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Introduction
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« Chip designers face a bewildering array of choices
— What is the best circuit topology for a function?

— How many stages of logic give least delay? 27292
— How wide should the transistors be? @

* Logical effort is a method to make these decisiorf O
— Uses a simple model of delay e

— Allows back-of-the-envelope calculations
— Helps make rapid comparisons between alternatives
— Emphasizes remarkable symmetries
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Example

» Ben Bitdiddle is the memory designer for the Motoroil
68W86, an embedded automotive processor. Help Ben
design the decoder for a register file,, .,

* Decoder specifications:
— 16 word register file
— Each word is 32 bits wide

Register File

°

T

— Each bit presents load of 3 unit-sized transistors
— True and complementary address inputs A[3:0]
— Each input may drive 10 unit-sized transistors

* Ben needs to decide:
— How many stages to use?
— How large should each gate be?
— How fast can decoder operate?

Delay in a Logic Gate
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« Express delays in process-independent unit
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d t= 3RC
d _ _—abs
T ~ 12 psin 180 nm process
40 ps in 0.6 um process
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Delay in a Logic Gate

» Express delays in process-independent unit

d — dabs
T
* Delay has two components
d=f+p
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Delay in a Logic Gate

» Express delays in process-independent unit

g e

T
¢ Delay has two components
d=f+p

« Effort delay f = gh (a.k.a. stage effort)
— Again has two components
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Delay in a Logic Gate

« Express delays in process-independent unit

g e

» Delay hag two components
d=f+p

Effort delay f = gh (a.k.a. stage effort)

— Again has two components

g: logical effort

— Measures relative ability of gate to deliver current
— g =1 forinverter
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Delay in a Logic Gate

« Express delays in process-independent unit

g

T
» Delay has two components
d=f+p
« Effort delay f = gh (a.k.a. stage effort)
— Again has two components

h: electrical effort = C,, / C,

— Ratio of output to input capacitance
— Sometimes called fanout

Delay in a Logic Gate

» Express delays in process-independent unit
d

d = —abs
T
» Delay has two components
d=f+p
 Parasitic delay p

— Represents delay of gate driving no load
— Set by internal parasitic capacitance
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Delay Plots
d =f+p
_ 2-input
=gh+p

6 NAND  Inverter

NormalizedDelay:d

ElectricalEffort:
h= Com / C\r\

*VLSI Design I; A. Milenkovic
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Delay Plots

Computing Logical Effort

d =f+p
— 2-input
- gh +p 6 NAND Inverter
o g=4/3
g 7 p=2
* What about 3, ., d=w@sne2
B -
NOR2? & zl
T 3 =h+1
£
S 24 EffortDelay:f
=4
1
Parasitic Delay: p
0 T T T T
0 1 2 3 4 5
ElectricalEffort:
= out
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» DEF: Logical effort is the ratio of the input
capacitance of a gate to the input capacitance of
an inverter delivering the same output current.

« Measure from delay vs. fanout plots
« Or estimate by counting transistor widths

2 A—4
2 A 3y B 2
A Y Y
1 B 2 H 1
C,=3 C,=4 C,=5
g=3/3 g=4/3 g=5/3
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Catalog of Gates

 Logical effort of common gates

Catalog of Gates

Gate type Number of inputs
1 2 3 4 n
Inverter 1
NAND 4/3 5/3 6/3 (n+2)/3
NOR 5/13 |7/3 9/3 (2n+1)/3
Tristate / mux |2 2 2 2 2
XOR, XNOR 4,4 16,12,6 |8,16,16,8
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¢ Parasitic delay of common gates
— In multiples of pj,, (=1)

Gate type Number of inputs
1 2 3 4 n
Inverter 1
NAND 2 3 4 n
NOR 2 3 4 n
Tristate / mux |2 4 6 8 2n
XOR, XNOR 4 6 8
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Example: Ring Oscillator

« Estimate the frequency of an N-stage ring oscillator
M 0oo «D@—D@—‘

Logical Effort: g =
Electrical Effort: h=
Parasitic Delay: p=
Stage Delay: d=
Frequency: f

osc —
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Example: Ring Oscillator

« Estimate the frequency of an N-stage ring oscillator

31 stage ring oscillator in
0.6 um process has
frequency of ~ 200 MHz

Logical Effort: g=1
Electrical Effort: h=1
Parasitic Delay: p=1
Stage Delay: d=2
Frequency:  f .. = 1/(2*N*d) = 1/4N

*VLSI Design I; A. Milenkovic
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Example: FO4 Inverter

