Last Time

Analog Circuits Review
 Voltage

 Amperage

* Resistance

« Capacitance

Andrew H. Fagg: Embedded Real-
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Today

* A bit more on analog circuits
— Another RC circuit example
— Transistors

* Analog to digital circuits
— Transistors to basic logic gates
— Introduction to Boolean Algebra

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic



Administrivia

Lab hours:

Lab location: EL 124

* |f you do not find the lab open, find me in
my office (EL 152)

Andrew H. Fagg: Embedded Real-
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Today: Introduction to Digital Logic

* Binary encoding
» Boolean algebra
* Transistors to logic gates

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic



Encoding Information

In your ‘circuits and sensors’ class: how did
you encode information?

* €.g., the acceleration measured by your
accelerometer?

» or the rate of bend of a piezoelectric
device?

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic



Encoding Information

Following some form of (implementation
dependent) analog conditioning:

» Acceleration (or bend rate) is encoded In
the voltage that is output from the circuit

* As acceleration increases, the voltage also
Increases

Andrew H. Fagg: Embedded Real- 6
Time Systems: Digital Logic



Encoding Information

Following some form of (implementation
dependent) analog conditioning:

» Acceleration (or bend rate) is encoded in
the voltage that is output from the circuit

* As acceleration increases, the voltage also
Increases

* We say that this is an analog or
continuous encoding of the information

Andrew H. Fagg: Embedded Real- 7
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Analog Encoding

What is the problem with analog encoding?

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic



Last Time

» R-C circuits
* Transistors
* Analog encoding of information

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic



Today

 Digital encoding of information

 Using transistors to build basic computing
devices

» Boolean algebra

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Administrivia

 HW 1: will go out sometime on Friday
— Due February 6th

 Office hours posted (see the
announcement on D2L)

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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PulsePool Project

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Analog Encoding

What is the problem with analog encoding?

« Small injections of noise — either in the
sensor itself or from external sources — will
affect this analog signal

* This leads to errors in how we interpret the
sensory data

How do we fix this?

Andrew H. Fagg: Embedded Real- 13
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Digital Encoding

How do we fix this?

« At any instant, a single signal encodes one
of two values:

— A voltage around 0 (zero) Volts is interpreted
as one value

— A voltage around +5 V is interpreted as
another value

Andrew H. Fagg: Embedded Real- 14
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Binary Encoding

 Binary digits can have one of two values: 0
or 1

 We call OV a binary “0” (or FALSE)
 And +5V a binary “1”  (or TRUE)

Andrew H. Fagg: Embedded Real- 15
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Binary Encoding

» Exactly what these levels are depends on
the technology that is used (it is common
now to see +1.8V as a binary 1 in low-
POWer processors)

» This encoding is much less sensitive to
noise: small changes in voltage do not
affect how we interpret the signal

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Transistors

What do transistors do for us?
* They act as current amplifiers

» But: we can use them as electronic
switches to process digital signals

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Transistors to Digital Processing

Consider the following circuit:
« What is the output given an input of OV?

. +5V
* An input of +5V?
% IKQ
IKQ
R— MW g
Andrew H. Fagg: Embedded Real- rr7 21
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Transistors to Digital Processing

 |[nput: OV -> Output +5V
* |nput: +5V -> Output OV

+5V
- 1 3 % IKQ
« We call this a “NOT” gate
IKQ
R— MW g
Andrew H. Fagg: Embedded Real- rr7 22
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The NOT Gate

 Logical Symbol:

A

» Algebraic Notation: B=A

 Truth Table:

o

A B
0 1
1 0

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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A Two-Input Gate .sv

What does this
circuit compute?

- A and B are inputs
- C is the output

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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The “NAND” Gate
A |

 Logical Symbol:

=D

 Algebraic Notation: C = A*B = AB

 Truth Table:

C

A
0
0
1

O | = 10|

1 1 0

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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The “AND” Gate

A
 Logical Symbol: } C
B

 Algebraic Notation: C = A*B = AB

 Truth Table:

A
0
0
1

O | = 10|

1 1

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Yet Another Gate

+5V

What does
this circuit
compute?

