates using the 2-input gates as building blocks. We’ll work on creating 3- and 4-input gates, but the
approach we use can be generalized to create AND and OR gates of any desired width.

The approach shown here relies on the associative property of the AND operator. This means we can
perform an N-way AND by doing pair-wise ANDs in any convenient order. The OR and XOR operations
are also associative, so the same approach will work for designing wide OR and XOR circuits from the
corresponding 2-input gate. Simply substitute 2-input OR gates or 2-input XOR gates for the 2-input
AND gates shown below and you’re good to go!

Let’s start by designing a circuit that computes the AND of three inputs A, B, and C. In the circuit shown
here, we first compute (A AND B), then AND that result with C.

Using the same strategy, we can build a 4-input AND gate from three 2-input AND gates. Essentially
we’re building a chain of AND gates, which implement an N-way AND using N-1 2-input AND gates.

We can also associate the four inputs a different way: computing (A AND B) in parallel with (C AND D),
then combining those two results using a third AND gate. Using this approach, we’re building a tree of
AND gates.

Which approach is best: chains or trees? First we have to decide what we mean by “best”. When design-
ing circuits, we’re interested in cost, which depends on the number of components, and performance,
which we characterize by the propagation delay of the circuit.
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Both strategies require the same number of components since the total number of pair-wise ANDs is
the same in both cases. So it’s a tie when considering costs. Now consider propagation delay.

The chain circuit in the middle has a ¢pp of 3 gate delays, and we can see that the tpp for an N-input
chain will be N-1 gate delays. The propagation delay of chains grows linearly with the number of
inputs.

The tree circuit on the bottom has a tpp of 2 gates, smaller than the chain. The propagation delay
of trees grows logarithmically with the number of inputs. Specifically, the propagation delay of tree
circuits built using 2-input gates grows as log, (V). When N is large, tree circuits can have dramatically
better propagation delay than chain circuits.

The propagation delay is an upper bound on the worst-case delay from inputs to outputs and is a good
measure of performance assuming that all inputs arrive at the same time. But in large circuits, A, B, C
and D might arrive at different times depending on the ¢pp of the circuit generating each one. Suppose
input D arrives considerably after the other inputs. If we used the tree circuit to compute the AND of all
four inputs, the additional delay in computing Z is two gate delays after the arrival of D. However, if we
use the chain circuit, the additional delay in computing Z might be as little as one gate delay.

The moral of this story: it’s hard to know which implementation of a subcircuit, like the 4-input AND
shown here, will yield the smallest overall tpp unless we know the tpp of the circuits that compute the
values for the input signals.

More Building Blocks

More Building Blocks

NAND (not AND) NOR (not OR)

s o pa) oA
Z-AB Z-A+B
B B

In a CMOS gate, rising inputs lead to falling outputs and vice-versa, so
CMOS gates are naturally inverting. Want to use NANDs and NORs in
CMOS designs... But NAND and NOR operations are not associative, so
wide NAND and NOR gate can’t use a chain or tree strategy. Stay tuned
for more on this!

XOR is very useful when

XOR (exclusive OR) A B|Z implementing parity and arithmetic

0 0|0 logic. Also used as a “programmable
A i 7. if A= —R: if A= -
BZ:)D_QZ=A®B o 11 inverter”: if A=0, Z=B; if A=1, Z=~B

1 0|1 Wide fan-in XORs can be created with

1 1|0 chains or trees of 2-input XORs.

Figure 6.
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In designing CMOS circuits, the individual gates are naturally inverting, so instead of using AND and OR
gates, for the best performance we want to the use the NAND and NOR gates shown here. NAND and
NOR gates can be implemented as a single CMOS gate involving one pullup circuit and one pulldown
circuit. AND and OR gates require two CMOS gates in their implementation, e.g., a NAND gate followed
by an INVERTER. We’ll talk about how to build sum-of-products circuitry using NANDs and NORs in the
next section.

Note that NAND and NOR operations are not associative: NAND(A,B,C) is not equal to NAND(NAND(A,B),C).
So we can’t build a NAND gate with many inputs by building a tree of 2-input NANDs. We'll talk about
this in the next section too!

We’ve mentioned the exclusive-or operation, sometimes called XOR, several times. This logic function
is very useful when building circuitry for arithmetic or parity calculations. As you’ll see in Lab 2,
implementing a 2-input XOR gate will take many more NFETs and PFETs than required for a 2-input
NAND or NOR.

Universal Building Blocks

Universal Building Blocks

NANDs and NORs are universal:

D = == D>
N B
D= D= g3

Bio= D= D>

Any logic function can be implemented using only NANDs
(or, equivalently, NORs). Good news for CMOS
technologies!

Figure 7.

We know we can come up with a sum-of-products expression for any truth table and hence build a
circuit implementation using INVERTERs, AND gates, and OR gates. It turns out we can build circuits
with the same functionality using only 2-INPUT NAND gates - we say the 2-INPUT NAND is a universal
gate.

Here we show how to implement the sum-of-products building blocks using just 2-input NAND gates.
In a minute we’ll show a more direct implementation for sum-of-products using only NANDs, but these

9
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little schematics are a proof-of-concept showing that NAND-only equivalent circuits exist.
2-INPUT NOR gates are also universal, as shown by these little schematics.

