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Overview

Wires and their ph ysical pr operties
(MOSFETS, too ...)

LC/RC/RLC transmission lines,
characteristic impedance |, refl ections

Dynamic considerations (e .g. skin eff ect)

The Bottom Line: propagation dela vy,
transistor sizing, inductive (Ldi/dt) noise
capacitive coupling, signal degradation,
various rules of thumb f or design
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IBM’s 6-layer copper inter connect
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Some Transmission Lines

Coaxial Cab le

dielectric
@conductor

dielectric
@conductor

Twisted P air

Insulating jac ket

Outer shield
Inner dielectric
Inner conductor

Gnd

Gnd

conductor

dielectric

——

Micr ostrip

Gnd

conductor

dielectric

Stripline
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M2 (Ground plane)
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- |\/| 3 (Power plane)

- Bl \4 (signal la yer)

N B L M1 (signal la yer)
FR4 Dielectric

— - \? (Ground plane)

. mm mm- M3 (signal layer)
. - M4 (signal la yer)

Q — - \|5 (Power plane)

- B - M6 (signal la yer)
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Wires In Digital Systems

Physicall y, wires are

o  Stripguides on (and in) printed cir cuit-boar d cards,
layed over & sand wic hed between gr oundplanes

 Stripguides on ICs, layered atop eac h other
. Conductor sin cab les & cab le assemb lies
. Connector s

We tend to treat them as IDEAL wires

 No delay (equipotential)
 No capacitance , inductance , or resistance

They are NOT ideal ...

To build reliab le systems, must under stand
properties & beha vior
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Remember the RC Constant 17
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e On-chip wires run in m ultiple la yers with no e xplicit
return planes (gr ound is used as implicit return)

« Thus, almost all capacitance of on-c  hip wire is to
other wires (same plane , diff erent plane , etc.)
O o« Capacitance of MOSFET scales with Vdd

UNIVERSITY OF MARYLAND
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 Resistance of conductor pr opor tional to length/width,
depends on material (resistivity), causes dela y & loss

 Resistance of wire scales with squarer oot of
signaling frequenc vy (at high speeds) (“skin eff ect”)

Process scaling tends to increase resistance

UNIVERSITY OF MARYLAND
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- R =pl/A = pl/(wh) for rectangular wires
(on-c hip wires & vias, PCB traces)

. R = pl/A = pli(Tr?) for cir cular wires
(off-c hip, off-PCB)

Material Resistivity p (Q-m)
Silver (Ag) 1.6 x 10-8
Copper (Cu) 1.7 x 10-8
Gold (Au) 2.2 x 10-8

Aluminum (Al) 2.7 x10-8
Tungsten (W) 5.5x10-8

UNIVERSITY OF MARYLAND
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Sheet Resistance

AN~

"NV

|

R = pl/(wh) = l/we p/h for rectangular wires
Sheet resistance R g4 = p/h

Material

Sheet resistance R g4 (€2/sq)

n, p well diffusion

n+, p+ diffusion
polysilicon

polysilicon with silicide

Aluminum

1000 to 1500
50 to 150
150 to 200
4t05
0.05t0 0.1
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Wire Capacitance

Common wire cr 0ss-sections/permittivities:

O @ Material &

AlIr 1

C= S C= Teflon 2
of2) 0 g |
r r Polymide 3

SiO, 3.9

— Glass-epoxy 4
(PCB)

2 e 1. Alumina 10
C= |Dg(2%) C= d +|Gg(2%) Silicon 11.7

« Permittivity €= g€,
«  Permittivity of free space &, = 8.854 x 10712 F/m
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Inductance

When conductor s of transmission line are
surrounded b y unif orm dielectric,
capacitance & inductance are related:

CL=E&u

Inductive eff ects can be ignored

o if the resistance of the wire is substantial enough (as
IS the case f or long Al wires with small cr  0ss section)

 ifrise & fall times of applied signals are slo  w enough

So ... Inductance m ust be considered

« for off-c hip signals (e ven po wer/gr ound)
o for future e ven-higher -speed on-c hip signalling
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- MQOS structure resistance - R
- Source and drain resistance

- Contact (via) resistance

- Wiring resistance

UNIVERSITY OF MARYLAND
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MOSFET Capacitance

sidewall

capacitances depletion region

bottomwall
substrate (N,)  capacitance

Capacitances f ormed b y p/n junctions

Depletion-region capacitances decrease
with v oltage across region; resistances
Increase with v oltage across region
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Wires & Models

Example Wires:

