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Summary of the Presentation

Energy Efficiency of Digital CMOS Circuits
o Problems
o Energy-Delay Relationship
o Minimizing Energy for a given delay

o Methodology

o Determining the best structures for high-
performance system

o Implications on the architecture
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Challenges in High-Performance Design

O Optimizing for power - not speed! (or maximizing speed under the
power budget)

Q Logical Effort (LE) optimizes for speed, regardless of power i.e.
brings us in the worse energy spot.

O Our method optimizes for:

power @ given speed or speed @ given power

0 We are developing new approaches for power efficiency
(overlooked by delay optimization) applicable to:
- Circuit structures
- Design techniques
- Energy-Delay Space
- Creation of optimal Standard cell (ASIC) libraries
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Motivation for Energy Efficient Design

Shekhar Borkar

Power density will increase

10000

-l
o
o
o

)
£
S
S
2
0
=
()]
(m]
S
(]
2
o
o

1

1970 1980 1990 2000 2010
Year

Power density too high to keep junctions at low temp

Power density passed the level found in the Nuclear Reactor |
Power density degrades the reliability and speed.
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Power Density: The Future

Power Map On-Die Temperature
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» With high power density, cannot assume uniformity
— As die temperature increases, CMOS logic slows down
— At high die temp., long-term reliability can be compromised
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Energy-Delay Relationship
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Energy-Delay Space View

Energy
1 Adder A

Region 1 Region 2
—»

Point where B becomes

better than A
Less
power
B
\ Adder B
With better E-D
tradeoff B can
achieve more
speed with less ]
power than A Als
faster
vA, \i B’ >
Speed of A Speed of B Delay

* Must look at Energy-Delay Space of designs
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Energy-Delay Space View

5E-10
i =8-cdKS
=#*=cdHC
B =—=cdQT7
4E-10 - . . T =t-cdIBM
= I Wh|Ch D@Slgn cdLing
N~ =8—-cdKS4-2
= Should be used? ——cdQT9
S 8E10 o e
c
I
o5 L
‘g 2E-10 +
= * . Low-Power
Ll . Target
([
1E-10 - NG S S
- High-Performance . *
i Target
0 +———
7 8 9 10 11 12 13
Delay (FO4)

April 19, 2010

Energy-Efficient CMOS Circuit Design



Energy-Delay Space View

H is changing, w/ Cout=constant
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* Begin to see characteristics of designs
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Energy-Delay Space View

H is changing, w/ Cout=constant
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* Begin to see characteristics of designs
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Energy-Delay Space View

H is changing, w/ Cout=constant
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* Best High-Performance designs are clearly seen

» Different than what would be chosen from single point
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Energy-Delay Space View

H is changing, w/ Cout=constant
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* Also determines best design for Low-Power Target
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Contribution of Wire to Delay and Energy
should be examined too
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» Without wire, differences appear large
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Contribution of Wire to Delay and Energy
should be examined too
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» Wire strongly impacts selection of "best adders”

14 April 19, 2010 Energy-Efficient CMOS Circuit Design



Energy
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Where does Logical Effort lead us?

y A

***** | owerstage—effor'/ ~ Most design
77777777777777777777777777777777777777 approaches

focus here

Energy

,,,,,,,,,,,,,,,,,,,,,,,,,,,, LE Point

higher stage-effort

Total ‘Dela)‘/

» It is possible to lower energy by trading delay? or ...
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Energy
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Energy-Delay Space of a Circuit
(Fixed Input Size and Output Load)

Energy [pJ]

April 19, 2010
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Exhaustive search

A circuit with 10 transistors and 10 possible size for each transistor
requires to check 1019 possible solutions!

