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The CMOS Inverter:
A First Glance
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The CMOS Inverter - Outline
B First Glance
B Digital Gate Characterization
B Static Behavior (Robustness)
m VTC
® Switching Threshold
® Noise Margins
B Dynamic Behavior (Performance)
B Capacitances
H Delay
H Power
B Dynamic Power, Static Power, Metrics
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CMOS Inverter Operation Principle

{

Vou=Vop VoL =0
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Digital Gate Fundamental
Parameters

B Functionality
B Reliability, Robustness
B Area
B Performance
W Speed (delay)
B Power Consumption
u Energy
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The Ideal Inverter

Vout
Ri=w
Ro =0
g=-»
Vi n
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Static CMOS Properties

Basic inverter belongs to class of static
circuits: output always connected to either
Vpp Or V. Not ideal but:

B Rail to rail voltage swing

B Ratio less design

B Low output impedance

B Extremely high input impedance
B No static power dissipation

B Good noise properties/margins

Exercise: prioritize the list above

TUD/EE ET1205 D2 0708 - © NvdM 5/9/2008 4inverter 9

Voltage Transfer Characteristic (VTC)

w
w
N
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Load Line (Ckt Theory)

25 - Ip [10% A]

ov Vos [V]
0 05 10 15 20 25
Exercise:
The blue load line A corresponds to R =
The load line B corresponds to R =
With load line A and Vgg = 1V, Vour=

Draw a graph V,(V;,) for load line A and B
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PMOS Load Lines Voo

Vgs .
P
| . . el Vos
Goal: Combine Iy, and Iy, in one graph | " t | ‘\ P
Dp 1

Kirchoff: Vin Vout
Vin = Vpp * Vasp 1 Ion
IDn =- IDp
Vout = Vop * Vosp

Iy Ipy Ibn
Virr0 Vir=0
Vi3 H
Zﬁ Vbsp ‘ Vbsp ‘ Vout
Gsp- l:: l:
Vosi5

Vin = Vop + Vasp

B

<
1]

Example: Vpp=5V Voo * Vosp

lon Dp
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CMOS Inverter Load Characteristics
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CMOS Inverter VTC
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N MOS Operatl ng Need to know for proper dimensioning,
Conditions analysis of noise margin, etc.
out NMOS
1V, =Vgs < Vq, = off
2 Vout 2 Vin - VTn
Vbs > Ves - Vi
Vep <V, = saturation

3 Vou < Vi, - Vq, = resistive
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PMOS Operating

Need to know for proper dimensioning,

Cond itions analysis of noise margin, etc.
T Vou
V, - Vy,
dd * PMOS
4 Vi, > Vpp + Vqpy = off
5 Vo < Vi, - Vi, = saturation
“Vip, 6 Vo > Vi, - Vy, = resistive
o7
e T Exercise: check
results for PMOS
TUD/EE ET1205 D2 0708 - © NvdM 5/9/2008 4 inverter 16

Operating Conditions

NMOS 1 off
2 saturation
3resistive
PMOS 4 off
5 saturation
6 resistive
Vout 4 NMOS off
PMOS lin
© NMOS sat
PMOS lin

NMOS sat
PMOS sat

NMOS lin
PMOS satnmOS lin
PMOS off

1 2 3 4 5 Vin
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Inverter Static Behavior
ERegeneration

ENoise margins
EDelay metrics
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The Realistic Inverter

Vou [V]

VOUt

N VIN [\/]

0 05 10 15 20 25

Ideal Inverter o
Realistic Inverter
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The Regenerative Property (2)

Vo [ Vi [ V2 [ V3 D(‘)’:[ Vs [ Ve

(a) A chain of inverters.

Vy, V3,

\
\
A

Vg, Vg, -
(c) Non-regenerative gate

Vo, Vo, oo
(b) Regenerative gate

The Regenerative Property

Yo * ‘ vy l ¥y [ Vs [ Vs [ e

A chain of inverters

s AT e s B Regenerative
Y I Vo# : -
_ % vo v Property: ability to
g ¢ y . regenerate (repair)
> J‘\‘ oy aweak signal in a
', ==="*=" \__wm ] chainofgates
o = 4 6 ) 10

t (nsec)

The regenerative property

TUD/EE ET1205 D2 0708 - © NvdM 5/9/2008 4inverter 20

The regenerative Property (3)

Yo * ‘ vy l ¥y [ Vs [ Vs [ e

Exercise: what is the output voltage of a chain of 4
inverters with a piece-wise linear VTC passing through (0,
10), (4,8), (6,2) and (10,0) [Volt], as the result of an input
voltage of 5.5 [Volt].

