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Energy Bottleneck (((ﬁ)))

e Mobile devices: energy-efficiency

——
Single-Many Core - —&— Energy used/2-day operation = 2 d
: Memory on Chi X
Processors on Chip /V p —l— Energy/10cc Battery : ,.7|‘ r Energy
New use cases: web, email, video, 3D graphics

| New use models: always-on, always-connecled

Image/Video WLAN
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e Battery capacity grows only very slowly
e Boost in the 1990s due to Mobile Phone introduction 18650 Li-lon Cell Energy Density
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e Capacity growth stalled oo .
since 2000 at the limit 120 - e
.. 100 / z o
of Li-ion 0 /j‘/ £ 300 o2
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Power Bottleneck (((ﬁ)))

Source: Intel
b Sun’s
10000 < —
Rocket A Surface

_ Nozzle
t 1000 Package cost
S Nuclear « 4-5W for cheap packages
> 100 Reactor « 100 W/cm? for air cooling
% » 7.5kWf/rack
2 8086 Hot Plate—p % _
$ 10 hoos | ;P6 Power delivery
K 8008 8055236' 386 -/ Pentium® « > 1000 pins for power delivery

N LA on a 100W processor

1970 1980 1990 2000 2010 Performance penalty

Year « 25->100deg. C: 30%

e Thermal Design Power: upper limit on power consumption

e Microprocessors for servers: ~30-100 W/cm?
¢ Mobile devices: ~3W total (handheld)

— ]
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Power Bottleneck (((ﬁ)))

Complex, large and costly power supply circuits: Three-phase step-down
converter built from toroidal coils, power MOSFETs, and electrolytic capacitors.
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Motivation for Low Power Design (((ﬁ)))

e High-performance circuits

— How to get the heat out?

<
)
— How to supply massive currents at very low voltages? Qo“&
— How to avoid critical voltage drops on supply rails?
e Battery-operated circuits 0@*
— How long can we operate a device on a battery charge? <
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Table of Contents (((ﬁ)))

Basics in CMOS Power Consumption and Low Power Design

e Active Power Consumption in CMOS

e Leakage Power Consumption

e Voltage Scaling and Sub-VT Design
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Sources of Power Consumption in CMOS (((ﬁ)))

e Four phenomena dissipate energy in digital CMOS circuits

— Charging and discharging of capacitive loads
— Power
— Crossover currents B
— Leakage currents
. . — Energy
— (Driving of resistive loads)
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Active Power
Consumption in CMOS
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Basic Inverter in Steady State (ideal) (((ﬁ)))

— PMOS performs pull-up to 1/
— NMOS performs pull-down to GND

e Complementary gate: output connected to either V, or GND
— Static (steady state)

VDD VDD
YAN YAN

VG.S':O,’/’
i © !
5 5
—4 —> )8 —4 —>/ a
r° )

0: GND — - 1:Vp)p 1: Vpp — — 0:GND

- o)

© 3

—/ 8 —> |3

. . 3

Ves = 0a | T

GND GND
— ldeally, no current path from Vpp to GND

»

Ves = —Vpp,”
1

— lIdeally, no static power consumption
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CMOS Transistors: Parameters (((ﬁ)))

The gain factor f is a function of process parameters and layout geomerty

B = .UEOXK

tox L
where
tox gate dielectric thikness
Eox gate dielectric permitivity
U effective carrier mobility in inversion layer
W channel (gate) width _

Design parameters
L channel (gate) length

e Designer sets the drive-strength by controlling width and length of the transistor

- ]
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CMOS Inverter: In-Out Transfer Characteristic (Static) (((ﬁ)))

Inverter as non-linear amplifier with a large, but finite gain in the transition region

range applies when n-channel v p-channel A
A 0 < Upnp < Urhn subthreshold linear V- _D)_ V
| I% Uihn < Uinp < Uppy saturation linear inp oup
C Uinp == Ujpy saturation saturation
| D Uiny < Upnp < Ugg + Upnp linear saturation fe Dominant during
E Udd + Uthp < Uinp = Udd linear subthreshold transition region
Uoup lfd n = _l‘dp Uﬂup IDg'c State
indeter-
A U, - U, +U, A Low THSSL HIGH
. qain = P 0, X 1
U | _gan=v | U, b | |
dd — dd — :
\J\Qam =-1
max —j atte- )
nuation i
12U, voltage amp
tt
0 » Uinp 0 » Unp 0
. .0 u u 0
a) b) inv dd c)