70+ Technology: 0.13ym CMOS at12V[  CSE Designs:
CSE: UltraSPARC Flip-FIop | o Energy efficient

65 . /High energy\: - . Ler:s_s efficient |
sensitivity s [inimum EDP
| ; Load [gate width]:
60 = =0 ey s e 205 um-output-

=2 umrinput

Single CSE topology
with varying transistor
sizes but with fixed
input & output load

. . . Min. EDP sensitivity
To obtain the minimal | -

E-D curve do I have to 4ot - Constant EDP curve :

. 1.4 1 I.'Eu 1 I.E- 2 2.2 2.4 2.6 EI.E 3 3.2
Check all possuble D-to-Q Delay [FO4 delay] (at best setup time)
solutions?

55

Average Energy [IJ] (at 25% activity)

C. Giacomotto, N. Nedovic, and V. G. Oklobdzija, “ The Effect of the System Specification on the
Opftimal Selection of Clocked Sforage Elements’, IEEE JoSSC, vol. 42, no. 6, June 2007.
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Energy [fJ]
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Hardware Intensity: V. Zyuban, IBM
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Design Objective at Nomial V,

Hardware Intensity, Victor Zyuban, IBM T.J.Watson
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e Design choice depends on (E,D) requirements
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Prior Work on Design Optimization

 Transistor-based [TILOS]
— Sizing individual transistors  Input Output
— Growing complexity
— Applicable to small blocks only =

* Block-based [zuyban & Strenski]
— Blocks: latch & logic
— Trading {energy,delay} of blocks
— CAD tools
— Fixed interface

Input Output
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Transistor-Based Approach

e Optimization problem: (i=1..m)
— Minimize: Area(Wy,...,W,)) = ZW,
— Constraint:  Dyo(Wy,... W) =T

» Delay modeling
— Linear (RC-like): TILOS
— Look-up table: AMPS (Synopsys)

e A convex problem = minimal solution exists
— Different polynomial algorithms developed
— May have issues with convergence
— Long run time with increasing design complexity

April 19, 2010



Block-Based: Zyuban (IBM)

ﬂ n ] nz + s e nh"l ”
block B, block B, block By,

[Zyuban, IBM T.J. Watson Research]
« Optimization problem for a pipelined stage:

— Minimize energy: E(B,,....By) = ZEg
— Delay constraint: D(B,,...,.By) =2Dg =T
« Optimal criteria:
—[(w;/up) - 7= (Wi /uy) -t forany (i,k)
with w, = Eg,/E, U, = DgJT, n,= (Eg/Eg)/(Dg,/Dgy)
« Similar criteria for a simple pipelined system
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Application: Solution Verification

Block 1
Block 2 w.=E/E; E=ZXE
=D./D: D=3XD.
- W2:0.5 Ui ! ’ !
Input u,=0.8 )
P 2 — Load

n,=0.8 n,=3.2
[Zyuban, IBM T.J. Watson Research]

o Verify optimality of solution:

— Block 1: (w,/u;)m,; = 2.0 | o
— Block 2: (w,/u,)m, = 2.0 Equal = optimal!
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Application: Solution Verification

Block 1

Block2 w=E /E; E=3E

=D./D: D=2D.
w,=05 "= Pi/P; i
u,=0.8

— Load

Ion

*Ifn, =3.2andn,=0.8
— Block 1: (w,/u;)m,; = 8.0 |
— Block 2: (W2/U2)'1”|2 =05 } Unequal = not Optlmal

— Better solution? Relax n, and increase n,
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Major Limitation

Inputl: L __Do(lutput
B, B, L , B T Cload
e Zyuban's assumption:
— Delay & energy independence of each block B,
 Single path: block = gate
(Delay T, oc{C_,,C. }

J Energy & oc{ Cou, Gy J . energy, delay dependency

C;, “currentgatecap  of adjacent gates
C_. . hext gatecap

L ~out

» Similar dependency between blocks and pipelines
* No analytical solution if accounting dependency

4
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Proposed Stage-Based Approach

Stage S, Stage S, Stage S

IM:} > ooo__>o_04uja_ut
) > = D ==

e Stage ~ logic depth

e Gates — stage
— Based on maximal distances to input and output

— Stage delay: dgage = Max{dyye}
— Stage energy: Eg,ge = 2E ot
— Estimated from gate energy & delay models

