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Transistors

= Computers are built from very large numbers of very
small (and relatively simple) structures: transistors

o Intel 4004, in 1971, had 2300 MOS transistors

o Intel’s Pentium IV microprocessor, 2000, was
made up of more than 42 Million MOS transistors

o Apple’s M2 Max, offered for sale in 2022, is made
up of more than 67 Billion MOS transistors

o Micron’s V-NAND flash memory (2022), is made
up of more than 5 Trillion MOS transistors

= This lecture
o How the MOS transistor works (as logic element)

o How transistors are connected to form logic gates

Problem

Algorithm

Program/Language

Runtime System
(VM, OS, MM)

ISA (Architecture)

o How logic gates are interconnected to form larger units that

are needed to construct a computer



MOS Transistor

= By combining
o Conductors (Metal)
o Insulators (Oxide)
o Semiconductors

= We get a Transistor (MOS) j

= Why is this useful?
o We can combine many of these to realize simple logic gates
= The electrical properties of metal-oxide semiconductors are

well beyond the scope of what we want to understand in
this course

o They are below our lowest level of abstraction
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Ditferent Types of MOS Transistors

= There are two types of MOS transistors: n-type and p-type

Drain

Sogrce
|
Gate ‘{q Gate 41
Source ;Ln
n-type p-type

= They both operate “logically,” very similar to the way wall
switches work

Drain Drain
The circuit is closed The circuit is closed

when the gate is :
_ _ X when the gate is
supplied with 3V supplied with OV
n-type P-type
Salirce Source




How Does a Wall Switch Work?

h
Wall Switch I
[ —

N
[Power Supply

o In order for the lamp to glow, electrons must flow

o In order for electrons to flow, there must be a closed circuit
from the power supply to the lamp and back to the power
supply

o The lamp can be turned on and off by simply manipulating the
wall switch to make or break the closed circuit



Transistor Works As a Switch

= Instead of the wall switch, we could use an n-type or a p-
type MOS transistor to make or break the closed circuit

Drain
If the gate of an n-type transistor is

supplied with a high voltage, the
connection from source to drain acts like a
piece of wire (i.e., the circuit is closed)
Source

Depending on the technology,
Schematic of an n-type high voltage can range from 0.3V to 3V

MOS transistor

If the gate of the n-type transistor is
supplied with zero voltage, the connection
between the source and drain is broken
(i.e., the circuit is open)



Abstraction: Transistor As a Switch

= n-type transistor in a circuit with a battery and a bulb
M) W
D)

BVoIt—|

ower Supply |

v . |
Qorthand notatlo/
. p-type transistor works in exactly the opposite fashion from
n-type transistor

Gate —| |:

Drain Drain
The circuit is closed The circuit is closed

when the gate is :
_ _ X when the gate is
supplied with 3V supplied with OV
n-type p-type
Sniirce Source




Logic Gates




One Level Higher in the Abstraction

= Now, we know how a MOS transistor works
= How do we build logic structures out of MOS transistors?

Problem
= We construct basic logical units out of Algorithm
individual MOS transistors Program/Language
Runtime System
_ _ _ (VM, OS, MM)
= These logical units are called logic gates ISA (Architecture)

o They implement simple Boolean functions




Making Logic Blocks Using CMOS Technology

Modern computers use both n-type and p-type transistors,
i.e. Complementary MOS (CMOS) technology

nMOS + pMOS = CMOS

The simplest logic

structure that exists in a modern

computer 3V

—L
—L

In (A)—/

p-type

Out (Y) What does this circuit do?
n-type

\
oV



Functionality of Our CMOS Circuit

What happens when the input is connected to 0V?

A\ v £

p-type transistor
_fi 1 pulls up the output

oV out (Y) — Y=3V

—L \
o0 o0

p-type transistors are good at pulling up the voltage



Functionality of Our CMOS Circuit

What happens when the input is connected to 3V?

A\

3V

«

A= 3V

—L

4
oV

3V

Out (Y) f Y
oV

ov

n-type transistor pulls
down the output

n-type transistors are good at pulling down the voltage




CMOS NOT Gate (Inverter)

= This is the CMOS NOT Gate L 8

= Why do we call it NOT? —p
o IfFA=0VthenY =3V In (A)— L out(Y)
o IfFA=3VthenY =0V LN

= Digital circuit: one possible interpretation
o Interpret OV as logical (binary) 0 value EL

o Interpret 3V as logical (binary) 1 value

o |on oOFF ] 1 %
OFF ON | o



CMOS NOT Gate (Inverter)

= Why do we call it NOT?
o IfFA=0VthenY =3V
o IfA=3VthenY =0V

= Digital circuit: one possible interpretation
o Interpret OV as logical (binary) 0 value

In (A)

= This is actually the CMOS NOT Gate 2
_({a;

Out (Y)
—[N

x ” ov
o Interpret 3V as logical (binary) 1 value —
Y=A
Truth table: shows the logical output
A Y of the circuit for each possible input
AlY
We call this a NOT gate 0 T

or an inverter 1 0
(bubble indicates inversion)



Another CMOS Gate: What Is This?

