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The CMOS Inverter - Static Model

Outline
B First Glance
B Digital Gate Characterization
W Static Behavior (Robustness)
mVTC
® Switching Threshold
® Noise Margins
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The CMOS Inverter:
A First Glance

O
~
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CMOS Inverters (1)

PMOS
1.2 um
=2\
|_|
In
Metall
Polysilico
NMOS

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15



CMOS Inverter Operation Principle

!
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Digital Gate Fundamental
Parameters

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

out
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Static CMOS Properties

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

B Rail to rail voltage swing
B Ratio less design
B Low output impedance

out

B Extremely high input impedance

B No static power dissipation

B Good noise properties/margins

{TPS}: prioritize the list above
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Voltage Transfer Characteristic (VTC)
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Load Line (Ckt Theory)

25 = ID [10_4A]
2.5V Vog = 2.5V
2.0 F
R Vgs = 2.0V
1.5
VG-S_I 1.0
Vi, I Vout 0.5
oV . Vs [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 Vg5 = 1V, Vout =

Draw a graph V,(V,,) for load line A and B
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PMOS Load Lines Voo
Vosp - Y - y
Goal: Combine I, and I, in one graph ‘ . '°| T | \ DSp
Dp +
Kirchoff: V, — Vout
V.. =V +V
in = Vpp T Vasp 1 I,
IDn - IDp
Vout = VDD i VDSp
|Dpk IDrL IDn
Vir0 ] Vin=0
V=3 Vir=3
> > P-
GSp~
Vc;sﬁ-S
Vin = Vop + Vgs _
Example: Vpp,=5V ) i Vout = Voo * Vosp
Dn — IDp
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CMOS Inverter Load Characteristics
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CMOS Inverter VTC

Vout A
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Operatl ng Need to know for proper dimensioning,

Conditions analysis of noise margin, etc.
T&“ v -y .v. NMOS
“I \ o T T 1V, = Vgg < Vq, = off
- | vouit = Vip - Vi i \\//0Ut Z\\;m V\T/”
) ’ DS GS ™ VTn

Vi &7 N\ |_Vaa- Vel Vep < Vi, = saturation
e . . B 3V,:.<V.-V; = resistive
VTp':’/iVTn ¥ | :Vdd >V, out In Tn
/// :<—>:<—:>E: — PMOS

12 3

1 6 | 5 1 4 1

. 5 Vout < Vi - Vy, = saturation
Exercise: check

results for PMOS
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Operating Conditions

NMOS 1 off
2 saturation
3 resistive
PMOS 4 off
5 saturation
o resistive
Vout 4 NMOS off
PMOS lin
LO
NMOS sat
PMOS lin
<
™ NMOS sat
PMOS sat
(qQ\|
NMOS lin
— \PMOS satNMOS lin
‘\ PMOS off

1 2 3 4 5 Vin
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Inverter Static Behavior
B Regeneration

B Noise margins

B Delay metrics

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter
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The Realistic Inverter

Vout [V]
VOut 2.5
20 F
15 T
1.0 |
05|
Vin [V
0 05 10 15 20 25
V.

Ideal Inverter o
Realistic Inverter
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The Regenerative Property

DDl el

A chain of inverters

#A5T TN ]
1\ | \ R
/ \\! = \ ’V
i
B \’\ FJ l
N
l ‘«.. T"""1 -‘:"r ‘
L .
0 2 4 6 8 10
f (nsec)

The regenerative property
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B Regenerative
Property: ability to
regenerate (repair)
a weak signal in a
chain of gates

13/03/15 18



The Regenerative Property (2)

Dl

(a) A chain of inverters.

