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Overview

1. Dynamic power consumption reduction

2. Architecture level power reduction

3. Short circuit power consumption reduction
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Dynamic Power Consumption Il

The mean dynamic power consumption for an
input pulse with frequency f, = 1/t, is provided by:
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Dynamic Power Consumption Reduction

Low Power Design Techniques II

Technology Scaling

e A new CMOS technology every 2-3 years.
* Technology scales down by a factor k=1/a~0.7

> W= kW, L=kL
» Vpp = KVpp, Vin=KkVyh
>ty = Kty

> COX: EOX/tOX= COX/ K

> 1y = 1, Co  W/L(Vpp-Ven)? = (1/K)(k/K) (k)% = ki,
> Caare = Cox WL = (1/x)(k)(x)C KC
» Cyire (¢ L) =xC

e Delay = CV,, / I = (k'k /k)Delay = kDelay
e Energy = CV?,, = K3Energy

* Power = Energy / Delay = k?Power

e Energy x Delay = k* (Energy x Delay)

gate = gate

wire
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Power Supply V,, Reduction

2 Since: Py=f,-C_-V5, the reduction of Vp, will result in significant
power consumption reduction (square low).

However, the power supply reduction will result in the increment of
the circuit signal propagation delays. To confront with this drawback,
the following techniques are proposed :

e Threshold voltage V,, reduction (but static power is increased).

e Use of reduced threshold voltage V,, only for the gates at time
(performance) critical signal paths in the circuit.

* Use of multi power supplies or an adaptive power supply V.

e Exploitation of pipeline design techniques or other parallelism

design schemes for the reduction of the signal propagation
delay.

@
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Vpp — V, Scaling Scenarios
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S o8 s s

i} [} [et]

j=2] f=2} o

R R R = k|

2 e 2
04

e
o

v

2005 2010 2015 2020 0 2005 2010 2015 2020 0 2005 2010 2015 2020
year year year

@
gkj Low Power Design Techniques Il




Vpp Reduction and Performance
Scaling Strategies
device/circuit parameter || constant voltage | constant field | generalized "Constant letage !
scaling scaling scaling Scalin ST
channel length /o 1/ 1/ 9
channel width 1/a 1 /o 1/ kil Generalized
oxide thickness 1o Lo 1o 2 10'} Scaling
area per device I/a” 1/a” lfa® g, [ H 1
terminal voltages 1 1/ex cfa ] ‘ >
threshold voltage 1 1/ €/ §
intemnal electric fields o 1 € =
doping a’ a i o
saturation current a 1/ o e/a g
gale capacitance 1/ex 1/ex 1/ex
gate del 1/a* 1/ex 1 /ex
power d [ 1/o® e fa?
power density a® 1 € 10"
power delay product | 1/ 1 o e ot 070 1975 1980 1985 1990 1995 2000 2009
a is the scaling factor while o/ is the reduced scaling factor year
Influence of V; on the current I, and propagation delay tg:
C-Vop
Iy =k-(Vop = Vi ) ty=—7—_—
D ( oD ~ Vih ) k- (VDD —Vin )S
where s is the velocity saturation index (1 < s < 2).
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Power Supply V,,;, Scaling (I)
Fors=2 Metric
Propagation Deley Energy Energy x Delay
. 2 /3
g, =& Voo E=C-Vp, Eot,= C Vo
d | d 2
D k- (VDD - Vth)
2
ID:k'(VDD_Vth) R
V,
¢ = C 'V E‘td=Vﬁ
d — 2 DD~ Vih
k- (VDD - Vth )
Metric Minimization
2 2 3
d(E’td) :v(VDD _Vth) "3 Voo = Voo '2'(VDD _Vth) =
4
dVDD (VDD - Vth)
2
d(E : td) =y Voo (VDD _ 3Vth) The derivative is vanished for
3
dVyo (VDD - Vth) Vop=3V
gk\; Low Power Design Techniques I 10




Power Supply V,,;, Scaling (Il)
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Low Voltage Oriented Design (l)

Bootstrapped Driver
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J. Lou, J. Kuo, IEEE J. Solid-State Circuits, 32(1) 1997
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Low Voltage Oriented Design (ll)
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Transistor Size Scaling (1)

1c NCor C,=NCyer

S
L

C,=C

p~ “wire

+C

junct

IZKI(NCref).(Vef _Vt)z

:
V
rlef =

=K (Cp + Ncref) ! Vref
(Ncref) : (Vref - Vt )2

t,=(C, +NC,)

d

Vv
t, =k(1+ a/N)—V ref

_\/t)2

ref

a:Cp/C

ref

Let us consider a reference design with transistor
sizes W/L so that the input (transistor gate related)
capacitance is C .