April 19, 2010



Delay and Energy Modeling of Gates

reference delay 7

* Logical Effort delay model: (technology dependent)

T . KRgatngate o§ Cout .§+§.KRgateCpar§ (K.i? ......
d,gate_:KRC EEC : KRC . [ inv
CR e T R A 7 1
logical effort g electrical effort h para.éitic P
@ate dependent) (load depende@ (gate dependent)
\/
stage effort f = geh Input
Cin:
= Energy model: Cyate
.................................................... . .
E aie W) =By Woy + E, Wy, i+P T@.K..W.... B
Active Er.{ergy Leakage Energy
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Stage-Based Optimization

Stage S, Stage S, Stage S

IM:} > ooo__>o_04uja_ut
) > > D ==

e Optimization functions
— Delay: D = EDsgtage)
— Energy: E = 2Egige0)
e Possible design constraints
— Delay target, D
— Input size, Wi,
— Output load, C,_g4
 Posynomial Problems
— Solvable with polynomial algorithms

April 19, 2010



Problem A: Delay Optimization

Stage S, Stage S, Stage S

'M::} > ooo__>o_04uja_ut
) > > D ==

e Optimization problem
— Minimize: D = ZDg;
— Constraint: {Input, Load} = const.

» Objectives
— Obtain minimally achievable delay, D,
— Wanted in performance-critical designs
— Disregard energy consumption (actually, J&; /D, = )

April 19, 2010



Single Path: Logical Effort

Output

I
ngut I: Dc 1c

in C1 C2 - 3 C4 -

Load

C, = input cap of gate i

D:ZN:(Q. Ci“+p-] C.. =C, : fixed
_ | C [ in — ~1 -

i=1 i CN+1 = CLoad : fixed

dD/dCi =0 (v =1.N): fi = fopt :Klﬂ[ glj[cé—%‘dﬂ

in

N i)
Dmin =N 1:opt +Z Pi Path Gain, H

« Solution = equal stage effort f (i.e. fan-out)
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Energy Cost vs. Total Delay

Input } }Output
‘ >° L CLoad
Cn s, s, L[S I=92C

4 =
1400

16C Fixed Load = 92C
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better performance <
larger input, more energy

0 T T T T
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Multi-Path Circuits

IIIII> lllll> lllll> Off-paths
e e
Coff,2 Coff,3 Coff,4
Input T L Output
®
Cin Ecl C2 =i ; C3 on- Cj :l: CLoad
path

ff i+1
ot ir1 pi]
............. .. C; =inputcap of gate |
. h j Coiii = input cap of i " off-path gate

_ ZN:LQ,CHI T Coff d+1 C|+1 4 pi

* b,,, = branching factor at (i+1)"-gate input

* Optimal delay depends on off-path load
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Linear Branching

—> D D>

Coff,2 Coff,3 Coff,4
o | T EDSia
—Do—o— ¢
®
Cin Cl C2 — C3 C4 :l: CLoad

awsorin o i

in

N 1T
Dmin =N 1:opt +Z Pi Branching
= Factor, B

« Similar analytical form for solution
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Non-Linear Branching

Coff,2
=
Input I: ):; ¢
Cin C C

1

* Nonlinearity du

e to:

—>

Coff,4

g

C :l: CLoad

4

— Constant off-path load (wire cap, min-size gates)

— Unequal path

— Parasitic delay difference of gates

lengths

 No analytical form
— Recursive solving

— Solution: unequal stage efforts

April 19, 2010



Q
O
d
<

Q

O
el
¥

Q

(),

S
\V4
B
ot

(=
=
v
p
2
4
O

NN

sabels g

sG4)
Stage 4
Stage 5
Stage 6
(P32,G32)

Stage 2
Stage 3
(P16,G16)

/
M (P4
;

b —————*

N

LA AN AN

PE= RN
SOl
SOl

DWW TR
Do RS
QA NI
RATITANREE NN
Do NNTTTR
NN
Dot X

a;, @ b; @ c;

