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Aim of the lecture

e How is power dissipated in an integrated CMOS circuit
— Dynamic power dissipation
— Static power dissipation
e Guidelines for reducing dynamic power dissipation
— Activity factor
— Capacitance — clock gating
— Supply voltage: multi-VDD
— Frequency: dynamic voltage scaling

e Guidelines for reducing static power dissipation
— Reducing subthreshold leakage: multi-VT, stacking effect
— Reducing gate leakage: high-K materials, oxide thickness
— Junction leakage
— Power gating
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Why care”?

2017 MCCQ092: Integrated Circuit Design



Power In vs power out on chip

* Power grid
» Clock grid

» Cooling
* Hot spots
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Repeaters

. ' | - Typical SLCB
:] " 1= Locations
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FIGURE 13.25 Itanium 2 modified H-tree

Primary Buffer
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Power and energy

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

* Instantaneous Power:  P(¢) =
 Energy: E =

* Average Power: p
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Power and energy units

* Power (work done per time unit)
— Watts (W) = Joule/second (J/s) = Nm/s
-1W=1VA=1VC/s

* Energy (= the ability to do work)
—1Jdoule (J)=1Nm=1Ws=1CV
— Energy is often given in Whr = 3600 J

— Note that work and and energy has the same
unit
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Power In circult elements

+
Py, p(t) = Ipp(t) Vbp YDD®T oo
V2(t "
Pr(t) = %( ) In(t) R VR%l IR
r [ dv vl
Eo= [I#)V(t)dt = / Cg VWt vekc "C
0 0 -
iy vz |1
E. is energy stored in
— C’/V(t)dV — 070 — 50‘/(/2* C%pacitor
0 Note that itis 72 VQ
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Charging a capacitor
« When the gate output rises Vbp

— Energy stored in capacitor: El|
v ‘Ij p Vout
In

be= %CLVI%D [} T C

— Energy drawn from supply: \%
00 00 Vbp
dV 2
0 0 0

— Half Ey,, is dissipated in the pMOS transistor as heat, other
half stored in capacitor

 When the gate output falls
— Energy in capacitor is dumped to GND
— Dissipated as heat in the nMOS transistor

2017 MCCQ092: Integrated Circuit Design 9



Switching waveforms

. Example: Vg = 1.0V, C, = 150 fF, f = 1 GHz

(V) (MA) (mW)
1 1 |9=’. | 1
) & [ \linear | ® P, = 1,(Voo-V.
< | = I = o ::( (B o.x]
=05 s |6 | circuit o .
| | current
@3 0Z 04 06 08 1 03 I ) 1 9% 02 04 06 03 1
1
short-circui P.= 1V
current “blip’0.5 K

E_ =[P dt

1 0 0.2 04 08 038
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Voltages Currents Instantaneous power Energy

(V) (mW)
1 1
< O.Q P: = ':(VL'U'VO.!)
=05 05
a Q
Q 0zZ 04 06 08 1 1 0 02 04 06 03 1
, \ , W & H: Fig 5.5
5 _ short-circuit - P.=1.Vas
D?G 3 - a5 current “blip” a 05 h e /\
— 1
00 D0 02 04 06 0B 1 00 02 04 068 048 1
Vin

Example of switching waveforms: 0
Vpp =1.0V,C_ =150 fF, f=1GHz
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Switching waveforms

. Example: Vg = 1.0V, C, = 150 fF, f = 1 GHz

Ir0ap =Croap

Dynamic power dissipation:
First pMOS then nMOS conducts

dVour

dt

Voo
q |
sc Vout
Viy —
4' - CLOAD
Vo —— -

Short-circuit power dissipation:
Both transistors conduct at the same time

Vin / ‘
Vour } N
: |
: i Ipeak:
I 1 l
DD ! !
. : | | eak
I 1 1 p
ss ! . .
I N . DN
lloap ! 3
>

T
"Short circuit" energy loss = [ i (¢)V,pdt =1 eakV pptsc
0




Switching power

1
Pswitching = ? f ZDD (t )VDDdt VDD
0 =

yoT w (1) fow
=~ (G (t)dt U UL
T mll

VDD ]
- T[TfSWCVDD] T P
Y%

= CVDszsw v
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Switching power due to charging C,