(a) Transfer characteristic (b) Crossover current (c) Logic states

e Cross-over currents lead to power consumption during transients
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Minimizing transient currents (((ﬁ)))

v

V Pmos remains in DD

__I_ linear region during
most of the input I =1
_ci j I_~0 transition (until it turns —c:l 1 e TMAX

off by the rising input) —L

\ | |
_/_Vinﬂ— '—l—ovout ﬁin Il Cu :’jout Pmos long in

saturation while
CL

I Al nMOS already
—| = x 10~ turns on during
2.5 T I | input transition
Large load = e ——C,=201F ] = Small load
z L5 Cy =100 fF |
o ] e -—
7 05 C;. =500 fF
0.5 | '
0 20 40 60
time (s)

— Fast input slow output: driving device quickly shuts of completely
— Slow input fast output: driving device remains long in linear region

e Input of one device is output of the other device: balance input-output delay
for optimum power consumption
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CMOS Gates With Capacitive Load (((ﬁ)))

Y%
¥

—

1

}
1=

| Wider transistors

increase the gain

| factor (drive) but
— Cw also increase the

[ j: load (capacitance)

T

//

e Various capacitances are merged into a single load capacitor C;
— Intrainsic MOS transistor capacitors (driver)
— Extrinsig (fanout) MOS transistor capacitances

— Interconnect capacitance
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Reminder: Power/Energy of an Inverter with Capacitive Load (((ﬁ)))

VDD
AN
e Energy consumed during one pair of transitions E;:
— Cross-over currents
— Charge pumped onto the capacitive load
(dominant): Vpp — GND

o Eyp=(CVa)Vaa = CLV3, o W
GND - VDD I C
’ i — (p

¢ independent of transistor geometry (width/length) \
e Independent of the waveforms

e quadratic dependency on voltage

//
GND \$
e Energy/transition
e L= CLVdZd/z

e Power consumption = Energy/transition * transition/cycle (a) * frequency (f.x)

e P :%CLVc%dfclk
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Gate-Level Power Modeling (((ﬁ)))

e Power consumption is divided into
— Net switching power
— Internal power:
¢ Internal power depends on actual input values

e Power is consumed even if output does not change

e Library files: internal energy characterization for each cell at given supply

voltage
— Internal energy (cross-current, switching) per change in each input and output
(as functions of input slope t,» and output load C)

— Contribution to capacitance of the connected net (input/output load)

Efo(B,C,D,tys) H
Egoi(A,C,D,ty) [ Efo1(0) ooz . »
) ) ) _ + +
Efor (A: B,D, trf) | j II:CA A0l net INV
Efo1(4,B,C, tyy) _—/ CAZOT CnetJ, J’ v
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Methods for Power Analysis (((ﬁ)))

What about the activity factor(s)?

e Fixed activity:
Assume a constant activity factor for all nodes in the circuit

— Very rough estimate and highly inaccurate

e Statistical power analysis:
Assumes a given toggle activity at the input and propagates the activity
throughout the circuit using statistical models of the gates
— Does not account for correlation between signal values

— No accounting for glitching activity

e Simulation based:
Obtains toggle statistics from gate level simulations
— Most accurate method

— Slow

—
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Gate-Level Power Analysis Flow

RTL
code

Gate-level
netlist

Backend
design & CTGen

Final gate-

Parasitic/wiring __
capacitances

. Delay

level netlist

-7 annotation

. Switching activity

~ Waveform trace

l

. Power

~ analysis
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Leakage Power Consumption

e |
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Leakage Power (((ﬁ)))

e Transistors leak currents even when in off-state

e Sources for leakage

D
— Sub-threshold leakage
G
e Dominant component in most circuits _| B
S
— Gate tunneling
e Generally low, even in modern technologies due to
high-k gate dielectrics D_j\
e Decreases very rapidly with decreasing V4 G— B
S|V
— Junction current
e Generally low
e Decreases very rapidly with decreasing V4 b L
—AE3
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Leakage Power (((ﬁ)))

