ECE 410: VLSI Design

Course Lecture Notes
(Uyemura textbook)

Professor Andrew Mason
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CMOS Circuit Basics

CMOS = complementary MOS drain source
- uses 2 types of MOSFETs gate4| [ gatgd [
to create logic functions
- nMOS source drain
. pMOS nMOS pMOS
CMOS Power Supply | VDDA
- typically single power supply CMOS CMOS
- VDD, with Ground reference VDD (?I.Ic:‘g:,lclt ~ | logic
- typically uses single power supply | CII’_(|3_UI'[
- VDD varies from 5V to 1V Vv =
LOQiC Levels VDD _
- all voltages between OV and VDD if’o‘?{;gles
- Logic 1= VDD undefined
- Logic 'O’ = ground = OV _
logic O
voltages
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Transistor Switching Characteristics

* NMOS drain YOUt M OS
- switching behavior o J
* on = closed, when Vin > Vtn Ving—| nMOS
— Vtn = nMOS “threshold voltage” + Vgs > Vtn = on
— Vin is referenced to ground, Vin = Vgs Vgs source
« off = open, when Vin < Vtn S =
- pMOS A
- switching behavior V:, source PMOS
J pMOS

* on = closed, when Vin < VDD - |Vip| i
_ [Vtp| = pMOS “threshold voltage” magnitude ViN ;9 Vsg i |Vip| = on
— Vin is referenced to ground, Vin = VDD-Vsg J _‘ Vsg = VDD - Vin
« off = open, when Vin > VDD - |Vip| drain

Rule to Remember: 'source’ is at
- lowest potential for nMOS
* highest potential for pMOS
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Transistor Digital Behavior

- nMOS drain| Vout  n\MOS
Vin| Vout (drain) Vingate AMOS
1 Vs=0 device is ON + Vgs > Vtn = on
0) ? device is OFF Vgs
_ source
- pMOS =
Vin|; Vout (drain) .\ leource PMOS
1 ? device is OFF Vsg
0 ! Vs=VDD=1 deviceis ON o pPMOS
Vin Q [ Vsg > |Vtp| = on
gate Vsg = VDD - Vin
. o
vin pMOS ran Vout
VDD off
VDD-|Vtpt
on Notice.

When Vin = low, nMOS is of f, pMOS is on
When Vin = high, nMOS is on, pMOS is of f
off - Only one transistor is on for each digital voltage

nMOS

Vin—]
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MOSFET Pass Characteristics

* Pass characteristics: passing of voltage from drain (or source) to
source (or drain) when device is ON (via gate voltage)

- Each type of transistor is better than the other at passing (to
output) one digital voltage
- nMOS passes a good low (0) but not a good high (1)
- pMOS passes a good high (1) but not a good low (0O)

VDD VDD +
nMOS L Vgs=Vin Passes a good low
ON when gate oV ? VDD ?- Max high is VDD-V1n
is ‘high Vy = oV Vy =
VDD-Vtn
oV oV . :
pPMOS O , Qng:|th| Passes a good high
ON when gate VDD - oV ?+ Min low is |V1p|
s “low’ Vy = VDD Vy = |Vtp|
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MOSFET Terminal Voltages

How do you find one terminal voltage if the other 2 are known?
- nMOS
- case 1) if Vg > Vi + Vtn, then Vo = Vi (Vg-Vi > Vin)
- here Vi is the "source” so the nMOS will pass Vi to Vo
vg—{[ * case 2) if Vg < Vi+ Vin, then Vo = Vg-Vin (Vg-Vi< Vin)
- here Vo is the "source” so the nMOS output is limited
For nMOS, max(Vo) = Vg-Vin

Vo

- pMOS

- case 1) if Vg < Vi - |Vtp]|, then Vo = Vi (Vi-Vg > |Vtpl)
- here Vi is the "source” so the pMOS will pass Vi to Vo

vg-J| - case 2) if Vg > Vi - |Vtp|, then Vo = Vg+|Vtp| (Vi-Vg < [Vip|)
\o - here Vo is the "source” so the pMOS output is limited

For pMOS, min(Vo) = Vg+|Vtp|

Vi

:'.iﬁ;'l_;f«}"
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MOSFET Terminal Voltages: Examples

e )

AT By

- nMOS rules max(Vo) = Vg-Vin
- case 1) if Vg > Vi + Vin, then Vo = Vi (Vg-Vi > Vtn)

- case 2) if Vg < Vi + Vin, then Vo = Vg-Vtn (Vg-Vi < Vin)
nMOS examples (Vin=0.5V)