N

avavi Ll

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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The “NOR” Gate

A
- Logical Symbol: j}@ C
B

 Algebraic Notation: C = A+B

AlB||C
. Truth Tapble: |19 [ O || 1
0o 1|0
110 l]o
1 [ 1]]o

Andrew H. Fagg: Embedded Real- 31
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The “OR” Gate

 Logical Symbol:

 Algebraic Notation: C = A+B

 Truth Table:

A

B

A | B C
0O 0
0 | 1 ‘
110
1 | 1

Andrew H. Fagg: Embedded Real-

Time Systems: Digital Logic
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N-Input Gates

Gates can have an N

arbitrary number of -

inputs (2,3,4,8,16 are  —
common)

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Exclusive OR (“XOR”) Gates

 Logical Symbol:

 Truth Table:

AIB||C
07010
011
110 1
11110

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic

A@
C
B

 Algebraic Notation: C = A¢B

How would we
implement this
with
AND/OR/NOT
gates?

34



An XOR Implementation

S

>0

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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An Example

Problem: implement an alarm system

* There are 3 inputs:
— Door open (“1” represents open)
— Window open
— Alarm active (“1” represents active)

* And one output:

— Siren is on (“1” represents on) when either the door or
window are open — but only if the alarm is active

What is the truth table?

Andrew H. Fagg: Embedded Real- 36
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Alarm Example: Truth Table

D W A Siren

0 0 0 0

0 0 1 0

0 1 0 0

0 1 1 1 — DWA

W 0 0 0 +

w 0 | f 1 |— DWA

W 1 0 0 +

W 1 1 1 —» DWA
Andrew H. Fagg: Embedded Real- 37
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Alarm Example: Circuit

Siren=DWA+DWA+DWA

DN

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic

[
w * D@i Siren
[
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Alarm Example: Circuit

Is a simpler circuit possible?

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Alarm Example: Truth Table

D W A Siren

0 | 0| O 0

0 | 0 | 1 0

0 | 1|0 0
CHESHIE

1| 0| O 0
SuEE=uias

1| 1 ] 0 0
Tt [

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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= U

>

Alarm: An Alternative Circuit

—
L)/ ﬁ} Siren

Andrew H. Fagg: Embedded Real- 41
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Next Time

Some notes on Boolean Algebra
DeMorgan’s Laws

Multiplexers

Demultiplexers

Readings from play-hookey.com (see the
schedule)

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Last Time

» Transistors (analog) to logic (digital)
» Basic gates: AND, OR, NOT

» Other gates: XOR, NOR, NAND

» Basics of Boolean Algebra

These tools form the basis of computation in
digital computers

Andrew H. Fagg: Embedded Real- 43
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Today

More complicated circuits

Circuit reduction tools:
» Boolean Algebra
 DeMorgan’s Laws

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Administrivia

 Homework 1 is posted already

— With today'’s class, you have all of the tools
that you need

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Alarm Example: Truth Table

D W A Siren

0 0 0 0

0 0 1 0

0 1 0 0

0 1 1 1 — DWA

W 0 0 0 +

w 0 | f 1 |— DWA

W 1 0 0 +

W 1 1 1 —» DWA
Andrew H. Fagg: Embedded Real- 46
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Alarm Example: Truth Table

D W A Siren

0 0 0 0 “minterm”

0 0 1 0

0 1 0 0

0 1 1 1 @

1 0 0 0

w 0 | 1 1 |[— DWA

1 1 0 0 +

1 1 1 1 [—» DWA
Andrew H. Fagg: Embedded Real- 47
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Minterms

* AND containing all function inputs
—In our example these are D, W, A

« Some of the inputs may be “NOT’'ed”

e Called a “minterm” because the AND is
— 1 for exactly one case, and
— 0 otherwise

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Minterm Approach to Representing
a Truth Table/Function

* OR together a set of minterms:

— One minterm for each row for which the
output is 1

« Example:
Siren=DWA+DWA+DWA

 Circuit is correct, but may not be smallest

Andrew H. Fagg: Embedded Real- 49
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Boolean Algebra

* There are exactly two numbers in Boolean
System: “0” and “1”

* You are already familiar with the
“Integers™. {...-2,-1,0,1, 2, ...}
— (and Integer Algebra)