1 Let’s build more complex gates!

3V

|I>11 —{[P2
Out (Y)
i In (A)
In (B) ®

=
=
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CMOS NAND Gate

= Let’s build more complex gates!

3V

Egtripz Y=A:-B=AB
Qk In (A) —{[N1 AB Pl P2 N1 N2 Y

iln(B)——HNZ O OJON ON OFF OFFf 1
0 1J]ON OFF OFF ON | 1
o 1 OJOFF ON ON OFF| 1

1 1§OFF OFF ON ON|] O

o P1 and P2 are in parallel; only one must be ON to pull up
the output to 3V

o N1 and N2 are connected in series; both must be ON to
pull down the output to 0V



CMOS NAND Gate

= Let’s build more complex gates!

3V

gi_* L
% Out (Y)
In (A) —{[N1

i In(B) ——&—|[N2

ov

A— }
Y
B —

We call this a NAND gate

Y=A-B=AB

R~ o ol

R o~ ol

e e



CMOS AND Gate

= How can we make an AND gate? Y=A-B=AB

A B Y A —
0 O 0
0o 1 0 B —
1 0 0
1 1 i |

3V

We make an AND gate using

one NAND gate and |I]|1 —[P2
one NOT gate
i In (A) —j[N1
In (B) —l—l N2
Food for thought: Can we not use fewer
transistors for the AND gate? oV

ov



CMOS NOT, NAND, AND Gates

Out (Y)




General CMOS Gate Structure

= The general form used to construct any inverting logic gate,
such as: NOT, NAND, or NOR

o The networks may consist of
transistors in series or in

pMOS

paraIIeI pull-up

o When transistors are in ' @work
parallel, the network is ON if  INPUts

one of the transistors is ON a output

o When transistors are in series,
the network is ON only if all nMOS
pull-down

transistors are ON S——s

pPMOS transistors are used for pull-up
nMOS transistors are used for pull-down



General CMOS Gate Structure (11)

Exactly one network should be ON, and the other network
should be OFF at any given time

o If both networks are ON at the
same time, there is a short
circuit = likely incorrect

.

operation inputs
- output
o If both networks are OFF at [ e
the same time, the output is oull-down
floating = undefined network

pPMOS transistors are used for pull-up
nMOS transistors are used for pull-down



Digging Deeper: Why This Structure?

E

MOS transistors are imperfect switches
pMOS transistors pass 1’s well but 0’s poorly (holes carry

charge)

NMOS transistors pass 0’s well but 1’s poorly (electrons carry

charge)

pMOS transistors are good at “pulling up” the output
nMOS transistors are good at “pulling down” the output

3V

P3
Out (Y)
N3

0
This is why AND is
% puilt with NAND + NOT

inputs

pMOS

pull-up
network

output

nMOS
pull-down
network



Digging Deeper: Power Consumption

= Dynamic Power Consumption
o Power used to charge capacitance as signals change (0 €<-> 1)
o C*XV2xf
C = capacitance of the circuit (wires and gates)
V = supply voltage
f = charging frequency of the capacitor

= Static Power Consumption
o Power used when signals do not change

g Y IIeakage
supply voltage * leakage current

Energy Consumption
o Power * Time



Moore’s Law — The number of transistors on integrated circuit chips (1971-2016)

: . . . . s < in Data
Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years.
This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are
strongly linked to Moore's law.
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Data source: Wikipedia (https://en.wikipedia.org/wiki/Transistor_count)
The data visualization is available at OurWorldinData.org. There you find more visualizations and research on this topic. Licensed under CC-BY-SA by the author Max Roser.



Common Logic Gates

XOR

OR

AND

i Buffer

g|O

NAND NOR XNOR

Inverter




We Can Now Build Logic Circuits

Now, we understand the workings of the basic logic gates

What is our next step?

Build some of the logic structures that are important

components of the microarchitecture of a computer

= A logic circuit is composed of: _
o Inputs _ functional spec
Inputs outputs

o Outputs timing spec

= Functional specification (describes relationship between
inputs and outputs)

= Timing specification (describes the delay between inputs
changing and outputs responding)



Types of Logic Circuits

functional spec
inputs outputs
timing spec

= Combinational Logic
o Memoryless

o Outputs are strictly dependent on the combination of input
values that are being applied to circuit right now

= Later we will learn: Sequential Logic
o Has memory
= Structure stores history - Can “store” data values

o Outputs are determined by previous (historical) and current
values of inputs