Vo, Vo, ...
(b) Regenerative gate (c) Non-regenerative gate
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The regenerative Property (3)

Do

Exercise: what is the output voltage of a chain of 4
Inverters with a piece-wise linear VTC passing through (O,

10), (3,7), (7,1) and (10,0) [Volt], as the result of an input
voltage of 6 [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(Rynn, Ronp)

B Point of V,, =V,

vout A

VOH .
Vin b‘ Vout

WTrytosetW,, L, Wy, L,
so that VTC is symmetric
as this will improve noise y
margins I T

optimize NMOS-PMOS ratio
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Simulated Gate Switching Threshold

18

1.7 [

See Figure 5.7 Electrical Design Rule

W, ~2.5 W,
i W Assumes L, =L,
- m Should be applied

consistently

10"

10°

W, /W,

B Symmetrical VTIC = V., = %2 Vpp = W /W, =

M |n practice: somewhat smaller

® Why?
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Inverter Switching Threshold
Analytical Derivation

WV, isV,, suchthatV, =V,
B V= Vg © Vgp = 0= saturation
B Assume Vpgar < V- V7
M (velocity saturation)
® Ighore channel length modulation

|V, follows from

B Ipsarn(Vi) = - IDSATp(VM)

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15
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Inverter Switching Threshold
Analytical Derivation (ctd)

IDSATn(VM) = lDSATp(VM) l5 =KVpsaT (Ves —V1 —Vpsat /2)

= anDSATn (VM —V1, —Vosatn / 2):
- kaDSATp (VM —Vpp _VTp _VDSATp / 2)

o Ky _ ~Vbsar, (VM =Vrn —Vpsamn /2) W
kn VDSATp (VM _VDD _VTp _VDSATp /2) :
N (W /L), _ knVosat, Vm —Vrn —Vpsata / 2)

(W /L)y |kpVbsaTs (V= Voo —V1p —Vpsatp / 2)

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

B Long channel approximation
B Also applicable with low Vg,

4.0

Exercise (Problem 5.1):
derive V), for long-

S * channel approximation
g as shown below
20}
r(Vpp — Vo + V. —K
M 1+ K,
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Noise in Digital Integrated Circuits

v(t) _/-\_ Vbp
i(t) 7\ | /\/\'

e e T
w1 1\

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

B Study behavior of static CMOS Gates with noisy
signhals
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Noise In Digital Circuits

11 O”

11 1”

=~

+
) VDD Drop
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M
g

noise

11 XH

+
) Ground Bounce

13/03/15
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Noise Margins

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter

V
Vi \ bb

m V, =Output Low Voltage
®V, =InputlLow Voltage
. VOH, VIH - TR

13/03/15
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Noise Margins

v
173 1 D) y, VO y OutA
v
y Vin o N
Undefined y
i M
Region
r ViL
Vor v N %
(4095 < VOL I T

mV, =Output Low Voltage
mV, =InputLow Voltage
mV,, Viy=...
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Noise Margins

Vout = 1
A VOH

Vor q NM,, y

IH
Undefined
region
Vi
NM, Vi
Vou
> Vm ccon —[
Vor Not

Vi Vi Gate output — Gate input
Stage M Stage M + 1

B NM, =Vg, -V, =High Noise Margin
BNM, =V, -V, =Low Noise Margin
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Noise Margin for Realistic Gates

“17 < VOH vout A
Slope = -1
B Viy VOH ) P
Undefined
Region
r Vi

s Vool J==="72
0 ] VOL @

® Vg not well defined
B Conveniently relate to slopes =-1

{TPS}: explain significance of slope = -1 for noise margin

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15

31



Noise Margin Calculation

Vout
A Piece-wise linear :
Vor QY approximation of g = gain factor
VTC (slope of VTC)
Vi
We know how
v, to compute V),
Vor AN Next: how to
compute g
Voy =V -V
VIH _VIL — _( OH OL)= DD
g g
V Vpp =V
ViH =VM_?M ViL=Vn + DDg .