Andrew H. Fagg: Embedded Real- 50
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Boolean Algebra

 Like the integers, Boolean Algebra has the
following operators:

Integers Boolean
+ addition OR
* product AND
inverse negation NOT

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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NOT Operator

Definition:

. 6 0 = 1 NOTE: this is identical to our truth
=Y = table (just a slightly different

e 1=1=0 notation)

Suppose that “X” is a Boolean variable,
then:

e X=X"=X

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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OR (+) Operator

Definition:

* 0+0=0
* 0+1 ="
* 1+0 =1
e 1+1 =1

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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OR (+) Operator

Suppose “X” is a Boolean variable, then:

e 0+ X=X
e 1+ X=1

e X+ X=X
« X+ X' =1

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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AND (*) Operator

Definition:

+ 0°0=0
+ 0*1=0
+ 1*0=0
¢ 1*1 =1

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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AND (*) Operator

Suppose “X” is a Boolean variable, then:

+ 0*X=0

1% X=X
« X* X=X
+ X*X =0

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Boolean Algebra Rules:
Precedence

The AND operator applies before the OR
operator:

A*B+C=(A*B)+C

A+B*C=A+(B*C)

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Boolean Algebra Rules:
Association Law

If there are several AND operations, it does
not matter which order they are applied in:

A*B*C=(A*B)*C=A"*(B*C)

Andrew H. Fagg: Embedded Real- 58
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Boolean Algebra Rules:
Association Law

Likewise for the OR operator:

A+B+C=(A+B)+C=A+ (B +C)

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Boolean Algebra Rules:

Distributive Law
AND distributes across OR:

A*B+C)=(A*B)+(A*C)

A+(B*C)=(A+B)*(A+C)

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Boolean Algebra Rules:
Commutative Law

Both AND and OR are symmetric operators
(the order of the variables does not
matter):

A+B=B+A
A*B=B*A

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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DeMorgan’'s Laws

(A*B) =A' +B

How do we convince ourselves that this is
true?

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Proof by Truth Table

A | B ||(A*B)| A+B
0 | O 1 1
0 | 1 1 1
1 | 0 1 1
1 1 0 0

Andrew H. Fagg: Embedded Real-

Time Systems: Digital Logic

NOTE:
change in
the NOT
notation
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DeMorgan’s Laws (cont)

(A+B) =A*B

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Proof by Truth Table

A | B ||[(A+By| A*B
0 | O 1 1
0 | 1 0 0
1 | 0 0 0
1 1 0 0

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic



Alarm Example: Truth Table

D W A Siren

0 0 0 0

0 0 1 0

0 1 0 0

0 1 1 1T — DWA

W 0 0 0 +

w 0 1 1 — DWA

W 1 0 0 +

W 1 1 1 |—» DWA
Andrew H. Fagg: Embedded Real- 66

Time Systems: Digital Logic



Reduction with Algebra

DDWA+DW A+ DWA

N
=DWA+DWA+DWA+DWA [ X+X=X
|>< | 4
=D WA + DWA + DW’A + DWA Commutative
¢ ¢ Law

=D WA + DWA + WDA + WDA N

¥ ¥ ¥ ¥
= (D" + D) WA + (W + W) DA Assoc +Dist

‘( Laws
=1*"WA + 1* DA X+ X =1

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Reduction with Algebra (cont)

1*Vl/A+ 12DA

= WAi'r DA X*1=X

=(W+D)*A Distributive
Law

We have the same circuit as before!

A ’

Andrew H. Fagg: Embedded Real- 68
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Multiple Output Variables

Suppose we have a function with multiple
output variables?

« How do we handle this?