Inverting logic takes a little getting used to, but it’s the key to designing low-cost high-performance
circuits in CMOS.

CMOS Loves Inverting Logic

CMOS ¥ Inverting Logic

See “The Standard Cell Library” handout in Updates & Handouts

AG—]
BG— AND4:
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CG_}DO—QZ tpp = 90 ps, size = 27p?

De— Demorgan’s A-B=A+B
ao— Y e Laws: 2. BB
Be— 2*NAND2 + NOR2:

co— tpp = 80 ps, size = 30p?

De—

Figure 8.

Now would be a good time to take a moment to look at the documentation for the library of logic gates
we’ll use for our designs - look for The Standard Cell Library handout. The information on this slide
is taken from there.

The library has both inverting gates (such as inverters, NANDs and NORs) and non-inverting gates (such
as buffers, ANDs and ORs). Why bother to include both types of gates? Didn’t we just learn we can build
any circuit using only NAND or NOR?

Good questions! We get some insight into the answers if we look at these three implementations for a
4-input AND function.

The upper circuit is a direct implementation using the 4-input AND gate available in the library. The
tpp of the gate is 160 picoseconds and its size is 20 square microns. Don’t worry too much about the
actual numbers, what matters on this slide is how the numbers compare between designs.

The middle circuit implements the same function, this time using a 4-INPUT NAND gate hooked to an in-
verter to produce the AND functionality we want. The tpp of this circuit is 90 picoseconds, considerably
faster than the single gate above. The tradeoff is that the size is somewhat larger.

10
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How can this be? Especially since we know the AND gate implementation is the NAND/INVERTER
pair shown in the middle circuit. The answer is that the creators of the library decided to make the
non-inverting gates small but slow by using MOSFETs with much smaller widths than used in the
inverting logic gates, which were designed to be fast.

Why would we ever want to use a slow gate? Remember that the propagation delay of a circuit is set
by the longest path in terms of delay from inputs to outputs. In a complex circuit, there are many
input/output paths, but it’s only the components on the longest path that need to be fast in order to
achieve the best possible overall tpp. The components on the other, shorter paths, can potentially
be a bit slower. And the components on short input/output paths can be very slow indeed. So for the
portions of the circuit that aren’t speed sensitive, it’s a good tradeoff to use slower but smaller gates.
The overall performance isn’t affected, but the total size is improved.

So for faster performance we’ll design with inverting gates, and for smallest size we’ll design with
non-inverting gates. The creators of the gate library designed the available gates with this tradeoff in
mind.

The 4-inputinverting gates are also designed with this tradeoff in mind. For the ultimate in performance,
we want to use a tree circuit of 2-input gates, as shown in the lower circuit. This implementation shaves
10 picoseconds off the tpp, while costing us a bit more in size.

Take a closer look at the lower circuit. This tree circuit uses two NAND gates whose outputs are
combined with a NOR gate. Does this really compute the AND of A, B, C, and D? Yup, as you can verify
by building the truth table for this combinational system using the truth tables for NAND and NOR.

This circuit is a good example of the application of a particular Boolean identity known as Demorgan’s
Law. There are two forms of Demorgan’s law, both of which are shown here. The top form is the one
we’re interested in for analyzing the lower circuit. It tells us that the NOR of A with B is equivalent to
the AND of (NOT A) with (NOT B). So the 2-input NOR gate can be thought of as a 2-input AND gate with
inverting inputs. How does this help? We can now see that the lower circuit is actually a tree of AND
gates, where the inverting outputs of the first layer match up with the inverting inputs of the second
layer.

It’s a little confusing the first time you see it, but with practice you’ll be comfortable using Demorgan’s
law when building trees or chains of inverting logic.

11
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Wide NANDs and NORs

Wide NANDs and NORs

Most logic libraries include 2-, 3- and 4-input devices:

D o

But for a large number of inputs, the series connections
of too many MOSFETSs can lead to very large effective R.
Design note: use trees of smaller devices...

8-input 8-input
NAND NOR
T Vi

Using Demorgan’s Law we can answer the question of how to build NANDs and NORs with large

Figure 9.

numbers of inputs. Our gate library includes inverting gates with up to 4 inputs. Why stop there? Well,
the pulldown chain of a 4-input NAND gate has 4 NFETs in series and the resistance of the conducting
channels is starting to add up. We could make the NFETs wider to compensate, but then the gate gets
much larger and the wider NFETs impose a higher capacitive load on the input signals. The number of
possible tradeoffs between size and speed grows rapidly with the number of inputs, so it’s usually just
best for the library designer to stop at 4-input gates and let the circuit designer take it from there.

Happily, Demorgan’s law shows us how build trees of alternating NANDs and NORs to build inverting
logic with a large number of inputs. Here we see schematics for an 8-input NAND and an 8-input NOR
gate.

Think of the middle layer of NOR gates in the left circuit as AND gates with inverting inputs and then it’s
easy to see that the circuit is a tree of ANDs with an inverting output.

Similarly, think of the middle layer of NAND gates in the right circuit as OR gates with inverting inputs
and see that we really have a tree of OR gates with an inverting output.

12
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CMOS Sum-of-products Implementation

CMOS Sum-of-products Implementation

“Pushing Bubbles”
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Figure 10.

