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0.0V

0.8V

2.0V

5.0V

Each voltage value 
has unique meaning 

0.0V
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Lo
gi

c 
1

Lo
gi

c 
0

Ill
eg

al

Analog Digital

Threshold Range

Each voltage maps to '0' or '1' 
(There is a small illegal range where meaning is 

undefined since threshold can vary based on 
temperature, small variations in manufacturing, etc.)
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USC students used to program analog computers!
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Vacuum Tube

Switch 
Input

(Hi or Lo 
Voltage)

A

B

Current can flow 
based on voltage 
of input switch
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Individual Transistors 
(About the size of your fingertip)

Transistor 
is 'on'

Transistor 
is 'off'

Gate
+5V

Source Drain

- - - -
--

High voltage at gate allows 
current to flow from source to 

drain

Gate
0V

Drain

-

Low voltage at gate prevents 
current from flowing from 

source to drain

-

Silicon

Silicon
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n-type silicon (extra 
negative charges)

p-type silicon 
("extra" positive charges)

-

+
+
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-

-

-
Source 
Input

Drain 
Input
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n-type silicon (extra 
negative charges)

Insulator Layer 
(oxide)

p-type silicon 
("extra" positive charges)

-
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-

Source Input Drain Output
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n-type silicon (extra 
negative charges)

Insulator Layer 
(oxide)

p-type silicon 
("extra" positive charges)

conductive 
polysilicon
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Gate Input
Source Input Drain Output
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Gate Input
Source Input Drain Output
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- - -

negatively-charge 
channel

--

positive charge 
"repelled"
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Negative channel between 
source and drain = 

Current flow

- -
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Gate Input
Source Input Drain Output
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No negative channel 
between source and drain 

= No current flow
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Electron Microscope View of Transistor Cross-Sectio n
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1971 – Intel 4004
1000 transistors
Max 4K-bits addressable memory
1 MHz operation

• 2nd Gen. Intel Core i7 Extreme 
Processor for desktops launched 
in Q4 of 2012

• #cores/#threads: 6/12
• Technology node: 32nm
• Clock speed: 3.5 GHz
• Transistor count: Over one billion
• Cache: 15MB
• Addressable memory: 64GB
• Size: 52.5mm by 45.0mm mm2
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Series Connection
S1 AND S2 must be 

on for A to be 
connected to B 

Parallel Connection
S1 OR S2 must be 

on for A to be 
connected to B 

A B
S2S1

A B
S1

S2
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Integrated Circuits
(Transistors)

Computer Architecture
(Functional Blocks)

Digital Logic
OR
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AND Gate OR Gate NOT Gate
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X Y F

0 0 0

0 1 0

1 0 0

1 1 1

2-input AND

X Y Z F

0 0 0 0

0 0 1 0

0 1 0 0

0 1 1 0

1 0 0 0

1 0 1 0

1 1 0 0

1 1 1 1

3-input AND

F
X
Y
Z

F=X•Y F=X•Y•Z
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X Y F

0 0 0

0 1 1

1 0 1

1 1 1

2-input OR

X Y Z F

0 0 0 0

0 0 1 1

0 1 0 1

0 1 1 1

1 0 0 1

1 0 1 1

1 1 0 1

1 1 1 1

3-input OR

F
X
Y
Z

F=X+Y F=X+Y+Z
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X F

1 0

0 1

F = X

the "bubble" (logically 
performs the inversion)

X F

0 0

1 1

F = X
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Vout = __________ 
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NAND NOR

Z
X

Y
Z

X   Y   Z
0    0    1
0    1    0
1    0    0
1    1    0

X

Y

X   Y   Z
0    0    1
0    1    1
1    0    1
1    1    0

YXZ ×= YXZ +=

X   Y   Z
0    0    0
0    1    0
1    0    0
1    1    1

X   Y   Z
0    0    0
0    1    1
1    0    1
1    1    1

AND NAND OR NOR

True if NOT ANY 
input is true

True if NOT ALL 
inputs are true

• Inverted versions of the AND and OR gate

2.34

JE)�	���J*E)�H	���

XOR

F
X

Y

X   Y   F
0    0    0
0    1    1
1    0    1
1    1    0

XNOR

F
X

Y

X   Y   F
0    0    1
0    1    0
1    0    0
1    1    1

YXF Å= YXF Å=

True if an odd # of inputs are true 
= True if inputs are different

True if an even # of inputs are true 
= True if inputs are same

� Exclusive OR gate.  Outputs a '1' if either input is a 
'1', but not both.

X   Y   Z  F
0    0    0  0
0    0    1  1
0    1    0  1
0    1    1  0
1    0    0  1
1    0    1  0
1    1    0  0
1    1    1  1

X
Y
Z

F
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0 1
1

1

1
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4 Levels of Logic

Change in D, C, or A must propagate 
through 4 levels of gates

• ����
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222222222��������!���������!��
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Z Z
X

Y

Z
X

Y
Z

X Z

Z Z
X

Y
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Logic 
Circuit

I0

I1

I2

O0

O1

Inputs Outputs

Trivia-of-the-day: The Apollo 
Guidance Computer that 

controlled the lunar spacecraft in 
1969 was built out of 8,400

3-input NOR gates.
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Outputs depend only on current 
outputs

Outputs depend on current inputs 
and previous inputs (previous 
inputs summarized via state)

����������!��� E��!���

�������
��!���

E��!���

1 0 1

��%�����	
�
E��!�������	����

����'	,�	��
��!���

��%�����	
�
3�!����

�*�.����	���

Combinational 
Logic

Combinational 
Logic

Sequential Logic
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Whether or not the light is 
on is only dependent on 

the current position of the 
switches

S1

S2

Light

Logic 
Circuit

Light
S1

S2

�� �� �����

� �

� �

� �

� �
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Block Diagram of 
a Register

The clock pulse 
(positive edge) 

here…

…causes q(t) to 
sample and hold 
the current d(t) 

value
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Processor

Clock Signal

0 (0V)

1 (5V)

1 cycle

2.8 GHz 
= 2.8*109 cycles per second

= 0.357 ns/cycle

Op. 1 Op. 2 Op. 3

Clock Pulses
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