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Agenda

e Understand E-D tradeoffs
= Sensitivity-based opt.

e Formulate optimization
= Energy & delay models
= Sensitivity analysis

e Insights & further steps
= Which variables to use
= Extension to arch. space
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Some Common Questions

e Is sizing better than V,, for energy reduction?
e Optimal values of gate size and V,?

* Increase or decrease V, for energy reduction?
e Optimal ratio of leakage / switching for min E?
e Optimal circuit topology?

e Etc.
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Energy-Delay Optimization

Equivalent e Lowest E under D constraint?
formulations e Best D under E constraint?
R Energy
Unoptimized
design
sizing
E .. &
VDD
sizing & V,
E i . sizing & V, & V,
¢ >
I:)min I:)max DEIay

( CIkmax) (fclkmin)
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Energy-Delay Sensitivity
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Slope of E-D curve around a design point (e.g. (A,,B,))



Solution: Equal Sensitivities

AE=S,-(-AD) +S, - AD

f(A, B)
A a
>
20
)
(5
f(A, By
E f(A,, B)
@ s
D, Delay

A fixed point is reached when all sensitivities are equal
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Circuit-Level Optimization

.. .. Tuning variables
Objective: minimize E 9

Voo, Vg, W

E=E(Vy, Viy, W) .

. Constraints
Constraint: Delay V,,min < V) <V, max

D =D(Vpp, Vi, W) V™" < Vpy < Ve

w min w
Circuit Optimization
A €— Circuit topology
Voo » Vi, W € ? \ iB
= \\A €— Number of bits
Energy-Delay €<— Y
> —
Delay Delay
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Energy & Delay Models



Alpha-power based Delay Model

K;-V w W
Delay _ d DD — . out n par
(VDD R Von R AVT) d Win Win
4 : : :
35 ©  simulation | Fitting parameters:
g2 Von' Ly, I(d
S 25-
3 Vopref = 1.2V
0.5 FO4 (VDDrEf) = 25ps
0]

05 06 07 08 09 1
vV, IV . .
dd’ Vdd (*) [Sutherland et al., Logical Effort, 1999]
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Energy Model for Circuit Optimization

e Switching Energy
Egy = ap1 - (C(Wout) + C(Wpar)) . VDDZ
e Leakage Energy

Wi, Vr—¥oVpp

W, Io(Sin) 10 S -Vpp D

Ey =

with:
D: the cycle time
I,(S:,): normalized leakage current with inputs in state S, .

3.10



Switching Component of Energy

E=K,-(W,, +W,,) - V>

par o

!
i \ VDD,i+1
1 1

g S
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C C C

parasitic, i wire gate,i+1

=Ky W, (Vppia>+V;* Vpp,?)

(energy stored on the logic gate i)

Impact of opt
variables
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Optimization



Optimization Setup

e Reference/nominal circuit
= Sized for D_.. @ VM2, V. ref
= Known average activity

reference

Energy

e Define delay constraint
- Dcon =D (1 +d. /100) D DEIay

min inc

e Minimize energy under delay constraint
= Gate sizing (W), optional buffering
= Vp and V; scaling
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Sensitivity to Sizing and Supply

e Gate sizing (W)

OEs, [ OW, _ ec, o for equal h,

aD / aV‘/I Tref.(heff,i _heff,i—l) (Dmln)

e Supply voltage (VDD)

Sens(Vpp)
A
_aESW /6VDD :z.ESW . 1_Xv V ref
oD /oV,, D oa,-1+x, bb
0
XV _ Von _\;AVTH VT VDD

DD

V. Stojanovié et al., ESSCIRC 2002, pp. 211-214. | D. Markovié et al., IEEE JSSC, pp. 1282-1293, 8/04.
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Sensitivity to Threshold Voltage

e Threshold voltage (V;)
_OE/dAv,) .(VDD ~V_—AV,, _1j

oD/ov,) a,-V,
Sens(V;)
Low initial leakage
= speedup comes for “free” Vref
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Circuit Optimization Examples

