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CMQOS: Two Types of Power Consumption
« CMOS circuit power/energy consumption comes in two forms:

= Dynamic energy/power consumption: depends on activity
» Charging and discharging of capacitors
» Cross (short-circuit) currents while pMOS and nMOS are on during switching

= Static power consumption: independent from activity
» Constant biasing currents (intentional)
» Various types of leakage currents (parasitic)
« Contention currents when driving opposite directions (mostly accidents)
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Basic Inverter (Unloaded)

« PMOQOS performs pull-up to Vpp, NMOS performs pull-down to GND

VDD
= Complementary gate 4
Ves = =Vpp,~
= Static (steady state): output connected O| E )T%
to either Vpp or GND
0: GND — — 1:Vpp
/s
Ves = 0\\\» T

GND

i/

1: VDD —

—
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\
Ves = Voo™ e

-
GND

« l|deally, no current path from V,, to GND: ideally, no static power consumption
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CMQOS Gates With Capacitive Load

« Every CMOS gate sees a capacitive load from various sources
= [ntrinsic MOS transistor capacitors (driver)
= Extrinsig (fanout) MOS transistor capacitances
= |[nterconnect capacitance

« Various load capacitances are merged ©
Into a single load capacitor C;

Do D> el o
L L

[T1

= Wider transistors increase the gain factor (drive) but also increase the load (capacitance)
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Energy of an Inverter with Capacitive Load

« Switching the output from O to 1 charges the capacitor

VDD

= Energy delivered by the power supply o
Eypp = foool(t)VDDdt = fooo C%VDDdt = CVpp fOVDD dv = CVpp _(4
= Once the output transition is complete, the energy stored vy, — GND
on the capacitor is given by |
E, = % CVZ, GND - Vpp ( izc
= Energy difference is dissipated to heat in pMOS 4'

- Switching the output from 1 to O discharges the capacitor 2
= Energy on capacitor is dissipated to heat in nMOS

« NOTE: energy consumption is independent of the waveform
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Active Energy Consumption Waveforms
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Active Power/Energy Consumption

« Energy consumed during one pair of transitions E;:

Epr = (CVgg)Vaq = CViy
« Energy/transition
E,=CVi;/2

« Average power consumption: energy pertime T

2
ﬂ _ 2fszCVdd/2

= Depends on the switching frequency f,,, of the output P, === - = fowCV%4
= Activity factor a : average number of transitions per cycle
* Relates activity of a node to the clock frequency f
« Energy/transition * average-transition/cycle («) * clock frequency (f.x)
a 2
P = D) CViafcu
B




Short Circuit Currents

« CMOS gates have a large, but finite gain in the transition region
= Cross-over currents lead to power consumption during transients

range applies when n-channel v p-channel A
A 0 < Uppp < Uhn subthreshold linear V: _D)_ 1%
Uihn < Uinp < Uiny saturation linear inp oup
PROBLEMATIC inp ~ Ujpy saturation saturation
D Uiny < Uinp < Udd + U p linear saturation Dominant during transition region:
E Udd + Uthp < Uipp < Uqd linear subthreshold rapid opening of the driver for the new level
u : - A f Low 'MEEEl HIGH
Note S qrt circult _ Unn  YaUnp U, U *Unn o oW mingio
power is irrelevant if y, L1 _:gain=v | | | u,, g |
— m .
1% A | | .gain = -1
VT < 22 I . "
2 I max —+——————f—————1 afte-
lG : nuation oo
R e | voltage e
| atte-
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| |
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(a) Transfer characteristic (b) Crossover current (c) Logic states

(|

LCOLE POLYTECHNIQUE (( ﬁ

FEDERALE DE LAUSANNE



Minimizing Short-Circuit Currents

« Obvious approach: reduce input transition time

= However, short input transitions require stronger driver => increase transition time (and load) on
the driver of the driver

« Control short circuit current by controlling the output slope:
= Fast input slow output: driving device mostly in linear regime => good for low power
= Slow input fast output: driving device remains long in saturation => bad for low power

4
Pmos remainsin linear |/ x 10~ Pmos rapidly in
ion duri tof =P 2 ! ! turation whil
region during most o saturation while
the input transition ——l_ 2 T (. =201F nMOS already MAX
(until it turns off l fgc'"ﬂ turns on during _Cl "C
by the rising input) —Ci — L3 Cp =100 fF | input transition _\_
\ i a4
S s o— V.,
_ Vout ? C, =500 fF | Vin |
V. C ~ 05
5 L
— L 0 — — —
—0.5 l ! =
Large load = 0 20 (jm 60 Small load
me s

« Best compromise: balance input slope and output slope
-(I’fl-
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Leakage Power

 Transistors leak currents even when in off-state

« Sources for leakage

= Sub-threshold leakage
« Dominant component in most circuits

= Gate tunneling

« Generally low, even in modern technologies due to
high-k gate dielectrics

» Decreases very rapidly with decreasing V4

= Junction current
« Generally low
« Decreases very rapidly with decreasing V;4
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Leakage Power

 Long channel deices (>130nm)

Vgs=Vr

IDS — Ioe ven

» [ps mostly independent from Drain-Source voltage

» [eakage current depends strongly on Vs — V.

-(I’fl-

lL [L)L‘tTl(_.IINJ l_

Lower threshold voltage increases leakage
Higher threshold voltage decreases leakage

Subthreshold slope: slope of the logarithmic leakage
current for Vs — V7 <0

v . thermal voltage
n :constant

u

VGSaV
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Leakage Power over Temperature

« Sub-threshold current depends exponentially on thermal voltage v; = kT /q

Ves—Vitn

Ips = Ipe *Tn/a

 Exponential sub-threshold leakage (I55) increase with temperature
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Leakage Power (DIBL)

Vg=0
. Vs =0 vd (larg
Impact of technology scaling on sub-threshold =~ LT ) T“““’
leakage (<130nm)
nt+ // n+
= Drain-Induced Barrier Lowering (DIBL): Vps modulates threshold voltage - B
. Leff2
= [p¢ becomes a function of Vg p sub
Ves=VintApsVps Aps : DIBL coefficient
Ips = Ipe ven v, :thermal voltage

n . constant

Impact on inverter leakage: no longer supply independent

GND

—-Vin+ipsVpp +—— Reducing voltage
o [ = g€ ven reduces leakage
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Leakage In Transistor Stacks (Short Channel)

Stacking occurs
* |[n many logic gates (> 1 input)
= When introduced intentionally for leakage reduction

Ileak,Ml = lye

~VM—VintidpsVaa—Vm)

ven

Leakage Reduction

2 NMOS
3 NMOS
4 NMOS
2 PMOS
3 PMOS
4 PMOS
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