Metodologie di progetto HW

Low Power Design

Last update: 16/03/09




Outline

¢ Motivations
¢ Sources of power dissipation in digital CMOS circuits

¢ Switching power:
s Effective capacitance reduction
s Supply voltage scaling

¢ Short-circuit power

¢ Leakage power

¢ Low-power design methodology
¢ Conclusions




Motivations

¢ Why designing low-power circuits/systems?
Power dissipation is a primary concern due to:
s Technological reasons:
A Increasing of clock frequency.
A Increasing of integration level (large number of transistors per chip).
s Market reasons:

A Wide diffusion of battery powered portable systems with high -
throughput requirements

s Financial reasons:
A Reducing packaging costs and achieving energy savings.




Ll vatiions (cnt od)

¢ Wide diffusion of battery powered portable systems with
high-throughput imposes to consider a trade -off between
low-power and performance.

¢ Low-power design techniques and power estimation

methodologies must be considered at different levels of
abstraction during the design process:

s System Level

s Behavioral Level

s RT (Register Transfer) Level

s Gate Level

s Transistor Level




Ll vatiions (cnt od)

Driving forces:
a Advent of deep sub-micron technologies
a Increasing market share of mobile applications.
a Limitations of battery technology.
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¢ Deep submicron technologies (smaller geometries)
Imply higher device densities and clock frequencies
a Greater power consumption in spite of lower supply voltages.




Mobile Electronics

¢ Semiconductor market for portable applications
(Estimates - Source: DATE2001 Tutorial):
5 1999: 20%
5 2004: 40%

¢ Mobile phone market (Estimates):
s 600 M units produced in 2001
s 1.9 B subscribers in 2004
¢ PC market (Estimates):
s 1992: 23% Server 7% Mobile 70% Desktop
s 1999: 19% Server 37% Mobile 44% Desktop




Battery Technology

¢ Battery maximum power and capacity increase by
10-15% per year.

¢ Chip power requirements increase much faster
(see 1999 SIA Technology Roadmap)

¢ Conseqguence:

s Larger gap between batter technology enhancements and chip
power demand.
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Accuracy of Power Estimation at
Different Abstraction Levels
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CMOS Circuits

¢ CMOS technology is predominant in the realization of
todayos | Cs.

¢ CMOS devices are intrinsically low-power consuming.
¢ CMOS has become the reference technology.
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Sources of Power Dissipation

¢ Main sources of power dissipation in CMOS circuits:

P = I:)Switching + I:)Short-Circuit_|_ I:)Leakage

¢ Pswitcning dU€ to charging and discharging load capacitors
during output transitions.

¢ Pshorcircuit dUe to short circuit currents flowing along
direct paths from V,, to GNDduring output transitions.

¢ PLeakage dU€ t0 leakage currents in diodes and transistors.
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Design for Low-Power

¢ Minimization of Pgt.circui
s Technology problem

¢ Minimization of Pq
s Design problem

. and P

eakage:

witching :

Psuitching 1S Predominant = most part of low -power
techniques aims at reducing the switching power

0
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Swihthehiengi i Power (cnt od)

¢ Transition 0 — V,, at the output node: T EV
5 Energy dissipated by T, (PMOS)¥4 C, V4,2 =4
s Energy stored in C: ¥2 G Vy4? AT e
s Energy drawn from the power supply: C V 42 o
n
¢ Transition V4, — 0 at the output node: :H,d Vout
s Energy dissipated by T, (NMOS):%2 C V,4? ﬁg‘uﬁi “

¢ If 0 »Vy and Vy — 0 transitions occur at the
frequency f. . the average power drawn from the
power supply due to the switching activity is:

Pow= %2 C Vy¢* ik
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Swihthehiengi i Power (cnt od)

¢ In general, switching does not occur at the clock
frequency.

¢ Let o be the switching activity of a logic gate as the
probability that the output node switches at each clock

cycle .
¢ The average P, for a CMOS gate is given by:

Psw=Y2 a C Vy* feik
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Effective Capacitance

¢ We define effective capacitance C _; (or switched
capacitance) as the term including output load
capacitance and switching activity:

Cr =
¢ Design for low-power:

5 Reduction of C
A Applicable at all levels of design abstraction
A Many design techniques proposed.

5 Vyq and/or f (scaling:
A Very effective
A Big impact on performance
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Short-Circuit Power

Ascending and descending signal ramps (of finite length)
create a direct current path from V_, and GNDfor short
periods during logic transitions.

0

Vin
de
Ty E Vaa- /VThP/
Vin d lsc Vout Vi
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Short-CicrcuwicticnPower (cnt od

¢ Let V;, and V;,, be the threshold voltages of the NMOS
and PMOS transistors. LetV, be the input voltage.

¢ If the following condition is satisfied:
VThN < V||\| < Vdd ) /VThP/

there is a conductive path between V,, and GND because
the NMOS and PMQOS transistors are on simultaneously.

