ECE 2020 Lecture 4:
Transistors, CMOS circuits

Instructor: Samuel Talkington

September 5, 2024




Logistics

¢ Adjusted Friday office hours this week: 12:30pm-2:00pm in person.

e First homework assignment was due last night. Great work! —
e Coming soon:

e Tonight: HW 2—due September 17th with optional 2 day extension to
Thursday, September 19th.
e Tonight: Updated course schedule.

e Weekend: Pre-lab worksheet—due September 12th before class.

e Schedule for the next two weeks:

e First lab next Thursday, September 12th, in-class.
e First exam, September 19th, in-class.




Agenda

- Today’s agenda

Going down one layer of abstraction:
e Transistors v/~

NMOS vs PMOS

Inverters &

Pull-up and pull-down networks

\ e CMOS circuits
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Recap



Let F: {0,1}® — {0,1} denote the logic function:

F(ABC)=(A-B+A-B-C+A-C)-(A+B-C)

Simplify this function as much as possible using Boolean Algebra theorems.
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Note that

F(AB.C)=(A-B+A-B-C+A-C)-(A+B-C)

<(A C+B-A+B+B-C+A-B (A+C)> (A+B-C)
Ai—/
=B+B.C=B X k\gsﬂ
=B+A-B=B
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where:

Step (1) is by DeMorgan’s Theorem, X + Y +Z=X-Y - Z
Step (2) Is by DeMorgan’s Theorem, X - Y- Z = X + Y + Z, applied multiple times.
Step (3) is by the distributive property, (A+ B) (C + D) = AC + AD + BC + BD
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then,
w - fDeW%W

F(ABC)= (A-C+B)-(A+C)-(A+B-C)

=A+B+C
© @ c+8). (A:4+A-B+A-C+C-A+C-B+C.C) €

=0 -
~(A-C+B)-(A-B+A-C+C-A+C-B+C) \
:% P\\go\hﬁmv“
—CAHC=C
—AT4T=C

where:
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e Step (4) is by the absorption identity, A+ A- B = A, applied 3 times.
e Step (5) is by the distributive property and DeMorgan’s Theorem.
e Step (6) is by the absorption property, applied 3 times.

Finally,

FaBc)? a.c.AB +ACC+ BAB +B-
— —_—— ~—
=(AA).cB=ACB =A(CC)=0 =(B-B)-A=BA

:‘E.E.C

.B+B-C)|

ZI> \

where step (7) is by the distributive property.
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Motivation for transistors

J
Our current switching model has some flaws:

e Switching diagrams involve physically disconnecting wires

a—

e We're assuming we have an omnipotent magical hand to control all switches
There’s a better way to switch—a transistor:
—_——

o A switch that is powered/electronicaé_
e A switch that is controllable—we can make any logic K
e Very small, maybe even microscopic *
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History of transistors

i Transistor lore J ~
A three-wav Nobel Prizel e A whole squad invented
f Yy - transistors at Bell Labs.

e |t was such a massive W that 3 of

them got the Nobel Prize

e |t was so important that a whole
new branch of Quantum
Mechanics was invented (surface

physics) to explain it.

e Then they got smaller and smaller
\_ and smaller...
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Contemporary history of transistors

Slaw?
(—\ - Transistors: Where are they now? |

Al the small things e Computer chips can have billions
Microprocessor engineering, log scale Of transistors
“Power wall” 108 )
« Transistors per chip, 000 o e Transistors/chip, speed, power
® Clock speed, MHz u.\.’-‘ 106 “ y ”
Power consumption, Y used to ><2/yr: Moore’s Law”.
watts "V 104
013
..z"_",.w. alag e Nowadays, some claim Moore’s
o Sa a0 102
- w3 ‘ Law is Dead.. cough x NVIDIA..
ee o8 i
199 &0 9 zo'oo! 10 P 2 e However, we are still fitting more
Sources: Imec; “50 years of microprocdpS8F trend data”, . . _)
by K. Rupp tal. 2022 chip in a smaller space.
\ Source: The Economist D L (remember old laptops?) )
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Is Moore’s Law Dead?