_ Vo, 2 1.5vo
— 1. Vg=5V, Vi=2V ¥~__acts as
« Vg=5>Vi+Vitn = 2.5 = Vo = 2V 5 — 2 — the source
- 2: Vg=2V, Vi=2V
. Vg=2 < Vi+Vtn = 2.5 = Vo = 1.5V 2| source 2

- pMOS rules  min(Vo) = Vg+|Vip|
- case 1) if Vg < Vi - |Vtp|, then Vo = Vi (Vi-Vg > |Vipl)
- case 2) if Vg > Vi - |Vtp|, then Vo = Vg+|Vtp| (Vi-Vg < |[Vip])
pMOS examples (Vtp=-0.5V)

_ 1:Vg=2V, Vi=5V S | source 2
« Vg=2 < Vi-|Vitp|=4.5 = Vo = 5V
— 2:V :gzv Vizlz\/lo| 2 O[ 2 O[ acts as
- Vg=eV, VP /the source
Vg=2 > Vi-|Vtp|=1.5 = Vo = 2.5V Vo' 5 2.5 Vo
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Switch-Level Boolean Logic

* Logic gate are created by using sets of controlled switches
o Characteristics of an assert-high switch

A=0 A=1
1 \al nMOS acts like an
X e —— i x ¢ . b =X . :
assert-high switch
(a) Open (b) Closed
Figure 2.1 Behavior of an asseri-high switch
— y=x°*A leey=xifA=1
AND, or multiply function
Series switches = AND function Parallel switches = OR function
R U
a b e o
le * . L] & —e g=a -b
i a1 (a-1)-b Output [ ;f.__}ﬁ,._.fz a+b
Figure 2.2 Series-connected switches aAND b gt Outpul
aORD

Figure 2.4 Parallel-connected swilchcs
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Switch-Level Boolean Logic

 Characteristics of an assert-low switch

A=0 Av= ]
! t2 ] pPMOS acts like an
x y=x A assert-low switch
(a) Closed (b) Open
— Yy=Xx°*A ley=xifA=0 error in figure 2.5
Series assert-low switches = ? NOT function, combining assert-
a b high and assert-low switches
NOT (a OR .
3 g NOT@ORD 2
le——— ¢ o —— e —eh=a b lo6———e &——
a-l (@-1-b SW2
Input Output _ _
Inputs a + &—e y=a-l+a-0=a
NOR Cutput
O ——» [ e ——
Swi1 a-0
L L a=1 = SW1 closed, SW2 open = y=0=a
aeb=a+b, a+b=a-b B
DeMorgan relations a=0 = SW1 open, SW2 closed = y=1 = a
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CMOS "Push-Pull” Logic

« CMOS Push-Pull Networks
- pMOS

A\

o . . — assert-low
- "on" when input is low —  logic
. pushes output Mh inputs

- nM?S,, | o — assert-high
- "on” when input is high —  logic
- pulls output low L

» Operation: for a given logic function

- one logic network (p or n) produces the logic function

and pushes or pulls the output

- the other network acts as a "load” o complete the
circuit, but is turned off by the logic inputs

- since only one network it active, there is no
current (between VDD and ground)

- zero static power dissipation

static

PMOS
output

nMOS
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Creating Logic Gates in CMOS

All standard Boolean logic functions (INV, NAND, OR, etc.) can be
produced in CMOS push-pull circuits.

Rules for constructing logic gates using CMOS

use a complementary nMOS/pMOS pair for each
connect the output to VDD through pMOS txs
connect the output to ground through nMOS txs
insure the output is always either high or low

CMOS produces "inverting” logic

CMOS gates are based on the inverter

outputs are always inverted logic functions
e.g., NOR, NAND rather than OR, AND

Useful Logic Properties

input

inputs

A\

- assert-low
logic

assert-high
logic

L

pMOS

output

nMOS

Logic Properties 1+x=1 0+x=x
DeMorgan’s Rules 1.-x=Xx 0-Xx=0 Properties which can be proven
(a . b)a — as + b’ X+x =1 X-X'=0 (a+b)(a+C) = a+bC
o a-a=a ata=a at+ab=a+b
@+b)y=a-b ab + ac = a (b+c)

ECE 410, Prof. A. Mason
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Review: Basic Transistor Operation