¢ If Ig-Is the average short-circuit current flowing from V 44
to GND, the average power due to |l..Is given by:

Psc= lsc Vg
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Short-CicrcuwicticnPower (cnt od

¢ lgclIs significant when rise/fall time of inputs is much
larger than the rise/fall time of outputs. This is because
the direct path from V,, to GNDis active for a longer

time.
¢ If V4 satisfies the condition:

Vad < Vrnn t /VThP/

then Ig-= 0 because NMOS and PMOS transistors are
never on simultaneously.
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Leakage Power

¢ There are two types of leakage power:
5 Reversebias diode current through transistor drain: I,
s Subthreshold currents through the channel of an off transistor:
Ids
¢ The leakage power dissipated by a CMOS gate due tol;
and | IS:

I:)Leakage = ( IL + Ids) Vdd

¢ In general, this value is approximately the 5% of the
total power for 350nm technology. It can be around the
50% when you consider 90nm or below.
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Reduction of C_g

Large power savings can be obtained by minimizing the
effective capacitance C, defined as: Cx = o C

The reduction of C; can be done at different
abstraction levels.

Reduction of the load capacitance C:

s Using dynamic CMOS logic.

Using passgate logic.

s Dimensioning transistors and interconnections.
Optimizations during the place&route phase.

ox

ox
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Reduction of C_ (ccin't 0 d )

¢ Reduction of the switching activity o

s Optimization based on parallel and pipelined architectures
Encoding techniqgues and data representation techniques
Logic minimization and technology mapping.
s Shut-down techniques based on clock gating.

ox

ox
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Reduction of C_ (ccin't 0 d )

¢ Factors influencing C
s Logic function
Technology
Input probability
Circuit topology
¢ We examine each factor in detall

ox

ox

ox
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Factors Influencing C.: Logic Function

Example: 2-Input NOR gate with two inputs Ae B
Implemented in CMOS static technology.

s AssumeA and B independent

s AssumeA and Bequiprobable p(A=1)=p(B=1)=%
s Assume only one input transition per clock cycle is allowed.

¢ The probability for the output to be 1 is:

0

pO=1)=@1-p(A=1)(A-p(B=1)) ="
¢ The probability for the output to be O Is:
PO=0)=1-p(0=1)=%
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p (O =0)= 3/4 p(O=1)=1/4

¢ For the output node O, the transition probability p,_,; IS
given by the probability that the current state is 0 times
the probability that the next state is 1. We have:

Po1 =P (O =0)p(O=1)=73%Y=3/16.
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Factors Influencing C,: Logic Function

Similarly:

0

P, ,=P(O=1)p(0=0)=Y%=23/16
Py =P (O =0)p(0=0)=%%=09/16
P, =pO=1)p(0=1)=YaYa=1/16

= =Pyt Py =38
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Factors Influencing C,: Logic Function

0

Example: 2-Input XOR gatewith two inputs Ae B
Implemented in CMOS static technology.

s AssumeA and B independent

s AssumeA and Bequiprobable p(A=1)=p(B=1)=%

s Assume only one input transition per clock cycle is allowed.

¢ The probability for the output to be 1 is:
pO=1)=(0-p(A=1)pB=1)+p(A=1)1A-p(B=1) =%
¢ The probability for the output to be O Is:
p(O=0)=1-p(0=1)=%
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¢ For the output node O, the transition probability p,_,; IS
given by the probability that the current state is 0 times
the probability that the next state is 1. We have:

Po =P O=0)p(O=1)=%Y% =Y
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Factors Influencing C,: Logic Function

Similarly:

0

P, =P (O=1)p(O0=0)="2Y2=14
Po =P (O=0)p(0O=0)="2Y2=1
P, =PO=1p(0=1)=%Y=Y

= &= p0—>1+ P10~ 1/2
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Factors Influencing C_«: Technology

The choice Is between static and dynamic CMOS
technology.

C_of a static CMOS gate Is charged toV,, any time a

0 — 1 transition at the output node is required, and it is
discharged to 0 any time a 1 — 0 transition at the output
node Is required.

C, of a dynamic CMOS gate is precharged to V4 at each
clock cycle, and it is discharged to 0 any time a
1 — O transition at the output node is required.

Consequence:

a (dynamic CMOS)> « (static CMOS)
For the load capacitance, we usually have:

C, (dynamic CMOS)< C_(static CMOS)
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Factors Influencing C_«: Technology

¢ Example: 2-Input NOR gate with two inputs Ae B
Implemented in CMOS dynamic technology.
s AssumeA and B independent
s AssumeA and Bequiprobable p(A=1)=p(B=1)=%
s Assume only one input transition per clock cycle is allowed.

¢ The probability for the output node to be discharged is:
P(O=0)=%
¢ The probability for C to be re -charged at the next clock
cycle equals:
p(O=0)
¢ Therefore:
Po_,; (static CMOS) = 3/16 < p,_,, (dynamic CMOS) = 3/4
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Factors Influencing C_«: Technology

¢ In static CMOS gates, the transition probability depends
on both input probability and previous state.

¢ In dynamic CMOS gates, the transition probability
depends only on input probabillity.