Vés—Vtn 102
e Long channel deices (>130nm): Ipg = [je vt 10°
10 f
— Ipg mostly independent from Drain-Source Voltage 105 |
— Leakage current depends strongly on Vs — V;j, < ‘°j [ Vi =04V
10 '
e Decreasing threshold voltage increases leakage ~ 00 | '
10° | i
107 '
. ~ ]
e Impact of technology scaling on sub-threshold o '
Ieakage (<130nm) 10 0 01 02 03 0.4vc::v0.6 0.7 08 09 1.0

— Drain-Induced Barrier Lowering (DIBL): I/, modulates threshold voltage
- Ipgs becomes a function of V¢
Ves—Vint4psVps
— v+rn
o IDS —_ IO e t

GND

~Vin+ApsVpp +—— Voltage scaling
s [0 = Ipe ven reduces leakage
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Leakage Power over Temperature (((ﬁ)))

Drain current depends exponentially on thermal voltage v, = kT /q
Ves—Vin
Ips = lpe ¥t"

/7<0
e Exponential I increase with temperature
10,000 :
0.10 pum 90 ;LLU’L, 15mm die, 0.7V 50
80 < Leakage 49% 7
1.000 0.13 pm o | macve oo g
; 60 | 33% D g é
Isve (nA/pm) ; 26% p :’é jé ,ﬁ
P 19% A 0 7
100 M PRI mm ﬁ
40 v % ﬁ ﬁ é ﬁ é ﬁ
30
10 2
10 =
1 0
30 40 S0 60 70 8 90 100 110 3040 50 60 70 80 90 100 110
Temperature (°C)
Temperature (°C
P o Example: 0.7V, 100nm
process, 15mmz2 die
Vivek De, Intel
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Leakage in Transistor Stacks

(«

it

)

e Stacking occurs

— In many logic gates (> 1 input)

Leakage Reduction

— When introduced intentionally for leakage reduction &NMOS ’
3 NMOS 17
4 NMOS 24
~Vmu=VintAps(Vaa=Vm) 2 PMOS 8
heaxm1 = loe e
3 PMOS 12
4 PMOS 16
—VintipsVm
Ileak,MZ = Ioe ven ?

Small speed I
penalty: ~25% | [L

\ \
\ \
v \\ \ 4 \\
NI
k’ k’ ﬂ H i i i i H H H H
- - 0 01 02 03 04 05 06 0.7 08 095 1

Vi (V)
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Modern technologies offer different device flavors (((ﬁ)))

e Devices with different threshold voltages => can often be combined on
same die/wafer

o Different process flavors (can typically not be mixed on same wafer)

1000
F 1oV PMOS NMOS
100 & / /
: High
- Performance
10 £
E Std
Leakage i Performance
(NA/um) =
0.1 L
0.01 _ // Low Power Better
0.001 L ' ' ' '

0.0 0.5 1.0 1.5 2.0 2.5

M. Bohr, Intel Developer Forum 2009 Drive Current (mA/um)
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Modern technologies offer different device flavors

Logic Low Power HVIO
Transistor Transistor Transistor
(HP or SP) (LP) (1.8Vor3.3V)

.}
w9

Transistor Logic ‘Low Power: HV1/0
Type : (option for HP or SP) i (optionfor180or33V)
HP SP LP 1.8V 3.3V
EOT(nm) 0.95 0.95 0.95 ~4 ~7
vdd (V) 75/ 1 75/ 1 0.75/1.2 | 1.5/1.8 | 1.5/3.3
Pitch(nm) 112.5 112.5 126 min. 338 | min. 675
Lgate (nm) 30 34 46 >140 >320
NMOS ldsat 1.53 1.12 0.71 0.68 0.7
(mA/um) | @1V @1V @1V 1.8V 3.3V
PMOS Idsat 1.23 0.87 0.55 0.59 .34
(mA/um) @1V @1V 18V @3.3V
loff
(nA/um) 100 1 0.03 0.1 <0.01

e Sometimes IO transistors are an interesting option: low-leakage, high-VT

but large distance to core transistors in the layout required

Prof. Andreas Burg
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Threshold Voltage Selection (((ﬁ)))

e Modern process technologies support devices with different threshold voltages
— Typically three flavors: low-VT, standard-VT, high-VT
— Often all three flavors can be mixed in the same design

e VT-selection: tradeoff between speed and leakage

- tox L Vbp ~Vin+ApsVps
P eox W (Vpp — Vip)® Liear = Ipe Vel
e Example: 55nm process
HVT SVT LVT
Delay 20ps 16ps 14ps
Leakage 30nW 60nW 200nW