Initially, the power supply is V,

Aiming to reduce the dynamic power consumption,
we reduce the power supply voltage to V.

This will result in the increment of the propagation
delay time of the circuit.

In order to recover the operating speed, we decide to
increase (scale up) the transistor sizes in the design by
afactor N
(our target is to reduce the propagation —t4 d).

Is this approach applicable and if yes which is the
proper N factor?

Chandrakasan et.al., IEEE J. Solid-State Circuits, 27(4) 1992
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Transistor Size Scaling (Il)

For each N value, there is a proper power supply

el NG voltage V\ where both designs (the reference &
— the scaled one) exhibit the same speed

performance.

I Given that the propagation delay t, increases with

= 1/V, (Vy<<)*, the V| voltage for which the t, of

the scaled design is equal to this of the reference
design (N=1), is provided by:

_(1+a/N) v

V. =
N 1ta

1oc NC

C,=C

p~ “wire

+C

junct.

ref ref

(N>1)

1

=k(1+ a/N)Vi*

ref N

ty ~k(1+a)

Consequently, for every N, the energy
consumption at the first stage is given by:

NORMALIZED ENERGY

NC. (1+a/N)* ,
oy Ve
(1+a)

e,
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E(N)=(C, +NC Vs =

Multiple Power Supplies

0 Selective use of a lower than V,, power supply voltage in order to reduce the
dynamic power consumption.

h—p— B P>

0

Voltage

'\_//
i4[>o_ Recovery
—D}—:Dt Flip-Flops

D> N

Use of a single threshold voltage V,, for the transistors in the design
The shaded logic gates are fed with a lower voltage V,. The shaded Flip-Flops
recover the signal voltage level V,, =V, at the output.

Maximum Propagation Delay

Note that when a logic block is fed with a lower than V, voltage, then every subsequent
block up to the recovery Flip-Flops must be fed with the same voltage level.

e,
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Voltage Level Recovery Flip-Flop

Slave-Latch Level-Conversion Flip-Flop

V, -
DDJow  Vpp jow A" Voonigh

T e Ry
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CP
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CLK
cp
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Implementation of a Multi-V,, Scheme

Voo high (shared)

Vooign Ccells VoD high .

Gnd (shared) VoD, low

Vopjow cells d _

Vop,iow (Shared)

Vooiow Cells t‘ ‘ . t‘ ‘

Gnd (shared)

(a) Voo high cells (b)

Voo high (shared)

@
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The Power Saving Capability

i Case of an inverter driving 10fF load.

7} 1 z s—____ \ Widthréduction
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Circuits with the distribution (2) can be the result of a timing driven place and
route tool with power optimization. These tools reduce the transistors’ widths
to gain in power.
However, which is the best strategy? To reduce the transistors’ widths in the
sub-critical paths using a single power supply in the whole design or to reduce
the power supply for the gates of the sub-critical paths leaving the transistors’
widths unaltered?

@&5 The second approach seems to provide better results !
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Multiple Threshold Voltage Technologies

B Global use of a lower than V,,, power supply voltage in the design in order to
reduce the dynamic energy consumption.

S P

Maximum Propagation Delay

The shaded logic blocks have been designed using transistors with lower threshold
voltage than the nominal technology threshold voltage, in order to retain the
speed performance of the design.

gk; Low Power Design Techniques Il 20
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Threshold Voltage Impact on Energy

Delay A

Fixed Throughput @ 20MHz

Threshold voltage

: reduction 15 T
; 1.2um technology
F Static energy consumption reduction  L&-bitadder
: —
: . Vaa=1.7v |
:’ or Dynamic energy consumption reduction T '3
: ..:3 — f=20Mhz
— g
2V, Vaa = Vidd=0.5V
T s ’/
i g
D o
: 2
10F
B Vid=0.9v
hreshold voltage
reduction ) X
\ %0 0.3 04 3 ] To
/‘ | Threshold Voltage (Vt)
i ! g
%{/
V=0 V=02 Ves

Chandrakasan et.al., Proceedings of IEEE, 83(4) 1995
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V,, Reduction Issues

e Static power consumption — increment of the weak-inversion (sub-
threshold) leakage current.
e Circuit operation susceptibility on the V,,, variations.

