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The Power Problem

A High frequency and chip density lead to high power
Todayods micropr 081&8s or s consum
Future microprocessoramay consumeover 200NV

A Power has an impact on:

System performance (battery life)

Chip performance (circuit speed)

Packaging and cooling ¢ost)

Signal integrity: Inductive kick (Ldi/ dt), IR drop noise, etc.
Physical reliability: Electromigration, hotcarriers, etc.

A Poweris a problemin both portable & fixed equipment
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Impact on Performance
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Power dissipation affects chip speed in two ways:
Power supply (voltage) variations (IR dropl.di/ dt drop)
Temperature variations

Power supply reduction causes a circuit to slow down
A 5% reduction inV g, may cause a 15% increase in gate delay

Increased temperature has a Vooo g
complex effect on speed W
Traditionally: slow down | _4[J y

Vdd
Today: gates speedip, wires slow down T
Overallresutd e pends on t h{ 0 mL X0 T

Speedup is not necessarily a good
thing, due to thermal runaway
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Impact on Signal Integrity
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Power supply current transients | \

cause: , Ldi/dt. M=
Inductive kick due to Ldi/ dt g Vaa
. IR drop due to line resistance | _‘“:\ ]
Leads to supply voltage glitches — — T
and signalintegrity problems: —iC T
Glitches get coupled to sensitive _

analog or mixed signal nodes

Can causedynamic circuits to loose
charge

Cancause latches to change state
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A ICs are subject to a variety of
physical failure mechanisms: Electromigration Damage

Electromigration (EM) R

Hot-carrier degradation (HC) Voiding in metall due to electron
wind from right -to-left through via.
Other

A Reliability is worse under:
High switching activity
High temperature

A Result: chip MTF is reduced
under high power conditions
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Power 101

Cy =C,+C, Vag
Qn = GV Qi = CVad P|= C,
Qnin = Qn + Qi = Gt VYoo
EotBo= QM+ Qo= G\ LT ™
) Eavg = % CtotV 4q (average energy per logic transition)
—> Pug = C. V., f (average powerat frequency: f )

Average power depends on:
switching frequency
supply voltage(squared
transistor or gate counyC)
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Bottom Line
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Power hasbecome aprimary design concern

As part of a/ow-power design methodologytools are
needed to accomplish several tasks:
Power Modeling and Characterization

Levels: MOSFET, gate, cell, macro, core, memory, 10
Objectives: static, average, RMS, peak power

Power Estimation (Analysis)
At all levels and for all objectives

Power Optimization (Synthesis)
At all levels and for all objectives

High -level tools arehighly desirable
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Power Depends on Workload

ol

Power, much more so than delay, depends on what
stimulus is applied to the circuit, i.e., power Is:
Pattern-dependent O i e
Mode-dependent N
Workload-dependent

% Inatantansous Power +

SN
& Transtoaj Power (% = 10 ns)

“eage of Max Power (approx)
E

IDLE

CPU Cyclas

Example: Running MS-Word on a laptoprequires much
less power than running a 3video game

For power estimation, reasonable accuracy is possible
only whenthe modeof operation is understood
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Power Analysis Objectives
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Different power objectives:

Transient power(waveform over time)v.s. average power

Use transient power for IR drop, power bus sizing, signal
integrity, physical reliability, etc.

C Sometimes, only interested iweak power

C May be interested only in highest currens/ope

Use average power for package selection, battery life, temperature
analysis, etc. o] \ \

\ \
Static powerv.s dynamic power —f\
\ \
|
‘ -

It is possible to talk about the transient static powér,
and the average static power
Static powerispatterrd e pendent (i1 tds not
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Dynamic Power

Dynamic power is consumed
when signals are e
switching, and is due to:

Shortcircuit current, also called 9
crowbar, or rushthrough current
Current to charge internal nodes

\ 74

Current required to charge output
and loading capacitance
Best understood adynamic  — v —
enerqy per transition |
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Static Power

16000 -

Static power consists of:
14000

Off-current (leakage) 12000 i

10000 — M H M

Sub-threshold current

8000 HHHHH

Gate oxide leakage

; : 6000 L H
pn-junction leakage 4000 LU
Standby current (sneak 2000 } HHHHHH T

Number of Vectors

paths, pullups, trickle 04— .;.”.D. e

17 (=3
_]
19

devices, sensamplifiers)

Leakage Power (x 2.3 nW)

In CMOS, leakage can be large:
1996: 100 MHz DSP core: 10%
1998: 600 MHz AlphaiP: 2W/72W
2002: 90nm FPGA: 10W
2006: 65nm zore Itanium: 40%
Future: 50% ?

