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Outline

* Delay estimation

* Logical effort and transistor sizing
ConGumption

* Power dissipation (h%

* Interconnect C(Chb

* Wire engineering
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* Scaling L fdeal wire ) C

EE3230



Power and Energy

Ve Power is drawn from a voltage source attached to
the V, pin(s) of a chip

(e)
: i+
* |nstantaneous Power: F(t )= ur(t) v (t) j
' . r(
\.(t)\l'-[\loﬂ — w0 (%) t)
Vin —Plo—\/w‘t l ~
Ve Energy: T T
g p(t)dt= Von*j l) Al
(]

 Average Power: F”“’f
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Static and Dynamic Power Dissipation

F‘ro'l‘ﬁ|= ‘99_‘,’“\““ Fdﬂ""“ﬂz ol

AEt Wmodes: acmve, sTmed-by, Sleep 19 T C

* Static power dissipation
S_OL — Sub-threshold conduction through OFF transistors |
Qﬁg — Tunneling current through gate oxide
pale#F™” | oakage through biased diod /
ﬁmﬂ"‘k ge through reverse-biased diodes
?M’

— Contention current in ratioed circuits
 Dynamic power dissipation

— 4, non-2end STRuC
®— Charging and discharging of load capacitance (VY ent

o — “Short-circuit” current while both PMOS and NMOS
networks are partially ON
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Dynamic Power (l)

 Dynamic power is required to charge and discharge

loa itances when transistors switch

* One cycle involves a rising and falling output.

@ On rising output, chargg Q = CV,; is required R

@+ On falling output, charge is dumped to GND E=CVop
* This repeats f, times per second

CVor 2 s

gl oD .

F= T, % CVao qfsw&m\nf [yl
e’ —

VW N =N
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Dynamic Power () Z¢&.

T ey
. A
N\ w «
Pdtano\mw: J_‘: Vov ((T) ot EC:-S LCt) Upug (t) 4T
Jo ’
fitseppty o T = (® AVovir)
ﬁ\?%ﬁsw“ﬂ!u D\STMTIf’W“v "Joc\_‘_‘? -lfo‘lt'['(t)l('b
A
V00 T - t .
= —. L(t)dt = - CVop
T J i
T JviDD(t) h
. _3_ [C(*)
= CVop- f U ’ _ _—’J_ C ¥
i il g Vo
J _
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Activity Factor

* Suppose the system clock frequency = f

* Letf,, = af, where a = activity factor
@ zaH%* |f the signal is_a clock, a=1 uuuus

. . —| | /28
— If the signal switches once per cyclei, a'=

|
— Dynamic gates: Switch either O or 1 times per cycle, a =%

4y— Static gates: Depends on design, typically a = 0.1
(MO5 random St\‘ha\, SWitih Nith A YWV
provability ot 0.5 — x=0.25

.

ijnwwm,: X C Voo j:“(

ew Yl\ vea| data

* Dynamic power:
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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 ., ., -
. o . 3%5'[ &% s(ofeif‘ﬂ
¢ <10% of dynamic power if rise/fall times are

comparable for input and output (well-controlled)

~ Voui To

n N { borh (M0 oyt NMO S e oN
Eie
I 1
} — Via A Vinh

DC chan

o 7 Vin/Voo Ea it Muomef—e/v Teoh.
Fatsocfh 18 %

EE3230 8




Example (1)

* 200M transistor chip S4stem

——= 20M logic transistors
* Average width: 12 A

— 180M memory transistors

* Average width: 4 A MW channeq lwgh
Onm)

— 1.2-V 100-nm process (A =0.5* feature size =
— C, =2 fF/um

F: A C sz' fGW
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Dynamic Power Consumption (r |

 Static CMOS logic gates: activity factor=0.1
 Memory arrays: activity factor = 0.05 (many banks
and partially activated at a time!)

* Estimate dynamic power consumption per MHz.

—(Neglect wire capacitance and short-circuit current)

C(N‘R’—' (2°*l0‘) (|2' S‘Dnm)(-%):: zcl-mF

Coom= (15010 ) (4 Soum) ( %): rznf

_ 2 b t b
P=o. 2tF L2 10+ p.o5 2nF (270 =0 bW

(ov'\;?o
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Static Power Consumption

e Static power is consumed even when chip is
guiescent.