Demand for:
» increased threshold voltage V,, at the idle (stand-by) state
» adaptable threshold voltage V,, at the normal mode of
operation by adjusting the substrate bias.

Dynamic & static power consumption reduction techniques

Active Stand-by
Multiple V,, Dual-Vy, MTCMOS
Variable V,,, Vy, hopping VTCMOS
Multiple V, Dual-Vpp Reverse V¢ switch
Variable V, Vyp hopping

Low Power Design Techniques Il
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Impact of V, & V,, in Propagation Delay

Wl Fors=2 :
.'.I i I8
i \ C VDD ’
A td = Vpp= constantll.'
V,, = constant k- (VDD - Vth) | '
IIIII
Oty _C VotV ot, C 2V,
3 =7
aVDD k (VDD - Vth) avth k (VDD - Vth )3

The susceptibility of the propagation delay on V,, and V,, variations is increased as V, is
increased and V, is decreased.
The propagation delay variations is significantly increased for high V,;, and low V, levels.
This effect must be seriously considered in designs where multi threshold voltage and/or
multi power supply techniques are used.

I,I‘Ir
@k? Low Power Design Techniques II
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Dynamic Voltage-Frequency Scaling — DVFS
6]

fmax and VDDmax

switching

activity /\Qctivity

Low load operation
-fm/'n and VDDmax

switching

Low dynamic power operation
Fnin AN Vipin

activity /\\
-y

switching

Power Down Mode

1

Low static power operation
f max and V,

DDmax

switching

I,I‘Ir
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High load & high performance operation

24

12



The Pair of Sources Concept

Local power supply adjustment

4V30|ow /r Voo, high /TVDD.IOW /r Voo high {Vumaw rf Voo sigh

ht it =

3 5 5
circuit block 5 § _— circuit block 5 g ] circuit block 5 §
with speed monitor Elg with speed monitor £ 2 with speed monitor E e
or pre-razor flipf B2 ~razor flipfi i e —razor flipfi 8|
pre-razor flipflops |2 or pre-razor flipflops 212 or pre—razor flipflops a1
alE 2| & ale

@ @ @

1L L L

Each circuit block can operate either with the high-V,, for high performance or with the
low-V, for low power.

Yield improvement option: the whole circuit may work in the low power mode (low-V;)
except possibly this circuit block(s) where the performance is affected by local variations
(slow block(s)). In that case the circuit block is fed by the high-Vy, while the overall power
consumption remains low.

gk_ﬂ Low Power Design Techniques II 25

Signal Swing Reduction

ﬂ Transmltter Voo
Receiver
In Channel In2 A Out
I: B
cL
"~ Gnd = Gnd =

The signal driver (transmitter) generates
signals with swing between [Vy,,, Vop—Vinnl-

The sense amplifier (receiver) recovers the
signal swing between [0, V1.

P=f-C -(Vo, =2V, )

iy . p e Zhang et.al., IEEE ISLPED, 1998
i . .
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Logic Family Selection

v

A B F
0 0 1
0 1 0
1 0 0
1 1 0
In case that:

p(A=1)=1/2 & p(B=1)=1/2
=

p(F=1)=1/4
&

Po 1 = P(F=0)=3/4

VDD
CLK /|
a4 . NOR Dynamic Gate
Cerr=3/4C,
A
_| E
| " 1 Pum-tranaisior Laghe (CPL) - SPICE [K) —
— AN == e
= Gnd AR xw;nwwm i

POWER-DFLAY PRODUCT ipl)

DELAY (ns)
gkg Low Power Design Techniques I 27
Energy Recovery
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Energy Consumption (I)

The required charge Q in order to charge the

output node F (x="1", ®="0") is given by the
next equation :
— P Q=CV,, (1)

The required energy from the power supply is :

