COMPLEMENTARY PULLVPS AND PULLDOWNS

This is what the 'C'

in CMOs stands For \
We desigh components with complementary pullup
and pulldown logic (ie, the Pul\clowr\ should be "on'
when the pullup is ‘'ofF" and vice versa).

Pul up Pu' down
on off driven “1”
Off O n d rive n (11 0 L) Co?ven-l-ir:’n: In general,
on on driven “X” —3 weama
off off NO connection {1 b o ved be
STRICTLY following our

STATIC DISCIPLINE
(eg. Pass gates and

storage devices).

Such devices are only

QUASI-DIGITAL
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W/m-l a nice
yOu have..

CMOS COMPLEMENTS
Aﬂ 4# Z’:z’:z,{i,;:‘"s '

On when A is " On when A is “0
|

A

AL
Series N connections: A 1B

B—L i Parallel P connections:

On when Ais “I" and Bis "I A && B 0 when A is "0%or B is "0 (1A Il IB)

l AL
A-L B

Paralle] N connections: ? B _OH: Series P connections:

OnwhenAis“I"orBis“l”: AIlB On when A is "0" and B is 0" (IA && IB)
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A Two-Inpvt Losic 6ATE

What function does
_O{ _0{ this gate compudte?

C

>
oo P
o0l
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HERE'S ANOTHER...

B J] [ What function does
this gate compudte?
il AB]|C
00
0 1
AL HL 10
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GOENERAL CMOS GATE RECIPE

A
Step | Figure out Pulldown hetwork
that does what you woant (ie the set B C
of conditions where the output is ‘0" B

_|
I_
eq, F = A LLB1O
Step 2. Walk the hierar'clmé replacing B
nkets with prets, series subnets with A L -
paralel subnets, and parallel subnets -C
with series subnets
But isn't it
hard to wire
S+e|9 3. Combine PPeJr Pul\up A, B it all up?
network from step 2 with nlet p-C \
pulldown network. from sStep I to A 4
Lorm Pully-complemen‘rary CMOosS B
gote. B, -C

10/09/2-017 Comp 41 - Fall 2017



ONE LAST EXERCISE

Lets construct a anre to comPque:

F =A@ &% C) = NoT(OR(AAND(B,C)))

= s s o o o o P
= 2 o o = A o ol M
= O = o - o = o O

OO0 CIO|=|=|=2 T

I0/09/2.017

5+eP . The Pu\l—down hetwork B—qi %_

A
S+e|9 2. The complemer\Jrar'y 4[

pull-up hetwork
. OBSERVATION: CMOS gates tend to

@ be inverting! Precisely, one or more
“0" inputs are necessary o generate
a “I" outpul, and one or more *|"
inputs are necessary o generate a
“0" output. Why?

Comp 41 - Fall 2017
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NEXT TIME

Now that we can see what goes on inside of a single gote,
we'll next use several them to compose |araer c:-yc:»’remc:»
that compute other logic Functions.

= o A
I'll'll'll'l

ANDROID NANDROID NOTDROID ORDROID

I0/09/2.017 Comp 41 - Fall 2017



=)

MIDTERM PRACTICE

Which of the following ARM instructions might be encoded as:
0x03A010087?

(O Idreq r1,[r3,#10]
(O Idreqrix

(O bxeqri

(O bleq main

(O moveq r1,#x

10/09/2.017 Comp 4l - Fall 2017 8



—_\
MIDTERM PRACTICE L]

—
Shown below is a complete set of double-six domino tiles. 4points
Suppose someone tells you that a tile they are holding has
a 5 spot. How many bits of information are conveyed?

log2(28/5)
log2(28/7)
log2(28/8)

log2(28/9)

OO OO0O0

None of the above

I0/09/2.017 Comp 4l - Fall 2017 9



p—_ %
MIDTERM PRACTICE 1]

—

If an ASCII character array containing "EDIT" appearsina  “points
word of memory as 0x54494445, what can you infer?

O The computer is using a convention where all strings are aligned to word
boundaries

(O The letter "E" is encoded in ascii as 01010100
(O The machine is byte addressable
(O The machine uses little-endian addressing

(O Al of the above

I0/09/2.017 ComP 41 - Fall 2017 10



—
ENUMERATING AND COMPOSING GATES |||

e Combinational logic. as/is
truth tables

Compo‘;in@ ﬂaJres

What gates do we have?
What gates do we need?

