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MOSFETs
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outEut conductance

r, =0,/ V)

‘]D‘ ! 1 :IDSAT(1+/1VDS)

channel length modulation
‘DIBL above threshold’

VDS

Lundstrom EE-612 F06 4



small signal gain
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Ideal CMOS inverter

transfer characteristic

VDD
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CMOS inverter (cross-section)

NMOSFET PMOSFET

N+ Poly , P+ Poly

Courtesy of Dr. Lynn Fuller of Rochester Institute of Technology.
http://www.rit.edu/~Iffeee/AdvCmos2003.pdf



CMOS inverter (top view)

NMOSFET PMOSFET

N+ Paly P+ Poly
< L

p+ well
contact

R
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technology-independent design rules

2A%x21

alignment

Wmin — 4 /1

v (for this layout)



2-input NAND gate
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dynamic logic: NOR gate

VDD
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dynamic logic

VDD ] .
IJ * M-input logic needs M+2
transistors (2M for CMOS)
0, | precharge

I—

* ‘no’ standby power

* minimum frequency

Logic function

O O— evaluate

1
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transmission gates
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transmission gates: high to low

C=0V

y

c=V,, V

NMQOS can discharge the output all the way to 0V;
PMOS can't.
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transmission gates: low to high

C=0V

N

c=V,,V

PMOS can charge the output all the way to V,, V;
NMOS can't.
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multiplexer with transmission gates

S

&

F=AS+ BS

From Hodges, Jackson, and Saleh, Analysis and Design of Digital
Integrated Circuits, 3rd Ed., McGraw-Hill, 2004.
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memories

memory array bit lines

/

«—— word lines

memory cell

sense amp write driver
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Flash, etc.
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SRAM caell

wordline

bitline

| -
| 1
\ 1 0
access transistors
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bitline

6 transistor SRAM cell

bitline

wordline
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6 transistor SRAM cell (ii)

SRAM consumes most of the area on a
CPU chip

steady state power determined by
leakage (use high V5)

small area with optimized layout

minimum W/L - sensitive to variations

Lundstrom EE-612 F06

21



for more information on CMQOS circuits

Hodges, Jackson, and Saleh,
Analysis and Design of Digital Integrated Circuits, 3rd Ed.,
McGraw-Hill, 2004.
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CMOS inverter

transfer characteristic

VDD
IJ S B A
VDD

| —  pPmos
Mo £ Vpp/2
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CMOS inverter: voltages

VDD
-
IJ S B Vgs — in VDD
| —  pPmos
Vi =V =V,
I_ D k ds out DD
> Vour

D (v -y
| —  NMOS =0

S B \I/ds — I/out
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CMOS inverter: transfer characteristric

I/gs — I/m B VDD I/m S | RN VDD I/gs = V;n
I/ds = I/out - VDD I/a’s = Vvout
‘] ‘ A I/gs — VDD
D A
Vgs ==V
VgS — O I/gs - O
I/out
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sizing the P-MOSFET

130 nm technology (L; = 60 nm)

PMOS

Low s

NMOS

s (MAJum)

-1.4 A0 -l -0.2 oz 0.8 13 1.4

Vos (V)

|-V curves for low V. device

Intel Technical J., Vol. 6, May 16, 2002.
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CMOS inverter: V

out

vs. V.

V=10V Vo ==V,=0.15V
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CMOS VTC

NMOS OFF

PMOS LIN

NMOS SAT
PMOS LIN

NMOS SAT
PMOS SAT

NMOS LIN
PMOS SAT

NMOS LIN
PMOS OFF

Ve
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CMOS inverter: current

V,.i tNMOS OFF I, 4
PMOS LIN
NMOS SAT
Vop PMOSLIN o
i ! \
; crosstove \
NMOS 'SAT current! \\

V. PMOS SAT
DD —_

NMOS LIN
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NMOS LIN
PMOS OFF
I
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CMOS inverter: noise margins

I/out
VDD
VDD
| NM,
mh)
AN Vour > VDD /2 B
| |D
A
S |B
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importance of gain

- (gmn + 8, )(f’on 17, )

must have gain to
have noise margins
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approximate noise margins

VDD /2 —
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CMOS inverter: summary