F
— T°¢
L E=QV,,=CV2,, (2)
Gnd_
'_| Considering that the conducting pMOS

transistor and the capacitance C form an RC
X Gnd o :ethrk, the charging current as a function of
ime is:

t
— i(t)= 99 _ Voo ¢ 7he (3)
— NAND dt R

gkz"r Low Power Design Techniques II 29

Energy Consumption (ll)

The instantaneous power dissipation in the pMOS transistor is:

2 2t

P(t) =i (t)R = %e_E (4)

The energy dissipation within a time duration T in order to charge the output
node, is given by:

2 2

T TV _2t 1 2T 1
By = PO =[; 22 Rcdtzzcvéo(l‘e RCJZZCVEED )

0

T

Consequently, the energy stored on C is provided by the following difference:

1 1
E,, =E—E v, —Ecv;D = Ecv;D (6)

diss—p =

gk_ﬁr Low Power Design Techniques Il 30
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Energy Consumption (lll)

In the next transition of the clock signal ® (x="1", ®=“1") the stored energy on C
will change from E,;, to 0 and the difference between the initial and the final
energy is dissipated on the equivalent resistances of the nMQOS transistors that
discharge the output node. Thus, the total energy dissipation in a clock cycle is:

Ecvcle = Ediss—p + Ediss—n

1 1
=§ch2D +5cv;D =CV., =2E,, =E (7)

Consequently, the energy that is recovered back to the power supply within a
clock cycle is zero (0):

gk_ﬂ Low Power Design Techniques Il
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Energy Recovery Principle (I)

The previous discussion shows that during the charging of a node, the current
asymptotically approaches 0 and the energy dissipation asymptotically
approaches CV?,,/2. After a time duration of 3RC the output voltage is at the
95% of its final voltage, the current is less than 5% of its initial value and the
energy dissipation is at the 97.5% of its final value. Thus, after another 3RC time
duration the circuit has almost reached its final state, so that for a total time
interval of 6RC the transition is considered completed.

Let us replace the power supply with a “step” voltage, where for the time
interval from 0 to 3RC the voltage level is V,,/2 and from 3RC to 6RC the voltage
level is V,,. Then, the energy dissipation will be:

3RC 6R
Eusep = [ POt+[

2 \ 2

gk_ﬂ Low Power Design Techniques Il

2 2
P(t)dt = ;C(VSD] + 1c(VDDj = %cv;D (8)

32
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Energy Recovery Principle (Il)

According to the previous analysis, “stepwise” voltage power supplies with
more than two steps can be used in order to reduce further the energy
dissipation.

The next idea, is to consider a power supply that continuously varies (from
0—Vpp) so that the charging current remains constant throughout the entire
process:

cv

. Q
=== )
'(t) T T

Then, the charging energy dissipation will be:

2
T, 7 CV. RC .,
Egesp = |, (RAL = RJO(TDD) dt=—CV;, (10)
gk:’*’ Low Power Design Techniques II 33
Energy Recovery Principle (Ill)
The same situation can take place during the discharging phase by continuously
varying the Gnd power supply from V,,—0, so that the current remains
constant. Thus, again the energy dissipation on the nMOS transistor will be:
RC .,
Ediss—n = TCVDD (11)
Consequently, the total energy dissipation turns to be :
RC ., (22)
Ediss = Egiss—p T Eissn = ZTCVDD
By selecting a proper T, the total energy dissipation can be less than the energy
delivered within a cycle when constant power supplies are used : E=2E,,=CV?,.
The difference in the energy is:
RC
2 2
AE = CVp, ~2—CVgp > 0|, e (13)
gk:’*’ Low Power Design Techniques Il 34
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Energy Recovery Principle (IV)

Anint

G

VDD
it
I_

-

Standard CMOS

t
Vppo | Energy Dissipation Optimized CMOS
F
Adiabatic Charge
t

Low Power Design Techniques II

The Adiabatic CMOS Technique

Adiabatic NOT gate

__—

(0]

]
L

Lz

d  Gnd

A possible solution in order to exploit the
energy recovery principle is to replace the
power supply Vp, with the clock signal ®.
This is a power-clock.

Provided that the power-clock s
dynamically adjusted to the constant
current requirement an adiabatic charging
is achieved and the energy dissipation
follows equation (10).