Making gotes From others

A 9y9+ema+ic aPPr‘oach
For implementing

combinational \oaic

gtz '
KNockiN' oN HEAVEN'S Dock

Midterm # on Fr'iday

I0/09/2.017 ComP 41 - Fall 2017 1



NOW CAN WE DESIGN LARGER SYSTEMS |||

We heed to start somewhere -
usually with a Functional speciﬁcaﬁon

Argh.. I'm tired of word games

A
- If Cis1 th
B fopy"; wy LY Truth Table
——  otherwise copy
C AtoY c B AlY
O 0 O0}]0O
If you are like most pragmatists you'd rather be given a table O 0 1)1
or formula than solve a puzzle o understand a function. The O 1 olo
fact is, every combinational function can be expressed as a table. o 1 111
“Truth tables” are a concise description of the combinational 1 0 0O
system'’s function, where an output is specified for *every* 1 0 10
input combination. 1 1 0|1
1 1 1|1

10/09/2-017 Comp 41 - Fall 2017 12



TRUTH TABLES TO GATES? 1]
We want to build a comPquer'!
— _ So far we know how to
AT k- buid a few CMOs anrecs

usina MOSFET transistors

(NAND, NOR, INVERTER.)

But we are mic;c;inﬂ AND,
OR, and XOR

What gotes can we build
usina CMOs?

I0/09/2.017 Comp 41 - Fall 2017 3



Recadll we need to desiﬂn our gates using a pull-up
network of P-FETs and a Pul\—dowr\ network of N-FETs.

What gotes con we  AND OR NAND NOR

- build? AB |Y AB|lY AB|Y AB|Y
- define? O0O|0 00|00 O00|1 oO00]|1
o1/lo o1|1 o1|1 otlo

Lets start b
czn;dz:;n O% 10/lo 10|l1 10|1 10]0
g ey 1111 111 11|lo0 11]o

z-inPqu anres.
How many Possilale 2-input 9a+es are there?
KEY IDEA: As many as there are 2-input truth tables.
2-inputs — 2% = 4 rows, each with an output
4-outputs — 2* = 16 possible Ffunctions

I0/09/2.017 Comp 41 - Fall 2017



ALL THE GATES

There are only G Poc;c;ila\e Z-inPqu anrec;... Let's examine dll
of them. Some we already know, others are just sily.

I
N How many of these
3E (M (M) (] e
UlE A A B X Nl N| O o) Al o
T|R N> > 0 ol|o| of T[ «=|T|<=[N|N /p:;m‘ng:'}r'y
aelo DB A A B R R|R|R|®Bl B[A|A]|D|E P oy
00 | 0—6——6—o—a——o—=e| 1| 1| 1| 1 [2[ 1|2 1 ;m;::f:'f their
o1{o0 0 o0 o0 1 1 1 1|0l oflolof1|l1]1]1
10{o0 0 1 1 0 0 1 1|o]lo|l1]1]o|lof1]1 P-FETe can ol
11(0 2 02 02 0 2|o]+|ol2x]|o|l+|o0]= BT o i 1
one or more of their
Do we really need all of these gotes? inputs s a 0"

Nope! Once we redlize that we canh describe all of
them using just AND, OR, and NOT

I0/09/2.017 Comp 41 - Fall 2017 5



COMPOSING GATES TO BUILD OTHERS

Let's start with a couple of basics, AND and OR. Each

con be constructed usinﬁ a Pair' of CMos ﬁaJrec;, AND is

J’uer NAND with an inverter, and OR is Jus’r NOR with an
inverted output.

AND OR
AB |Y AB |Y
These twe gates are
00| O 00| O Y Sar-hcr}l'arly inl\’po;'-}an-l
sing them will allows us

0110 011 .\8 to t:lsevel«;:pf a sys-l-emc
1010 10 | 1 D ombinationd] "
11 (1 11 | 1 function.

Il

I0/09/2.017 Comp 41 - Fall 2017



COMPOSING ARBITRARY GATES

B>A XOR
AB |Y AB |Y A
000 0|0 B j—
01 1 Y
10| 0 IIO %
1110 1110 >_
A—[>O— ) Y A Y The TRICK is 4o OR +he ANDs
B B ﬁ} of all input combinations
that generate an output of
Koy e et o
How many difFerent gates do we really need? resate na T
] ] i You need Inverters +o handle
We can adlways do it with 3 dif-Ferent types inpu combinations Invohing
of gates (AND, OR, INVERT), and sometimes 7, ADs, and Oks.

with 2, but, can we use fewer?

I0/09/2.017
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A UNIVERSAL gate is one that can be used fo implement =77
6 ”E w‘ L L D & ’ *ANY* COMBINATIONAL FUNCTION. There are many
® UNIVERSAL gates, but not all gates are UNIVERSAL
:"' /
Q: What is a COMBINATIONAL FUNCTION?
A: Any function that can be written as a truth

.
NANDs and NORs are UNIVERSALI ;}{ foble

o » = = O >

-
D= D = B>
>

o _ _
{:};}- = J 0 »

AR but what it we want more than Z—inpu-'-s?

10/09/2-017 Comp 41 - Fall 2017 18



STVPID GATE TRICKS

Suppose we have some Z-inpu+ XOR ga+ec:~=

AB\%DC ‘I'pd=1n5

And we want an N-input XOR:

== O 0>
= O = 0Ol
O=rr=QOI0h

ou+Pu+ = |
Az—— Ag— AN —— ~F number

of ''s input is
ﬁfj%MD %D oD (PRRITY)
t,= N NS - WORST CASE.
Can we compute an N-input XOR faster?