— Small increase in speed comes with a significant leakage penalty
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Multi-VT Design (((ﬁ)))

e Design tradeoff when choosing a VT flavor:
— Less leakage (high-VT) increases delay and vice versa

— Threshold voltage types can often be mixed

e Multi-VT design

DDA Of

A JAN
D Q
2\
Caveat: can be very problematic
— Use low-VT cells only on critical paths for near-VT or sub-VT design:
— High-VT cells are used in all other paths path delays scale very differently

e Methodology:

— Either done by replacing non-critical cells in the backend OR already during
synthesis by providing multiple libraries (HVT/SVT and LVT)

—
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Body Bias Modulates Threshold Voltage (((ﬁ)))

e Body of the transistor is often connected to the source (no body bias)

<. Vs <0

e Introducing a body bias modulates threshold voltage % G.q|
— Forward Body Bias (FBB): increases threshold voltage L
— Reverse Body Bias (RBB): reduces threshold voltage 0 5™ Vs >0
2 A=
_ D
* Vin = Vino — AasVas R
e BULK CMOS: Vino <0
— Effect of body bias decreases for 013
technologies below 100nm ._130 m
0.1 """"-.T_'._'_."""""""_"'""""_"" T T T 210 mvy
— FBB is limited to ~300mV to avoid p—
operating junction diodes in forward s 005 == —
direction F .
=] 55 mV
BTy S __________:_.._.:'_':_._______:::-____;_:_:_-Z:; v’
_0'1—0.5 0 0.5
Vee (V)
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Power Gating (((ﬁ)))

e Avoid leakage almost completely when individual design units are not used:

— Disconnect entire modules from the supply with headers and/or footers)

sleep _C”:T sleep -4 g

Logic Logic Logic

e Objectives with conflicting requirements

— Sleep mode: large off-resistance to avoid leakage (stacking)
e PMOS preferred over NMOS and HVT over LVT, header+footer

— Active mode: minimize on-resistance to reduce negative impact on timing
e Sleep transistors require large area
e NMOS preferred over PMOS, LVT over HVT, footer-only

—
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Power Mode Transition (((ﬁ)))

e Rapid re-activation of a power gated block can cause large spikes on the

supply network of the entire circuit VoD T
e Popular solutions: L% l |
JlVGND VDDL 4

Alsn eee A[sm d[sm T AT e B T T
| LOGIC BLOCK 0] ! ! LOGIC BLOCK [1] | | ee® | \LOGIC BLGCKIH-1]}

ﬁsm
_,_I—R | GNDL S ik s o ol e it
TURN_ON ' i . .
V LAT VGND[O] e —R—Jij-ﬁ}-tf-'qu-\;;\,iaf--- WGMD[1] #
B} —R—E—VDD l=ll] R _: VDD
U, BN s
i 1=0
") 'ﬁ A QA
% iuv YAY

=0 | /

SIN eee ’-l[}m I—{[Ism / [ R

Th-z Th-1 TGNDL G;D J_
-

l VGND

L

dsm I—{

TURN_ON

Suhwan Kim, Stephen V. Kosonocky, and Daniel R. Knebel. 2003.
Understanding and minimizing ground bounce during mode transition of #S‘” ]
power gating structures. In Proceedings of the 2003 international =
symposium on Low power electronics and design (ISLPED '03). ACM, . TURNJN;{ 1 '

New York, NY, USA, 22-25. DOI=10.1145/871506.871515 ‘
http://doi.acm.org/10.1145/871506.871515

| VDD
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Voltage Scaling (((ﬁ)))

2

Total Energy
Consumption

A
| !