@— Ratioed circuits burn power in fight with ON transistors

@— Leakage draws power from nominally OFF devices
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Ratioed Example

* The chip contains a 32 word x 48 bit ROM
— Uses 1:32 pseudo-nMQOS decoder and bit-line pull-ups

— In average, one wordline and 24 bitlines are high
«—4t —

* Find static power drawn by the ROM I
— B=75pA/V2, V,, =18V 22
— th - —O4V I_r =Ez.( Voo‘l%hl)z rlg”A \l

Ve | T

. JH
L
— - T——‘C‘\r(- :E quah?.-‘-(;l*‘q) r];“\‘l'% v

= Qaww  Fecffi]

- »
- I 4
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\C“““lcg dato dC[&y\dm-(, ‘: NAND3 l

 15-A oxide W|th 65-nm channel length ¢
Vas = Vv ('ﬁ"”‘"’ Fmeo )
@' Gate leakage through ONa}\IMQS is 6.3 nA Gate leakare

(z)* Subthreshold leakage through NMOS with V=V is

5.63 nA, and is 9.3 nA for PMOS T
VDP ) —\C‘\L Ve
qLJLmC' OICJ\
f ;‘f 7Y
| _
¢ C,‘——__ Vz
0 B —
;'———-" Vx
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NAND3

Subthreshold leakage /¢,
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NAND3

Gate leakage I are
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Leakage Example (l)

* The process has two threshold voltages and two_
oxide thicknesses.

e Subthreshold leakage:

— 20 nA/um for low V,, devices t‘qh- porformance
e

— 0.02 nA/um for high V., devic

e Gate Ieakage: / low - ponwev
— 3 nA/um for thin oxide

— 0.002 nA/um for thick oxide
* Memories use low-leakage transistors everywhere

* Gates use low-leakage transistors on 80% of logic
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Leakage Example (1)

* Estimate static power:
Pu " mamet b

— High'leakage: (2o ,0") (207) (12 50um)=2. 4 sip pw
— Low leakage: (20“:) (807 )(12- S um )+
<l%°“°b)(4">’"m)= 4‘5-";06/“#\
T seane= 2.4‘: (z_,,A—\—;aA)/z
+ “S‘L'l:(o,ozuﬁﬂ'o.°°2"A)/Z

= 2N.bto.sotb=2%. 1WA

* Withow leakage devices, P ... = §Szmw!
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Low Power Design

] ck iRy igip
* To rduce dynamic power ov'f T T
— a: clock gating, sleep mode en e M} e |
— C: small transistors (esp. an clock), short W|res —
loqizal <ff |

(v G2 -ﬁv cdock

nom-c ritieal vose

———> V! lowest suitable voltage)

DVF'S — f: lowest suitable frequenc . X
Mbwu‘c veltage - Py ;cﬂ.\q Y Vin —p©— T
: To reduc‘ci—: static power Tbte

1% 9x 16X
— Selectively use ratioed circuits /v — 00— po—po—

— Selectively use low V., devices T 6%c¢

— Leakage reduction:
stacked devices, body bias, low temperature
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Reduce Static Power

* lLeakage stack effect e MTCMOS:
multiple threshold CMOS

VDD VDD
¢ . VL 5 Vpp— T

Standby: High-V, Sleep

i Y .
v Transistor

DDV
(a) (b) |
Bypass — LOW-\(t Logic
Capacitance Transistors

. GND
* Body bias T
\\/;BBp Vag,  GND ’ . Voo Vi,
- - }/ g sy Y /
Afkv p S
2 L p+ J L p+
G N D - p-substrate s
VBBn

Substrate Tap Well Tap
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Outline

* Delay estimation

* Logical effort and transistor sizing
* Power dissipation

* [Interconnect

* Wire engineering

* Design margin

* Reliability

* Scaling
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Interconnect

* Chips are mostly made of wires called interconnect
— In stick diagrams, wires determine size
— Transistors are little things under the wires
— Many layers of wires

* Wires are as important as transistors
Speed F¢
iPower C
— Noise, ( covphing )
e Alternating layers run orthogonally
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Wire Geometry