NMy =Vpp =Viy NM_ =V,
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Noise Margin Calculation (2)
B Approximate g as the slope in V,, vs. V,, at V,, =V,
KnVbsaT, (Vin =V1n =Vosatn 12X+ 4Vour )+
KpVbsaTs Vin —=Voo —V1p =Vbsatp / 21+ ApVout —ﬂpVDD) =0

dV,ui 1+

g = 9Vour . - _ KpVosap

dVi, Vi =V (VM — V1 —Vbsatp /ZX’ln _’lp)

B Mostly determined by technology

K nVDSATn

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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Gain as a function of VDD

: dv
consider g=—29%ut

dvin Vin=Vm
2.5
2 \
,1..5
2
>O
1
. _1 K
L\
0 0.5 1 1.5 2 2.5 0 0.05 VO-&/) 0.15 0.2
V. (V) in
Subthreshold!
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Dynamic Noise Margin

B Previous definition was Static Noise Margin

B Dynamic Noise Margin: how does noise energy
determine behavior

B A short pulse may have higher amplitude than a
long pulse before problems occur.

B Short spikes may safely exceed Static Noise
Margin

Error free

Noise Pulse Amplitude

Noise Pulse Duration
TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15 35



CMOS INVERTER
dynamic behavior (performance)

B Capacitances
M (Dis)charge times
M Delay

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15
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B Before: propagation delay analysis

tp ~0.69x > VDD (1-§/1VDD
4lpsaT\ 6

B Next: propagation delay
from a design perspective
Inverter sizing

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter

e

The Transistor as a Switch

Ves 2Vr

S o o”S _ANNo O[]

Ex. 3.8 ! L_yVDs
H Vbp/2 Vbp
1 Vip Vppl2 3 Vop 5
Ry =5 =3 1-=AVpp
NI pgar(l T AV pp)  Tpgard L ¥ AV 12)) 4lpg,7 6
////////
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Reducing t,

\
tpHL z().69><§ VoD (1'§A‘VDDJCL
41psaT, \ 6 A=0
>
W 1,2
IpsaT =K f[(VGS -V1 MpsaT ‘§VDSAT]
-

tpHL = 0.52 CLVbD

W /L)nknVbsatn Vbbb —VTn —VbsaTn /2)
{TPS}. How can you reduce propagation delay?

Propagation Delay t, can be reduced by
B Increasing Vpp (until Vg >> V1 + Vgar/2)
B Increasing W

B Reducing C,

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15
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Delay as a function of V

a o1
O o

(Normalized)
w

N

b

a N o W o b~ ou;

|

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter

CLVbDp

tpHL ~ (0.52 , Y
W /L)nknVpsatn VDD —VTnh —VDsATn /2)

0.8 1.2 1.4 16 1.8

2 22 2.4
Vb (V)
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Sizing
Propagation Delay t, can be reduced by
B Increasing Vpp (until Vg >> V4 + Vpgar/2)

® [ncreasing W
B Reducing C;

tpHL =0.52 CLVoD oC CL

W /L)nknVpsath Vpp —=Vn —Vpsatn /2) W

B C, can bereduced by good layout design
B But part of C, depends on W!

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15
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t, as a function of W /W,

x 1011

4.5

t,(sec)

3.5

3

1 15 2 25 3 35 4 45 5
W, /W,

Min t; in general not when t, , =t

= g =tV

Save area, time at expense of robustness

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter
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inside the inverter
dv, d(v, —V)
e e

i=C

dv, dv dv
hakeb S g, x _Cc ¥
t e dt P dt
dv
=(C,+C)) dtx
/)

virtually
parallel capacitors:
for calculating current
into the capacitor pair
the source can be replaced
by a short circuit

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter

07 inductance 42



Intrinsic vs Extrinsic vs Parasitic Load Cap

oo Voo
C
|\/|2 — GS4
O — M §>
-4 CDBZ
- V.. -
Vin o—o—"—o o - o—l ——ae V 0
| DB1 M3
% C
Cep1t Cope | :[Cw 1:
A\ A\
B C . =Cpg; +Cpgs+2(Cqp; + Cipy) Intrinsic load
B C_ . =Cgs3t+Cpssst Cqpst Copy Extrinsic / fan-out load
mC,=C, Parasitic load
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Isolated Inverter Sizing