Andrew H. Fagg: Embedded Real- 119
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Multiple Output Variables

How do we handle this?
* One algebraic expression for each output

« But: in the final implementation, some sub-
circuits may be shared

Andrew H. Fagg: Embedded Real- 120
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More Logical Components

* Multiplexer
« Demultiplexer
* Tristate buffer

Andrew H. Fagg: Embedded Real- 121
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2-Input Multiplexer

A multiplexer is a device \

that selects between two
iInput lines

A & B are the inputs

A—

» Sisthe selectionsignal B — -

(also an input) 5
« CisacopyofAif S=0
* Cis acopy of B if S=1 S

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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2-Input Multiplexer

that selects between two

A multiplexer is a device
A \

iInput lines
A & B are the inputs

» Sisthe selectionsignal B — -
(also an input) 5

« CisacopyofAif S=0
* Cis acopy of B if S=1 S

0

Andrew H. Fagg: Embedded Real- 123
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2-Input Multiplexer

A multiplexer is a device
that selects between two A _\
input lines
« A & B are the inputs f C
» Sis the selection signal B S
(also an input) 5
« CisacopyofAif S=0
« Cis acopy of Bif S=1 S =1

Time Systems: Digital Logic



Multiplexer Truth Table

S A B C
0 ﬁ 0 || 0
o[ o f 0
0 K1 | o 1
What does the 0 1 1 1
algebraic T 0 0 0
expression look : 0o | 1 1
like? 1 1o ]l o
1 1 1 1
Andrew H. Fagg: Embedded Real- 125
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Multiplexer Truth Table

S | A| B C

0 ﬁ 0 0

0| o 1 0

SAB’ <« | 0 K1 | o 1

S’AB «—| 0 1 1 1

110 |/0 0

SAB <«—| 1| 0 | 1 1

1 [ 1]0 0

SAB <« | 1 1 1 1
Andrew H. Fagg: Embedded Real- 126
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Multiplexer

C=SAB’' + SAB + SA’'B + SAB

Is there a simpler expression?

Andrew H. Fagg: Embedded Real- 127
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Reduction with Algebra

S'’AB’ + S’AB + SA’B + SAB

=S'AB' +B) + SB(A' + A)

Associlative +

Distributive
=S'A1+ SB1 X+ X =1
= S’A + SB X+1=X

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Multiplexer Implementation

S| >0 )
A s
B3

Andrew H. Fagg: Embedded Real- 130
Time Systems: Digital Logic




N-Input Multiplexer

Suppose we want to
select from between 1,
N different inputs. I —

 This requires more INC1—

N

A

than one select line.
How many?

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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N-Input Multiplexer

How many select lines?

e N=2M

What would the N=8

lp
Iy —1

IN_—

N

A

iImplementation look

like?

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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8-Input Multiplexer Implementation

C = I()S,2S,1S,O + |1S,QS,1SO + |28,231S,0 +
|3S,281SO + |4S , S,O + |5SZS,1SO +
I6SZS1S,O + |4

Note that we have one of each
possible select line combination
(or addressing terms)

Andrew H. Fagg: Embedded Real- 133
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Demultiplexer

* The multiplexer reduces
N signals down to 1 (with
M select lines)

* A demultiplexer routes a
data input (D) to one of N D
output lines (As)

— Which A depends on the
select lines

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Demultiplexer

* The multiplexer reduces
N signals down to 1 (with
M select lines)

* A demultiplexer routes a
data input (D) to one of N D
output lines (As)

— Which A depends on the
select lines

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic

A0
Al

136



Demultiplexer

* The multiplexer reduces
N signals down to 1 (with
M select lines)

* A demultiplexer routes a
data input (D) to one of N D
output lines (As)

— Which A depends on the
select lines

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Demultiplexer Notes

* The symbol that we use is
the same as for the
multiplexer S
— Select lines are still inputs

— But the other inputs and A0
outputs are reversed D
 Multiplexer or demultiplexer Al
In a circuit: you must infer
this from the labels or from
the rest of the circuit

— When in doubt, ask

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Demultiplexer Truth Table

S

_L_LOOU)

— o= 10| O

A, | A
A0
D
Al
Andrew H. Fagg: Embedded Real- 139
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Demultiplexer Truth Table

_L_LOOU)

— o= 10| O

S
A, | A,
A0
0 0
D
0 1 Al
0 0
1 0
Andrew H. Fagg: Embedded Real- 140
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Demultiplexer Algebraic