Type W R C L
On-chip 0.6 um 150k Q/m 200 pf/m 600 nH/m
PC Board 150 ym 5 Q/m 100 pf/m 300 nH/m

24AWG pair 511 um 0.08 Q/m 40 pf/m 400 nH/m

In a situation, use a model of wires that
captures the pr operties we need:

. ideal, lumped L, R,orC —_— S
e LC, RC, RLC transmission line m L
. General LRCG transmission line I

Appr opriate ¢ hoice of model R

depends on signaling frequenc vy fo = 7L
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General LRCG Model

Model an infinitesimal Rdx Ldx

length of wire , dx, with
lumped components

L, R,C,and G Cdx Gdx
(inductance , resistance ,
capacitance , and
conductance) ] g |
) : I
Drop across R and L g—\)i = RI + L%
. ol oV
C tinto Cand G — = + C—
urrent into C an 3% GV Cat
5 N AV
0_\2 = RGV + (RC + LG)G_ + LC—2
0 X t ot
2 2
For G=0: a_V — RC@/ + LCa_V
Ix° ot ot
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Impedance

Rdx Ldx
W 1
Cde Gdx Z, = Z;

|-\_.I|—'

R+1Ls o Y%
L = |——— S=2 =W P s
ﬂ ((;m,--] if =iw 7, (QT

(typical assumption: G = 0) At high frequency (LG lines)

 Aninfi nite length of LRCG transmission line has
Impedance Z;,

 Driving aline terminated into Z 5 is same as driving Z

 Ingeneral, Z;is comple x and frequenc y-dependent

« For LC lines (operating at “high” frequencies), Zgis
real-valued and independent of frequenc vy
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Cut-off Frequenc y f,

R dx L dx 1

_/\/\/\,_NW\ , (R_l_jwl_)E

—>ZO Cdx —— G dx ZO_ G_I_JOX:

/ B \ “High” Freq

“Low” Freq find f 5 where “lossless” LC
R>>j(.0|_ R::j(d_ R<<j(.0|_
R dx - R L dx
= - IYYY
—“WW— 0 2mL
C dx —— Cdx ——

- Transmission lines ha ve characteristic frequenc vy fg
- Below fo = RC model, Above fy=LC model
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Cut-off Frequenc y f,

Example, 24AWG Pair

* o= 33KHz 08+ 400% 10~ x 2727 ¥
L i 4 oy e
- Below f,, line is RC y = * - ) T
+ Above f,, lineis LC 010 2

10000 — a

+ -5

1.0

1000 \ 15

maglZ) T -l

— anglf]

- = F

100 A

f

“/ [

10 < =45

1.0E+2 1.0E+3 1.0E+4 1.0E+5 1.0+ 1.0E+7

Frequency
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Cut-off Frequenc vy fg Il

0.5 FR4 Dielectri
|<_ . lelectric
- v — 5 mil |<j
H o.5u |
Sio, & B 0.7 il
A
L = 0.6 nH/mm L = 0.5 nH/mm
C =73 nF/mm C =104 fF/mm
Rgc = 120Q /mm Rgc = 0.008Q /mm
fo =32 GHz fo = 2.5 MHz
~RC Model for on c hip ~LC Model f or PC Board
inter connects traces

1 1
1\2  [0.5nH\2
C 0.1 pF

Example fr om Poulton 1999 ISSCC Tutorial

1 mil =0.001 inc h
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RC Lines (lo w frequenc V)

0 V
6x2

6V

RGV+(RC+LG%—+LC——

ot°

R >> WL, governed b y diffusion equation:

GV oV

= RC—

6X2 ot

Signal diffuses do

R increases w/ length d
C increases with d

Delay & rise time both
increase Wlth RC,
thus with d 2

For a typical wire:

R = 150KQ/m
C = 200pF/m
T=RC =30 us/m

=30 ps/mm

wn line , disper ses:

I T — .
______ o e T N e DT
e . Co D
R AR 0
—————— 0 e 2 .BMM
" -'_'_._'_
______ — —_—— . 10mm
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LC Lines (high frequenc Y)

a_v = RGV + (RC + LG)— +LCa—V

ax> ot°

R << jwL, governed b y wave equation:

Y Y _ %o _XC
x> LCat Vi = [Z,+ Rg %‘/S vE

Waveform on line is superposition of
forwar d- and re verse-traveling wa ves:

VT ——
A A
\z \J

-— o

r

«  Waves tra vel with velocity v = (LC)
«  What happens when the wa ve gets to the end of line?
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RLC/G Lines (g eneral case)