CViq
E = j Bfoax + Vaalieardt

: : CLVia
V..l .dt | Static Energy Dynamic Energy J dt
j dd'leak Consumption Consumption 2 ,chlk

Minimize leakage energy by: _ Minimize active energy by:

» Reducing voltage _ _l = Reducing voltage

= Reducing Vdd to r + = Switching activity

GND paths £ — = Capacitance
) C
v
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Voltage Scaling (((ﬁ)))

CLVE
E = j Bfoax + Vaalieardt

Total Energy
Consumption

| x !
i - CVia
V..l .dt | Static Energy Dynamic Energy j dt
J dd'leak Consumption Consumption ,chlk

e Reducing supply voltage below nominal
— Most popular and most effective low-power strategy
— Voltage-scaling
e Reduces active power
e Reduces leakage power (but not necessarily energy/Op)

e Reduces speed : need to compensate with architectural changes (e.g., parallel
processing)

—
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Voltage Scaling (Impact on Speed)

e Inverter Delay

3 VppClioad
to, = 0.69 ————= = 0.52

VDD Cload

V
A IDSATTl anDSATTL (VDD - VTHTL - DSATn/Z)

e Delay is a function of the supply
voltage above VTh

~ Depends strongly on the overdrive
~ Decreases as overdrive decreases

e Delay in the sub-VTh regime

~ Exponential dependency on

overdrive
¢ « VDD Cload
pd Vop—Vin
IOe ven

tp{ncrmalized}
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Example: StrongARM SA-1100 processor (((ﬁ)))

fixed voltage
operation

variable
voltage
operation

Energy per Operation

Energy per operation as a function of voltage and clock rate

Observation: better energy efficiency for higher frequency at constant voltage.
— Reduced overhead per operation due to constant (leakage) currents

I —————EE - |
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Ultra-Low-Power Design: Sub-Threshold Operation (((ﬁ)))

e Near/below VT operation: |

Sub-Vih ! Near-vin ! Super-Vin

— Exponential delay/leakage increase 5 | Region ! Region ! Region
— Minimum energy voltage: balance S 10X
o
between leakage and active power <
. (@)]
consumption 3
Ll
} ~2x
J. Rodrigues, PATMOS 2011, Keynote
Large Delay, | Balanced Large Energy
4.5 ; w . w . I Increase Trade-Offs Reduction
10 g =

4,

2 107 =
S 35 10" o
© 2 ©
g L 10 o
o 107 c D
@ -4 - .Q
& 25+ 10 >E
c 5
S 0 = £
g 2 01 02 03 04 05 06 ]E
> 1
eakage —=— .
m o 09 Switching —=— Vith Vnominal
0 ‘ . Total —<— Supply Voltage

0.1 0.2 0.4 0.5 0.6
SupplnVoltage (V)

Relatively flat around EMV
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Ultra-Low-Power Design: Sub-Threshold Operation (((ﬁ)))

e Real-time embedded system requirements

— Handle a given workload with lowest power consumption

e Optimum solution
— Operation at the energy minimum voltage with power gating during
idle periods to avoid leakage

— But, power gating is only effective when idle periods are long and
memories can often not be power gated and are the major source of
leakage

Operation @ EMV

with power gating

without power gating

Operation below EMV 1~ 1 [ [
without power gating

—
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Example:

Power Consumption and Energy
Efficiency in Memories

Prof. Andreas Burg
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Example: Memories Consume a Large Amount of Power (((ﬁ)))

Active power Leakage power

/ T T s
WIRWE =80 A
e R RAR

i iR (LR

m Memory

u Logic

typical embedded processor
e For embedded processors, memories occupy a large percentage of the silicon area
e Active mode:
— Data and program memory can consume 2/3 of total power
— Low-frequency: SRAM leakage becomes visible
e Sleep modes:
— Generally, no power gating to retain SRAM content

— SRAM leakage becomes dominates system power consumption (3-4 pJ/bit in 180nm):
32kByte -> 400nW @ 1.8V

e |
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Example: Standard Cell Based Low Power Memory (((ﬁ)))

Write Logic

P . C columns
> Clock-gates (b): smaller i p Datain(C1)  Dataln(0)
) D of~Q@ i e
and less power than ' g | OG- Dsane) T_D a} ?—D al
. “* I - " .‘ e
enable flip-flops (a) S E oK T— Ao o T— o ak e AEAE
S S ek | cK I | : | o
Read Logic A e W : ' twordline
Addr ; -- ' 1 Clock gate : (gated ClOCk) :
» Above-VT o ¢ : Vo :
_— Clk word Iin:es 1 1 1*— bit lines =1
v Multiplexers (c): . : :
smaller, faster, and less (a) Enable flip-flops (b) Clock
power than tri-state s T o> TaCEps
buffers % % S X
» Sub-VT i : f z
. 40 a -0 a o o—|'|'>—4 -o o—|T>—<
v’ Tri-state buffers (d): s ‘ 5 ‘ N y " o
- S g ' '
less Ieakage (energy) 5ot ey MJ]UJ <
than multiplexers T ! !
DataOut(C-1) DataOut(0) DataQut(C-1) DataQut(0)