Energy per transition:
2
EVDD — CLVDD
Unit: Joules (J)

. | (t) 1:sw
Number of low-to-high DD N

transitions per second: %{
fsw Unit: 1/second

Power: %[ T &
2 "\
PVDD — fstLVDD vV

Unit: Joules/second = Watts

VDD
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Activity factor

« Suppose the system clock frequency = f
« Letf,, = af, where a = activity factor
— If the signal is a clock, a =1
— If the signal switches once per cycle, a =7~

* Dynamic power:

2
Pswitching — aCVDDf

2016 MCCQ092: Integrated Circuit Design 15



Activity factor - definition

O = Probability that output switches from 0 to 1

P; = probability that node i is 1
P; = 1 — P; = probability that node i is 0

If the probabilities are uncorrelated:

For random data: P; = 0.5 so a = 0.25

See W&H section 5.2.1

2016 MCCQ092: Integrated Circuit Design
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Power-dissipation sources

P = P +P

total dynamic static

* Dynamic power: Py qmic = P + P
— Switching load capacitances

— Short-circuit current

« Static power: Pgic = (Isyp + Igate
— Subthreshold leakage
— Gate leakage
— Junction leakage
— Contention current

switching shortcircuit

+ |.

junct

+ | Vpp

contention)

2016 MCCQ092: Integrated Circuit Design
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Short-circuit current

When transistors switch, both nMOS and pMOS
networks may be momentarily ON at once

Leads to a blip of “short-circuit” current.

< 10% of dynamic power if rise/fall times are
comparable for input and output

We will generally ignore this component
But if rise or fall times are long it may dominate!

2017

MCCO092: Integrated Circuit Design
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Dynamic power: an example

* 1 billion transistor chip

— 50M logic transistors
* Average width: 12 A = 12x25 nm = 300 nm
« Activity factor = 0.1

— 950M memory transistors
« Average width: 4 A =100 nm
* Activity factor = 0.02

— 1.0 V 65 nm process

— C =1 fF/um (gate) + 0.8 fF/um (diffusion)

« Estimate dynamic power consumption @ 1 GHz.
Neglect wire capacitance and short-circuit current.

2017 MCCQ092: Integrated Circuit Design
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Dynamic power: an example

1.0 V 65 nm process
C =1 fF/um (gate) + 0.8 fF/um (diffusion/parasitic)
Estimate power dissipation at 1 GHz!

1 billion transistor chip

90M logic transistors
Average width: 300 nm Activity factor = 0.1

Ciogic = (50%10°)(0.34m (1.8 /F / um) = 27 nF

logic

950M memory transistors
Average width: 100 nm Activity factor = 0.02

Corem = (950x10°)(0.1um ) (1.8 /F / pum) =170 nF

P

dynamic = [
W & H: Example 5.1 ‘ | | ‘

logic mem

0.1C,,, +0.02C ](1.0)2(1.0GHz)=6.1W
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Dynamic power reduction

2
Pswitching — CVCVDD]E

e Try to minimize:

1. Activity factor
2. Capacitance

3. Supply voltage
4. Frequency

2017
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1. Reduce activity factor

Let P, = Probability(node i = 1)
— P, = 1-P; (probability(node i = 0)

Completely random data has P = 0.5 and thus a = 0.25

Data is often not completely random

— e.g. upper bits of 64-bit words representing bank
account balances are usually O

Data propagating through ANDs and ORs has lower
activity factor

— Depends on design, but typically o = 0.1

2017
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1. Reduce activity factor

(X = Probability that output switches from 0 to 1

P = probability that node i is 1
P; = 1 — P; = probability that node i is 0

If probabilities are uncorrelated:

For random data: P, = 0.5 soa = 0.25

- Data is often not completely random
- After AND or OR gates (v is lower than at inputs
- Design dependent but typically a ~ 0.1