/N

CMOS Circuit Basics

Z> vV source Vg:
59 pMOS Vvin | Yout Vin
— assert-low pPMOS Ving;tg [ Vsg i [Vtp| = on 0 | 1 on=closed pMOS
— logic | Vsg = VDD - Vin 1 | ? off = open VDD =
inputs [ output d;z;‘n VDD-|Vip| ]
— assert-high Vo= on
—  logic nMOS Vingﬁ [ NMOS vin | Yout
1 + Vgs > Vitn = on O | ? off=open Vin
- Vgs cource 1|0 on=closed off
= nMOS
CMOS Pass Characteristics
VDD VDD + * nMOS
MOS Vgs=Vitn — 0in-> 0Oout
n ov__ | [ VDD - _ VDD in > VDD-Vtn out
V=0V wDB-th — strong ‘0’, weak ‘1’
Y, oY, _ * PMOS
pMOS vDpD oV + — 0in > |Vtp| out
Vy =VDD Vy = |Vip| — strong ‘1’, weak ‘0’

ECE 410, Prof. A. Mason

Lecture Notes Page 2.12



Review: Switch-Level Boolean Logic

« assert-high switch B Lo
X w--——o_ _:——y x ——iTU—— Y =x
— y=Xe A’ .e. y=X ifA=1 (@) Open ) Closed
i b 1 asserl-high switch
— series = AND T w—-_L-—- —eg-a.» @ANDD
Input &1 G- 8 Output
_4_ a-l
b
— parallel = OR +
1 o—«»—TL;-——bflﬂ—OJE a+h aORDb
[nput Output
e assert-low switch
A=0 A=1
— y=Xx*A, l.e.y=xifA=0 xg_é_,_y:x x_.—‘L._yX
. (a) Closed (b) Open
— series = NOR a b
— parallel = NAND T TR Tawa NOT (a OR b)
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CMOS Inverter

 Inverter Function + Inverter Symbol
- toggle binary logic of a signal XM

- Inverter Truth Table

» Inverter Switch Operation

X Y =X
3 S R
Vin=VDD e Vour=0V o1
| 110
= * CMOS Inverter Schematic
= s AN
(a) (b) Vsg
input low = output high  input high = output low _d Emos
NMOS off/open NMOS on/closed vi —
pPMOS on/closed pPMOS off/open " —vout = Vin
pMOS “on” nMOS “on” T| EMOS
~ output high (1) - output low (0) Vas

R
LINSOBy
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nMOS Logic Gates

We will look at nMOS logic first, more simple than CMOS

nMOS Logic (no pMOS transistors)
- assume a resistive load to VDD
- nMOS switches pull output low based on inputs

VDD VDD (@) nMOS is
R R —> output is high (1)
NnMQOS Inverter V, =VDD Vour =0V
V=0V Hi Vip= VOD o (b) NMOS is
= = - output is low (0)
(@) (b)
nNMOS NOR NnMOS NAND Lfas
° _ Vo ol
S c=ab I-:-L
- VaO-l 01
parallel switches = OR function . series switches = AND function

nMOS pulls low (NOTs the output) * nMOS pulls low (NOTs the output)
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CMOS NOR Gate

+ NOR Symbol « NOR Truth Table
Xy | xty
X Xty 00| 1
y 01 0
10 0
- Karnaugh map 11| 0

“true” terms  “false” terms

/—% A

y 0 1 gX,y)=xeyel+xe0+ye0

X
0 onstruct Sum of Products equation with all terms
. * each term represents a MOSFET path to the

output
'l' terms are connected to VDD via pMOS
'O’ ferms are connected to ground via nMOS

e )

AT By
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CMOS NOR Gate

+ CMOS NOR Schematic —
A g(X,y):Xoyol+X00+yoO

xD—d[
« outputis LOWIif x ORYy is true

D—Ad [ o parallel nMOS

X,y) =X+ .
o yij Y. output is HIGH when x AND y are false
e series pMOS

L oL

L

- Notice: series-parallel arrangement
- when nMOS in series, pMOS in parallel, and visa versa
- true for all static EMOS logic gates
- allows us to construct more complex logic functions
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CMOS NAND Gate

NAND Symbol + Truth Table * K-map

— XYy Xoy y O 1
X — X
Xey 00| 1
y— 01| 1 0 1
CMOS Schemati e
chematic 111 o 1 @

o g(xy) = (yo1) + (X+1) + (x *y * O)
dL od[

- « outputis LOW if x AND vy are true
B — 9xy) =xy  series nMOS
y < « output is HIGH when x OR vy is false
D—: o parallel pMOS

:'.iﬁ;'l_;f«}"
;(_{ﬂ(\ﬂ/lmk
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3-Input Gates

+ NOR3 o - Alternate Schematic
X X+y+z X ]
|
z ] L
z — O
—| g(x,y) = x+ty+z L
- NAND3 o o
X Ay
A [Eﬂq AL 5 |
1
[ odlodl ) T
_E> Tx|:> yD Z[>
— 9(xy)=Xxyz

* note shared gate inputs

L ] Xyz
- Z:} » this schematic resembles how the
] circuit will look in physical layout

ey
Sy
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Complex Combinational Logic

R
LINSOBy

General logic functions
- for example

fzas(b+c), f=(dee)+ae(b+c)

How do we construct the CMOS gate?