Assume C,, can be

C . .
t. =0.69Ran (Cins +C — 0.69RanCing | 14 EXL ignored or its effect can
P eq (Cint +Cext) °d mt[ C ] be absorbed in other C

int

R resistance of minimum size inverter
(assume proper g=W,/ W, ratio)
Co: Intrinsic load (output, drain) cap of min. size inverter

tho = 0.69 RCy:
Intrinsic or unloaded delay

basic time constant for technology

minimum delay possible in technology given Vg,
S: sizing factor for W, W, of driving inverter

W, =S Wpin, W, =S Wi,

2 R, =R,/S C... = SC,
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Isolated Inverter Sizing
tp :tpo(“g(g;)

Increasing S reduces delay until SC,>>C

ext

ext

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15

45



Inverter Chain

Assume size of inverter 1 is fixed.

© Increasing S of inverter 2 reduces t, of inverter 2
® But itincreases t, of inverter 1 (higher load cap)
© Expect an optimum!

In Out

T

{TPS} If C, Is given and knowing properties of input source:

- How many stages are needed to minimize the delay?
- How to size the inverters?

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15
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Delay Formula

Cyin Input gate capacitance
Y= Cint/Cgin= SC0 /Cgin

self loading coefficient

property of technology, typically y~1

/IC effective fanout

ext I ~gin
f _Cext O

"o

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15
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Apply to Inverter Chain

t, =1

I
NS TR 3 FOA SIS —

J gin,|+1
tys i =tpo 1+)=t 0 1+

Y

N N Crin i
gin,j+1
tp = 2 tp,j =tpo X (1+ __ ] Cgin,N+1=CL
[ t, = tho(1+fhy) f = Cqi/Cqin effective fanout ]

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15
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Apply to Inverter Chain

Delay equation has N-1 unknows, C C

gin,2 **-

N N Crin

gin,|+1

tp=iﬁmi=%02(3*ﬂp .}Cmmwu=CL
gin, |

j=1 j=1

gin,N

Make N-1 partial derivatives for C_.,. zero for minimization:

gin,j

otp —tog 1 Cgin,j+1
.. p .. -
Cyin, j Cqgin,j-1 }/(Cgin,j)z

J:Q j=2..N-1

b
=—2<:>c:4/ab

C

D |

Optimal size of each stage is geometric mean of 2 neighbors:

Cgin,j =\/Cgin,j—1><Cgin,j+1, j=2...N—1

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15



Optimal Tapering for Given N

Optimal size of each stage is geometric mean of 2 neighbors:

Cgin,j =\/Cgin,j—1><cgin,j+1, j=2...N—1

2
I:> Cgin,j =Cgin,j-1%Cygin,j+1

Cgin,j  Cgin,j+1 Load cap / input cap ratio
same for each stage

Cgin,j—l Cgin,j
F=C,/Cg,,: path fan-out.

Cgin,j+1 C
|:> fj = glnH =NC _L =NF Same fan-out, same delay for
gin, j gin,1 each stage.

4 7Cyin, j 4
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Optimal Tapering for Fixed-N
summary

Delay per stage and total Path Delay

j gin,j+1 F j

/4 Y “qgin, | /4 /4

f=f,=f,=... = FN fixf,xfzx ...=F F=C./Cyina1

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15 51



Example

r 1 f f 2 —C=8C,
Cl = Cgin,l

C,/C; has to be evenly distributed across N = 3 stages:

3
Y

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15 52



Optimum Number of Stages

For a given load, C, and given input capacitance C;,
find optimal f if N is free (and possibly non-integer)

CL=PCm=me1WM1N=%$

tholInF
tp=N’[IOol+1:—=IOO (7+f)
y y Inf  Inf

otp _tpolnF —y/f +Inf —1_o
of ¥ In?f

mf=1+%

f = exp 1+Z) Closed-form solution
f only for y=0
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Optimum Effective Fanout f

Optimum f for given process defined by y

4 InF
P f Inf 5

(In practice, N must be rounded , ¢
up or down to integer value)

4

Jope

v=0 y=1 3.5
fopt e=2.72 3.6

3

Nopt InF 0.78InF

2.5
0

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15
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Normalized L, Vs. r