» Estimate the delay of a fanout-of-4 (FO4) inverter

PN

Logical Effort: g =
Electrical Effort: h=
Parasitic Delay: p=
Stage Delay: d=

Example: FO4 Inverter
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« Estimate the delay of a fanout-of-4 (FO4) inverter

PEN

Logical Effort: g=1
Electrical Effort:
Parasitic Delay: p=
Stage Delay: d=5

h _ The FO4 delay is about
200 ps in 0.6 um process
60 ps in a 180 nm process

/3 ns in an f um process
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Multistage Logic Networks

» Logical effort generalizes to multistage networks
« Path Logical Effort
G=]Ta

* Path Electrical Effort H = Cout—path

Multistage Logic Networks

Cin-path
 Path Effort F= I I f= I I gh
b' b N ™.
Ty oo==1,
=1 g,=5/3 g, =413 g,=1 I
h, =x/10 h, =y/x h,=zly h, =20/z
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¢ Logical effort generalizes to multistage networks
¢ Path Logical Effort
G= H g

* Path Electrical Effort H = Cout—palh

in—path

F:Hfi :Hgihi

* Path Effort

¢ Can we write F = GH?
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Paths that Branch

* No! Consider paths that branch:

G =

Paths that Branch
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¢ No! Consider paths that branch:

G =1
H =90/5=18
GH =18

h, =(15+15)/5=6
h, =90/15=6
F =9,0,hh, =36 =2GH

*VLSI Design I; A. Milenkovic
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Branching Effort

* Introduce branching effort
— Accounts for branching between stages in path

Con path + Coff path
Con path

Note:
B=]1n h = BH

* Now we compute the path effort
- F=GBH

b=

Multistage Delays
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* Path Effort Dela
Y D.=>f,

* Path Parasitic Delay p _ z p.

Designing Fast Circuits

D=>d =D +P
« Delay is smallest when each stage bears same effort
~ 1
f=gh=F"
¢ Thus minimum delay of N stage path is

D=NF"+P

* This is a key result of logical effort
— Find fastest possible delay
— Doesn't require calculating gate sizes

« Path Delay D=)d; =D, +P
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Gate Sizes
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* How wide should the gates be for least delay?

f=gh-g%
iC
:>Cin, :%

« Working backward, apply capacitance
transformation to find input capacitance of each
gate given load it drives.

» Check work by verifying input cap spec is met.
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Example: 3-stage path

« Select gate sizes x and y for least delay from A to
B
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Example: 3-stage path

Logical Effort 3
Electrical Effort H=
Branching Effort B
Path Effort F
Best Stage Effort
Parasitic Delay =
Delay =

*VLSI Design I; A. Milenkovic
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Example: 3-stage path

AT oo -

Logical E T
100/27

Electrical Effort H =45/8
Branching Effort B

Path Effort F

Best Stage Effort

Parasitic Delay P=2+3+2=7

Delay D=3*5+7=22=4.4F04

Example: 3-stage path
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*  Work backward for sizes
y =
X =
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Example: 3-stage path

e Work backward for sizes
y=45*(5/3)/5=15
x = (15*2) * (5/3) / 5 =10

Best Number of Stages

10/3/2005 VLSI Design I; A. Milenkovic
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¢ How many stages should a path use?
— Minimizing number of stages is not always fastest
« Example: drive 64-bit datapath with unit inverter

iaDxver %
DatapathLoad [ 4 4 64
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Best Number of Stages

* How many stages should a path use?
— Minimizing number of stages is not always fastest

« Example: drive 64-bit datapath with unit inverter

nitalDriver

D =NFW+P
= N(64)"N + N

Datapathload  ==64

Derivation
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e Consider adding inverters to end of path
— How many give least delay?

o) N mBxvanverters

ogic Block:

s n n?S(ages [>o-000 %

D_ NFWJ’_ +(N -n ) Path EffortF g
- pi 1 pin

v
i=1

*VLSI Design I; A. Milenkovic

D _FrnFt+Ftap, =0
ON
» Define best stage effort S
p=F"
P +2(1-Inp)=0
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Best Stage Effort

has no closed-form solution
Py + £ (1= p)=0

» Neglecting parasitics (p;,, = 0), we find p = 2.718
(e)

* For p;,, = 1, solve numerically for p = 3.59
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Sensitivity Analysis

* How sensitive is delay to using exactly the best
number of stages?