See W&H section 5.2.1

2017 MCCQ092: Integrated Circuit Design
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Switching probabilities

Gate Py
AND?2 P,Pp
AND3 P,PpP,

OR2 1-P,Pp
NAND?2 1-P,Pp
NOR2 D,Pp
XOR2 P,4Pp+ P4Pp

W&H: Table 5.1

2017 MCCQ092: Integrated Circuit Design



Textbook example 5.2a

* A 4-input AND is built out of two levels of gates

« Estimate the activity factor at each node if the inputs
have P =0.5

P-
AT, o P=
B — n1 o =
e
D+ P=23/4
o =3/16

NAND2: Py =1-P,P;  NOR2: P, = P,Py

2017 MCCQ092: Integrated Circuit Design
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Clock gating

The best way to reduce activity is to turn off the clock
to reqgisters in unused blocks = sleep mode

— Saves clock activity (clock has a. = 1)
— Eliminates all switching activity in the block
— Requires determining if block will be used

clk  Clock
Gater
Enable _D—
Logic
Enable
Latch 1 r
Reqisters

2017
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2. Reduce capacitance

 Reduce gate capacitance
— Fewer stages of logic
— Small gate sizes

« Reduce wire capacitance

— Good floorplanning to keep communicating blocks
close to each other

— Drive long wires with inverters or buffers rather
than complex gates

2017 MCCQ092: Integrated Circuit Design

27



3. Reduce supply voltage —

CCCCCCCC

2017
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4. Reduce frequency

* Do not run clock faster than necessary!

* Multiple frequency domains
— Often integer factors & synchronized clocks
among domains
* Lower clock frequency can be combined
with smaller transistors and lower Vg
which saves even more power.

2017 MCCQ092: Integrated Circuit Design
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Tradeoff: Textbook example 5.3

« (Generate an energy-delay trade-off curve for the
circuit below as delay varies from the minimum

possible (D

=23.44 t) to 50t. Assume all input

=\ min
probabilities are 0.5.
o o
‘I>C1 4):)&: 3/16
X2
W p4'—_3r’32
- ps = 29/32
0, =87/1024 0 = 87/1024
X3 Xy
/ T3 - T e
o= 4 c,=10 $05-12
{13=3;"16

2017 MCCQ092: Integrated Circuit Design
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Textbook example 4.3

1 4 5 3 7 3 7
E=- (1 + -z + —xg) + — (2:132 + —:L’4) + — (2333 + —51;4)

4 3 3 16 3 16 3
87 87
+—1024<10+3x4+x5)+—1024(12+a;5)
a’=1+ﬂx2+§x3+2+zx—4+3+10+xS+1+E
3 3 3 x, X, X
il D=3
X2
. ps = 3/32
_ ps =29/32
oy = 87/1024 o = 87/1024
X3 X4
7 g i} - T o=
o= T4 $c4_10 —lv_c5_12
(13=3f16

2017 MCCQ092: Integrated Circuit Design
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E-L

il

Textbook example 5.3

16 3

1
d=1+x2+x3+2+§ﬁ+3+m+1+2

3 x, X, X

4 5 3 7 3 7 87 8
l+—x, +—x, |+—|2x, +—x, |+ —|2x,+—x, |+ 10+3x, +x. )+
377 33) ( 3 J 16( ’ 4) uu4( i+) 1024

97 D

min

0 | I | I 1 D
0 10 20 30 40 50

(12 +x,)

2017
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Textbook example 5.3

« (Can we understand this?

 Model delay and energy assuming capacitance is not
fully scalable

W +W.
td=CVDD=W+W0toa ESW=CVZ§D= . OEov
IDSAT w I/Vo

174
=148 =i =140,
DSAT 0

2015 MCCO091: Integrated Circuit Design
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DELAY

Textbook example 4.3

« (Can we understand this?

 Model delay and energy assuming capacitance is not
fully scalable

60 25

50

_CVDD=W+WOt0 (1+W;))t0, 20
/4

40
15

30

ENERGY

10
20

10

0 500 1000 1500 2000 0 500 1000 1500 2000
DRIVING STRENGTH X DRIVING STRENGTH X
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Textbook example 4.3

Can we understand this?