7
l ! | I l | I . .
p B Slightincrease of t, for
T With Self-Loading y=1, > fop,
= s H f =136 _ B Choosing too few
— - opt ] .
2 stages (f > f,,,) IS
3 4 = — relatively harmless for
B delay and saves area
= 3 .
= Too many stages Is
E 2 |- expensive in terms of
delay
1 —
0 |

| |
1 15 2 25 3 33 4 45 5
;

Fan-out of 4 (FO4) is safe common practice

http://len.wikipedia.org/wiki/FO4
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Normalized delay function of F

N
tp = tho(1+ﬁJ (y=1)

Y
F Unbuffered | Two Stage Icr;r\]’;rr:er
10 11 8.3 8.3
100 101 22 16.5
1000 1001 65 248
10,000 10,001 202 33.1

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15



Buffer Design

(r=1)

W 64 =
1~>k>k> |

4 16 64 ——
! [ 2,8[ 8 [ 22.6[ 64—

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter
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2.8

65

18

15

15.3
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Power

BmDynamic Power
EStatic Power
BEMetrics

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter

24 hours audio
playback time

13/03/15
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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;increases leakage

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

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15
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Power Density

Estimate
B Furnace: 2000 Watt, r=10cm =2 P ~ 6Watt/cm?2
B Processor chip: 100 Watt, 3cm? = P ~ 33Watt/cm?

Power-aware design, design for low power, is
blossoming subfield of VLSI Design
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m {TPS}. what is the difference in power between Bipolar and
CMQOS technologies?

B A: 10years

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15
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Power Evolution over Technology Generations

14
HO© ASME 2004
IBMES9000 @ CMOS _. cccott
12 ayhawk(gdual)
Bipolar
& 10+
g T-Rex L@ °
7) Mckinley @
= 8 Fujitsu VP2000 Squadrons
S IBM GP
= IBM 3090S
N
é NTT o IBMRYS @ @
[T 6
s Fujitsu M-780 IBMRY7 @ @ Pentium4
]
T 4 - Pulsar @
% IBM 3090 BMRYG @
S Start of CDC Cyber 205 BM RY4
o Water Cooling | IBM 4381 o
= 2 IBM3081 @ @ Apache
Fujitsu M380
BM 36& IBM 370 ,BML{;(');; () &/ ® Merced
Vacuum ® _
d ®g Pentium II(DSIP)
0 . I ! | T T . T
1950 1960 1970 1980 1990 2000 2010

Year of Announcement

Introduction of CMOS over bipolar bought industry 10 years
(example: IBM mainframe processors)

[From: Jan Rabaey, Low Power Design Essential, Ref: R. Chu, JEP’04]

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter

13/03/15

62



Low Power Design Essentials

LOW POWER
DESIGN ESSENTI

Jan Rabaey

A

@ Springer
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) SpringarLink - Dok - Mazilla Frafox
€1 bttpe v sprngerink. comfconbent anha

Content Types Subject Collections

@ SpringerLink

Book

Low Power Design Essentlals

Try the new
& SpringerLink

Beta

Book Series Integrated Circuits and Systems
ISSN 1558-9412
4 Subject Engineering, Electrical Enginearing and Circuits &
TU Delft Publisher Springer US
¥ DoI 10.1007/978-0-387-71713-5
Institutional Login Copyright 2009
Recogiilzed ae: ISBN 978-0-387-71712-8 (Print) 978-0-387-71713-5 (
Technische Universiteit Delft SUb'!eCt Sl iy Encihsaing - ; "
Subject Engineering, Electrical Engineering and Circuits 2

(150-40-965)

UKB Netherlands ©JA
2005-2009 (127-79-678)

1263 UKE Netherlands LNM

SpringerLink Date Tuesday, April 21, 2009

Editorial View H Condensead List View | | Expanded List View

(191-45-973) 13 Chapters

1261 UKB Netherlands Lnp M Front Matrer
=

(445-61-068) = PDF (431.3 KB)