Now let’s see how to build sum-of-products circuits using inverting logic. The two circuits shown here
implement the same sum-of-products logic function. The one on the top uses two layers of NAND
gates, the one on the bottom, two layers of NOR gates.

Let’s visualize Demorgan’s Law in action on the top circuit. The NAND gate with Y on its output can be
transformed by Demorgan’s Law into an OR gate with inverting inputs. So we can redraw the circuit
on the top left as the circuit shown on the top right. Now, notice that the inverting outputs of the first
layer are cancelled by the inverting inputs of the second layer, a step we can show visually by removing
matching inversions. And, voila, we see the NAND/NAND circuit in sum-of-products form: a layer of
inverters, a layer of AND gates, and an OR gate to combine the product terms.

We can use a similar visualization to transform the output gate of the bottom circuit, giving us the
circuit on the bottom right. Match up the bubbles and we see that we have the same logic function as
above.

Looking at the NOR/NOR circuit on the bottom left, we see it has 4 inverters, where as the NAND/NAND
circuit only has one. Why would we ever use the NOR/NOR implementation? It has to do with the
loading on the inputs. In the top circuit, the input A connects to a total of four MOSFET switches. In
the bottom circuit, it connects to only the two MOSFET switches in the inverter. So, the bottom circuit
imposes half the capacitive load on the A signal. This might be significant if the signal A connected to
many such circuits.

The bottom line: when you find yourself needing a fast implementation for the AND/OR circuitry for a
sum-of-products expression, try using the NAND/NAND implementation. It’ll be noticeably faster than

13
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using AND/OR.

Logic Simplification

Logic Simplification

Can we implement the same function with fewer gates? Before
trying we’ll add a few more tricks in our bag.

BOOLEAN ALGEBRA:

OR rules: a+1=1, a+0=a, a+ta=a
AND rules: al=a, a0=0, aa=a
Commutative: a+b=b+a, ab=ba
Associative: (a+b)+c=a+ (b+c), (ab)c = a(bc)
Distributive: a(b+c) = ab + ac, a + bc = (atb)(atc)
Complements: a+a=1, aa=0
Absorption: a+ab=a, a+ab=a+b ala+b)=a, a(@+b)=ab
Reduction: (a+b)a+b)=bh
DeMorgan’ s Law: a+b=ab, ab=a+h

Figure 11.

The previous sections showed us how to build a circuit that computes a given sum-of-products ex-
pression. An interesting question to ask is if we can implement the same functionality using fewer
gates or smaller gates? In other words is there an equivalent Boolean expression that involves fewer
operations? Boolean algebra has many identities that can be used to transform an expression into an
equivalent, and hopefully smaller, expression.

The reduction identity in particular offers a transformation that simplifies an expression involving two
variables and four operations into a single variable and no operations. Let’s see how we might use that
identity to simplify a sum-of-products expression.

14
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Boolean Minimization

Boolean Minimization

Can't he come up
with a new example???

Let’s (again!) simplify

Y=CBA+CBA+CBA+CBA

Using the identity
aA+aZ=a(A+A_)=a<l =
For any expression d and variable A:

Hey.. I could write

Y =CBA+CBA+CBA+CBA a program to do
that

Y =CBA+CB+CBA

Y=CA+CB

Figure 12,

Here’s the equation from the start of this chapter, involving 4 product terms. We’ll use a variant of
the reduction identity involving a Boolean expression alpha and a single variable A. Looking at the
product terms, the middle two offer an opportunity to apply the reduction identity if we let alpha be
the expression (C AND B). So we simplify the middle two product terms to just alpha, i.e., (C AND B),
eliminating the variable A from this part of the expression.

Considering the now three product terms, we see that the first and last terms can also be reduced, this
time letting alpha be the expression (NOT C and A). Wow, this equivalent equation is much smaller!
Counting inversions and pair-wise operations, the original equation has 14 operations, while the
simplified equation has 4 operations. The simplified circuit would be much cheaper to build and have
a smaller tpp in the bargain!

Doing this sort of Boolean simplification by hand is tedious and error-prone. Just the sort of task a
computer program could help with. Such programs are in common use, but the computation needed
to discover the smallest possible form for an expression grows faster than exponentially as the number
of inputs increases. So for larger equations, the programs use various heuristics to choose which
simplifications to apply. The results are quite good, but not necessarily optimal. But it sure beats doing
the simplification by hand!
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Truth Tables with Don’t Cares

Truth Tables with “Don’t Cares”

One way to reveal the opportunities for a more compact
implementation is to rewrite the truth table using “don’t cares” (-
- or X) to indicate when the value of a particular input is
irrelevant in determining the value of the output.

C B A|Y C B A|Y

0 0 OfO0 0 X0 T Note: Some input
combinations (e.g.,

00 11 0 X 1|1 —CA 000) are matched by

0O 10|0 more than one row in

01 1|1 I:> 10 X|0 the “don’t care” table.

11 x|1 It would be a bug if all

1 0 Of0 —CB the matching rows

1 0110 X 0 0|0 didn’t specify the
same output value!

11 0|1 X111 —py

11 1)1

Figure 13.