12

ENERGY

PROPAGATION DELAY

2015

MCCO091: Integrated Circuit Design

35



Adder switching activity

ADD/SUBTRACT ADD=0 CIN=? A= -65 |<<<<< ENTER TWO NUMBERS
CONTROLSIGNAL: | 1 SUB=1 CIN=? B= 32 |<<<<< -128<NUMBER<128
SUM= -97
a7 | b7 a6 b6 a5 b5 ad b4 a3 b3 a2 b2 al bl a0 b0
1 0 0 0 1 1 1 0 1 0 1 0 1 0 1 0
7 ¥ 7 ¥ 7 ¥ 7
1 1 0 1 1 0 1 1 1 1 1 1 1 1 1 1
G7 | P7 | G6| P6 | G5 | P5 | G4 | P4 | G3 | P3 | G2 | P2 | G1 | P1 | GO | PO
1 o]l o1 lol 2] 1ol alol s:lol 2ol 1] olon
Ld r r Ld Ld r Ld
1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
G7.0 P7.0| G6:0 P6:0]G5:0 P5:0]|G4:.0 P4.0|G3:.0 P3:0|G2:0 P2:0|G1.0 P1l:0| GO:0 PO:0
1 0 0 1 1 1 1 1
SUM7 SUM6 SUM5 sum4 SUM3 SUM2 SumM1 SUMO
SUM converted back to decimal:  -97 Both sums are equal? YES
NO

OVERFLOW?

2015
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Adder switching activity

a7 b7 ab b6 a5 b5 a4 b4 a3 b3 a2 b2 al bl a0 b0
o5|0o5]|o05|0o5|05]05]05|05]05|05([05]05]05]|o05]|05] 05
0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5
G7 | P7 | 6| P6e | G5 | Ps | Ga | pPa| G| P3| c2|pP2]aG]|PL]| col ro
025 05]025[ 05]025[ 05[025[ 05]025[ 05 025 05025[ 05]025] 05 [cin
04 0,002| 0,4 ‘0,004 0,4 "0,008| 0,401 0,016| 0,402 "0,031| 0,405 0,063| 0,414 "0,125|0,438 0,25 [0,5 0,5
G7.0 P7:0|1G6:0 P6:0| G5:0 P5:0|G4:0 P4:.0|G3:.0 P3:0|] G2:0 P2:0| G1:0 P1:.0| GO:0 PO:0
0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5
SUM7 SUM6 SUMS5 SUM4 SUM3 SUM?2 SUM1 SUMO
2015 MCCO091: Integrated Circuit Design



Adder switching activity

a7 | b7 a6 | bb a5 | b5 ad | b4 a3 | b3 a2 b2 al | bl a0 | bo alpha cap
0,251 0,251 0,25 0,25 | 0,25 | 0,25 | 0,25 | 0,25 | 0,25 | 0,25 0,25 0,25 0,25 | 0,25 | 0,25 | 0,25 4 *C1
0,25 0,25 0,25 0,25 0,25 0,25 0,25 0,25 2 *C2
G7 | P7 | G6 | P6 | G5 | P5 | G4 | P4 | G3 | P3 | G2 | P2 | G1 | P1 | GO | PO 1,5 *C3
0,188] 0,25 |0,188] 0,25 | 0,188| 0,25 | 0,188| 0,25 | 0,188] 0,25 | 0,188] 0,25 | 0,188] 0,25 | 0,188] 0,25 |CIN 2 *C4
0,24 |1 0,002| 0,24 | 0,004| 0,24 | 0,008| 0,24 | 0,015| 0,24 | 0,03 | 0,241] 0,059 0,243]0,109] 0,246]0,188]|0,5 1 1,9 *C5
G7.0 P7:0|1G6:0 P6:0| G5:0 P5:0|G4:0 P4:.0|G3:.0 P3:0|] G2:0 P2:0| G1:0 P1:.0| GO:0 PO:0 0,4 *Cé
0,25 0,25 0,25 0,25 0,25 0,25 0,25 0,25 2 *C7
Sum7 SUMe6 SUM5 Ssum4 SUMS3 SUM2 SsumMmi SUMO SUM(ai*Ci)
2015 MCCO091: Integrated Circuit Design 38



Voltage domains

 Run each block at the lowest possible voltage and
frequency that meets performance requirements

« Voltage domains
— Provide separate supplies to different blocks

Cache RAM

1.2V

System-on-chip

09V

CPU

1.0V

2017 MCCQ092: Integrated Circuit Design
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Voltage domains

 Run each block at the lowest possible voltage and
frequency that meets performance requirements