=~
/
/
/
/
/
«
=
=

<
Z
Sum

|

j
g
i
G

/

April 19, 2010



64-b KS: Stage Effort Distribution

67 Input= 3um

man
LAY
as

Stage Effort, f
w

Stagel Stage2 Stage3

* Nonlinearity causes unequal stage efforts
— Nonlinear factors: wire load, parasitic delay diff.
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64-b KS: Energy versus Delay

300

—— Wire Ignored

250 -
- \Wire Included

200

wire

Energy (pJ)

effect
= exponential
T behavior
 Input = {30, 20, 15, 10, 6, 3}um
B N " Delay (FO4) B

e Significant wire effect on delay & energy

April 19, 2010
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Problem B: Energy-Delay Tradeoff

Stage S, Stage S, Stage S

'M:} > ooo__>o_04uja_ut
) > > D ==

o Optimization Problem
— Minimize:  E = XEg;,4e)
— Constraint: {Input, Load} = const.
Z’DStage(i) = Dmin + 4D
* Objectives
— Avoid infinite energy sensitivity at D,
— Equalize energy-delay sens.: (OE/0D)g; = (OE/OD)g)
— Trade delay for energy (traditional approach)
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E-D Trade-off: Single Path

Input } }Output
— ] >o— L 92C

C =1 8 n
n S S, +7 S, S, =
600 : . .
D _min (infinite energy sensitivity)
500 -
— good
2 4007 delay trading
= 00 | [OF energy less energy saving
o for extra traded delay
D 200
n=10@
100 -
D=1.18D,,
0 | |
20 35
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E-D Trade-off: Stage Effort Distrib.

Input }gjtput
—>o— +92C,

Cin:]' Sl S 84 =

18 unequal distribution
16- of 4D to stages
14
< 17| logical effort
% 10- AD: small—large
g_) 8- i > ]
g ‘
5 o _ TR
e . .
- N I 1NN
> MLILAT

f Stagel f Stage2 f Stage3 f Stage4
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E-D Trade-off: Energy Distrib.

Input I:
Cin:]' Sl

S

}(ﬂjtpUt
= 92C.

2 =

400

350

300

250

200

Energy (fJ)

150 -

100 -

50

O,

E_Stagel

April 19, 2010
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64-b KS: Energy Delay Tradeoff

400 1

300

Energy (pJ)
N
8

100 o
Efficient
E-D Curve

0

11 12 13 14 15 16
Delay (FO4)

« D, solution is very inefficient in energy

* 55% energy saving with 10% delay traded

« Solution = equal stage energy-delay sensitivity
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Design in Energy-Delay Space

Decrease /

Stage Effort

Energy

If this is your design point
- the drop is steep |
“I But you should not be

designing therell

LE

Increase
Stage Effort

For a small sacrifice in delay

. I |
/ the energy savings are !Dlg . De|ay

From:
R.W. Brodersen, M.A. Horowitz, D. Markovic, B. Nikolic, V. Stojanovic, "Methods for True Power
Minimization," International Conference on Computer-Aided Design, ICCAD-2002, Digest of Technical

Papers, San Jose, CA, November 10-14, 2002, pp. 35-42.
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Problem C: Energy Minimization

Stage S, Stage S, Stage S

'M:} > ooo__>o_04uja_ut
) > > D ==

e Problem:
— Minimize: E =ZXEg;
— Constraint: D = 3Dg; = const.
Load = const.
e Objective:
— Obtain absolute minimal energy @ given delay
— Equalize energy-delay sens.: (0E/0D)g; = (OE/OD)g,
— Trade input size such that (oE /olnput); =0

April 19, 2010



Single Path: Stage Effort Redistrib.