2 2
6_\; = RGV + (RC + LG)@/+LC6—;/
dx ot ot

Ignoring G, wave propagation equation:

2 2
2% = rcZ 4Ll
0X t ot

Lossy transmission line , disper sive wa ves:

—— n1,z=1000 um ||
----- n2, z=500 um

N e T SRR e n2.z=1000um ||  Substrate-doping-dependent
’ dispersion of a picosecond-
o 06 . .
g scale pulse in propagation of
2 04 an on-chip transmission line
0.2
0
02

0 10 20 30 40 50 60 70 80 90
Time (ps)
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RC vs. RLC

Output response of in verter with step input:

VDD

In reality , we have a non-z ero inductance in
series with the RC cir cuit. (Inductor s and
capacitor s both “have memor y”)
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RC vs. RLC

Output response of in verter with step input:
vdd

~¢— inductor causes slo w star t-up for switc h

RC Model

tens of ps

Result: slower reponse time |, ringing
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Vi > /4
Zo z. *
I

Telegrapher’ s Equations:
I V,

= =-_f
k—Ii

C Z+Z,

Reflection coeffi cient k , may be comple x for comple x impedances Z ¢
—i.e., the refl ected wa ve may be phase-shifted fr om the incident wa ve.

r V.

For real-v alued Z  the refl ection coeffi cientis real,
and the phase shift is either 0 (k | positive) or Tt (k, negative).

UNIVERSITY OF MARYLAND
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Impedance and Refl

Z:+7Z,

A

ections

( 7 Va /
VAJ 2y Zo Ve w /

Ve /

Matched Termination, k, =0

L A

\ ] Va /

J 2 =

E— ve /

Open-Cir cuit T ermination, k, =1

¢ ) Va 7

J Zo zJ=0 w / \
\Ye

Shor t-Circuit T ermination, k, =-1
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Impedance and Refl ections

4000 ° 50Q, 5ns

A L

R
I )
& L
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Impedance and Refl ections

R
)
)
% 1KQ

4000 ° 50Q, 5ns

o
1V

0% 0, -0

= o+ R Ve = E50+4o V = 0.11V
_ 47=Zp _ 1000-50 _
kiR = Z:+Z, 1000+50 0905
Z:-Z _
_ 1" %0 _ 400-50 _ 0.778

Krs = Z++2Z, 400+50

Values are typical f or 8-mA CMOS driver
with 1k Q pullup
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Impedance and Refl ections

4000 ° 50Q, 5ns R
WW— )
1V<5 é 1KQ
Vwave Vline timet
Vil 0.111 0.111 O
vrl 0.101 0.212 5
Vi2 0.078 0.290 10
Vr2 0.071 0361 15
Vi3 0.055 0.416 20
Vr3 0.050 0.465 25
Vi4 0.039 0.504 30
Vr4 0.035 0539 35
Vi5 0.027 0.566 40
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Impedance and Refl ections

¢
1V

Viine

200Q O 50Q, 5ns
L

0.8

R
)
)
% 1KQ

0.7
06 _E=I=#=’__

0.5
!
(.4 I =
(0.3
2
(.1

() 210 41)
TIME

6 () 51

1) ()
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Reflections, Zg < Z,

Vs Z Vi
o 0 F————n =
ZS| —l— : : ZOZSOQ
| TD=250ps ZL: Z =inf Q
- oo V|, =0v 2V
Zg 50
VS :V| =2%* =1.3333V
s+ 2 25 + 50
‘ _ ZL_ZO _inf-SO _q
rload) = 7 + 7y inf+50
y _ Ls - 2L _25-50 _ 03333
r(source)—m —25+50 =-0.
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Reflections, Zg < Z,

Vs Zo Vi
) >+ |
K (load) = 1 | Zg - : :
K (sour ce) = - 0-3333: : TD = 250 ps g : 2L :
Vs Vi
Time (ps)

250

500

750 2.22v

1000

\/ 1.92v
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2.0v
1.5v
1.0v
0.5v
0) 250 500 /50 1000 1250 1500 1750
Time (ps)
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Add In Capacitance ...

500 S 50Q, 5ns R
A

L A

¢ |
1V

What if we thr ow in a capacitor (i.e ., reality?)

