Lecture 23

CMOS Logic Gates and Digital VLSI - |

In this lecture you will learn:

* Digital Logic

* The CMOS Inverter

* Charge and Discharge Dynamics
* Power Dissipation

* Digital Levels and Noise

A NFET Inverter
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Digital Signal Levels

Valid logic levels:
V| = Maximum valid logical LOW input
V|y = Minimum valid logical HIGH input

VoL = Maximum valid logical LOW output

Von = Minimum valid logical HIGH output

VL, Vigand Vg, , Vo are determined by the unity gain points on the transfer curve
(Otherwise amplification can corrupt the logic levels as they propagate in a chain)

A {>c {>C {>C ....................

Gain is necessary to realize logic gates ...!!!

Digital Signal Levels and Noise
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Input with noise
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Noise is reduced at the output when the input is within the valid range
ise can be amplified at the output when the input is outside the valid range




Noise Margins

Vout And when noise is present......
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Noise margins:
One must have: NM, =V, =V
L=ViL ~ VoL

VoL +hoise <V NM, =V —Vi

Von —noise >Vy
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Noise and device variations sets the minimum V,; one can use

The Ideal Inverter Transfer Curve
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A perfectly symmetric curve with a near-vertical transition is an ideal transfer
curve because:

o Noise margins can be made very large
e Logical HIGH voltage can be made very small (because the noise margins are
so large) resulting smaller power dissipation




A NFET Inverter: Noise Margins

V
pD Problem:
The input/output characteristics are not
R g symmetric
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Noise margins are good but not excellent

The Load Capacitance
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C, is the capacitance of the subsequent CMOS
stage(s) as well as of the interconnects




A NFET Inverter: Charging Dynamics
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Problem:

When the output is LOW, charging of the
output to HIGH is slow because charging
current is not uniform

ViN

time

time

A NFET Inverter: Charging and Discharging Dynamics
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A NFET Inverter: Static Power Dissipation
DD

V. LOW, current keeps flowing through the
ouT FET and the resistor forever!!
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This is an example of static power

L—-H
dissipation — extremely bad!
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What Do We Want ..... Ideally?
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/ A CMOS Inverter: Noise Margins
Vobp,

mMic ! VN —Vrp
< Vour A w2l iwmis !
| iM2L
M2 Vop | L Vin =V
Vout N\
1 2 1 ’
V|N ————————oe :,, I'I1 S //
2\ w2s ,
| nd T v
M1 A T
— A
N T
P M1L
0 L AMZS v oo
+ v
0 Vi Vop+Vre Vin

If V1 and Vp+Vo, are close to each other, the transition region can be made narrow
and sharp
—The noise margins can be very wide!!

A CMOS Inverter: Charging and Discharging Dynamics
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Charging and discharging by (non-ideal) FET current sources is better .........
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A CMOS Inverter: No Static Power Dissipation

-

Vbp
e
M2 H-L
Vout
‘ | Current

{

Vop
(M2 H-L
L—H —] VOUT
ViN
(M1
9

When the input goes HIGH or LOW, power
is only dissipated during the time when the
output makes the transition — after this
period, there is no power dissipation

There is no static power dissipation
(ideally!), only dynamic power dissipation!!
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Rise Times, Fall Times and Propagation Delays
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A CMOS Inverter: Charging Dynamics

v When the output is LOW, initial charging of
DD, the output to HIGH is done with a uniform

< current supplied by the PFET in saturation:
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hen Vo, becomes larger than -V, then the PFET goes into the linear region....

A CMOS Inverter: Charging Dynamics
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For times 0 <t < t; when the PFET (M2) is in saturation:
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A CMOS Inverter: Charging Dynamics

When V,; becomes larger than -V, then the PFET goes into the linear region, and
from then onwards:

dv,
lout =CL ;UT

L V -V
=k, (% —Vpp —=Vip — Vour ~Veo) OUTZ b )J(VOUT —Vpp)=CL

dVour
dt
V, -V dvVv,
= —kp (VDD +Vrp + MJ(VOUT ~Vpp)=C —T

dt
Vop

Vin
+Vop
M2| L—H
ik Vour
Viv

\

— time
L{ E1 our |
L e T
—= ' time
Mn obtain faster charging compared to a resistor in place of a PFET!
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A CMOS Inverter: Charging Dynamics
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A CMOS Inverter: Charging Dynamics