Low Power Design Techniques Il

18



General Low Power Techniques

@ Clock
Functional
} Block A :>_
Enable S
— e )=
. D— X
Clock Gating

A—1|
D
A c— :}__/
i e

—  CLK —>

Balanced signal paths

Data Gating

@
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The Adder Example
B e ot —g ot ] T D

Glitches or dynamic hazards highly contribute
r in the dynamic power consumption.
_/— s0 s1 *s2 +s1a *s15

§ 40
/515
S0.515
20
eO=OROEO=O=O=Ons
o0 = = = Ay Ar Ay A A A Ay
Time, ns Ripple
Ay
The carry look-ahead design technique for an ::
adder, drastically reduces the presence of A3 = = e
glitches with respect to a ripple carry design :;
and consequently the energy dissipation but Ag
also improves the speed performance! As Balanced signal paths

gk\; Low Power Design Techniques I 38
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FSM State Assighment

® The target is to reduce the signal transitions @ @

States duplication
(cost = 1 memory element) Single signal transitions

Equivalent States

Skias et.al., IEEE ICECS, 2000
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Charge Recycling in Signal Drivers

@ Voo IN1 and IN2 complementary signals.

D

|
|||—||i<

IN2
INI { \)) p—|CTRL |:
o
’—[>O—D_(£: oom

:%/‘*
I

Bitzaros et.al., IEEE ISCAS, 1997
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Charge Recycling in NORA Logic

r=C,/C,
] Tez
r
Gnd CLK — Gnd — Recycle
Phase
CLK —
L] [
:Evaluationt Precharge
Phase Phase
CLkM | | | ]

Limniotis et.al., IEEE TCAS-I, 53(12), 2006 Period
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Architecture Level Low-Power Design

gkz"r Low Power Design Techniques Il 42
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Architecture Level Options

s

>
11
=

ref

—
COMPARATOR

=~
=
T

Area = 636 x 833 12

* Critical path delay: T= Togye+ Toomp = 2505 = f,=1/T=40MHz
* Total switched capacitance = C,,

d VDD = Vref=5v

* Power: P=f,;C,:V? ¢

@
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Parallel Architectures
. 1
e = fpar ==
£ 2T
3
é.&ﬂl e
<
g 1
p g
: A>B —
Area = 1476/x 1218
. par=1/2 T=fref /2 s x #
* Cppr = 2.15C,; Power: P=f,ef/2 : 2.15C,ef'(V,ef/1. 7)2=0-36Pref
* V""’ = Vref /17 keeping the throughput constant!

@
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° parzl/ Tzfref
*Cp = 1.1C
* Voar = Vref/1.7

Pipeline Architectures

COMPARATO|
P
v
=

Area = 640 x 1081 y?

Power: P=f, ;- 1.1C o (V,/1.7)?=0.37P, ¢

keeping the throughput constant!

Chandrakasan et.al., IEEE J. Solid-State Circuits, 27(4) 1992
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Algorithm Selection

Video Compression

-
DCT Algorithm Multiplies | Additions| Implemented b}
(8x8) (8x8)
Brute Force 4096 4096 - :
Row-Col DCT 1024 1024 Bell core (16x16) Algorithm
complexity
Chen’s Algorithm 256 416 Telettra
Lee’s Algorithm 192 464 5GS - Thompson
Feig's Algorithm 54 162 IBM
L (scaled DCT) (GP computer) )

By reducing the number of tasks (circuit activity) the energy dissipation is reduced.

Low Power Design Techniques Il
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Short Circuit Power Consumption

gkz"r Low Power Design Techniques II 47

Short-Circuit Power Consumption

a direct current from Vp, to the Gnd exists.

VDD
— During the transition time from Gnd to Vp,
Vv, | v, and vice-versa and as input voltage V; is
|_|H‘ \ J_CL within the interval
I th<Vi<VDD_ | th |

gk_ﬁr Low Power Design Techniques Il 48
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Short Circuit Power Consumption Reduction

49
Short-Circuit Consumption Reduction
High load drivers
output stage diiver )
output mverter
Split-Path
CMOS Buffer
Input Output
— C—
I_ o
output stage diiver L s e
General principle: Signal rise and fall times must be equal!
gk:’*’ Low Power Design Techniques I 50
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