- use DeMorgan principles to modify expression
- construct nMOS and pMOS networks

- use Structured Logic (covered only briefly in ECE410)
. AOT (AND OR INV)
+ OAI (OR AND INV)
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Using DeMorgan

- DeMorgan Relations * pMOS and bubble pushing
- NAND-OR rule - Parallel-connected pMOS
* bubble pushing illustration -

X y X X+y
50 Bl @}
equwalent —
X+y gixy) =x+y =Xy

- assert-low OR
- creates NAND function

Series-connected pMOS
- NOR-AND rule AN

X X xo—dl O Xey
equivalent _O y_O

to yD—d |:

y ay v O

T o

- bubbles = inversions

x|
°
¥d|

o
gixy) =x y=x+y
- assert-low AND
- creates NOR function

»” — _'.I
e )

AT By
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Review: CMOS NAND/NOR Gates
* NOR Schematic + NAND Schematic

A &
xo—dL dr B4

D——d - _
[ gx,y) =X +y - —  gXy) =Xy
Gl y ]
X X |
=L oL =L
T =
« outputis LOW if x ORYy is true « outputis LOW if x ANDYy are true
o parallel nMOS e series nMOS
e outputis HIGH when x AND y are false + outputis HIGH when x OR vy is false
e series pMOS o parallel pMOS
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Rules for Constructing CMOS Gates

The Mathematical Method '
« Given a logic function ) compamentary
F=1(a, b, c) Ve o il
 Reduce (using DeMorgan) to eliminate inverted operations SN
— inverted variables are OK, but not operations (NAND, NOR) -~ reeharel
 Form pMOS network by complementing the inputs T
Fp=1f(a, b, c)

 Form the nMOS network by complementing the output
Fn=f(a, b, c)=F

» Construct Fn and Fp using AND/OR series/parallel A
MOSFET structures .
— series = AND, parallel = OR L o4l
EXAMPLE: : ) =57
F=zab= y y
Fp :ﬁ = a+b; OR/parallel D_[

Fn =ab = ab; AND/series =
ECE 410, Prof. A. Mason Lecture Notes Page 2.23




CMOS Combinational Logic Example
Construct a CMOS logic gate to implement the function:

F=za-(b+c) : . :[ i

pMOS + nMOS
- Apply DeMorgan expansions - Invert output for nMOS
F=a+(b+c) Fn=a-(b+c)
F=a+(b-c) - Apply DeMorgan
- Invert inputs for pMOS none needed
Fp=a+(b-c) - Resulting Schematic
- Resulting Schematic
4 F=a(b+c)
a b D_|
>4l A o [a
o L 10
> F=a(b+c) L

ey
Sy
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Structured Logic

Recall CMOS is inherently Inverting logic

Can used structured circuits to implement general logic
functions

AOT: implements logic function in the order
AND, OR, NOT (Invert)
- Example:
» operation order: i) a b, c d, ii) (ab) (cd), iii)
- Inverted Sum-of-Products (SOP) form
OAT: implements logic function in the order
OR, AND, NOT (Invert)
- Example:
» operation order: i) x OR vy, z w, ii) (x+y) (z+w), iii)
- Inverted Product-of-Sums (POS) form
Use a structured CMOS array to realize such functions
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AOI/OAI nMOS Circuits
- nMOS AOT structure

- series txs in parallel

L7
aO—H—l:‘ e ¢ @ —

— b._

| X
b.—t —e € —
— d._‘

- nMOS OAI s’rruc_::rure_

- series of parallel txs

| "
. D
o L

error in textbook Figure 2.45

:'.iﬁ;'l_;f«}"
;(_{ﬂ(\ﬂ/lmk
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AOI/OATI pMOS Circuits

pMOS AOI structure - pMOS OAT structure
- series of parallel txs - series txs in parallel
- opposite of nMOS - opposite of nMOS
(series/parallel) (series/parallel)
j T_ Vpp —T T_ VpD
a }D—o b a —C O—e b
—t 1L
c «—_ “D—O d e —C O—e f
’—| f 1’4 ’—l f ® Vv
- Vop _T ‘T_ Vop
Complete CMOS “HJ'E—_—[T : S
c o