Tw e Inverter chain
predecoder wordkdriver
2t ot 3-@5@ . 15@»?%%" e Memory decoder
=16 m=4 om=1 3 . :
e 1o m=2 il Branching
n=30 * Inactive gates
~ i
i :
‘o e e Tree adder
- i Long wi
//// o ong wires
v ? = Re-convergent paths
/;g = Multiple active outputs
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Inverter Chain

e Properties of inverter chain
= Single path topology
= Energy increases geometrically from input to output

w,=1 W, W, Wy $
e Goal
* Find optimal sizing W = [W,, W,, ..., W], supply voltage

and buffering strategy to minimize energy
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Inverter Chain: Gate Sizing & Buffering

25
;;522()
5
o 15-
1]

2 10-
0
(D)
by
(D)

ol

o

—0— nom ., .
---0--. Opt ::dinC_ SOA)-
{©30%
10%)
Jo!
i 1%
0%

1 2 3 4 5 6 7
stage

2 i—1 i+1
Wi = 1+ u-W.
T W,
[Ma, Franzon, IEEE JSSC, 9/94]
2
e 2KV
Tref.SW
ecC.
S, oC ’
Y h.. —h
eff i eff,i—1

e Variable taper achieves minimum energy
* Reduce number of stages at large d.
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Inverter Chain

e 5-stage inverter chain loaded with C, = 1024
= Sizing optimization for D,,,.. + 10% constraint

Inv chain

stage 1 2 3 4 5

size 1 2.74 7.83 25.20 109.79 1024

Energy 3.44 9.75 30.68  127.42 1100.85 1272.14 ‘objective

Delay 3.44 3.56 3.92 5.06 10.03 Dtot 26.00 constraint
variable

fanout 2.74 2.80 3.22 4.30 9.33 Emax 1602.7

Dimim 23.5

e Method: use Solver Add-In (under File / Options)
= A push-button optimization...
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Inverter Chain: V,, Optimization
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e Variable taper achieved by voltage scaling
e V,, reduces energy of the final load first
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Inverter Chain: Optimization Results

Aloo B cw 1'OT B cw
N —0— gvdd ~ | —0— gvdd
— 80 2vdd « £08 1 2vdd
) O
C:) - 7 -é\ 0.6“
@ :E 0.4 -
= S
2 0.2
q) 4
>
O 10 20 30 40 50 O 10 20 30 40 50

d_ (%) d_ (%)
INC INC
e Parameter with the largest sensitivity has

the largest potential for energy reduction
* Two discrete supplies mimic per-stage V,,
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SRAM Decoder

A Internal energy peak
100 -

A o0
o O
| |

40 _

Energy (norm)

N
o O
| |

' predecoder ~ word driver
! AN : : A |

m=8§ m=4 i
addr ‘ E il:
input —L>or

m=1
Iy il word
C—_]_—"Ilne
Al
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W vs. V, for Reducing Energy Peak

1000 - W . 1000 =B~ cW:E (-52%)
min 7 —— 2Vdd: E (-25%)
800 £ ——m . 800  e100p
S600 2| Pmin g% 5600 ne
i 5 : - D -
) | EL-19% 0 ©
c - / C
S 400 - - \ G 400 -
o
200 - %/7 " . 200-
: o)
1234567809 1234567809

stage stage

e V,, less effective than W optimization
e Buffering also reduces energy peak

[B. Amrutur, Ph.D. Thesis, Stanford, 8/99] s



Tree Adder

|| JI II||||
J f|+::|":|f:|:lll?|l
I

. ;?,-,lllu_.ﬁﬁ Jl'ﬂ:

S(W) =22
1F S(Vy,) =22
S(Vpp) = 16

E/ Eref

05

U ;f}ll. ..

!!?f;::l:f:e:l’ﬁi'l::l',.::%:}:l".l:l".l:l'f'f'»nﬂi.l |
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Tree Adder: Optimization Results

Reference: all paths are critical

reference Sizing Opt. 2-V,, Opt.
____..Dminl Eref 1le|n' 0'45Er6f 1'1_Pmin' 0'73Eref

e i
B I i ”::f'!'; ::::i:f'l'l'!!i"l' |'||'|'||'|'d'|:|'| |

Zi::::'l'ﬁﬂﬂﬁﬁrlﬂ'..