« Voltage domains
— Provide separate supplies to different blocks
— Level converters required when crossing
from low to high V5 domains
VbDH
P1 |D—; :—C|
X ’j - Y
VpoL

e [N2
T <

A

I
I
N

2016 MCCQ092: Integrated Circuit Design
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Dynamic voltage scaling (DVS)

 Run each block at the lowest possible voltage and
frequency that meets performance requirements

« Voltage domains

— Provide separate supplies to different blocks
— Level converters required when crossing

from low to high Vpn domains Vi —»  Voltage

- Dynamic Voltage Scaling Voltage Controf L ouator

_ Adjust Vy and f Voo
according to workload Freq Confrol |

DVS Workload
-
Controller

Core Logic

Temperature
~=

2017 MCCO092: Integrated Circuit Design 41



Conclusion

dynamic power reduction

1. Activity factor 5
«  Clock gating Pswitching = aCVpp f

 Reduce logic depth —> reduced glitching
2. Capacitance

e  Minimum transistor sizes
e Short wires

3. Supply voltage

* Multiple Vpp domains

« Dynamic voltage/frequency scaling
4. Frequency

* Multiple clock domains

« Dynamic voltage/frequency scaling

2017
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Processor Power (Watts) - Active & Leakage

I I |

1960 1970 1980 1990 2000

161006 LJS Source: Intel
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Processor power predictions

700

From DAT093

¢ Drawing out trends of transistor, interconnect, etc
¢ Note: know how to cool ~150W from processor &

¢ Cooling clearly limits what can be done!
3

161006 LJS [ITRS™"1]
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Static power

« Static power is consumed even when chip is
guiescent.

— Leakage draws power from nominally OFF
devices Voo

d | 4. Contention current (in NMOS)
|
\/

VOUT

3 Drain leakage
2. Gate leakage —fﬂ A j

VSS

K 1. Sub-threshold leakage

2017 MCCQ092: Integrated Circuit Design 45



Reducing sub-V+ leakage: Multi-V-

* |In 65 nm processes and below, libraries with multiple
(typically 3) V; has become a common way of
reducing leakage currents.

1000
* & ¢+ + Leakage —#— Delay .

a

100% 0.

80% .. /I

N
60% . l\ = loffp
e ./ 0.1
20% > 0.01 = ~J

¥ =
0% ; — A%

LVt SVt HVt 5 10 15 20 25 30
Gate Delay (ps)

= loffn

loff (nA/um)
3
™)
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Static power: textbook example 5.4

Subthreshold leakage: SVT: 100 nA/um; HVT: 10 nA/um
Gate leakage: 5 nA/um; Junction leakage: negligible

Estimate static power consumption!

1 billion transistor chip

50M logic transistors

Average width: 300 nm Activity factor = 0.1
5% standard VT (SVT), 95% high-VT (HVT)

950M memory transistors

Average width: 100 nm Activity factor = 0.02
All MOSFETSs are high-VT (HVT)

2017
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Static power: textbook example 5.4

Solution: Assumption half of transistors are ON and give gate
leakage) half are OFF give subthreshold leakage)

Wevr =5%*(50M)(0.3um) = 0.75x10° ym =75 cm

Wi =[95%*(50M)(0.3um ) +(950M)(0.1um )] =110x10° um = 110 m
s = [Wevr 100 nA/um+W,, x10 nA/um]/2 = 584 mA

Ly = [(WSVT + Wyr )% 5 nA/um]/2 =275 mA

P, = (584 mA +275 mA)(1.0 V) =860 mW

N

« 860 mW is 14% of the 6.1 W dynamic power
calculated earlier!

« Will deplete battery of handheld device rapidly
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Subthreshold leakage

* ForVps > 30 mVV Vet an) Typical values in 65 nm

7 ~7 10 5 l.¢ = 100 NA/um @ V;=0.3V
sub " off lis =10 NA/um @ V=04V
» |4 =leakage at V= 0, Vg = Vpp lofs = 1 nA/_Mm @V;=05V
o =0.1V
Subthreshold slope:
S =100 mV/decade