16

14

By 1500

12 115
10

= (=29)

e 2.4 <p <6 gives delay within 15% of optimal
— We can be sloppy!
—llikep=4
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Example, Revisited

« Ben Bitdiddle is the memory designer for the Motoroil
68W86, an embedded automotive processor. Help Ben
design the decoder for a register filg,, .,

Eeeo)

e

» Decoder specifications:
— 16 word register file
— Each word is 32 bits wide
— Each bit presents load of 3 unit-sized transistors
— True and complementary address inputs A[3:0]
— Each input may drive 10 unit-sized transistors

* Ben needs to decide:
— How many stages to use?
— How large should each gate be?
— How fast can decoder operate?

Register File
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Number of Stages

» Decoder effort is mainly electrical and

branching
Electrical Effort: H=
Branching Effort: B=

« If we neglect logical effort (assume G = 1)
Path Effort: F=

Number of Stages: N =
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Number of Stages

« Decoder effort is mainly electrical and branching
Electrical Effort: H=(32*3)/10=9.6
Branching Effort: B=8

« If we neglect logical effort (assume G = 1)
Path Effort: F=GBH=76.8

Number of Stages: N =log,F =3.1

« Try a 3-stage design
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Gate Sizes & Delay

Logical Effort: G =
Path Effort: F=

Stage Effort: f-
Path Delay: D=
Gate sizes: z= y=

AR AB]  Al2) AZ] AL AT AD] AD]

ihiAl

=R
.
]
S

96 unis of wordiine capacitance

W ‘word(15]

*VLSI Design I; A. Milenkovic
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Gate Sizes & Delay

Comparison

Logical Effort: G=1*6/3*1=2

Path Effort: F=GBH =154

Stage Effort: f_F_536

Path Delay: D=3f +1+4+1=22.1

Gate sizes: Z = 96*1/5.36 = 18 Yy = 18+2/5.36 = 6.7

A AT ARIAT AL AT A ATD

W 10, 10/\10/ \10/\10/ \10/\i0;
ST
:
:
:

= o

96 units of wordiine capacitance

« Compare many alternatives with a spreadsheet

10/3/2005 VLSI Design I; A. Milenkovic
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Review of Definitions

Design N|G |P|D
NAND4-INV 2 |2 5 (298
NAND2-NOR2 2 [20/9 [4 |30.1
INV-NAND4-INV 3 (2 6 |22.1
NAND4-INV-INV-INV 4 |2 7 |211
NAND2-NOR2-INV-INV 4 |20/9 |6 |20.5
NAND2-INV-NAND2-INV 4 |16/9 |6 [19.7
INV-NAND2-INV-NAND2-INV 5 (16/9 |7 |20.4
NAND2-INV-NAND2-INV-INV-INV |6 |16/9 (8 |21.6
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Method of Logical Effort
1) Compute path effort GBH
2) Estimate best number of stages N = log. F
=log,

3) Sketch path with N stages
4) Estimate least delay D=NE*+P
f=fv

Term Stage Path
number of stages |1 N
logical effort g G=[Ta
electrical effort h H =g
branching effort [P B=[]hb
effort F=GBH
effort delay f D=2,
parasitic delay p P=3"p
delay d=f+p D =3d=D;+P
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5) Determine best stage effort -F
. . glcoul,
6) Find gate sizes Ci, =7
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Limits of Logical Effort

Summary

» Chicken and egg problem
— Need path to compute G
— But don't know number of stages without G
» Simplistic delay model
— Neglects input rise time effects
* Interconnect
— lteration required in designs with wire
* Maximum speed only
— Not minimum area/power for constrained delay

 Logical effort is useful for thinking of delay in
circuits
— Numeric logical effort characterizes gates
— NANDs are faster than NORs in CMOS
— Paths are fastest when effort delays are ~4
— Path delay is weakly sensitive to stages, sizes
— But using fewer stages doesn’t mean faster paths
— Delay of path is about log,F FO4 inverter delays
— Inverters and NAND?2 best for driving large caps
« Provides language for discussing fast circuits
— But requires practice to master

10/3/2005 VLSI Design I; A. Milenkovic
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Wires

QOutline

« Introduction

* Wire Resistance
* Wire Capacitance
¢ Wire RC Delay

e Crosstalk

« Wire Engineering
* Repeaters
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Introduction

» Chips are mostly made of wires called interconnect
— In stick diagram, wires set size
— Transistors are little things under the wires
— Many layers of wires
» Wires are as important as transistors
— Speed
— Power
— Noise
« Alternating layers run orthogonally

Wire Geometry
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e Pitth=w+s
¢ Aspect ratio: AR = t/w
— Old processes had AR << 1
— Modern processes have AR ~ 2