1254 UKE Netherlands Flanibae

- B Chapter

Landolt B&rnstein

(577-14-382) Introduction
Jan Rabaey

1260 UKB Netherlands LNCS
incl. archives (592-86-894)

1034 UKB (593-67-639)
UKB Netherlands LNES W Chapter

(617-63-136) Nanometer Transistors and Their Models
UKB Netherlands Brill Jan Rabaey

<(7"11'55'0‘353 POT: 10 1AN7/97R-N-3R7-71712-5 7

Do

78-0-387-71713-5_1
)

DOI: 10.1007/978-0-
M HTML

9
“% PDF (2.4 MB

(available online via University Library and site (?) of book)

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter

13/03/15 63



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 (NMOS and PMOS on together)

B [Leakage
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 independent of switching speed
M depends on process, layout

B Power = Energy/Time

1
P="%E.
Tiz'

B E = Power-Delay-Product P-D
B important quality measure

B Energy-Delay-Product E-D
B combines powerxspeed performance
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Low-to-High Transition Energy

\Y

Equivalent circuit for low-

Jni O to-high transition
C

Vot

E. - Energy stored on C

o . _ dVO
0 dt
VDD 1 ZVDD 1 5

0 0
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Low-to-High Transition Energy

$ L_{ ki(t)
Vo)
?

v

E,., Energy delivered by supply

VoD dvg 2
EVDD I (t)VDDdt= _[ CVpp d—dt— CVDD
0

Where is the rest?
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Low-to-High Transition Energy

J‘{ S\i(t)
I

Eqiss  Energy dissipated in transistor

(t)

0 0]

Ediss = [1(VDp —Vvo pit
- »
= IiVDDdt — IiVOdt
0 0

=Evpp ~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 Vp to
0 equals E i = 2CVpp?
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Compare Charging Strategies

Constant voltage | —CdVC

bt L
IS

OV dVc
Er = [VRidt = [ (V —VC)CWdt
0 0

<

= [(V -V )edve = %c:v2

o

CV

T

iy T C

Constant current

Eg = j I(Rl)dt jI(RI)dt —RIZT
0 0

RCCV2
T

B Reduced dissipation if T>2RC =t
B Difficult to reap benefits in practice

B See ‘Adiabatic Logic’
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CMOS Dynamic Power Dissipation

Energy  Energy ><#transitions

Power = = — :
Time transition time

2
= CVDD x f

B Independent of transistor on-resistances

B Can only reduce C, V or f to reduce dynamic
power
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Short Circulit Current

inputm ........

waveform —3 [

.................
e nssgEssssssssannnnnnnn

NMOS_~ '~ PMOS
turns on turns off

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter

B Shaded area is where both pull-up

and pull-down transistors are on
(this is when short-circuit current
can exist). This region is determined
by crossings of input waveform with
Vin and Vpp- [Vl

Short circuit current for output
going low is the current delivered by
the PMOS

B (NMOS current is used for
discharging)

{TPS} Discuss the influence of C_ 4
on the amount of short circuit
dissipation

higher C oap — higher dissipation?
or not?
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|VDSp|
i
Vigl| 7
input
waveform —»
:f ¢ outputfor
(VAR foe large CL

VA |I
P S\ Vospl
i\ output for
(VRN o W P

i\~ small C,

turns on turns off

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter

Short Circuit Current

B Input and output waveforms of
inverter loaded with a large
capacitance (top) and with a small
capacitance (bottom).

B Short-circuit current increases with
|Vpspl- This is clearly much larger
on average for small C, compared
to large C,.