Leakage, being exponential in
Vth, Is the key reason whydd
will not scale any more!
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Moorebds Law
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A-Empirical obser vat i onthelmymbdsof trahsistors Mo o
on a chip[for minimum component cost] doubles about every two yeans

transistors
Bl 10,000,000,000
ol & \/ Dual-Core Intel® Itanium* 2 Processor
‘ L2 1,000,000,000
\{j MOORE'S LAW Intel* tanium® 2 Processar |
Intel ttanium® Processor &
L et 4 rr, / 100,000,000
I.G L ¥70 Intel* Pentium* I Pmtes-s}u’r‘/" 10,000,000
i Inm'l‘-‘cmiun'm:euor‘/
§ Intel485= Frntessf ‘_,_x"' 1,000,000
0l Intel386™ Processor / ‘ ‘
g %% 100,000
; 8086~
: Ly - e el i i 3 E.,m,‘// 10,000
| Hambtn o Comtrssds in Wloguald G 40020.:'?‘;'
1970 1975 1980 1985 1830 1885 2000 2005 2010 °
A This exponential trend has fueled economic expansion on a global scale
Very few things in nature are oexponen

Things cannot grow exponentially forever!

Source: http://www.intel.com/technology/mooreslaw/

FMCAD-07 Power Management for VLSI Circuits 15



1,000

Mhz

100

FMCAD-07

100

== Intel
Processor freq
=== |BM Power PC
scales by 2X per
=8— DEC

eneration
A A Gate delays/clock 9

601,603 (R)

X
(&)
o
@)
2
- 10 ®©
©
a)
g
<
O

Pentium(R) -
I I I I I I I I I I
N~ o I ™ To) N~ o)} I ™ To)
0 o'} o o)) o o » o o o
o)) o o)} o)) o)) o)) o o o o
— — — — — — — AN AN AN
Source: Intel

Power Management for VLSI Circuits

16



Average Power Dissipation

Power (W)

0 ' 100 ' 200 ' 300 ' 400 ' 500 ' 600 '
0.354 2.2V Frequency (MH2)
R, =0.3%C/W
2W at DC, mostly leakage 72 W, 33 A, at 600 MHz
Max 95W at 600MHz 15.2 Million Transistors, 3.14 cé
FMCAD-07
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15%

Power Breakdown at 600 MHz

5% 2%

B Global Clock Network

B Instruction Issue Units

O Caches

O Floating Execution Units
B Integer Execution Units

8 Memory Management Unit
| /0

O Miscellaneous Logic

18%

FMCAD-07
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Intel uPs, Maximum Power

50
| | ' Pentium-I|
40 : : /\e u |
Z 30 - E E
P Pentium Pr/o/ \ :
$ 2 . ; —— 3
Pentium ' iPentIumlrl\/ll\/lX !
10 i | I ;
O ,I 1 1 1 1
1.5u 1u 0.8u 0.5u 0.35u 0.25u 0.18u
Process
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Processors Reported InISSCC
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1000 ;
] > 2
Rocket Nozzle
(~2016)
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(~2008)
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Hot Plate Posium It
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International Symposium omMicroarchitecture (Micro32), Haifa, Israel, p. 2, 1999. (Plenary Presentation)
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[ Active Power
200 - B Leakage o
§ 150
g 100
g
50 .

0.25u 0.18u 0.13u 0.1u 0.07u

Technology

Source (Intel paper)Kam, Rawat Kirkpatrick, Roy,Spirakis SherwaniandPeterson A EDA chjlal | enges

facing future microprocessor d-RAided Design,Volll& HE 12T|[r ansacti ons

0]
December 2000.
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FMCAD-07

di/dt in AU

1.E+08
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1E+0S Pentium
1.E+04 | Pro

1.E+03
1.E+02
1.E+01

1E+OO 1 1 1 1 1 1 1 1
1.5n 0.8u 0.35p 0.18p 0.1p

Pentiu

Source (Intel paper)Kam, Rawat Kirkpatrick, Roy,Spirakis SherwaniandPeterson A EDA
chall enges facing future micropr oc eAsdsddesigd ¥da.
19, No. 12, December 2000.
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DRAM 7% Pitch
= DRAM Metal Pitch/2
MPU/ASIC M1 % Pitch
= MPU/ASIC M1 Pitch/2
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Million Transistors/chip