Input DOClJtput
o L 92¢

In Sl SZ = 83 S4 =
o _ 2f = const
N M Logical Effort | radjstribution of
7 B Min-Energy stage efforts to
& 6 fit stage energy
2 5
L
o 4
(@)
T 34
p)
2,
1,
0,

f stagel f stage2 f stage3 f stage4d
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Single Path: Energy Distribution

Input DOClJtput
o L 92c

in 551 552 - 553

400- )
@ Logical Effort

350~ _

— B Min-Energy
2 2500 | * 25% less energy
> 200- | * Energy reduction in heavily-
£ 150] loaded stages

100-

50+

E stagel E stage2 E stage3 E stage4d

) Including energy consumed on output load
April 19, 2010



64-b KS: Minimal Energy vs. Delay

A

Delay Optimized

150 |

Energy (pJ)

100 |} Energy Minimized

207y W LoaD :60,um

0
11 12 13 14 15 16 17
Delay (FO4)

e 30 - 50% energy saving @ same performance
e 1.6 - 3.6X Input size
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Pipelined System Optimization

e Design constraints
— Delay target
— External I/O constraint

* How to obtain minimal-energy solution?

— Pipelined stages
* Minimized for energy
e Sensitive to input and load variations

— System level
» Balancing energy sensitivities at pipelined boundaries

— Recursive process

April 19, 2010



Pipelined Stage: Efficient E-D Area

300 - - _
30Mm 20 Delay-Optimized Load = 60 ;m gate width
“~input | input Design Points
250 7 (Logical Effort)
,"10,um Smaller H = Cy/Cin
200 -
2
>
g 10 Energy Range
T for Designs '
100 - Achieving the
Same Delay
Energy-Minimized Design Points
50 7 (Lowest Energy Achievable)
(64-bit static Kogge-Stone adder in 0.13um CMOS at 1.2V)
0 | | | | |
11 12 13 14 15 16
Delay (FO4)

» Efficient E-D area is upper- and lower-bounded

April 19, 2010
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Efficient Input-Delay Area

60

(64-bit static Kogge-Stone adder in 0.13um CMOS at 1.2V)
Load = 60 xm gate width

Energy-Minimized
Design Points

Range of Input Size
' for Achieving the

/ & Oy s Same Delay

»
'y

Input Size (um)
w
(@)

10 . Delay-Optimized AL R
Design Points ‘g, 0ag T ‘
(Logical Effort) ol Pz
0 | | ‘ \ |
11 12 13 14 15 16

Delay (FO4)
e Larger/smaller input < less/more energy
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Efficient Energy-Input @ D = const.

Energy} 5 ------------- Delay-Opt
)
0 5 OF,input = — o
&) ,Inpu
|_|CJ alnpUt Load = fixed
Q
S Delay = const
_c'is Load = const
Input = i E nergy- Mi n
______________ T e T T.
| Tradable Input '
. Input Size
—3 - Energy vs. input size: one-to-one relation

— Energy sensitivity to input, OE Input
e Flat energy in upper half of input range
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Sensitivity to Load @ D = const.

OE -
O = —
E,Load O Load
>A dLoad Input= fixed ’ O-E,Iin
% _ 300 >
5 Exponential

Almost Linear

Energy (PJ)

(Fixed delay, fixed input)

>

Load

Delay = const/
20 ZSHH\\J/[4O
* Energy sens. to output load, o | ,.q ¥

Inpyt (m) %
— More @ upper bound (delay-opt.)
— Less @ lower bound (energy-min.)

e Energy components = energy + its sensitivities

April 19, 2010



System Energy Optimization

Boundary B, Boundary B
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* Energy minimization
— Pipeline: minimize energy @ given input & load
— System: balance energy sensitivities @ boundaries

e Trading elements: input size, output load

-
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« Optimal criteria; J >4

O inputA;, — OF,Load A,

.
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How to Achieve Less Total Energy

Boundary B,
Logic —> Logic
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Case Study: Media Datapath

Maximal Input = 30um {

Target Delay = 17FO,

Output Load = 60um gate width {
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* What is the minimal energy solution?
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Case Study: Optimal Criteria

Simplified Datapath
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Case Study: Optimal Algorithm
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Case Study: Media Datapath Solution
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System Energy-Delay @ V,,=const.
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e Similar E-D characteristics as single stages
e Possibly less input size @ lower delay
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Effect of Supply Scaling