* Pitch=w+s
* Aspect ratio: AR = t/w
— Old processes had AR << 1

— Modern processes have AR = 2 11'"““

* Pack in many skinny wires

k>
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Layer Stack

* AMI 0.6-um process has 3 metal layers

* Modern processes use 6-10+ metal layers cmp
 Example: Intel 180 nm process

e M1: thin, narrow (< 3\) taver Tom wem seom AR

— High density cells 6 1720 80 80 20
. U
* M2-M4: thicker

— For longer wires

1000

5 1600 800 800 2.0

1000

J
* M5-M6: thickest B ¢« ww s s 20 [T

700

oo
— For V5, GND, clk 3. 7 @ @ 22 [I[]

700

2 70 320 320 22
o ao
. 1 480 250 250 19 RE
ront - omd ‘L 800

01‘ e F&N— Substrate

EE3230



Wire Resistance

* p = resistivity (Q*m)

P
?-P "E: "'c_@

* R =sheet resistance (Q/01)

— [ is a dimensionless unit(!) AN
e Count number of squares |
— R =R * (# of squares) v

A

1 Rectangular Block 4 Rectangular Blocks
R=R,(L/'W)Q R = R_(2L2W) O
=R, (L/W) Q
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Choice of Metals

e Until 180 nm, most wires were aluminum
* Modern processes often use copper

— Cu atoms diffuse into silicon and damage FETs
— Must be surrounded by a diffusion barrier

Metal Bulk resistivity (uQ*cm)
Silver (AQ) 1.6
Copper (Cu) 1.7
Gold (Au) 2.2
Aluminum (Al) 2.8
Tungsten (W) 5.3
Molybdenum (Mo) 5.3
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Sheet Resistance

e Typical sheet resistances in 180-nm process

Layer Sheet Resistance (Q/[])
«|  Diffusion (silicided) 3-10 1
X Diffusion (no silicide) 50-200
Vv Polysilicon (silicided) 310 -
PonS|I|c|(\)/|r;t(;1|c1> silicide) 52-320 é-—_'fFi?fﬂllf@
Metal2 0.05
Metal3 0.05
Metal4 0.03
Metal5 0.02
Metal6 0.02 v
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Contact Resistance

* Contacts and vias also hav@gﬂ

* Use many contacts for lower R
— Many small contacts for current crowding around periphery

——
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Wire Capacitance

* Wire has capacitance per unit length

— To neighbors
— To layers above and below

* CtotaI = Ctop + Cbot + 2Cadj

layer n+1

v
il - ayer n
! |

layer n-1
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Capacitance Trend

* Parallel plate equation: C =£A/d
— Wires are not parallel plates, but obey trends
— Increasing area (W, t) increases capacitance
— Increasing distance (s, h) decreases capacitance

e Dielectric constant
— € = kg,
— £,=8.85x 10 F/cm
— k =3.9 for SiO,
* Processes are starting to use low-k dielectrics

— k=~ 3 (or less) as dielectrics use air pockets
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(M2 Capacitance Data

e Typical wires have ~ 0.2 fF/um

— Compare to 2 fF/um for gate capacitance

C,oia (@F/um)

400

350

300

250 +

200

150

100

50

0

o
0@ Y

M1, M3 planes
——s =320
—— s =480
—A&— s =640
—@—s5=®

Isolated

o 0---5=320

0

500

1000 1500

an)

2000

):Fﬁx

’

MR

EF &
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Diffusion and Polysilicon

°>§Diffusion capacitance is very high (about 2 fF/um)
— Comparable to gate capacitance
— Diffusion also has high resistance

— Avoid using diffusion runners for wires!
* Polysilicon has lower C but high R
— Use for transistor gates

— Occasionally for very short wires between gates
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Lumped Element Models

* Wires are a distributed system
— Approximate with lumped element models

N segments
R «p RN RN RN RN
$C ng/N $C/N ng/N $C/N
one addiTiona] node
R R RI2VR/2
o ke

L-model n-model T-model

* 3-segment m-madel is accurate to 3% in simulation

* L-model needs 100 segments for same accuracy!
e Use single segment m-model for ElImore delay
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Example

* M2 wire in 180-nm process

— 5-mm long

— 0.32-um wide

t R =0.05 Q/O

\’Wm\ﬁ
e Construct a 3-segment nt-model

Cpermicron =402fF/|‘1m

260

> R=
> C=

_I_W
_;‘_ -

_
I

it
T

d
T 14

N8l s
1¢F

F

EE3230
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Wire RC Delay

* Estimate the delay of a 10x inverter driving a 2x
inverter at the end of the 5-mm wire from previous
example