I I:||||:'|I i I
f ::|||E:||n:::|l|:::l||

il
L

I

Sl “:I:E o IIII :I III

* Internal energy: W more effective than V,
= For d,,. = 10%: AE,, = =55%, AE,\44 = —27%
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Few Insights



A Look at Tuning Variables...

Energy reduction (%)

10% excess delay - 30-70% energy reduction

5
100+ : : : : . 10° -
solid: inverter chain .
dashed: 8/256 decoder - v
80 - dotted: 64-bit adder ] 104 :
210°:
2 :
2
% 10 :
L
10 =
: | 10
0 20 40 60 80 100 0.5

Delay increase (%)

Peak performance is very power inefficient!
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Limited Range of Circuit Optimization

E/ Eref

1.5

05

SiW) - ©
s(V,,)=0.2
s(w) =22 S(V,,) =1.5
S(V.,) = 22 e
S(Vpo) = 16 ; ref
s(w)=1
S(V,) =1
S(VDD) =1
0 0.5 1 1.5

e +30% around D,
e Else, too much Eor D

e Need for arch. opt.
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A Look at Tuning Variables

Equal sensitivity unless variables reach their bounds

Supply voltage Threshold voltage
1.75 0 —
rellablllt Sens(V,,) =
1.5 ooy &~ y ! 50 | (Voo)
limit 1 Sens(W) =
"q;,c 1.25 />«{00 Sens(V;,) =1
~ 1} - -150
S~
g 075 -200
= o5 ~250
0.25 | - -300 |
0 R S -350 —
-50 -25 0 25 50 75 100 250 -25 0 25 50 75 100

Delay increment (%) Delay increment (%)
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A Look at Tuning Variables

Bound reached = fewer variables to work with

Supply voltage
1.75
15 lome rellablllty
' limit
5 1.25
=)
S
= 0.75
(]
= o5
0.25 Sens(Vyp) = 16
0

-50 -25 0 25 50 75 100
Delay increment (%)

-300 |

-350

Threshold voltage

T

| Sens(V;,) =1

Sens(Vpp) =
Sens(W) =

Sens(V;,) =
Sens(W) =22

250 25 0 25 50 75 100
Delay increment (%)
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Optimal Circuit Parameters

Reference Design:
Dref (VDDrefl VTHref )

Topology

Inv

Add Dec

(Epi /Es

e | 0.1%

1% 10%

e Large variation in optimal parameters V", V. °Pt, WoP!

VDDopt (VDDref)

1.2 V™™ 0.2
1 __ 01
S
0.8 = 0
o
0.6 °z-0.1
> _
0.4 - 3 -0.2
min —_
o(.)z V™ 0.3
06 08 1 1.2 1.4 0.
D (Dref)

min
VTH

6 08 1
D (Dref)

12 1.4

wtotopt (w,,,"f)

0.5 - - -
0‘4\
0.3} N

0.2/

0.1---——_____
0

1 1.2 1.4

D (Dref)

0.6 0.8

Reference/nominal parameters (V,,"¢/, V,,'¢f) are rarely optimal
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Lessons from Circuit Optimization

e Sensitivity-based optimization framework
= Equal marginal costs & Energy-efficient design

e Effectiveness of tuning variables
= Sizing is the most effective for small d. .

= Vpp is better for large delay increments

e Peak performance is VERY power inefficient
= ~70% energy reduction for 20% delay penalty

e Limited performance range of tuning variables
= Additional variables for higher energy-efficiency
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Choosing Circuit Topology: Optimal Register?

e 64-bit ALU

Cp
Cycle-latch (CL)

* Given energy-delay tradeoff for adder and register (two register
options), what is the best energy-delay tradeoff in the ALU?
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Balancing Sensitivity Across Circuit Blocks

Upsize lower activity blocks (Add) to save energy

2.5
—~ 2
S Add
®) :
£15-
2
o2
< 1 ~R[g

0.5 - CL -

SMS CL gus ™

0 5 10 15 20 25
Delay (FO4)
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Micro-Architectural Optimization

Macro Arch.