« Pack in many skinny wires w s
'/T
t
hJL

10/3/2005 VLSI Design I; A. Milenkovic 52

Layer Stack

* AMI 0.6 um process has 3 metal layers
« Modern processes use 6-10+ metal layers

Wire Resistance

* Example: Layer Tom Wom Sem AR
Intel 180 nm process 6w wm w20 D D
e MZ1: thin, narrow (< 3A) o0
— High density cells o mem D D
» M2-M4: thicker ¢ope o w0 ]
— For longer wires L
+ M5-M6: thickest A T
— For Vpp, GND, clk o it
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[ p = resistivity (Q*m)

R =

*VLSI Design I; A. Milenkovic
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Wire Resistance

[ p = resistivity (Q*m)

Wire Resistance

rorl
tw
i
/
o
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0 p = resistivity (Q*m)
ol gl

tw W
* R = sheet resistance (©/00)
- Ois a dimensionless unit(! ——

)
« Count number of squares ey ‘
— R =Ry * (# of squares) /
L i

1RectanguirBlock ARectangularlocks
Q R=R2LZW) 0
=Rl 0
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Choice of Metals

« Until 180 nm generation, 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 (Ag) 1.6
Copper (Cu) 1.7
Gold (Au) 2.2
Aluminum (Al) 2.8
Tungsten (W) 5.3
Molybdenum (Mo) |5.3

Sheet Resistance

10/3/2005 VLSI Design I; A. Milenkovic
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¢ Typical sheet resistances in 180 nm process

Layer Sheet Resistance (Q/00)
Diffusion (silicided) 3-10

Diffusion (no silicide) 50-200

Polysilicon (silicided) 3-10

Polysilicon (no silicide) 50-400

Metall 0.08

Metal2 0.05

Metal3 0.05

Metal4 0.03

Metal5 0.02

Metalé 0.02
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Contacts Resistance

* Contacts and vias also have 2-20 Q

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

periphery

:

Wire Capacitance

10/3/2005 VLSI Design I; A. Milenkovic
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« Wire has capacitance per unit length
— To neighbors
— To layers above and below

*VLSI Design I; A. Milenkovic

° Ctotal = Ctop + Cbot + 2Ca\dj
s w
>
layer n+1
h, ¥ Cuop
L F
t v Bl layer n
hl A chm ‘adj
layer n-1
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Capacitance Trends

« 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
¢ Dielectric constant
— e=keg,
* g =8.85x10" F/cm
* k=3.9for 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

« Typical wires have ~ 0.2 fF/um
— Compare to 2 fF/um for gate capacitance

WL 13 planes

0o

0 50 1000 150 2000
wiom)
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Diffusion & 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

Lumped Element Models

10/3/2005 VLSI Design I; A. Milenkovic
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* Wires are a distributed system
— Approximate with lumped element models

N segments
R RIN RN RN RN
yc EC/N EC/N EC/N IC/N
R R RI2 R/2
W —W
bk L
L-model n-model T-model

« 3-segment n-model is accurate to 3% in simulation
e L-model needs 100 segments for same accuracy!
¢ Use single segment t-model for EImore delay
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Example

» Metal2 wire in 180 nm process

— 5 mm long
— 0.32 um wide
« Construct a 3-segment n-model
-Rp=
- Cpermlcron =
10/3/2005 VLSI Design I; A. Milenkovic 65

Example

e Metal2 wire in 180 nm process

— 5 mm long
— 0.32 pm wide
e Construct a 3-segment n-model
- Rg=0.050/0 =>R=781Q
= Cpermicron = 0-2 fF/um =>C=1pF

260 O 260 O 260 O
W W W
@67 f@lm fF ;E167 f@lm fF ;E167 ﬂ;VEL67 fF

*VLSI Design I; A. Milenkovic
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Wire RC Delay

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

— R = 2.5 kQ*um for gates
— Unitinverter: 0.36 um nMOS, 0.72 um pMOS

_tpd:
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Wire RC Delay

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

— R = 2.5 kQ*um for gates
— Unitinverter: 0.36 um nMOS, 0.72 um pMOS

781 Q
an n i
690 gsoo f@soo fF $4 fF
- Dri Wi L
_ tpd =1.1ns river ire oad
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Crosstalk

« A capacitor does not like to change its voltage
instantaneously.
« A wire has high capacitance to its neighbor.

— When the neighbor switches from 1-> 0 or 0->1, the wire
tends to switch too.

