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Metrics: Energy and Power
* Energy
— Measured in Joules or kWh
— “Measure of the ability of a system to do work or produce a change”
— “No activity is possible without energy.”
* Power
— Measured in Watts or kW
— “Amount of energy required for a given unit of time.”
— Average power
e Average amount of energy consumed per unit time
e Simplified to "power" in clear contexts
— Instantaneous power
* Energy consumed if time unit goes to zero




Metrics: Energy and Power cont’d

e Instantaneous Electrical Power P(t)
— P(t) = v(t) *i(t)
— v(t): Potential difference (or voltage drop) across component
— i(t): Current through component
* Electrical Energy
— E=P(t) *t=v(t) *i(t) *t
* Electrical Energy in CMOS circuits

— Energy = Power * Delay
— Why?




Power and Energy

* Power is drawn from a voltage source attached to the V
pin(s) of a chip.

P(t) — iDD (t)VDD
* |nstantaneous Power:

T T
E = [ P()dt = [ ()Vppdt
* Energy: ° . 2O
I:)avg - 0= = ? ’(.; iDD (t)\/DDd.t

* Average Power:




Power Consumption in CMOS

. Voltage (Volt, V) ﬁ Water pressure (bar)

. Current (Ampere, A) Water quantity per second (liter/s)

. Energy ﬁ Amount of Water

4
N T F ]

Energy consumption is proportional to capacitive load!
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Consumption in CMOS cont’d
. Voltage (Volt, V) ﬁ Water pressure (bar)

. Current (Ampere, A) Water quantity per second (liter/s)

. Energy ﬁ Amount of Water

—d
4 _ :HK;

< Energy for calculation only consumed at 0—->1 at output
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INV1:
High instantaneous

P bigger width) —d

R -

L CL \
r' = Same Energy (C,, ingnored)
INV2: — ’ = INV1 is faster
Low instantaneous
CL

Energy a%lnstantaneous Powe




Metrics: Energy and Power cont’d
Power is height of curve

Watts | \
{ Approach 1
—— l Approach 2
time
N Energy is area under curve
Watts (
Approach 1
Approach 2

time
< Energy = Power * time for calculation = Power * Delay




B
Metrics: Energy and Power cont’d

* Energy dissipation
— Determines battery life in hours
— Sets packaging limits
* Peak power
— Determines power ground wiring designs

— Impacts signal noise margin and reliability analysis
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Metrics: PDP and EDP

* Power-Delay Product
— Power P, delay t,
— Quality criterion PDP =P * t [J]
* Pand t have some weight
* Two designs can have same PDP, even if t = 1 year

* Energy-Delay Product
— EDP=PDP *t =P *t 2
— Delay t, has higher weight
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Where Does Power Go in CMOS?

* Dynamic Power Consumption
— Charging and Discharging Capacitors
* Short Circuit Currents
— Short Circuit Path between Supply Rails during Switching

 Leakage

— Leaking diodes and transistors




Dynamic Power Consumption

Voo
o\
Vi” ] l Vout
1 4' T C, If ‘e
- 01— &

den = CL * VDDZ

Po_,,: probability for O-to-1 switch of output

f: clock frequency
o : activity




Short Circuit Power Consumption
V-DD-

—a
v, —1 |

4' v j— CL

V

out

* Finite slope of input signal

=» During switching: NMOS and PMOS transistors are conducting for short period
of time (t. )

=» Direct current path between VDD and GND

Psc = VDD * Isc * (PO—>1 + P1—>O)
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Leakage Power Consumption

Gate

gate

T |

®* Most important Leakage currents:
— Subthreshold Leakage I,
— Gate Oxide Leakage |

Draln

=

GND

gate

— %k ~ *
I:)Ieak - IIeak VDD -~ (Isub + Igate) VDD




Power Equations in CMOS

P=qa f CL VDDZ + VDD Ipeak (P0_>]_ + P]__)O) + VDD Ileak

Dynamic power Short-circuit power Leakage power
(= 40 - 70% today (=10 % today and (=20 -50 % today
and decreasing decreasing absolutely) and increasing)

relatively)




Dynamic Power

* Dynamic power is required to charge and discharge load
capacitances when transistors switch.

* One cycle involves a rising and falling output.
* Onrising output, charge Q = CV, is required
* On falling output, charge is dumped to GND vob

: : $ioo®
* This repeats Tf_, times =

over an interval of T .

sw
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Dynamic Power Cont.

P —

dynamic




Dynamic Power Cont.

1 .
denamic — ? J. Iop (t)VDDdt
0
_ Vo T
=2 ! i, (t)dt
— Voo [TfSWCVDD] VDD

N &ioo®
— CVDD2 fsw ’—O(




Activity Factor

* Suppose the system clock frequency = f
* Letf,, =af, where a = activity factor p

dynamic

= aCV,_° f
— If the signal is a clock, a =1

— If the signal switches once per cycle, o =%
— Dynamic gates:

e Switch either 0 or 2 times per cycle, o =%
— Static gates:

* Depends on design, but typically a = 0.1




Static Power

» Static power is consumed even when chip is quiescent.

— Ratioed circuits burn power in fight between ON
transistors

— Leakage draws power from nominally OFF devices

Vgs Vi —Vds
— nvr _ VT

Vi =Vio — Vys +7/(\/¢s +Vg, _\/g)




Low Power Design

* Reduce dynamic power
— o clock gating, sleep mode

* Reduce static power




Low Power Design

 Reduce dynamic power
— o clock gating, sleep mode

— C: small transistors (esp. on clock), short wires
— f:
* Reduce static power




Low Power Design

 Reduce dynamic power
— o clock gating, sleep mode
— C: small transistors (esp. on clock), short wires

— Vpp: lowest suitable voltage
— f:
* Reduce static power




Low Power Design

 Reduce dynamic power
— o clock gating, sleep mode
— C: small transistors (esp. on clock), short wires
— Vpp: lowest suitable voltage
— f: lowest suitable frequency

* Reduce static power




Low Power Design

 Reduce dynamic power
— o clock gating, sleep mode
— C:small transistors (esp. on clock), short wires
— Vpp: lowest suitable voltage
— f: lowest suitable frequency
* Reduce static power
— Selectively use ratioed circuits
— Selectively use low V, devices
— Leakage reduction:
stacked devices, body bias, low temperature




Lowering Dynamic Power
* Reducing V,, has a quadratic effect!

— Has a negative effect on performance especially as V
approaches 2V;

* Lowering C,
— Improves performance as well
— Keep transistors minimum size
* Reducing the switching activity, f, ,, =P, ,; * f
— A function of signal statistics and clock rate
— Impacted by logic and architecture design decisions
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Transistor Sizing for Power Minimization

Lower Capacitance Higher Woltage
Small W’s A
: Timmernann TO keep
et o l performance
Large W’s
Higher Capacitance Lower Voltage

* Larger sized devices: only useful only when interconnects dominate
*  Minimum sized devices: usually optimal for low-power
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Logic Style and Power Consumption

200 I

8-bit adders in 2.0um

— * Voltage decreases: Power-
delay product improves

?tandard Cell

|+ Bestlogic style minimizes
— power-delay for a given
delay constraint

Optimize

Static CsSA

POWER-DELAY PRODUCT (pJ)

Decreasing Vg Conventional

Static —| =2 New Logic style can
| | CPL-LOWWE reduced Power dissipation

10 30 100 . . . I
DELAY (ns) (if possible / available !)
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Thank You