Q, e
< !

( Group discussion question )

Do you think Moore’s Law is dead? Why or why not?
a—y

Wy gy o
Ls c\ed CONRUNINA
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Basic electricity

Uolrose = Poessore
The water analogy and Ohm'’s law: ( ok = W 0‘( Wy

AGMRE Olosteuetl on

\in

ECE 2020 Lecture 4: Transistors, CMOS circuits O‘W



Basic electricity

The water analogy and Ohm'’s law:
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What is CMOS?

A complementary metal oxide semiconductor transistor (CMOS) is a

3-terminal device that acts as a voltage-controlled resistance. It is a powered

— 4

switch that can be controlled with a voltage.
—

In digital logic, a MOS transistor is operated so its resistance is always very high (and
o o «“ 9y . ) . « ” —
the transistor is “off”) or very low (and the transistor is “on”).

————
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NMOS-Normally open switches

- NMOS diagram — —\

[} )f&l[\

Vgs | switchd — s Rgs
high closed small
low open large

° . Analog logic
+ - LS ‘
'U%s\ Ry — {Iarge Q vgs < 0

small Q v >0

N T owye l J
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PMOS-Normally closed switches

PMOS diagram
s ) :Swch Digital logic —

switchd — s Ry

Vs

) open large
¢
. low closed small

o Analog logic —

small Q v <0
Rds =
large Q v, >0

. PV J
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Graphical analysis

NMOS (N-Type) N PMOS (P-Type) ~N
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Transistors

Transistors: They are just cool switches.

We can use NMOS and PMOS transistors to design logical operations in real life!

Question: What is switching logic for a NOT gate?

ECE 2020 Lecture 4: Transistors, CMOS circuits



e
NOT Gt
No-\o%

_— S
VN N
XKy oy
cowng
o
\.G%;C- Sy
s
rter
Inve




What is an inverter

Problem: How to draw a complemented signal Y = X in a switching logic circuit?

Solution: Use transistors as your switches, and exploit the fact that they are

controllable to perform inversion.
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Inverter design example

[ Example N

Suppose you want to implement the NOT gate (aka, inverter):

Vout = Vin

= =
with CMOS. How would this be done?
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Inverter design example

N —— 71— \
/ Vi - — Voot & V)Y
\ ( t
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\ J Ugs -0
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Inverter design example

CMOS diagram Cose 2! Vinh V3 (R
4 Cyyp—
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CMOS logic in general

e Key idea: use two complementary CMOS switching networks to implement our

desired low and high outputs:

o Pull up network (high): Connects the output to the supply (HIGH) when needed

e Pull down network (low): Connects the output to the ground (LOW) when needed.
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Graphical explanation of pull up/pull down

e Key idea: use two

- Pull-up/pull-down networks ~ complementary CMOS

switching networks to
W — implement our desired

low and high outputs:

L) e Pull up network (high):
——— Vot Connects the output to
the supply (HIGH) when
— | lew needed

\ e Pull down network (low):
— Connects the output to
\_ ' ) the ground (LOW) when
needed.
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Logic implementation with CMOS




Implementing a NOR gate

=D

S~

Suppose you want to
implement the NOR gate in
CMOS. How do we do this?

"

\
e
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Implementing a generic logic function

CMOS Generic logic
T\

0\\ op - (MS \wq\w Povr Down: ULKB& \w‘quww\
= Tee S o# F

N

Implement the following logic
function in CMOS:

F=A-(B:-C) =A«(zrT)

’F--; (RO =R+ (B Q)
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Participation puzzle: implement a CMOS NAND gate

Logic gate and truth table
Participation puzzle 4

Consider our friend, the NAND gate. A _} Q
e Derive pull-up and pull-down B

expressions for a NAND gate. The NAND gate

e Construct a CMOS schematic

for a NAND gate. A B|Q=A-B
e Indicate the locations of the 0 0 1
0 1 1
pull-up and pull-down L0 :
\ networks. y - 0
\ _J
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