Another way to think about simplification is by searching the truth table for don’t-care situations. For
example, look at the first and third rows of the original truth table on the left. In both cases Ais 0, Cis 0,
and the output Yis 0. The only difference is the value of B, which we can then tell is irrelevant when
both A and C are 0. This gives us the first row of the truth table on the right, where we use X to indicate
that the value of B doesn’t matter when A and C are both 0. By comparing rows with the same value for
Y, we can find other don’t-care situations.

The truth table with don’t-cares has only three rows where the output is 1. And, in fact, the last row
is redundant in the sense that the input combinations it matches (011 and 111) are covered by the
second and fourth rows.

The product terms derived from rows two and four are exactly the product terms we found by applying
the reduction identity.
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The Case for a Non-minimal SOP

The Case for a Non-minimal SOP

CBA|Y
0o0o0|0
o011 S Y=CA+CB e cdla
010|0 ‘A “hazard
el
NOTE: The steady state
| 01101 behavior of these circuits is
' 1 00l0 identi_cal. They c_iiffer in their
| transient behavior.
1 010 A
C —
‘ 1101 A
‘ CB B
L1111 | L
Y-
— Now it's
BA B Y =CA+CB+AB ﬁ%ﬂ LENIENT!

Figure 14.

Do we always want to use the simplest possible equation as the template for our circuits? Seems like
that would minimize the circuit cost and maximize performance, a good thing.

The simplified circuit is shown here. Let’s look at how it performs when Ais 1, B is 1, and C makes a
transition from 1 to 0. Before the transition, C is 1 and we can see from the annotated node values that
it’s the bottom AND gate that’s causing the Y output to be 1.

When C transitions to 0, the bottom AND gate turns off and the top AND gate turns on, and, eventually
the Y output becomes 1 again. But the turning on of the top AND is delayed by the tpp of the inverter,
so there’s a brief period of time where neither AND gate is on, and the output momentarily becomes
0. This short blip in Y’s value is called a glitch and it may result in short-lived changes on many node
values as it propagates through other parts of the circuit. All those changes consume power, so it would
be good to avoid these sorts of glitches if we can.

If we include the third product term BA in our implementation, the circuit still computes the same
long-term answer as before. But now when A and B are both high, the output Y will be 1 independently
of the value of the C input. So the 1-to-0 transition on the C input doesn’t cause a glitch on the Y output.
If you recall the last section of the previous chapter, the phrase we used to describe such circuits is
lenient.
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Karnuagh Maps: A Geometric Approach

Karnaugh Maps: A Geometric Approach

K-Map: a truth table arranged so that terms which differ by
exactly one variable are adjacent to one another so we can see
potential reductions easily.

Truth Table Here’s the layout of a 3-variable K-map
c B alvy ﬁlled'm with the values from our truth Why did he
o o olo table: shade that
o o 11 . row Gray?
R I c\aB[oo[o1[11[10] "]
o 1 11 (0] 0 0 1 1 o
1 o ofo
1 0 1lo 1 A 0 1 1 (o]
N Iy \_’J
11 11 @

It’s cyclic. The left edge is adjacent to the right edge.
(It’s really just a flattened out cube).

Figure 15.

When trying to minimize a sum-of-products expression using the reduction identity, our goal is to find
two product terms that can be written as one smaller product term, eliminating the don’t-care variable.
This is easy to do when two the product terms come from adjacent rows in the truth table. For example,
look at the bottom two rows in this truth table. Since the Y output is 1 in both cases, both rows will
be represented in the sum-of-products expression for this function. It’s easy to spot the don’t care
variable: when C and B are both 1, the value of A isn’t needed to determine the value of Y. Thus, the last
two rows of the truth table can be represented by the single product term (B AND C).

Finding these opportunities would be easier if we reorganized the truth table so that the appropriate
product terms were on adjacent rows. That’s what we’ve done in the Karnaugh map, K-map for short,
shown on the right. The K-map organizes the truth table as a two-dimensional table with its rows and
columns labeled with the possible values for the inputs. In this K-map, the first row contains entries for
when Cis 0 and the second row contains entries for when C is 1. Similarly, the first column contains
entries for when A is 0 and B is 0. And so on. The entries in the K-map are exactly the same as the
entries in the truth table, they’re just formatted differently.

Note that the columns have been listed in a special sequence that’s different from the usual binary
counting sequence. In this sequence, called a Gray Code, adjacent labels differ in exactly one of their
bits. In other words, for any two adjacent columns, either the value of the A label changed, or the value
of the B label changed.

In this sense, the leftmost and rightmost columns are also adjacent. We write the table as a two-
dimensional matrix, but you should think of it as cylinder with its left and right edges touching. If it
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helps you visualize which entries are adjacent, the edges of the cube shows which 3-bit input values

differ by only one bit. As shown by the red arrows, if two entries are adjacent in the cube, they are also

adjacentin the table.

Extending K-maps to 4-variable Tabl

Extending K-maps to 4-variable Tables

4-variable K-map F(A,B,C,D):

es

o [00]01]11]10]
oc0/o[1[1]1
01,1 [1[1]1
11841 [1 [ 1] 1
10/]1 o001

Again it’s cyclic. The left edge is adjacent to the right edge, and

the top is adjacent to the bottom.