10/09/2-017 Comp 41 - Fall 2017



I Tk THAT I SHALL NEVER SEE

A GATE LOVELY AS A ...

Sl i S
'WjDer TSN21 Combrnctionel funchion be

implemented using only

log,N 2° 2-input gates? Bul, it’s
2 handy o have gates with
loa N more than 2~inputs when
N-input TREE has O 99 N Yevels. needed.

Sighal propagation takes of log N gate delays.

10/09/2-017 Comp 41 - Fall 2017 2.0



A SYSTEMATIC DESIGN APPROACH

Truth Table

<

= = = = 0 000N
= =~ 00 = 0O0|w
O, O O O|l>
= =000+ O

-it's systematic!
-it works!
-it's easy!
V) -we get to go home!

<

-

\
I0/09/2.017

) Write the functional spec as a truth table
2) Write dowh a Boolean expression for
every T in the ou+|9u+

Y =(c 84 B && A) || (IC &4 B && A)
| (C && B && IA) || (C &&% B && A)

3) Wire up the ideal gates, replace them with
equivalent readlizable gates, cdll it a day,
and g0 home!

This aPPr'oach will always ive us Ioaic
exPressions N a Par'+icular' rm:

SUM-OF-PRODUCTS

Comp 41l - Fall 2017 2]



STRAIGHTFORWARD SYNTHESIS

We can implement

SUM-OF-PRODUCTS

with just 3 levels ofF logic.

INVERTERS/AND/OR

I0/09/2.017

B
C
A
B
C
A
B
C

A
B
C

e

—Do—
o

}_

Comp 41 - Fall 2017
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OTHER USEFVL GATE COMBINATIONS

IASBR) = A Il B |
“Pushing and Cancelling Bubbles”
B =S C o ;

B
— — | Y
> = TS
DeMorgan’s Laws DO- AR = A B _:>_
NoK_N0KC H :>_- H && . -
: B
Al o ; — A__[>__ y
Bl o = Bl I : i
> -

I0/09/2.017 Comp 41 - Fall 2017 23



OTHER USEFVL CMOS 647'55‘

AOI (AND-ORANVERT) R
4[' 48
A
B: Y = C 1[ —
C_%i P -
D— 5 —II:‘ —
B—HJI—l

OAl (OR-AND-INVERT) —

A
T T
Y
C — -
An OAT's DeMorgan Di) — BT B
equivalent is usually I
easier fo think <0u+. . A_C _II: :
» Bo Y ¢
3 o
DO

10/09/2-017 Comp 41 - Fall 2017

AOI and OAT
structures can be
realized as a
single CMOS gate.
However, their
function is
equivalent 4o 3
levels of logjc.
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AN INTERESTING B-INPVUT GATE

Based on C, select the A or B input to be coPied to V.

A Truth Table
B If Cis 1 then Y
copy B to ¥, c B AlY
— . | otherwise copy
C AtoY O O OO
— O 0 1|1
O 1 0]|O0
2-input Multiplexer o 1 171
B A 0 1 0 0O
Dl . 1 0 10
j—E:}*LDDJ-}V B 1/ cote 1 1 o1
c — | symbol 1 1 11

schematic
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MUX COMPOSITIONS AND SHORTCVTS

A 4-bit wide 2-input Mux

>
s/

o

A 4——'|npu+ Mux
(implemen+ed as a tree)

o o

N S/
~
w» Wp
| |
NS AT AEAE
1
>
{

0]

10/09/2-017 Comp 41 - Fall 2017
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MUX FUNCTION SYNTHESIS

Consider implementation ofF some arlai-trar'rz

Function, F(AB,C).. using a MULTIPLEXE
circuit element-:

Combinational
as the only

Mux Logic: An example “configurable”

logic element

oooo/o 1
oo1o/’1 2
0100/ 3 Y
1000/71 5
1011/1 6/
1 1 01 7
1111/4,8,6/

10/09/2-017 Comp 41 - Fall 2017
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MUX Looic TRICKS 1l
We can apply certain optimizations to MUX Function synthesis

Desired Logic

Function - Largely bY
A B cly inspection or
O 0 Olo 0—o exhaustive search
O 0 1|0 ) Cc—1 Y QO There's something
O 1 0O ) c—2 f
O 1 1|1 1—3
1 0 0| O
1 0 1|1) AB J
1 1 0|1 - N-input gate with an
1 1 11 N- il"IPLH' MUX

I0/09/2.017

L one inverter
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NEXT TIME

Binary Circuits that:
ADD
SUBTRACT
SHFT

"Tx8=52, 9-3=5... things like that."

I0/09/2.017 Comp 41 - Fall 2017
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