‘pull up’
transistor 1) little current flow (power dissipation)
Voo unless switching
|J S |B . o
2) good noise margins if device has
:_— high R, (high gain)
V D VOUT
IN
| |D
- :]_? 8 next: understand speed and power
‘pull down” = =
transistor
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CMOS inverter

a0 “ input voltage

— : ;
mh

\Y; A
— output voltage

| — - Vop Voo = C(t—1,)
S B Xﬁﬂr

- Ly g [
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discharging time

1,(t) quasi-static assumption

Iy (on)__

t

o == 1, (1)

S |B
= = =i Visar Vos
[,(t)=-C,,; dVZ; (t) 7= ReyCror Rey = Vpsur / 1y (0n)
1, (on) Vot @)=V, (1)
Vom(t):VDD_ NC (t_to) () 1
d t, <t <t
t, <t <t
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propagation delay (H-L)
I,(t)

A

v (r)| output voltage

TOT e Vout(t) VDD VDD_C(t_tO)

=T

a S B VDD /2 ________ : ~tlt

|

= = =i Ly Tn f [
I, (on) 4 C.orV, )

I/out (t): VDD ——= . (t_tO) tO <t<t1 Tn :%ERSVMCTOT

I, (on)

Vop 12=Vpp —— Ty R =Fk Voo k—l

TOT \Swn "I,(on) 9 /
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loaded propagation delay

L T,+7T, (R + stp)
5 Cror

—

mn

out Cwire C

mn

VIN

Cror=C,, +C, +FOxC,

out

/

interconnect C

Voo
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e
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use of buffers

VIN

T=R (Com + CL)

|I|J_I_ T S

_I_ Can we do better?

—_—  Cor > C,

in
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delaz with buffers

T = st (Cout + CL)
VDD
J J Tor =01 T T,
I I Z-1 — st (Cout + kCin2)
| w, | o, -
I_ I_ Z-2 = ]ZW (kcout + CL)
VIN

| | CTOT >> Cin

—IWN _IkWN o

1 1 1
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delay with buffers (ii)

T = st (Cout + CL)
Toyr =01 T 75

r, =R, (Cout + kCin2)
R

\_

T, = /;W (kC,..+C,)
e N
CL >> Cz’n’ Cout

T,/ T=24C, /1 C, <<1
J

R
Tbuf — st (Cout + ka )+ liw (kcout + CL)
Tbuf — (ZCout + ka + %j
Ty 0=k = [
dk min C

For very heavy loads, use multi-stage buffers.
See Taur and Ning, HW probs. 5.7 - 5.10
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delax vs. load C

R R
T = ( il T — )CTOT — RSW (Cout + F 0 X Cin + Cwire)

2
FO=3
1 FO=2
FO=1
.
see Fig. 5.29
Taur and Ning
Tint — st (Cout + Cm)
C

wire
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C,=[Cs+Cop +Cpp |, +[Cs +Cop + Coy |,
Cov = CoxVyL

Cout = [CJ +Cypy ]N + [CJ +Cypy ]p
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Miller C

capacitors connected between input and
output require a special treatment

Lundstrom EE-612 F06

45



Outline

1) Review

2) CMOS cirsuits

3) The CMOS inverter
4) Speed

to be continued......

Lundstrom EE-612 F06

46



	EE-612:Lecture 24: CMOS Circuits:  Part 1Mark LundstromElectrical and Computer EngineeringPurdue UniversityWest Lafayet
	Outline
	MOSFETs
	output conductance
	small signal gain
	Outline
	ideal CMOS inverter
	CMOS inverter (cross-section)
	CMOS inverter (top view)
	technology-independent design rules
	2-input NAND gate
	dynamic logic:  NOR gate
	dynamic logic
	transmission gates
	transmission gates:  high to low
	transmission gates:  low to high
	multiplexer with transmission gates
	memories
	SRAM cell
	6 transistor SRAM cell
	6 transistor SRAM cell (ii)
	for more information on CMOS circuits
	Outline
	CMOS inverter
	CMOS inverter:  voltages
	CMOS inverter:  transfer characteristric
	sizing the P-MOSFET
	CMOS inverter:  Vout vs. Vin
	CMOS VTC
	CMOS inverter: current
	CMOS inverter:  noise margins
	importance of gain
	approximate noise margins
	CMOS inverter:  summary
	Outline
	CMOS inverter
	discharging time
	propagation delay (H-L)
	loaded propagation delay
	use of buffers
	delay with buffers
	delay with buffers (ii)
	delay vs. load C
	Cin and Cout
	Miller C
	Outline