Simple case: matc hed impedance at sour ce end

Receiving end

Viine
Source end

TIME
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Impedance and Refl ections

DIMMSs
dh+~ = 4h

Package Pins <:§|:‘an|\/|/sz|§

& Connector s

Ve L
CPU / l Mem Contr\ |

™\ 'd

PCB Traces Electrical connections

over physical contacts

Modern systems ha ve MANY, MANY, MANY
potential sour ces of impedance-mismatc h
and/or refl ections
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University of carries current.
Maryland _ _
ECE Dept. « Asfrequenc y increases, current mo ves to skin of
SLIDE 38 conductor , back-EMF induces counter -currentin bod y

of conductor . Result: increased resistance , longer
transmission dela ys.

«  Skin eff ect most impor tant at gigaher tz frequencies.

B Isolated conductor: M Conductor and ground:

Low frequency

Low frequency

—

=
High frequency [
High [requency

UNIVERSITY OF MARYLAND
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Propagation Dela y

Waves tra vel with velocity thr ough medium:
v=(LC) ™% = (g4 W) = colgr W)

€ is the permittivity of dielectric

H is the permeability of dielectric

Relative permittivity & and pr opagation
speed (M, Is typicall y 1 for most dielectrics):

Dielectric & Speed (cm/ns)
Vacuum 1 30
SiO, 3.9 15
PC Board (epoxy glass) 5.0 13
Alumina (ceramic package) 9.5 10
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Propagation Dela y

But it’ s not that simple ...

ut Rint
WWW
— C;
Cint 1 1 "
Inter connect?
Vout
Polysilicon
Metal Inter connect
Inter connect

TIME
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Propagation Dela y

Once again, T=RC
C

wire

= Cpp + Cfringe + Cinterwire
= (Eglt@) WL

+ (21 y)/log(tyi/H)

+ (Eqiltg)HL
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Propagation Dela y

5 T I | I T I 1
i 1 pum field oxide
1 ym metal
4 1 ym sin cap layer
L OO0
E
£
5 3
@
& b
=
b
o 2
@
= Cinterwire
3 B
1+
0 i I | I i I |
0 1 2 3

Design rule (pm)
(from [Bakoglu89])
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Insights

e For W/H < 1.5, the fring e component dominates the
parallel-plate component.  Fringing capacitance can
increase o verall capacitance b y a factor of 10 or more

« When W < 1.75H interwire capacitance star tsto
dominate

 Interwire capacitance is more pr onounced f or wires in
the higher inter connect la yers (fur ther fr om the
substrate)

e Wire delay nearly propor tional to L 2

Rules of thumb:

Never run wires in diffusion

« Use polyonly for shor t runs

« Shorterwires—lo werRand C

e  Thinner wires —lo wer C but higher R
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Intel P856.5
Al, 0.25um

Q | 0.05 . .
Q-0.12 l . M4

Q—O.33. . M3
Q—0.33l . M2

M1

Q-1.11
B A

« >
Scale: 2,160 nm

Wire Spacing

£2_0.O7l .
Q-OIOS. .

Q -

Intel P858
Al, 0.18um

0.17. I M4

-0.49 I I M3
-0.49 I I M2

-1.00 I I M1

OINN O o N ¢ I o]

IBM CMOS-8S
CU, 0.18um

-0.10. . M7
-0.10. . M6

050 @ M5
050 W M4
-0.50 [ [ M3
-0.70m | M2
-097 0 1 M1

from MPR 2000
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Use better inter connect materials

- lower resistivity materials like copper

As processes shrink, wires get shorter (reducing C) but they get closer together (increasing C)
and narrower (increasing R). So RC wire delay increases and capacitive coupling gets worse.

Copper has about 40% lower resistivity than aluminum, so copper wires can be thinner
(reducing C) without increasing R

- use silicides (WSi2, TiSi2, PtSi2 and TaSi)

Conductivity is 8-10 times better

than poly alone silicide
Use more

_ poly
Inter connect la yers S0,

reduces the average wire length L, but beware
of extra contacts

UNIVERSITY OF MARYLAND
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Inductive Noise

L di/dt noise (gr ound bounce):

VDD Current flow changes direction

/when input (thus output) values change
B \L

/;Iri ARV
Magnitude of current change is di _— f
The time to switch directions is dt

The voltage-drop induced on thiswire g L (¢O)
at time of switching is L di/dt

REALISTIC
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Inductive Noise

L di/dt noise (gr ound bounce):

VDD
_c .
“1” ~ Another in verter, elsewhere.
H  \What comes out here? VDD
é L (z0)
/O Driver:  —d[
AV = L di/dt = voltage-drop
induced on this wire —> ? L (¢O)
< e