400 T \
1'5\/;(\ \ \ Minimal E-D
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Potential Saving of System Energy
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e Significant energy saving with correct supply

or delay selection
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Energy-Delay Improvement
of Pipelined Stages



Architectural Advantages

1/T 1/2T
Add Add
Comp Comp
Sel Sel
\___/
_§
feedback bus

(a) Reference

 Feedback bus is
typical
e Length =128um
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(b) Parallelism

= =N.area
= = N . bus length
= 1/N clock rate

(c) Pipelining

= ~area

= = bus length

= Same clock rat



Energy-Throughput Comparison

20 T
18 4 B Parallelism
16 1 A Pipelining
—~ 14 -
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Throughput

Energy (pJ/op
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4
ACS Circuit
2 1
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0 1 2 3 4 5 6

Throughput (norm)
Pipelining is mostly more efficient in E-D domainl!
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ACS Unit Implementation

April 19, 2010
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Energy-Throughput Comparison

200 A
7 Circuit Sizing
Pipelining = 1 — . — Supply Scaling
Parallelism = 8
150 ACS Unit
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Less energy for deeper pipeline at given throughput
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Designing a System
for a Fixed Performance
in the Energy-Delay Space
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Pipelining and Parallelism for an ACS Circuit
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Energy-Delay Results for Parallelism
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H. Q. Dao, B. R. Zeydel, V. 6. Oklobdzija, "Energy-Efficient Optimization of the
Viterbi ACS Unit Architecture”, Proceedings of the Asian Solid-State Circuit
Conference, A-SSCC 2005, Hsinchu, Taiwan, November 1-3, 2005.
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Energy-Delay Results for Pipelining
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H. Q. Dao, B. R. Zeydel, V. 6. Oklobdzija, "Energy-Efficient Optimization of the
Viterbi ACS Unit Architecture"”, Proceedings of the Asian Solid-State Circuit
Conference, A-SSCC 2005, Hsinchu, Taiwan, November 1-3, 2005.
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Energy-Delay Estimation Matches Complex
Circuit Simulation
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Energy Efficiency of Architectural Choices

76

Energy [pJ/op]

(including supply scaling and circuit sizing)
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Eergy-Delay Results for Parallelism and Pipelining
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ACS Energy [pJ/op]
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H. Q. Dao, B. R. Zeydel, V. 6. Oklobdzija, "Energy-Efficient
Optimization of the Viterbi ACS Unit Architecture", Proceedings
of the Asian Solid-State Circuit Conference, A-SSCC 2005,
Hsinchu, Taiwan, November 1-3, 2005.
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Pipelining has the Best Energy-Delay Tradeoff
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Is it possible to lower the Energy ?

>| Optimized

E,

C N

L Energy 1

Savings /7 ~
Energy |
Optimized
Delay

* Reduce Energy for same Delay!
* Improve Delay for same Energy!
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Achieved Energy Savings in KS and HC
Adders

o —e KS LE —* HC LE

350
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/ 3
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10 11 12 13 14
Delay (FO4)
» Simulation of 64-bit static adders confirms saving!
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Estimated Energy (J)

Achieved Energy Savings in
Representative Adders
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» Comparison of high-performance 64-bit adders
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Reduction of Hot-Spots

— Reduces :
~ Hotspots -
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* Energy minimization improves hotspots!
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Accomplishments
(June 30, 2003 to June 30, 2004)

30 90nm technolog
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Summary

+ Energy-Efficient Design requires:

- Early structure comparison in energy-delay space

- Early Layout/Floorplanning

- Optimization using energy minimization objective
function

* LE does not guarantee a good design

* Our method of energy-minimization focuses
on reducing power

» The same principles hold for other logic
functions
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Future Work

* Methodology improvement
— General design rules
— Algorithms with fast convergence
— Guidelines for close-to-optimal solutions

e CAD tool
— Custom vs. standard cell library

* Improve gate modeling & characterization
— Worst-case vs. single-switching,... or between?
— Process variation

April 19, 2010
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