B Similarly, short-circuit current can
exist for low-to-high transition at
output.
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Short Circulit Current

—cl l "’s-:' ~0 —CI l [s-:' - ‘(MAX
_/T o 12 Vou f O— *+—¢ O I'm.'!
in - in
=

x 107 =
N 2.5 I ]
= > - C; =20 fF _| —_
Large load L S Small load
z -
Pull-up turns off =T ¢, =500 F |
before Vg, becomes 7 i
significant |
03 2|0 4|0 60

time (8)

Best to maintain approximately equal input/output slopes
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L eakage

B Leakage current of reverse biased S/D junctions

B Sub-threshold current of MOS devices

B no channel =» parasitic bipolar device:
n+ (source) — p (bulk) — n+ (drain)

-2
B Important source of leakage 10 .
Linear

104 /

glO'6 Quadratic

_0O
108
1010 Exponential

aVes _9Vbs Vi

Ip=lge KT |1-e kT |1+4-Vps) 10 o5 1 15 2 25
Ves (V)
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v ¥ . - Gate=controlled barrier

Source

Drain

10 - 1

L -
10-4L Logscale

[ Slope ~ g/&T

1077} 0.6

10" 0.4

Source—drain current {AJwin)
Source—drain curremt  (mAImb

10° 102
108 . . . : . 0
0 02 0.4 0.6 0.8 [ 1.2

(Gale voliage (V)

MOSFET current in both logarithmice (left) and hnear {nght
scales vs, gate voltage, The slope of the dotted line represents the
large-signal transconductance for a digital circuit. Insct shows the
band diagram of an n-MOSFET. The barmer height b V, = 0 15

rll'(‘lpl,,'l'l'tll,,'l['l.‘\-'il to l.l'
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Sub-Threshold
Current

B Rapidly becomes
bottleneck with lowering
threshold voltages

B Modern technologies offer
low-Vt and hi-Vt devices
Balance speed and power

Y. Taur, CMOS design near the limit

of scaling, IBMJRD, Volume 46,
Numbers 2/3, 2002
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Sub-Threshold Current

B Rapidly becomes bottleneck with lowering threshold

voltages

B Modern technologies offer low-V, and hi-V, devices

Balance speed and power

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter

Exponential

Linear

104 K
~10-6| Quadratic 1

05 1 15
VGS (V)

2

2.5
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Transistor Sizing for Minimum Energy

Cau 1

tpHL ~0.52 . “LVDD
W /L)nknVpsatn Vbpb —Vrn —VpsaTn /2)

o tol 1)1+ )

tho o DD See Eq. 5.21
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Transistor Sizing (2)

ty =tpo((1+ f—j+(1+ ED tpo VDD
/4 fy Vbp —VTE

Performance Constraint (Withy =1, t, — f=1):

F F
2+f+) (2+f+)
1— o _ tpo ( f =(VDDJ(Vref _VTEJ f

Uporef  Tporef (3+F) Vief AVDD —VTE

m V. technology (0.5V), V,, standard supply (2.5V)
B F: fanout

m V,,, f: design parameters

B V,is afunction of f, given a fixed performance

f (15 + 5F)

VoD = (14f —8f% —8F + 10fF)
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Transistor Sizing (3)
Vpp=f(f)

B Supply voltage needed
as a function of f to
maintain reference
performance

B Lowest supply voltage
needed for f = F 0>

0.5 20 Vop = { f(125+5|=) \
(14f — 8f —8F+10fF)
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Transistor Sizing (4)

Size of 1st +
2nd inverter
2
E =VS5pCoal(@+ 7 )1+f)+ F
E _(VDD 2+2f +F

2

Energy for single Transition:

Ere1‘

(15 + 5F)
DD = { \
L4t —8f 2 — 8F +10fF

V
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Transistor Sizing (5)
E/Eref:f(f)

gy

normalized ener

B Device sizing is effective
B Oversizing is expensive for power
B Optimal sizing for energy slightly different from sizing for performance
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Technology Scaling

Also see: IBM JRD, Vol 46, no 2/3, 2002
Scaling CMOS to the limit

http://www.research.ibm.com/journal/rd46-23.nhtml
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=i Moore's Law

The number of transistors
that can be integrated on a
single chip will double
every 18 months

Gordon Moore, co-founder of Intel
[Electronics, Vol 38, No. 8, 1965]