AOI/OAI circuits }__?X ) Fd}_{ify
_—

- e e

1L gua—
= s by s
1 L 1L
(a) AOI circuit (b) OAI circuit

ey
ANy
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Implementing Logic in CMOS

- Reducing Logic Functions
- fewest operations = fewest txs
- minimized function to eliminate txs
— Example: xy+xz+xv = x(y+z+v)

+ Suggested approach to implement a CMOS logic function

- create nMOS network

* invert output
* reduce function, use DeMorgan to eliminate NANDs/NORs
- implement using series for AND and parallel for OR

- create pMOS network

- complement each operation in nMOS network
- i.e. make parallel into series and visa versa
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CMOS Logic Example
- Construct the function below in CMOS

- nMOS
- Group 1: ¢ & d in parallel
- Group 2:bin with 61
- Group 3: a to G2
follow same order in pMOS Group 2
don't compliment inputs Group 3
- pMOS
- Group 1: c & d in series
- Group 2: b to 61
- Group 3:ain with G2

Circuit has an OAOI organization (AOI with extra OR)
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Another Combinational Logic Example
Construct a CMOS logic gate which implements the

function:
F=za-(b+c)
pMOS * hMOS
- Apply DeMorgan expansions - Invert output for nMOS
hone needed Fn=a- (b+c)
- Invert inputs for pMOS - Apply DeMorgan
Fp=a-(b+c) Fn=a+ (b+c)
- Resulting Schematic ? Fnza+ (" c)

- Resulting Schematic ?

ey
ANy

HM'“"”‘*‘"E ECE 410, Prof. A. Mason Lecture Notes Page 2.30



Yet Another Combinational Logic Example

Implement the function below by constructing the nMOS network
and complementing operations for the pMOS:

F=a-b-(a+c) A

nMOS a b
- Invert Output oL b<_j

- Fnz=a*b-:(a+c)=a-*b+(a+c) ]bé
Eliminate NANDs and NORs —
- Fn=a-b+(a-c) a
- Reduce Function D_{ [
- Fnza-(b+c) b
- Resulting Schematic ? Sl

- Complement operations for pMOS
+ Fp=a+(b-c)

(> F=a b (a+c)

||}— %"'

:'.iﬁ;'l_;f«}"
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XOR and XNOR

+ Exclusive-OR (XOR)
-a®b=a*b+a-b

- not AOTI form (no "I") : ’:D*a ®b

- Exclusive-NOR
-a®b=a*b+a-b
- inverse of XOR

O O @

e OO f
=Oo=o | T

+ XOR/XNOR in AOT form

- XOR:a®b=a*b+a- b, formed by complementing XNOR above

- XNOR: a® b = Cl_‘ b+a ‘TD, formed by complementing XOR
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XOR and XNOR AOI Schematic

R
LINSOBy

o GO s e rC

b e—C a - be= O—e o
a—qg| b—e b T e O—e b
| } _ E ®.Sh } { ea®b
10— —® q a e— —e
b e— —e b b e— —e b
1L L 1 L
(a) Exclusive-OR (b) Exclusive-NOR
note: errors in textbook figure
-XOR:a®b=a*b+a*b uses exact same
structure as
-XNOR:a@®b=a*b+a-b generic AOI
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CMOS Transmission Gates

* Function
- gated switch, capable of passing both 1" and "0’

* Formed by a parallel nMOS and pMOS tx

» Controlled by gate select signals, s and §
- if s=1,y = x, switch is closed, txs are on

- if s = 0, y = unknown (high impedance),
switch open, txs of f
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Transmission Gate Logic Functions

» TG circuits used extensively in CMOS
- good switch, can pass full range of voltage (vdD-ground)

- 2-to-1 MUX using TGs
F=Poes+Ples

s | TGO TGl |F
0 | Closed Open | Fy

1 | Open Closed | P

R
LINSOBy
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More TG Functions
- TG XOR and XbNOR Gates

G |

b a®b=a*b+a-

a ae
;E b $—ea®b X%b ¢ea db

a®b=a-b+a-b .
b b

(a) XOR circuit (b) XNOR circuit

Y

¢ US|n9 TGS InSTeCld Of a &—¢ —I—I_[ ® f=a+h

“static CMOS" 'marab
- TG OR gate b'"gg

f=z=a+Db

R
LINSOBy
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