A\A A

1

Interleaving
folding

# of bits
throughput

algorithm

E-D tradeoff

E

’_

AAA

par, t-mux Micro Arch. o
—  Area el
p_ar‘"i‘_ £ dela
Bl e
E-D trade-off E :
Vdd, Vth, W Circuit <
W

Vth
vdd
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802.11a Baseband

e Direct mapped architecture

B S
L N
Ll

e e C e B e TS e

pegeRey

e 200 MOPS/mW
= 80 MHz clock!
= 40 GOPS
= Power =200 mW
= 0.25 um CMOQOS

————— ==

izf
i
1.’

e The architecture has to track
technology

,.3
:]}-:
»
= I
=y Le
e

A=k

faxk

‘l ll‘
mi
»

[An 802.11a baseband processor]
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Wireless Baseband Chip Design

e Direct mapping is the most energy-efficient
 Technology is too fast for dedicated hardware
= Opportunity to further reduce energy and area

A

) Speed of technology )
S R Hardwired ]
Z."'L_:) : L Loglc
Ll ( ) :
3 R RO Programmable | ~~ °
20 DSPs
() .
£ ~

........ Microprocessors ..........................E...................................................E

| g . Clock Period
: : >
GHz 100’s of MHz 10’s of MHz
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A Number of Variables to Consider

e How to optimally combine all variables?

D oc Voo : 1
a
(VDD _von _AVTH) * W
Vo [V \ /3 2
EocW-e ™2V, T E, cW-V,,
Speed of technology (fast) Required speed (slow)
L. q
pipelining
parallelism time-multiplexing :
< >
Voo > .
sizing | —>
Vo, |2 Clock Period
— 7 >

2 orders of magnitude (and growing...)
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Towards Architecture Optimization

L 34

Algorithm

Modeling ‘ Slmullnk

— H
_" terneee.,
Power 1
Area t 1 RTL

Timing . :

Cadence
Dot
Circuit —

Optimization
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Architectural Feedback from Technology

e Simulink hardware library implicitly carries information
only about latency and wordlength (we can later choose
sample period when targeting an FPGA)

e ASIC flow: block characterization exposes technology
features such as speed, power, and area

e But, technology parameters scale each generation

= Need a general and quick characterization methodology
= Propagate results back to Simulink to avoid iterations
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Cycle Time is Common for All Blocks

Simulink -

— - @ —Area .
41X of % |==F]Power |
—— i == Speed -

S | B ]
% 6F “a‘ -
RTL s Q o, mult
N L
Synopsys 3 &, étdd o -
= ~~..° ]
0 1 2 3
L/ cycle time (norm.)
- A
| netlist E
p— L A— i
i  HSPICE __—| Speed
i Switch-level —7| Power
: i dwitch-lev p—
: _It: L i accuracy A Area
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Datapath Characterization

e Balance tradeoffs due to gate size (W) and supply
voltage (V)

——————————————————————————————————

Circuit Level

e Optimal design point
= Curves from W and
V,, are tangent (equal
sensitivity)
e Goal: keep all pipelines
at the same E-D point

P T B  —
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Summary | Method & Results

e Optimal energy-delay tradeoff obtained by tuning gate
size, V,, and V., can be calculated by optimization

= Convex formulation of delay-constrained energy min

= Circuit-level E-D tradeoff allows for quick comparison
of multiple circuit topologies

* Insights from circuit optimization
= Min-delay design consumes the most energy
= Gate sizing is the most effective for small delays
= Vpp IS the most effective for medium delays
= V;, is the most effective for large delays

3.43



Summary | Limitations

e Circuit optimization is effective
in a narrow band of delay

e More degrees of freedom (e.g. architectural)
are needed for broader range of performance
tuning in an energy-efficient way

= Next lecture
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