<ﬁ— Effective R = 2.5 kQ#um for gates, C = 2 fF/um
— Unitinverter: 4\ = 0.36 um nMOS, 8\ =0.72 um pMOS

.2am 8l A 2X (¢ puM
§ L 0 g
—t S’Oo . e
2.6 %' T T0 r
. "lﬂh-— = -
CinZ4fF

F‘f‘l‘"":’:. k4o
tpaf=bho soof + (La0tNI(ST4FIZ 1 lus

Fot[-}’;‘ SRC= f]ors
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Crosstalk coupling noice

e Capacitor do not change voltage instantaneously

* A wire has high capacitance to its neighbor
— When the neighbor (aggressor) switches from 120 or

0—>1, the wire (victim) tends to switch as well 6\{6
— Called capacitive coupling or crosstalk C“‘J _/—
* Impacts N A BT
P | oo T — —(F—0d
— Cause noise on non-switching wires { L
tf
— Increase delay on switching wires ke 2 —'_I_'- Cqna
Cos)
s\a=2Va =L

C gna+t CM[
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Crosstalk Delay

* Assume layers above and below in average are quiet
— Second terminal of capacitor can be ignored
— Modeled as C, 4 = C,, + Cy

* Effective C,,; depends on behavior of neighbors
— Miller Coupling Factor (MCF)

top

BER Can; §EBA OV
P "'t7t>—-_4:- ‘-RL_<><3--
B Q\D Ceri) MCF
Constant Vb Cyng * Cag 1 A éF B
Switching with A 0 Cyng 0 Cynd # ad - Cy g
Switching opposite A 2Vpp | Cgng +2 Cyy 2 S
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Crosstalk Noise (Floating Victims)

* Crosstalk causes noise on non-switching wires

* If victim is floating

— modeled as capacitive voltage divider

sV

AV

vic Tw —

aggressor

C m“]. .
_ 4 \/a,q resGof
C@ﬂd vt CAIJ
Aggressor 4
f— C:adj
Victim A
T and-v AVvictim
v v

EE3230
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Crosstalk Noise (Driven Victims)

e Usually victim is driven by a gate that fights noise
— Noise depends on relative resistances

— Assume victim driver in linear region and aggressor driver

in saturation (considering inverter operation)
_‘cllldﬁ¥ ‘

- Wlth equal Sizesr Raggressor =2-4 X Rvictim AVC: °V0‘ Atk
K- Ta\quﬂn' Cﬂ”‘tcu“
T vietim aq9 "”"S'E

’ 4 %-L(l aggress” Aggressor
% gnd-a
aggressor

V|ct|m VICtIm

H_ \C)" V7 i Cgndv AVyictim

<
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Coupling Waveforms

* Simulated coupling for C 4, = C, 4

Aggressor

1.8 17

V“t 15
" |

L V‘D'

Victim (undriven): 50%

06 1
Victim (equal size driver):(8%
0.3 1 Victim (double size driver): 4%
0 Jr Yy T/

| | | | | | | | | |
0 200 400 600 800 1000 1200 1400 1800 2000

t(ps)
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Noise Implications

So what if we have noise?

If the noise is less than the noise margin, nothing
happens

Static CMOS logic will eventually settle to correct
output even if disturbed by large noise spikes
— But glitches cause extra delay

— Also cause extra power from false transitions

. .—gloa-r-\n noAec .
Dynamic logic never recovers from glitches

Memories and other sensitive circuits also can
produce wrong outputs
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Outline

* Delay estimation

* Logical effort and transistor sizing
* Power dissipation

* Interconnect

* Wire engineering €<—

* Design margin

* Reliability

* Scaling
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Wire Engineering

* Goal: to achieve delay, area, and power goals with

acceptable noise
* Degrees of freedom:

EE3230



Wire Engineering

* Goal: to achieve delay, area, and power goals with
acceptable noise

* Degrees of freedom:

— Width
— Spacing

Delay(ns):RC/2

2.0
1.8
1.6
14
1.2
1.0
0.8
0.6
0.4
0.2

0

0

500

1000
Pitch (nm)

1500

2000

Coupling:2C

0.8
0.7 >
0.6 .
. = WireSpacing

0.5 A Y . (nm)

A < 320
0.4 7y m 480

A 640
0.3
0.2
0.1
0 T T T
0 500 1000 1500 2000
Pitch (nm)
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Wire Engineering

Steggeved repeator

* Goal: to achieve delay, area, and power goals with
acceptable noise po— Doy sPo—

* Degrees of freedom: —po [ w\ Do —
— Width 20 08

18 o o7 ° s
L] E ' o
— Spacin 16 " 06 a .
F) §; 14 - o : - WireSpacing
o O A O 05 (nm)
o 12 S A =
— Layer ¢ . = A 5 320
i~ 1.0 A Og 04 7'y .%
£ | N 4
— Shielding % . .
o— a - S 02
0.4 S
0.1
0.2
0 r r r 0 T T T
0 500 1000 1500 2000 0 500 1000 1500 2000
Pitch (nm) Pitch (nm)
e e e e e T e e e e e e | T e e e e e e e i
| 1 1 1 1 |
| 1 | L |
| 1 1 1 1 |
| 1 1 1 1 |
| 1 | L |
| 1 1 1 1 |
| 1 1 1 1 |
| 1 | L |
| 1 1 1 1 |
I b 2 L :
Lvdd_a,__a,_gnd_a, a, vdd} jvdd & gnd & vdd_& gndi j_ 3 _ by a_ b _a_ b, |
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Repeaters

 Rand C are proportional to /[ (length)
 RCdelay is proportional t

— Unacceptably long delays for long wires

* Break long wires into N shorter segments

— Drive each one with an inverter or buffer

Wire Length: |
> ¥ >

Driver Receiver

N Segments

Segment

MDWW

Driver Repeate Repeater Repeater Receiver
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Repeater Design  ,_,

() How many repeaters should we use?
@ * How large should each one be?

* Equivalent Circuit
b T
— Wire length / copllenqr res/lenqre

* Wire Capacitance gw-/, Resistance (W-/
— Inverter size W (nMOS =W, pMOS = 2W)

* Gate capacitance C-W, parasitic capacitance C-p,,-W
* Resistance R/W (dvoin )
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Repeater Design

* How many repeaters should we use?

. 2W 2w
e Equivalent Circuit V"'._[>o~ Po—
— Wire length I/N w N W
* Wire Capacitance C,I/N, Resistance R,//N 3N
— Inverter size W (nMOS =W, pMOS = 2W)

* Gate capacitance C-W, parasitic capacitance C-p, W

* How large should each one be? (

* Resistance R/W /

Puy
o /AN

il 1 L TC
gm— ‘Y v wa u! CW
I}g/” [N T% :

- -
- -
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:»if(ﬂ,bﬂ)
— Diff erenmite Nt N omd N omd ‘fa’u‘ ut oprimuwm

Q ’ weth r'oqc:: SRC ((\wfh\td ?M=|)
1

2 eC (14 )
ew Cu

w b ‘Plded rravsitor Pg\nv‘: 0.5

o.n | _FPe
£~ C.

T-"(Z*‘NZ(”Y""’) [RC Rl & 144 Troa et

EE3230 "



_ | RCw
- |Eee
Ru(

PR

N

A

\\

= \.ooll‘cw" sz
%33’]79 ?oww MW?OM To no fe.?erwrs

?‘ &\ addfnbn To mh (‘th) / tf;[ rL W ( EDF) enev 7~dclay Prbdwt

= 0.8mr A pe=TE) W=11pm 64 wvertew
L &) 5/ mm l71_—.o,zb P‘%«m
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Example

* 65-nm technology, middle routing layer with 2x
width, spacing, and height.

— Rw=200 ohm/mm, Cw= 0.2 pF/mm
— FO4=15 ps

|.G']Jl9p-zoe 0.2p = 't] Fs/mm

E

I

zZ|l= »|M
1
: ©
+
=
(@
™~
3
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iﬂ additivn to wk (TPJ)

‘@4"'{ WMin (EV\’) emovgy - delsy produce

Tq% M’qqfs/wm o -E-._o %P\J/wm

¢
L e
Z R 0 Dwwm A se— 1] w= llpm BA Mvevtv
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