— Called capacitive coupling or crosstalk.
¢ Crosstalk effects

— Noise on nonswitching wires

— Increased delay on switching wires

Crosstalk Delay
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* Assume layers above and below on average are quiet
— Second terminal of capacitor can be ignored
— Model as Cgnd = Ctop + Cbot

« Effective Cadj depends on behavior of neighbors

— Miller effect
Cona Cag Cona
B AV | Cyyn MCF
Constant

Switching with A
Switching opposite A
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Crosstalk Delay

« Assume layers above and below on average are quiet
— Second terminal of capacitor can be ignored
— Model as Cgnd = Ctop + Chot

» Effective Cadj depends on behavior of neighbors

— Miller effect
cgnﬂ“7' il } and
B AV | Cegyn MCF
Constant Voo |Cona* Cag |1
Switching with A 0 Cand 0
Switching opposite A | 2Vpp | Crg + 2 Cyy |2
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Crosstalk Noise

« Crosstalk causes noise on nonswitching wires
« If victim is floating:
— model as capacitive voltage divider

*VLSI Design I; A. Milenkovic

_ Cag
AVvictim - C + C AVaggressor
gnd-v adj
Aggressor
AV,
aggressor 1
T Csi
Victim
FC AV,
v viim
b v
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Driven Victims

» Usually victim is driven by a gate that fights noise
— Noise depends on relative resistances
— Victim driver is in linear region, agg. in saturation
— If sizes are same, Ruggressor = 274 X Ryictim

C 1
- adj
Avvlctlm = Avaggressur Riggressor Aggressor
Cygy +Co 14K
gnd—v adj v —vrcgm
— .
Rycim Victim
C, AV iim
K= Taggressor __ Raggressnr (andfa +Cadl) o L
Tuictim Rictim (andfv + Cadj)
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Coupling Waveforms

* Simulated coupling for C,g; = Cyictim

A
1 ggressor

Victim_(uncriver): 50%

7 eun i size aneny: 1%

Victim (equal size driver): 8%
Victim (double size driver): 4%

P T T T T T T T
0 200 400 600 800 1000 1200 1400 1800 2000

(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
» Dynamic logic never recovers from glitches
« Memories and other sensitive circuits also can
produce the wrong answer
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Wire Engineering

¢ Goal: achieve delay, area, power goals with
acceptable noise

« Degrees of freedom:
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Wire Engineering

» Goal: achieve delay, area, power goals with
acceptable noise

» Degrees of freedom:

— Width : -
1 2 <
S| i . % - Wrespc
— Spacing gt o g At o
gt » 3 : &
T g = -
H N ,; § 50
s H
S
W 0 10w & 10 10 2
Pich (om) Pech o)
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Wire Engineering

« Goal: achieve delay, area, power goals with
acceptable noise

« Degrees of freedom:

*VLSI Design I; A. Milenkovic

— Width : -~
. L -’
— Spacing ! - T sy
£, n 4 ]
— Layer z 1Y T W
H T
g
W w0 w0 2 % 10 o 200
ch (om) Prch (om)
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Wire Engineering

» Goal: achieve delay, area, power goals with
acceptable noise

» Degrees of freedom:
— Width

— Spacing

— Layer

Delay(ns)RCP2
-

Couping:2C,,,1(2C 4, )
o

W st

— Shielding
Pitch (nm) . °

E)
vid 3, 8 gnd 8, &, Wi vid & o & vid

T s

a b A b @ b

10/3/2005 VLSI Design I; A. Milenkovic

Repeaters

¢ R and C are proportional to |
* RC delay is proportional to 12
— Unacceptably great for long wires
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Repeaters

e R and C are proportional to |

» RC delay is proportional to 12
— Unacceptably great for long wires

* Break long wires into N shorter segments
— Drive each one with an inverter or buffer

Wire Length: |
Driver 3 Receiver
NSegments
Segment !
—
N N N
Driver T Repeater’  Repeater Repea(evI Receiver
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Repeater Design

¢ How many repeaters should we use?
* How large should each one be?
« Equivalent Circuit
— Wire length I/N
« Wire Capaitance C,*I/N, Resistance R *I/N

— Inverter width W (nMOS = W, pMOS = 2W)
« Gate Capacitance C*W, Resistance R/W
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Repeater Design

* How many repeaters should we use?
« How large should each one be?
» Equivalent Circuit
— Wire length |
» Wire Capacitance C,*|, Resistance R, *I

— Inverter width W (nMOS = W, pMOS = 2W)
« Gate Capacitance C*W, Resistance RIW

R,IN

w

RIW § iI?:WIIZN icwl/zN icw
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Repeater Results

* Write equation for EImore Delay
— Differentiate with respect to W and N
— Set equal to 0, solve

~60-80 ps/mm

in 180 nm process

*VLSI Design I; A. Milenkovic
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