Exercise: discuss the behavior for an input of 5 [Volt]
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Inverter Switching Treshold

B Not the device threshold V,, =f(Rgyn, Ronp)

B Point of V;, =V,

ETry to set W, L,, W,, L,
so that VTC is symmetric
as this will improve noise v
margins ]
optimize NMOS-PMOS ratio Va

o
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Simulated Gate Switching Threshold

Electrical Design Rule

See Figure 5.7
W, #2.5W,

HAssumesL,=L,

B Should be applied
consistently

w'

W, /W,

® Symmetrical VTC = Vi, & % V= W /W, ~ I:I
B In practice: choose somewhat smaller value of W /W,

u Why? |
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Inverter Switching Threshold
Analytical Derivation

m V, is V,, such that V;, =V,
B Vg = Vgs & Vgp = 0= saturation
B Assume Vpgar < Vy - Vr
(velocity saturation)
B [gnore channel length modulation

m Vv, follows from

B Ipsan(Vi) = - losatp(Vi)

B AR

w
o
w
=
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Inverter Switching Threshold
Analytical Derivation (ctd)

Iosatn(Vm) = - IDSATp(VM) Ip =KVpsat (Ves ~Vr —Vpsar /2)

=4 anDSAT" (VM =V —Vosam /2):
- kaDSATp (VM —Vbp —Vrp =Vosatp / 2)

- Kp _ ~Vbsar, (Vv =V ~Vpsam /2) (W
Ko Vosar, Vu —Vop Vi, ~Vpsatp / 2) -
(W /L), _‘ KnVosat, Vm =Vrn =Vosara /2) ‘

(W /L), 7‘klpVDSATp (VM =Vop —Vrp —Vosatp /21

B See Example 5.1:
| (W/L), = 3.5 (WIL), for typical conditions and V), = %2 Vy,,
m Usually: L, =L,
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Gate Switching Threshold
w/o Velocity Saturation

M Long channel approximation
B Applicable with low Vp,

4.0
Exercise (Problem 5.1):
derive V,, for long-
3.0 . .
s channel approximation
g as shown below
20
1‘Q}.l 0.3 1.0 .. 10.0
r(Vpp —Vqp, +V- . -k
= (Vop Tp Tn)WIth r= p
1+r Kn
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Noise in Digital Integrated Circuits

aN w L v

i(t)

(a) Inductive coupling (b) Capacitive coupling (¢) Power and ground
noise

M Study behavior of static CMOS Gates with noisy
signals
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Noise Margins

1 v, -
OH ‘\

¥,

Vi o 9

Undefined v,
. M

Region

Vi L=
v

Vor o '3 ~ Vi

BV, = Output Low Voltage
BV, =Input Low Voltage
B Von, Vig = ...

w
-
w
N
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Noise Margins

- . 1
A v,
o 7 NM,,
A Vi
Undefined
- region
L 1
MM, Vi
Vo
L L
o~V Gate oulput —P=  Gateinput
Stage M Stage M + 1
B NM, =V, -V, = High Noise Margin
BNM_ =V, -V, =Low Noise Margin
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Noise Margin for Realistic Gates

1 Vou V. &
Vi Vo Slope = -1
Undefined
Region
Vy Slope = -1
g Vor Vor

|-
Ve Vi Vo

Exercise: explain significance of slope = -1 for noise margin
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Noise Margin Calculation

Vn-f
- A Piece-wise linear -
o 3 approximation of g = gain factor
VvTC (slope of VTC)
VM
We know how
v, to compute Vy,
For . O, Next: how to
compute g
Vou =VoL) _ =V,
Vin =V =—Mou=Vou) _=Voo
g g
Vi Vpp =V
=y =V, --M V, =V,, + DD ~VM
g532 " Mg i =Vm o