S NEROD
L

LOG2 OF THE
NUMBER OF COMPONENTS
PER INTEGRATED FUNCTION

O—MNWhOO~NDYWO—
S BT LS e e e P T

. COSMETICS
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Why Scaling

B Reduce price per function:

B Want to sell more functions (transistors) per
chip for the same money = better products

M Build same products cheaper, sell the same
part for less money = larger market

B Price of atransistor has to be reduced
B But also want to be faster, smaller, lower power

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter 13/03/15
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IC Technology Scaling

Scaling improves density and performance

B First order scaling theory 2008 /1971
N dimensions, 1/S 0.007
N voltages 1/S 0.007
[ Intrinsic delay 1/S 0.007
L] power per transistor 1/S? 0.00004

m Scaling trend

— = .
1971 1982 2008 2010
S=1 (10um) S~5 S=150 S=200
first uproc (65nm)
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Scaling Models

Fixed Voltage Scaling
B most common model until 1990’s
B only dimensions scale, voltages remain constant

Full Scaling (Constant Electrical Field)

B ideal model — dimensions and voltage scale together by
the same factor S

General Scaling
B most realistic for today’s situation

B Two scaling factors:
dimensions scale with S
voltages scale with U
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Scaling for Velocity Saturated Devices
Constant Field Scaling: S=U

Parameter Relation General Scaling
W, L, t,, 1/S
Voo, V1 1/U

Neug V[ Wyep)? S?/U
Area / Device WL 1/S?
Cox 1/t S
Cyate C, WL 1/S
Kns Ko C,, W/L S
- Cox WV 1/U
Current Density | / Area S?/U
R, V /gy 1
Intrinsic Delay Ron Cyate 1/S
Power / Device loot V 1/U?
Power Density P/Area S?/U?

TUD/EE ET4293 - DigIC - 12/13 - © NvdM - 03 Inverter
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Technology Practice & ITRS

B Scaling — Technology Generations
B S=~1.4=~2%per generation
m ... -250-180-130-90-65-45-35-22—- ... nm

B |ITRS: International Technology Roadmap for Semiconductors
Industry-wide organization for forecasting technology
developments — and (planning) requirements

http://www.itrs.net/home.html

Not really — it is more like science
(and a self-fulfilling prophecy at the same time)
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2007 ITRS Product Technology Trends -
Functions per Chip

1.E+03

XX x
KK X X
x>e>(xxx,é7rf

1.E+02

><-><9<X>K>K{érﬁ—ﬂ
oounn

A

pON
[

Product Functions/Chip
[ Giga (1019) - bits, transistors ]

5ef

International Technology Roadmap for Semiconductors

==X==Flash Bits/Chip (Gbits)

Multi-Level-Cell (4bit
MLC)

Flash Bits/Chip (Gbits)
Multi-Level-Cell (2bit
MLC)

— A Flash Bits/Chip (Gbits)

95 2000

2005
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2010 2015 2020 2025
Year of Production _/'
_'Hv—"—
2007 - 2022 ITRS Range
13/03/15

0

Single-Level-Cell (SLC )

DRAM Bits/Chip (Gbits)

MPU GTransistors/Chip
- high-performance (hp)

MPU GTransistors/Chip
- cost-performanc (cp)

e

Average Industry
"Moores Law* :

2x Functions/chip Per 2 Years
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130nm

90nm

65nm

45nm

32nm

More Moore: Miniaturization I

22nm

Baseline CMOS: CPU, Memory, Logic

v

International Technology Roadmap for Semiconductors

More than Moore: Diversification

. Sensors . .
>

Interacting with people
and environment

Non-digital content
System-in-package

Information
Processing

Digital content
System-on-chip
(SoC)
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Summary

B Digital Gate Characterization (8 1.3)
B Static Behavior (Robustness) (§ 5.3)
HVTC
B Switching Threshold
M Noise Margins
B Dynamic Behavior (Performance) (§ 5.4)
W Capacitances
M Delay
B Power (8 5.5)
B Dynamic Power, Static Power, Metrics
B Scaling (8 5.6)
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