==

IDS

1.2

2016 MCCQ092: Integrated Circuit Design 49



Subthreshold leakage — stacking effect

— Vpp Voo
Vop—— Two ON MOSFETs in series Vs — Two OFF MOSFETs in series
] Vx >Current reduced to loy/2 | subthreshold current
Vpp i.e. a factor of 2 reduction! Veg | reduced to I,;/10
- - A factor of 10 reduction!
V- Vss—-
PR .—.‘D-H—E’B"E—E—E]
et How can that be?
HE+00 VDS=1,2 V)ZHZ;HZ’E
7)) 1E-02 )ZFJZHZf VDS=0,05V
2| s ﬁﬂ‘
Lo/
W
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

VGS

2016 MCCQ092: Integrated Circuit Design 50



Subthreshold leakage

« Series OFF transistors have less leakage

— V, >0, so N2 has negative V vDD
VGS"'O(VX_VDD) VGS+G(Vx_VDD) |
L, = 1€ " =110 > ':} NE
O(VX—VDD) _Vx+o((VDD_Vx)_VDD)
Isub =[Oﬁ,10 5 =[Oﬁ,10 S :|1I'I|'Irx
—m N2 ’ {:} N "|

L, =1,/10 Q?

— Leakage through 2-stack reduces ~10x
— Leakage through 3-stack reduces further

2016 MCCQ092: Integrated Circuit Design 51



2. Gate leakage

Extremely strong function of t_, and Vg
— Negligible for older processes

— Approaches subthreshold leakage at 65 nm and
below in some processes

An order of magnitude less for pMOS than nMOS
Control leakage in the process using t,, > 10.5 A
— High-k gate dielectrics help
— Some processes provide multiple t_,
* e.g. thicker oxide for 3.3 V /O transistors
Control leakage in circuits by limiting V5

2017 MCCQ092: Integrated Circuit Design 52



NAND3J leakage variation due to
input pattern

* 100 nm process E E 4— Y
. _ _ C N,
Gate leakage: Ign = 6.3 nA, Igp =0 i ];jz
Subthreshold leakage: | 4, = 5.63 nA, |4, = 9.3 NA ]‘fx
input State (ABC) | lop | lgate | lata V, v, J;,M
000 0.4 0 Q)Q stack effect stack effect
S
001 0.7 0| 07 stack efeet——~___ V- V, More than two
010 0.7 1.3 2.0 intermediate intermediate | Order§ of
I g v magnitude
ot 3-8 0| 38 oD ~ oo =Yt~ difference in
100 0.7 6.3 7.0 0 sta ect |eakage current!
101 3.8 | 63 | 10.1 0 // Vop - Vi
110 56 | 126 | 182 0
N / Table 5.2
11 28 | 189 (@/ 0 0 In W&H

All current values are in nA
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3. Junction leakage

 From reverse-biased p-n junctions

— Between diffusion and substrate or well
Ordinary diode leakage is negligible
Band-to-band tunneling (BTBT) can be significant

— Especially in high-V transistors where other
leakage is small

Gate-induced drain leakage (GIDL) exacerbates
— Worst for V4 = -Vpp (0or more negative)

2017 MCCQ092: Integrated Circuit Design 54



How to reduce: Supply gating

« Turn OFF power to blocks when they are idle to save

Header Switch
Ieakage VDD Transistors
- »
— Use virtual Vg (Vppy) S
— Gate outputs to prevent Voov - T
. . . e
invalid logic levels to next block 5— Rower L:/ £
= Block j-_ &

. v Output
» Voltage drop across sleep transistor degrades  isoition

performance during normal operation
— Size the transistor wide enough to minimize impact
« Switching wide sleep transistor costs dynamic power
— Only justified when circuit sleeps long enough
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Leakage control

« Leakage and delay trade off
— Aim for low leakage in sleep and low delay in
active mode
« To reduce leakage:

— Increase V: multiple V;
* Use low V- only in delay critical circuits

— Increase V,: stack effect
 Input vector control in sleep

— Decrease V,
* Reverse body bias in sleep
» Or forward body bias in active mode

2017 MCCQ092: Integrated Circuit Design
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Summary

Dynamic (active) is mainly due to switching:
2
Pswitching — CVCVDD]C

Static is mainly due to subthreshold leakage :
Exponential dependence
Vgs+O(VDS_VDD)

L, =1,10 S

Modern power reduction techniques require knowledge
about high-level aspects of the application
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