Specification
S | D A | A
0| 0 0| O
0 1 0 1
1|0 0| O D
1 1 1 0

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Demultiplexer Algebraic

Specification
S | D A | A
0
-0\ 0

0 | 1) | o( 1
110 0 D
1 1 1 0

A,=SD

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Demultiplexer Algebraic

Specification
S | D A | A
0| 0 0| O
0 1 0 1
0 | | 0 | O D
1 1 1 0
A,=SD
A, =SD

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Demultiplexer Circuit

AO — S,D
A, = SD

Andrew H. Fagg: Embedded Real- 144
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Demultiplexer Circuit

suiass i)
P

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Next Time

* A bit more on demultiplexers
* Tristate buffers
» Sequential logic

Andrew H. Fagg: Embedded Real- 146
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Last Time

» Boolean Algebra

 Circuit design process:
— Start with a truth table

— Convert to “minterms” algebraic
representation

— Simplify using Boolean Algebra
— Translate into circuit diagram

» Multiplexers/demultiplexers

Andrew H. Fagg: Embedded Real- 147
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Today

A bit more on (de)multiplexers
Sequential logic: introducing memory
D Flip-Flops

Circuits with memory

Andrew H. Fagg: Embedded Real- 148
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Administrivia

 Homework 1 due on Tuesday

Andrew H. Fagg: Embedded Real- 149
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Equivalent Circuits

* The circuits that come directly from our
“minterm” algebraic expression consist of
a set of AND gates whose outputs are
OR’ed together

* This AND-OR cascade can be replaced
directly with a NAND-NAND cascade

— You will see some circuit examples that use
this form

Andrew H. Fagg: Embedded Real- 150
Time Systems: Digital Logic



Demultiplexer Algebraic

Specification
S | D A | A
0| 0 0| O
0 1 0 1
1|0 0| O D
1 1 1 0

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Demultiplexer Circuit

suiass i)
P

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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2-Input Demultiplexer

Here, “input” refers to the /_ Aj
number of select lines LA
D— | 1

\ A2

Andrew H. Fagg: Embedded Real- 153
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2-Input Demultiplexer

Truth Table
S, | D A, | A | A | A,
0] 0] o0 0o/ 0] O
0| 0| 1 00| 0| f
0| 1] 0 0 /0] 0| O
0| 1 | 1 0/0 /| 1] 0
11010 0 /0] 0| O
0 | 1 0 /1] 0| 0
1|0 0 /0] 0| O
1 | 1 1 10| 0| 0

Andrew H. Fagg: Embedded Real- 154
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Demultiplexer Implementation

 What does it look like?

Andrew H. Fagg: Embedded Real- 155
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D

Demultiplexer |

oo
>@ﬂ

Implementation

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic




Another Implementation

» Assume that you have a simple
demultiplexer (1 select line / 2 outputs)

* How do you create a demultiplexer with 2
select lines and 4 outputs?

Andrew H. Fagg: Embedded Real- 157
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Multiplexers Revisited

« Assume that you have a \
simple multiplexer (1 select A —
line / 2 inputs)

* How do you create a B —
multiplexer with 2 select /I/
lines and 4 inputs?

S

Andrew H. Fagg: Embedded Real-
Time Systems: Digital Logic
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Tristate Buffers

 Until now: the output line(s) of each device
are driven either high or low
— So the line is either a source or a sink of
current

e Tristate buffers can do this or leave the
line floating (as if it were not connected to

anything)

Andrew H. Fagg: Embedded Real- 160
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Tristate Buffers

B
N S
floating =
floating
S
0
1 How are tristate
buffers useful?
Andrew H. Fagg: Embedded Real- 161
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Tristate BuffersAO %?

We can wire the outputs of
multiple tristate buffers
together without any other
logic

Andrew H. Fagg: Embedded Real-

Time Systems: Digital Logic
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Al

n

S1

T

S2
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Tristate Buffers

* We must guarantee that only one select
line is active at any one time

* Tristate buffers will turn out to be useful
when we start building data and address
buses

Andrew H. Fagg: Embedded Real- 163
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Another Tristate Buffer
T

S
What does the truth table look like?

Andrew H. Fagg: Embedded Real- 164
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Another Tristate Buffer

A B
A—— B
0 0
1 1
S
0 floating
1 floating
Andrew H. Fagg: Embedded Real- 165

Time Systems: Digital Logic