For functions of 5 or 6 variables, we’d need to use the 3¢
dimension to build a 4x4x4 K-map. But then we’re out

of dimensions...

Figure 16.

It’s easy to extend the K-map notation to truth tables for functions with 4 inputs, as shown here. We've

used a Gray code sequencing for the rows as well as the columns. As before, the leftmost and rightmost

columns are adjacent, as are the top and bottom rows. Again, as we move to an adjacent column or an

adjacent row, only one of the four input labels will have changed.

To build a K-map for functions of 6 variables we’d need a 4x4x4 matrix of values. That’s hard to draw on

the 2D page and it would be a challenge to tell which cells in the 3D matrix were adjacent. For more

than 6 variables we’d need additional dimensions. Something we can handle with computers, but

hard those of us who live in only a three-dimensional space!

As a practical matter, K-maps work well for up to 4 variables, and we’ll stick with that. But keep in mind

that you can generalize the K-map technique to higher dimensions.
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Finding Implicants

Finding Implicants

An implicant
* is a rectangular region of the K-map where the function has
the value 1 (i.e., a region that will need to be described by one
or more product terms in the sum-of-products)

* has a width and length that must be a power of 2: 1, 2, 4
+ can overlap other implicants

* is a prime implicant if it is not completely contained in any
other implicant.

c\aB[ooJoi[11[10}~AC C\AB|00 (01| 1110
) oo 1] 1) o TT|fo|o]|T]
1 o[ofo 1 [[Al[1]) o [l1
C—= — [
ABC AC> B

» can be uniquely identified by a single product term. The
larger the implicant, the smaller the product term.

Figure 17.

So why talk about K-maps? Because patterns of adjacent K-map entries that contain 1’s will reveal
opportunities for using simpler product terms in our sum-of-products expression.

Let’s introduce the notion of an implicant, a fancy name for a rectangular region of the K-map where
the entries are all 1’s. Remember when an entry is a 1, we’ll want the sum-of-products expression to
evaluate to TRUE for that particular combination of input values.

We require the width and length of the implicant to be a power of 2, i.e., the region should have 1, 2, or
4 rows, and 1, 2, or 4 columns.

It’s okay for implicants to overlap. We say that an implicant is a prime implicant if it is not completely
contained in any otherimplicant. Each product term in our final minimized sum-of-products expression
will be related to some prime implicant in the K-map.

Let’s see how these rules work in practice using these two example K-maps. As we identify prime
implicants, we’ll circle them in red. Starting with the K-map on the left, the first implicant contains the
singleton 1-cell that’s not adjacent to any other cell containing 1’s.

The second prime implicant is the pair of adjacent 1’s in the upper right hand corner of the K-map. This
implicant is has one row and two columns, meeting our constraints on an implicant’s dimensions.

Finding the prime implicants in the right-hand K-map is a bit trickier. Recalling that the left and right
columns are adjacent, we can spot a 2x2 prime implicant. Note that this prime implicant contains
many smaller 1x2, 2x1 and 1x1 implicants, but none of those would be prime implicants since they are
completely contained in the 2x2 implicant.
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It’s tempting draw a 1x1 implicant around the remaining 1, but actually we want to find the largest
implicant that contains this particular cell. In this case, that’s the 1x2 prime implicant shown here. Why
do we want to find the largest possible prime implicants? We’ll answer that question in a minute...

Each implicant can be uniquely identified by a product term, a Boolean expression that evaluates to
TRUE for every cell contained within the implicant and FALSE for all other cells. Just as we did for the
truth table rows at the beginning of this chapter, we can use the row and column labels to help us build
the correct product term.

The firstimplicant we circled corresponds to the product term A - B - C, an expression that evaluates
to TRUE when Ais0,Bis0,and Cis 1.

How about the 1x2 implicant in the upper-right hand corner? We don’t want include the input variables
that change as we move around in the implicant. In this case the two input values that remain constant
are C (which has the value 0) and A (which has the value 1), so the corresponding product term is
A-C.

Here are the two product terms for the two prime implicants in the right-hand K-map. Notice that the
larger the prime implicant, the smaller the product term! That makes sense: as we move around inside
a large implicant, the number of inputs that remain constant across the entire implicant is smaller. Now
we see why we want to find the largest possible prime implicants: they give us the smallest product
terms!

Finding Prime Implicants

Finding Prime Implicants

We want to find all the prime implicants. The right strategy is a
greedy one.
* Find the uncircled prime implicant with the greatest area
— Order: 4x4 = 2x4 or 4x2 = 4x1 or 1x4 or 2x2 = 2x1 or 1x2 = 1x1
— Overlap is okay
 Circle it
* Repeat until all prime implicants are circled

o [00[01]11]10]
00| o [[1 [ M)
o1 (1 (1 [[WJ]]1
11770 1 | 1 (7))
10| 1|j]j 0 | O ||l

Figure 18.
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Let’s try another example. Remember that we’re looking for the largest possible prime implicants. A
good way to proceed is to find some un-circled 1, and then identify the largest implicant we can find
that incorporates that cell.

There’s a 2x4 implicant that covers the middle two rows of the table. Looking at the 1’s in the top row,
we can identify two 2x2 implicants that include those cells.