¢ In static CMOS, if the inputs do not change from the
previous clock cycle, the gate output does not switch.

¢ In dynamic CMOS, the gate output may switch even if the
Inputs do not change from the previous clock cycle.
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Factors Influencing C.: Input Probability

Example: 2-Input NOR gate with two inputs Ae B
Implemented in CMOS static technology.

We assume the inputs to the logic gates are not
equiprobable and let p(A=1)e p (B =1) be the
probabilities of inputs A and B.

The probability for the output node to b 1 is:
pO=1)=01-p(A=1)A-p(B=1)
The probability for the output node to be O is:
p(OC=0)=1-p(O0=1)
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Factors Influencing C.: Input Probability

¢ The probability for the output nodetohavea 0 —>1

transition Is: p, ,,=p(©=0)p(0=1)=
1-A-pA=1))A-pB=1)A-p(A=1)1-p(B=1))

P(0->1)

LA AT I FS

MV VT Y1

A
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Factors Influencing C: Circuit Topology

Circuit topology can have a strong impact on the global

switching activity.

Example: Chain and tree implementations of a 4 -Input

AND gate:

A

B 0,
C o)
D

Assume static CMOS gates.
AssumeA , B, C, Dindependent

A
O,

2D

and equiprobable:

PA=1)=pB=1)=p(C=1)=p(D=1)=%
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Factors Influencing C: Circuit Topology

¢ Probability that the output of a 2 -input AND gate is 1:
p(O=1)=p(A=1)p(B=1)=Y%
¢ Probability that the output of a 2 -input AND gate is O:
PO=0)=1-p(0O=1)=%

¢ Probability that the output of a 2 -input AND gate makes
a 0 — 1 transition is given by:

Pos =P (0 =0)p(O=1) =73 Y= 3/16.
¢ Switching activity of the output of a 2 -input AND gate:
a = p0_>1 + p1_;() — 3/8
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Factors Influencing C: Circuit Topology

¢ Comparison between chain and tree circuit:

Cascade Tree

p(O=1) 1/4 Ya
p(0=0) 3/4 Y
p(0,=1) 1/8 Ya
p(0,=0) 7/8 Y
p(0O=1) 1/16 1/16
p(0=0) 15/16 15/16
a(0,) 3/8 3/8
a(0,) 7/32 3/8
a(0) 15/128 15/128

¢ Globally, the chain implementation has a lower switching activity than the
tree implementation (see o (O,)) for equiprobable inputs.
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Factors Influencing C.: Circuit Topology

¢ We have considered only the static behavior of the
circuit, 1.e. no timing behavior. In other words, we have
considered only the static component of the switching
activity.

¢ Timing skews between signals may cause spurious
transitions (glitches) resulting in extra power dissipation.
The dynamic component of the switching activity is due
to glitches.
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Factors Influencing C.: Circuit Topology

¢ Example: Chain and tree implementations of 4 -Input AND
gate.

¢ Let us consider the input transition: 1110 —» 1011

¢ If we ignore the timing behavior ( zero delay model for
each logic gate) = no output transitions.

¢ |f we assume unit delay model for each logic gate
= for the chain circuit we obtain the following timing
diagram.
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Factors Influencing C.: Circuit Topology

Timing diagram for the chain circulit:

0
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Factors Influencing C: Circuit Topology

¢ Due to the timing skews through the logic, the output
node makes an extra transition (glitch). This is because
the chain circuit in unbalanced (paths of different
lengths).

¢ The tree circuit is glitch free. This Is because it is
balanced (paths of equal lengths)

¢ In general, we can reduce the spurious transitions by
using balanced paths.

¢ The example demonstrates that a given circuit topology
can have a smaller static component of switching
activity, but it can have a larger dynamic component.
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Supply Voltage Scaling

Large power savings can be obtained by reducing the
supply voltage, due to the quadratic dependence of the
energy per transition on V.

Power savings are relatively independent of:
s Circuit function
s Circuit technology

Supply voltage scaling is applicable at different
abstraction levels of the design development.

Supply voltage scaling affects circuit speed.
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Supply Voltage Scaling

¢ Circuit speed decreases asV,, approaches the threshold

voltage V5,

¢ By using a first-order approximation, the delay T, of a

CMOS gate is given by:

d 2
I

T (W/L)V, ~V,)

¢ Where n depends on the technology, and W and L are

channel width and length of the CMOS transistors.

¢ It is desirable to operate at the lowest possible speed,

since this allows that highest V_, scaling.
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AN

1 '~

1 2 3 4 5 6 Vg

T4= Normalized Delay
Vg4q = Supply Voltage (Volt)
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Supply Voltage Scaling

¢ Main goal: to reduce power while preserving circuit
speed and computational throughput = we need to
compensate the delay increment due to the V,, scaling.

¢ Two approaches:

5 Threshold voltage scaling proportionally to V44 scaling to
preserve performance.
s Architecture -driven supply voltage scaling based on:
A Parallelization
A Pipelining
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