Bl vy =vo-vy NM =Y,
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Noise Margin Calculation (2)
B Approximate g as the slope in V,, vs. V,, at V;, =V},
KnVbsat, Vin =V =Vosatn / 2X1+ 4Vou )+
KpVosats Vin = Voo —V1p —Vbsatp /211+'1’pvout _'q’pVDD)= 0

dv, 141 K.V,
g= 70‘"L/ ~ _ “pVDsATp
v (VM =V =Vpsamp /2xﬂn —ﬂp) r

B Mostly determined by technology

in=tm KnVbsatn

B See example 5.2

B Exercise: verify calculation

B Exercise: explain why we add channel length
modulation to the I expressions (we did not do
this to determine V)
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Dynamic Behavior (Performance)
B Capacitances
H Delay

B But: we take much simpler model for
capacitances compared to book.

H See the syllabus.
B §5.4.1 of book is only illustration.

554
Ea
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CMOS Inverters

| B | AR o

PMOS an am B What causes the

delay?
B What is R, ?

| B |
Zm m Where are the
o capacitances?
4——— Metall [} WhICh
capacitances
[ ] pacit:
determine T?
| |
NMOS | | |
GND
n n
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Delay Definitions

tp =%(tpHL +tpLH)

Vout

— .

§1.33 P

property of gate
“ t., t;: property of signal
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CMOS Inverter Rise/Fall Delay

5

t=0 &

B Goal: determine t;, t, and t,

B First: compute relevant capacitances

B Second: determine equivalent R,

B Third: compute RC delay (t) and scale result

B Assume: ideal source, step input
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Modeling (2)

onl
C=Cp +Cpy + Cgz + Cgy
Vg=0
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RC Delay Review (1)

+ Vg -

!
I

Ve v (t)=ve (@) + Ve to)=-ve () O/

A _
Wl re®Ve _v, _v,
0.5V, [/ dt [
/ Ve =Vs(1-e RC)
0 2RC 4RC  6RC —*8RC
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Modeling
1
l [ ? [ I M, ¥
tJ=_0 & :> t=0 .

Co
S0,
~S £

s
SOUTCE (4] channel

e |
substrate (p)
Cs

IFrom module 1- devices I
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Modeling (3)

B Delay can be modeled using RC circuit
M First order simplified model
B Ris (linearized) on-resistance of active transistor
B Cis sum of (linearized) C’s that are switched
H Typically, C; of driven gate, C;, of driving gate
B Plus relevant interconnect C
B Might need to include interconnect R in model

BV, is final voltage of delay node (initial voltage determined
by previous state)
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RC Delay Review (2)

B Response can be normalized with respect to T=RC
and Vg = v¢(t = o) _t
Ve =Vg(1-e RC)

Example: (1-e72)=0.86 Ye _ (1- et /T)

1.0 \ _§:988.99

Each t-step gives 63%
v, }”eo—ab of remaining swing
-c .
A I /1086
0.5 #u.o\ swing time
. 0-50% 0.697
/ 0-63% | 107
0 10%-90% 227
27 4t 61 —; 81
t5000=0.69t 227 0-90% 237
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Inverter Propagation Delay Summary

/T

-l_cout TCW Tcin
%_J
CL

tpHL = O.GQReanL
tpLH = 0.69RequL
1 . .
p =5 UpHL +TpLH ropagation time
t 2 ¢ t P tion t
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Propagation Delay w. Wire Resistance

/0 Ru

Tew | T,

tpHL =0.69Reqn (Cout +0.5Cy )
+0.69(Regn +Rw )(0.5Cyy +Cin)

B See module 3, interconnect
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Equivalent R, (R

ip

eq)
Vnn_l l L

(a) Schematic

Vo2 Voo
(b) trajectory traversed on ID-VDS curve.