There’s a 4x1 implicant that covers the right column, leaving the lonely 1 in the lower left-hand corner
of the table. Looking for adjacent 1’s and remembering the table is cyclic, we can find a 2x2 implicant
that incorporates this last un-circled 1.

Notice that we’re always looking for the largest possible implicant, subject to constraint that each
dimension has to be either 1, 2 or 4. It’s these largest implicants that will turn out to be prime impli-
cants.

Write Down Equations

Write Down Equations

Picking just enough prime implicants to cover all the 1’s in the
KMap, combine equations to form minimal sum-of-products.

C\AB| 00 | 01 11 | 10 /_\' We're done!

o oO|o |11 Y = AC + BC

1 o 1)o \J
2500 ]0L]11] 10 ot necessarlly
00| O |1 |(T 1Y ) el
o1l (1 [ [ 1 Y=D+BC+AC+BC
nfa 1o/
10/1//of[o0]]1 ol o TollE]

Figure 19.

Now that we’ve identified the prime implicants, we’re ready to build the minimal sum-of-products
expression.

Here are two example K-maps where we’ve shown only the prime implicants needed to cover all the
1’sin the map. This means, for example, that in the 4-variable map, we didn’t include the 4x1 implicant
covering the right column. That implicant was a prime implicant since it wasn’t completely contained
by any other implicant, but it wasn’t needed to provide a cover for all the ones in the table.
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Looking at the top table, we’ll assemble the minimal sum-of-products expression by including the
product terms for each of the shown implicants. The top implicant has the product term A AND (not
C), and the bottom implicant has the product term (B AND C). And we’re done! Why is the resulting
equation minimal? If there was some further reduction that could be applied, to produce a yet smaller
product term, that would mean there was a larger prime implicant that could have been circled in the
K-map.

Looking the bottom table, we can assemble the sum-of-products expression term-by-term. There were
4 prime implicants, so there are 4 product terms in the expression.

And we’re done. Finding prime implicants in a K-map is faster and less error-prone that fooling around
with Boolean algebra identities.

Note that the minimal sum-of-products expression isn’t necessarily unique. If we had used a different
mix of the prime implicants when building our cover, we would have come up with different sum-of-
products expression. Of course, the two expressions are equivalent in the sense that they produce the
same value of Y for any particular combination of input values - they were built from the same truth
table after all. And the two expressions will have the same number of operations.

So when you need to come with up a minimal sum-of-products expression for functions of up to 4
variables, K-maps are the way to go!

Prime Implicants, Glitches & Leniency

Prime Implicants, Glitches & Leniency

This circuit produces a A
glitch on Y when A=1, B=1, c Y=CA+CB
C: 1-0 B

C\AB | 00 | 01
(0] (o) o

1 |0 (L

To make the circuit lenient, include product terms for ALL prime
implicants.

A
C

Y =CA+CB+AB

Figure 20.

We can also use K-maps to help us remove glitches from output signals. Earlier in the chapter we saw
this circuit and observed that when Awas 1 and B was 1, then a 1-to-0 transition on C might produce a

23



Computation Structures - Lecture 4

glitch on the Y output as the bottom product term turned off and the top product term turned on.

That particular situation is shown by the yellow arrow on the K-map, where we’re transitioning from
the cell on the bottom row of the 1-1 column to the cell on the top row. It’s easy to see that we’re
leaving one implicant and moving to another. It’s the gap between the two implicants that leads to the
potential glitchon Y.

It turns out there’s a prime implicant that covers the cells involved in this transition shown here with a
dotted red outline. We didn’t include it when building the original sum-of-products implementation
since the other two product terms provided the necessary functionality. But if we do include that
implicant as a third product term in the sum-of products, no glitch can occur on the Y output.

To make an implementation lenient, simply include all the prime implicants in the sum-of-products

expression. That will bridge the gaps between product terms that lead to potential output glitches.

We’ve Been Designing a MUX

We’ve Been Designing a Mux

Truth Table
D: e s Y
Y o 0 O o
D, © 0 0o 1|1
o1 0|0
&b o1 1|1
1 0 0fo
S 1 0 1 o
: ; 1 1 0|1
2-input Multiplexer R
MUXes can be generalized ... and implemented as a
to 2k data inputs and k tree of smaller MUXes:

select inputs ...

Figure 21.

The truth table we’ve been using as an example describes a very useful combinational device called a
2-to-1 multiplexer. A multiplexer, or MUX for short, selects one of its two input values as the output
value. When the select input, marked with an S in the diagram, is 0, the value on data input DO becomes
the value of the Y output. When S is 1, the value of data input D1 is selected as the Y output value.

MUXes come in many sizes, depending on the number of select inputs. A MUX with K select inputs will
choose between the values of 2% data inputs. For example, here’s a 4-to-1 multiplexer with 4 data
inputs and 2 select inputs.
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Larger MUXes can be built from a tree of 2-to-1 MUXes, as shown here.

Systematic Implementation Strategies

Systematic Implementation Strategies

Consider implementing some arbitrary Boolean function,
F(A,B,C) ... using a MULTIPLEXER as the only circuit element:

Full-Adder

Carry Out Logic 0 0\
ABcyc, —— o]

0 0o o/o 5

00 1 o/

o 1 o o/cl) 3 _Cuut
01 1 1/71 4

10 0 0/’1 5

10 1 1/ —6

110 1/’1—71/

11 1|1 AB,Ci,

Figure 22.