—e— MPU cost-perf —— MPU perf —&— ASIC —lii- DRAM
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Supply Voltage (V)
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Max Total Current (A)
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Max Total Current (A)
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The Language of Power
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Power modeling, estimation, and optimization methods
have been in development since the late 80s

A specialized terminology has developed

signal probability, static probability, transition
probability, entropy, state probability, conditional probability

switching activity, transition density, transition activity, toggle
rate, activity factor

spatial correlation, temporal correlation, spatiwemporal
correlation, pairwise correlation, correlation factors

independence, conditional independence, lagne model

bottom-up, top-down models, cycleaccurate
model, compaction

etc ...
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Basics

In order to introduce basic power concepts, it is helpful
to consider the case oa singleCMOS logic gate

The static power, 2., for a given input vector, Is the
constant power dissipated by the gate in steady state
when that vector is applied

Due t-0uo o@bhkhge)

The dynamic energy £, for a given input (ordered)
pair of vectors Is the energy dissipated in the gate due
to that vector transition.

Includes shortcircuit, internal charging, and external charging
currents

Energy = QV = Cl”is measured in Joules, 1 J = 1 Wascond

FMCAD-07 Power Management for VLSI Circuits 37



Avoid Double -Counting
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During a transition, we must avoid mixing up the static

and dynamic components; her
Vad (t) Vid (t)idd (t) |
lgq (1)
:T} """ P _
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Power Vector Set

["ua,mﬁwﬂ
Power dissipation is welldefined in connection with a
given input vector sequence, called power vector set

Let 7,,be the time duration of this vector set, then:

Transient power waveform is given by: V. (t)i(t)

T

pvs

Average static power is given by: 1 J'p (t)dt
S

pvs 0

Average dynamic power is given by: iz E, (i)

pvs |
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Signal Statistics

Define: Indicator Function /, () of a signalx(?) :
/ (1) is 1 whenx(?) is at logic high
/ (t) is O whenx(?) is at logic low
/ (t) changes value instantaneously halfway through the
transition window duration W
Define: Signal Probabilityof a signalx(?) as the fraction
of time during which x(7) is high; formally:

T

L T
P(x) = P(x;0,T ) =— |l (t)dt
(X) = P(%0,T,..) Tj (t)

The signal probability is a nonnegative dimensionless
real number between 0 and 1.
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Switching Activity

Define: Switching Activity of a signalx(?) as the average
number of logic transitions per unit time; formally:

N, (0, T,)
R(X) = R(x;0, T ) = =

pvs
where N (0, t)is the number of (complete) logic
transitions of the signal betweeroand ¢.

Other names for the switching activity:

. switching rate, toggle rate, activity factor, transition
activity, and transition density

The switching activity is a nonrnegative real number
with units of transitions per second
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Single Gate Power

Consider a gate with output nodex, and let the static
power whenxis low (high) be P,,(~,), then the
Average Static Poweils:

Tpvs Tpvs
= zl[Psl [ 1,@®dt+ P, [@-1,(®)dt
0 0

avg,s T

pvs

= P,P(X) + Py €~ P(X) _

Let £,be the dynamic energy per transition, then the
Average Dynamic Powers:

E,N (O,T

) _ £ ()

avg,d =
pvs
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Different Rise/Fall Energies

If the dynamic energy on a low to high transition i€, ,;
and is different from the dynamic energy on a high to
low transition £, ;,, then:

If the initial state of the node is low, the expression for average

dynamic power becomes:
Ey 01 Ni(0,Ts)/ 2]+ Eqgo| N,(0,T,,0) 2]
T

. pvs
P g, d -
pvs

av

N ( Ed,01+ E, 10

> jR( X)

It is enough to talk about the average of, ,,and £, ,, as the
average dynamic energy pdransition, £,
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Power and Capacitance

Let usignore the internal power of a gate and focus on
the energy required to switch the output (drain and
Interconnect) capacitance:

C,.=C, + CIO
¢ C,
Qh — Cand Q. = vadd
thl — Qh T Qﬂ — Qot \éd -
N n
Eq 01t Eg10 = QnVag + QuVaa = Ctot\/dzd

::> I:)avg,d — % Ctot\/ d2d R(X)
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