R = 1 Voo . Voo /2
0= 2| Ipsar (1+ 2Vpp) * lpsar A+ AVpp /2)

3V, 5 .
=7&[1-7J.VDD) See 3-devices, example 3.8
4 IDSAT 6
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Impact of Rise Time on Delay

0.35
0.3
T
2 o2
H
0.2
015 0 0.2 0.4 0.6 0.8 1
tise (nsec)
Empirical from
e = e+ 7 thefirst edition of
book
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Delay as a function of Vy

5.5
5
~45
3
N4
gs.s
5 3 .
225
[=X
=2
15 ;
Fg.5.17 1o8 1 12 14 16 18 2 22 24
E=a Voo (V)
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CMOS Inverter Propagation Delay

Alternative current-based
Vob estimate for T, assuming
velocity saturation

_’

Ve
c swing

CLV,
TonL = 2 LVDD
. lay 2IpsaT (1+ %ZVDD)
o Vout
Iav —_— C_
— Exercise (Problem 5.4): Derive

—_ the expression above

H Vin=Vop
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Ring Oscillator

Frequently used to obtain T, by measurement (or simulation)
N: number of inverters
T,: propagation delay
T: period of oscillation

e

Vi

§133 T=2xT,xN & T,=Ti2N
Exercise: explain the factor 2 in the expression above
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Fan-in and Fan-out

(a) Fan-out N
M
> o (b) Fan-in M
N
§182
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Power (8 5.5)
mDynamic Power
W Static Power

H Metrics
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CMOS Power Dissipation

B Power dissipation is a very important circuit
characteristic

B CMOS has relatively low static dissipation

B Power dissipation was the reason that CMOS
technology won over bipolar and NMOS
technology for digital IC's

B (Extremely) high clock frequencies increase
dynamic dissipation

B Low V;increase leakage

B Advanced IC design is a continuous struggle to
contain the power requirements!

§ 5.5

TUD/EE ET1205 D2 0708 - © NvdM 5/9/2008 4inverter 52

18

| L0
»

Power Density

™y

s
Ak - 4"
k—-ﬁ ﬂ'n—.ﬁr.——-[
R ———
Estimate
B Furnace: 2000 Watt, r=10cm = P~ 6Watt/cm?2
W Processor chip: 100 Watt, 3cm?2 =» P ~ 33Watt/cm?

Power-aware design, design for low power, is
blossoming subfield of VLSI Design
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Where Does Power Go in CMOS

B Dynamic Power Consumption
Charging and discharging capacitors
B Short Circuit Currents
Short circuit path between supply rails during
switching
H | eakage
Leaking diodes and transistors
May be important for battery-operated equipment
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Dynamic Power

Dynamic Power

B E; = energy of switching event i
M (to first order) independent of switching speed
B depends on process, layout

B Power = Energy/Time

1
P==3F;
Tiz'

B E, = Power-Delay-Product P-D
Himportant quality measure

B Energy-Delay-Product E-D
B combines power*speed performance
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Low-to-High Transition Energy

v,

Equivalent circuit for low-

ﬁ Lo to-high transition
C

Vo()

E. - Energy stored on C

o _ P _ dVO
EC=£|v0dt Vo =Vo(t) I_I(t)_CW
® \%
=JCv, Vo gy
0 dt
Vbp 1 Vop 1
= JCvqdvy ==Cv3| =ZCV5
2 2770 T2
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Low-to-High Transition Energy

J‘{ kl(‘)
I

Ev,, Energy delivered by supply

Vo®

® Voo dv 2
EVDD = J.I(I)VDDdt= _[ CVpp TIOdt: CVDD
0 0
_cv2 _1.,2
Evpp =CVpp  Ec = ECVDD
Where is the rest? |
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Low-to-High Transition Energy

J‘{ \i(T)
Vo(t)
C

+

Egiss Energy dissipated in transistor

+2)
Ediss = [i(vpp ~vokit
S w©
= IiVDDdt - IiVodt
0 0

=Evp, — Ec ©
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High-to-Low Transition Energy

Equivalent circuit

Exercise: Show that the energy that is dissipated
in the transistor upon discharging C from Vg, to
0 equals Egigs = %CVpp?
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CMOS Dynamic Power Dissipation

Energy = Echarge + Edischarge

Energy _ Energy x#transitions

Power = — — .
Time  transition time

2
=CVyp xf

B Independent of transistor on-resistances

B Can only reduce C, V;, or f to reduce power

B In this formula, f accounts for switching activity
(not necessarily a simple regular waveform)
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Summary

B First Glance

W Digital Gate Characterization (§ 1.3)

B Static Behavior (Robustness) (8§ 5.3)
mVTC
H Switching Threshold
H Noise Margins

B Dynamic Behavior (Performance) (§ 5.4)
W Capacitances
H Delay

® Power (8 5.5)
® Dynamic Power, Static Power, Metrics
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