Array of Storage Cells

» Latch arrays smaller than
flip-flop arrays, but longer
write-address setup time

(c) Multiplexers

(d) Tri-state buffers

Prof. Andreas Burg
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Sub-V; SCM: Insights and Leakage Breakdown (((ﬁ)))

Large memory arrays:

little switching activity 10° L

» Total energy is
dominated by leakage

» Active energy
negligible, except for 102 IF
smallest SCMs

» Only smallest SCMs
reach EMV in sub-V-
domain

Energy [fJ]

- Minimize leakage!

Reshy SCM 0
Leakage ; ; ; ; ; ;
Breakdown 0.1 0.15 0.2 0.25 0.3 0.35 0.4

P. Meinerzhagen et al., JETCAS’11
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Custom Cell: Low-Leakage Latch with Tri-State Output

(a1)

Best practice for low leakage

1. Lowest number of V ,-ground paths
2. Highest resistance on each such
path

Tri-state-
enabled output

32 columns N Cust
> Tri-state buffers Dataln(31) Datain©) low-lgakage
- - standard-cell
» Stacking & stretching s V- D - 1
H g -z afi|° @ _b.._ ai° Qi ity
for inverters ° g == gl of| i| g
S| S| kg weme N
=D i i L=15Lmin 3 =
: _ “ . Write WL - _ |o=co o 13
Stacking factor: max 2 o M Reaawi oemo] S
StretChlng: 2Lm|n - / o OEE %.. i {:(ajl
E ;:( : VN O & .. : - -
© Read WL N
3-state read logic ¥ | 5

(1 column)  pataou31)

Convert output buffer to tri-state
buffer to avoid static CMOS muxes

Stacking &
stretching

Prof. Andreas Burg
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4kb SCM Test Chip in LP-HVT 65nm CMOS (@)

Chip microphotograph and zoomed-in layout picture

Area cost of 12.7 um? per bit (including peripherals)

315um

Scan-chain test = <
interface 1<

[oF,
Functionality g :
verification: g 8’
W/R random and S
checker-board &
patterns

Oven to control
temperature:
27 or 37°C
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Silicon Measurements: Active Energy is 14 fl/bit-access (((ﬁ)))

Measured energy per bit-access performed at maximum speed

Measured energy minimum is 14fJ/bit at 500mV, 110kHz

26 l I | |
@ f_m kHz Maximum- speed operatlon
241~ S oo T= 27‘ C A T
H \ . . ' .
2L ..1.. ’_ti ________________________________________________________________
= |
220
o 181 E
L P>
16 1o
: 0
=
14+ RRRREIEEE .
A : :
12 = =110 kHz | .
400 450 500 550 600 650 700
- [mV]
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Silicon Measurements: Leakage Power is 500fW/bit

(a1)

At VDDhold=220mV, data is correctly held with a leakage power of 425-
500fW per bit (best and worst out of 4 measured dies)

At 37°C (typical for
biomedical implants)

e VDDmMin=400mV
(instead of 420mV
at 27°C)

e Maximum operating
frequency doubles

e But: higher leakage
power

Leakage-power/bit [pW/bit]

12
=)
1 0 B E& 0.
B,
B ¢
L2 0.
8 in I
% oabosg
~ Ty = !
or i i i
) ) ) 021 022 )
' Vi [V o
o ; -7
4_ ....f* /* i _I_:J"l"
o Vnnmld—o 22V ';__"!:" '
L -
) o
I { . ]
2 . Wi s S - < Y

e Low retention voltage 0 :_,_.::_:_,‘____,._‘,5_‘,__,__..::;_‘ T E 5 ;
is key for low power 0.2 0.3 0.4 0.5 0.6 0.7 0.8
op LV
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