Why are MUXes interesting? One answer is that they provide a very elegant and general way of imple-
menting a logic function. Consider the 8-to-1 MUX shown on the right. The 3 inputs - A, B, and CIN
- are used as the three select signals for the MUX. Think of the three inputs as forming a 3-bit binary
number. For example, when they’re all 0, the MUX will select data input 0, and when they’re all 1, the
MUX will select data input 7, and so on.

How does make it easy to implement the logic function shown in the truth table? Well, we’ll wire up
the data inputs of the MUX to the constant values shown in the output column in the truth table. The
values on the A, B and CIN inputs will cause the MUX to select the appropriate constant on the data
inputs as the value for the COUT output.

If later on we change the truth table, we don’t have to redesign some complicated sum-of-products
circuit, we simply have to change the constants on the data inputs. Think of the MUX as a table-lookup
device that can be reprogrammed to implement, in this case, any three-input equation. This sort
of circuit can be used to create various forms of programmable logic, where the functionality of the
integrated circuit isn’t determined at the time of manufacture, but is set during a programming step
performed by the user at some later time. Modern programmable logic circuits can be programmed to
replace millions of logic gates. Very handy for prototyping digital systems before committing to the
expense of a custom integrated circuit implementation.
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Synthesis By Table Lookup

Synthesis By Table Lookup

Muxes are universal!

A B
17
AB|Fn(A,B) l l ofz\/H: Ao
0 A
1| MUX ol Ay
é?* Logic >Fn(A,B) Big\/k = B:D_
A

Generalizing: 1137?* = g@x
In theory, we can build any 1-output
combinational logic block with multiplexers. A

In future
technologies muxes

For an N-input function we need a 2 input .
might be the

mux. “natural gate”.
Is this practical for BIG truth tables? B y X What
How about 10-input function? 20-input? B T gﬁss dghjm

Figure 23.

So MUXes with N select lines are effectively stand-ins for N-input logic circuits. Such a MUX would have
2N data inputs. They’re useful for N up to 5 or 6, but for functions with more inputs, the exponential
growth in circuit size makes them impractical.

Not surprisingly, MUXes are universal as shown by these MUX-based implementations for the sum-of-
products building blocks. There is some speculation that in molecular-scale logic technologies, MUXes
may be the natural gate, so it’s good to know they can be used to implement any logic function.

Even XOR is simple to implement with a single 2-to-1 MUX!
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Read-only Memory (ROM)

A New Combinational Device

D, DECODER:
— Dy . k SELECT inputs,

' « N = 2k DATA OUTPUTs.

D Select inputs choose one of the
N-1 D, to assert HIGH, all others
will be LOW.

k

NOW, we are well on our way to building a
general purpose table-lookup device.

We can build a 2-dimensional ARRAY of
decoders and selectors as follows ...

Figure 24.

Here’s a final logic implementation strategy using read-only memories. This strategy is useful when

Have I
mentioned
that HIGH

is a synonym

for 1" and

LOW means

the same
as 0

you need to generate many different outputs from the same set of inputs, a situation we’ll see a lot

when we get to finite state machines later on in the course. Where MUXes are good for implementing
truth tables with one output column, read-only memories are good for implementing truth tables with

many output columns.

One of the key components in a read-only memory is the decoder which has K select inputs and 2X data

outputs. Only one of the data outputs will be 1 (or HIGH) at any given time, which one is determined
by the value on the select inputs. The Jth output will be 1 when the select lines are set to the binary

representation of J.
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ROM Example

Read-only Memory (ROM)
Each column is large fan-in “NOR.” Note
Full Adder ﬁ /oacca rwfzi L:z? pub;/dcclymfjns cac?rr:spond to ao

If ? “1" output in the truth table!
CDP G e
é 000
Shared L{ ooi| | For K inputs,
A B C |S C decoder produces 2%
i © decoder T 010 -
0O 0 0|0 O 2‘ gl signals, only 1 of
011 ich i
00 1/1 o L] whlch is as_serted at
T 100| [ a time -- think of it
01 01 o0 i i
01| | @sone signal for
01 1|0 1 L] each possible
1 0 o1 o0 L] 101 product term.
111
1 0 1|0 1 A Lot Ly
1 1 [N 1 B K{
11 1 |1 1 Con \ﬂ One column
S Cour for each
output

Figure 25.

Here’s a read-only memory implementation for the 2-output truth table shown on the left. This
particular 2-output device is a full adder, which is used as a building block in addition circuits.

The three inputs to the function (A, B, and ClI) are connected to the select lines of a 3-to-8 decoder. The
8 outputs of the decoder run horizontally in the schematic diagram and each is labeled with the input
values for which that output will be HIGH. So when the inputs are 000, the top decoder output will be
HIGH and all the other decoder outputs LOW. When the inputs are 001 - i.e., when A and B are 0 and Cl
is 1 - the second decoder output will be HIGH. And so on.