Vbp One can obtain faster charging compared
< to a resistor:
|| Vin
M2 L—H +Vpp
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1 Current
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S .
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L2
oc oc 7y { if C_ Cys In reality, the load capacitance is not just
,UpVDD due to the next FET gate - it also includes
the interconnect capacitances
FET transit time
A CMOS Inverter: Discharging Dynamics
One can obtain faster discharging compared to a resistor:
Voo Vour
e.
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x 2#:Vop *n { if Cp o Cys due to the next FET gate - it also includes
the interconnect capacitances
FET transit time
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A CMOS Inverter: Charging and Discharging Dynamics
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Assuming C, is not dominated by interconnect
capacitance (not generally true), the only way to
increase k, and k, of FETs and at the same time
decrease C is to decrease the FET length L:

-

Current

How to charge and discharge faster?
e Decrease L

e Increase charging current

— Increase supply voltage Vy,
At what price?

time

tim

Gate Length

0.001
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Micron 01 L

001

Intel FET Gate length Trends

~0.7x per
generation

Mark Bohr, Intel (2014)

10000
=
2 Smaller transistor
1000 3 provides:
2
S o Higher performance
4 100 nm o Lower power
o Lower cost per FET
4 10
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/ A CMOS Inverter: Dynamic Power Dissipation
Vobp,

Q: How much energy is dissipated (in the
PFET and the wires) in charging the
capacitor to HIGH from LOW?

A: Irrespective of how it is charged, the
net energy dissipation in charging a
capacitor equals the energy stored in the
capacitor after charging!

1 2
Ep =5CVop

A CMOS Inverter: Dynamic Power Dissipation
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Q: How much energy is dissipated (in the
NFET and the wires) in discharging the
capacitor from HIGH to LOW?

A: Irrespective of how it is discharged,
the net energy dissipation in discharging
a capacitor equals the energy stored in
the capacitor before discharging!

1 2
Ep = ECLVDD

Total energy dissipation in one charge and discharge cycle:

2
Ep =CVip
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Thermodynamics, Entropy, Information, and Computation

Question: How much energy does it require to compute or process one
bit of information?

The question was answered by Rolf W. Landauer (1927-1999)
(IBM)

L @\

Any thermodynamically irreversible operation that manipulates information increases
entropy, and an associated amount of energy is unavoidably dissipated as heat.

The minimum amount of energy needed to process or compute one bit of information
equals:

KT log(2)

KT log(2) ~17.9meV at room temperature

For the smallest CMOS inverter intel has: 2
CL % 2xCyg = 2x§g°—XWL =2x10""7 Farads|

t
E, =C, V2, ~ 30 eV 0x
b Vpp = 0.5 V

This is almost ~1600 times larger than the fundamental thermodynamic limit ...!1!!
o there is plenty of room for improvement...!!!

Dynamic Power Dissipation in CMOS Chips

DD Vbp
M2 M2
Vour
............ Vi }
M1 M1

Total energy dissipation in one charge and discharge cycle per FET:
ED = Cgsng ——— > lIgnoring interconnect capacitance
Total energy dissipation in one charge and discharge cycle if N.c; FETs in the chip
are active: 2
Ep = NrerCgysVop
Total power dissipation (energy dissipation per second) if N..; FETs are active:

2
Po =Neetfeik CysVip

Number of cycles per second ~ f «
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Dynamic Power Dissipation in CMOS Chips

\_ __

E8500 45 nm Chipset

Clock speed = 3.16 GHz

Gate length: 45 nm =.045 um

Number of FETs in the chip = 410 X 108
Power supply voltage ~2 V

2
Po =Nperfeik CgsVop

Fraction of active FETs at any instant on the average (~0.4%)

Our power dissipation estimate:

f =3.1e9 2
tCLK 10A (equivalent low-k thickness) Fo = NFETfCLKCgSVDD
= uiv w-k thi
ox a = 42 Watts!!
W =2 um L
L =.045 um
0 25/.1 Actual published number:
&
Cys =7 WL = 2 femto - Farads
0x Pr =65 Watts!!
Vpp =2V ] =Pp +Pg
Intel FET Gate length Trends
10 10000
Mark Bohr, Intel (2014) =
K =
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(]
Q -
b= [} -
3 i Voo ~2V o o Higher performance
Micron 01 | ~0.7x per 4 100 nm o Lower power
F generation
Vpd <1V e Lower cost per FET
0.01 . 4 10
0.001 : - - : 1
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Recent trends:

1) Number of FETs/chip keeps increasing
2) Clock frequency is not increasing

(which at the moment is ~100 W/cm?)
4) And most FETs remain inactive most of the time in modern chips

10,000,000

CMOS Trends

3) Number of switching operation per sec is limited by our ability to remove heat from the chip

Number of 1000s of
FETs per cm?

1,000

Clock speed (MHz)

Power Dissipated
Wicm?)

s A . 100 W/cm?

. L
% i t t et
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