The decoder outputs control a matrix of NFET pulldown switches. The matrix has one vertical column
for each output of the truth table. Each switch connects a particular vertical column to ground, forcing
it to a LOW value when the switch is on. The column circuitry is designed so that if no pulldown switches
forceits value to 0, its value will be a 1. The value on each of the vertical columns is inverted to produce
the final output values.
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ROM Example continued

Read-only Memory (ROM)

Each column is large fan-in “NOR.” Note
location of pulldowns correspond to a
“1" output in the truth table!

Full Adder
7
Co—| FA}— C Gmaay
é 000
= 1
Shared @) 001
A B Cls ¢
i © decoder iy 010
00 010 O L
00 11 0 ] .
01 o1 o L_i' :
01 1|0 1 e
10 o1 o e
(o] 111
1 0 1|0 1 A—o Lgo Lgl
11 0o 1 B
1]
11 11 1 Con Y{l

Figure 26.

For K inputs,
decoder produces 2%
signals, only 1 of
which is asserted at
a time -- think of it
as one signal for
each possible
product term.

?0 \ﬂ One column

COL‘T

for each
output

So how do we use all this circuitry to implement the function described by the truth table? For any

particular combination of input values, exactly one of the decoder outputs will be HIGH, all the others

will be low. Think of the decoder outputs as indicating which row of the truth table has been selected

by the input values. All of the pulldown switches controlled by the HIGH decoder output will be turned

ON, forcing the vertical column to which they connect LOW.

For example, if the inputs are 001, the decoder output labeled 001 will be HIGH. This will turn on the

circled pulldown switch, forcing the S vertical column LOW . The COUT vertical column is not pulled
down, so it will be HIGH. After the output inverters, S will be 1 and COUT will be 0, the desired output

values.

By changing the locations of the pulldown switches, this read-only memory can be programmed to

implement any 3-input, 2-output function.
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Faster ROMs
Read-only Memory (ROM)
Full Adder LONG LINES slow down propagation
A B times.
l i The best way to improve this is to build
C .« -FA< C, square arrays, using some inputs to
¢ ! drive output selectors (MUXes):
S i g
A B C |sS C, L{ 00
0O o0 0 |0 O 01
l‘{ L{
0o 0 1 1 0 : 10
01 o1 o = ] 0
01 1|0 1 A NN
1 0 01 O B 4 0o ! o It
1 0 1 (0 1 Ciw
1 1 0o (0 1
11 1|1 1 S Cour
2D Addressing: Standard for ROMs, RAMs, logic arrays...
Figure 27.

For read-only memories with many inputs, the decoders have many outputs and the vertical columns
in the switch matrix can become quite long and slow. We can reconfigure the circuit slightly so that
some of the inputs control the decoder and the other inputs are used to select among multiple shorter
and faster vertical columns. This combination of smaller decoders and output MUXes is quite common
in these sorts of memory circuits.
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Logic According to ROMs

Logic According to ROMs

ROMs ignore the structure of combinational functions ...
* Size, layout, and design are independent of function
* Any Truth table can be “programmed” by
minor reconfiguration:

- Metal layer (masked ROMs) ROMs tend to

- Fuses (Field-programmable PROMS) |generate “glitchy”
- Charge on floating gates (EPROMs) |outputs. WHY?
.. ete.

Model: LOOK UP value of function in truth table...
Inputs: “ADDRESS” of a T.T. entry
ROM SIZE = # TT entries...
... for an N-input boolean function, size = 2" x #outputs

Figure 28.

Read-only memories, ROMs for short, are an implementation strategy that ignores the structure of the
particular Boolean expression to be implemented. The ROM’s size and overall layout are determined
only by the number of inputs and outputs. Typically the switch matrix is fully populated, with all
possible switch locations filled with an NFET pulldown. A separate physical or electrical programming
operation determines which switches are actually controlled by the decoder lines. The other switches
are configured to be in the permanently off state.

If the ROM has N inputs and M outputs, then the switch matrix will have 2 rows and M output columns,
corresponding exactly to the size of the truth table.

As the inputs to the ROM change, various decoder outputs will turn off and on, but at slightly different
times. As the decoder lines cycle, the output values may change several times until the final configura-
tion of the pulldown switches is stable. So ROMs are not lenient and the outputs may show the glitchy
behavior discussed earlier.
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Summary

Summary

¢ Sum of products

* Any function that can be specified by a truth table or,
equivalently, in terms of AND/OR/NOT (Boolean expression)

¢ “3-level” implementation of any logic function
» Limitations on number of inputs (fan-in) increases depth
* SOP implementation methods
+ NAND-NAND, NOR-NOR

¢ Muxes used to build table-lookup
implementations

* Easy to change implemented function -- just change
constants

e ROMs

* Decoder logic generates all possible product terms
* Selector logic determines which terms are ORed together

Figure 29.

Whew! This has been a whirlwind tour of various circuits we can use to implement logic functions. The
sum-of-products approach lends itself nicely to implementation with inverting logic. Each circuit is
custom-designed to implement a particular function and as such can be made both fast and small. The
design and manufacturing expense of creating such circuits is worthwhile when you need high-end
performance or are producing millions of devices.

MUX and ROM circuit implementations are mostly independent of the specific function to be imple-
mented. That’s determined by a separate programming step, which may be completed after the
manufacture of the devices. They are particularly suited for prototyping, low-volume production, or
devices where the functionality may need to be updated after the device is out in the field.
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