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Interconnect
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Wires are not ideal interconnections

They may have non-negligible capacitance, resistance,
inductance

These are called wire parasitics

Can dominate performance of chip

Must be accounted for during design

Using approximate models

Detailed post-layout verification also necessary
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|« IBM CMOS 7S
per process,. -«

0.16 pm
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Interconnect Hierarchy

M6

Global
M3
M4
intermodule
M3
SEENEEE M Intereell
gopooooo M
mossssss poly Intracell

substrate

Example Interconnect Hierarchy for

Cross-section of IBM0.13 p !
process typical 0.25p process (Layer Stack)
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Outline

B Capacitance
Areal/perimeter model, coupling
B Resistance
Sheet resistance
B Interconnect delay
Delay metrics, rc delay, EImore delay
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Capacitance
B Areal/perimeter model, coupling
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Models ahead!

Wake Up!
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Thesaurus.
6 entries found for model.
To select 2 eatry, click on it

Main Entry: Tmod-el
Proaunciation: '=3-d51
Function: o
Exymology: Middlc French modelle. from O talian
from (assumed) Vulgar Latin modelle, from Latin
il sure, from modus
‘plans for a building

3 2 structural design <2 home on the moded of 2n old
s>
2 usually miniature repeescatation of something: also : 2
of something to be made
example for imitation or covelation

4
pa
5
3
e

organism whose zppearance 2 mimic imitaics
9 ane who is employed to display clothes or other

et pfuiietni
(o avon TSI e unoeny vostrvoa
12 : a system of postulates, data, and inferences presented as a
mathematical description of an entity or state of affairs

12« VEDOIOAN .
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Modeling
B An abstraction of (the properties) of something to help

understanding and predicting its behavior
B Domain Specific: weather, climate, economy, stock market,

B Different models for something to answer different
questions
B Black-Box modeling vs. Physically Based

After Einstein:

amodel should be as
simple as possible,
but not simpler
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Wire Capacitance - Parallel Plate

c- sozwl
dd |
—>
w
w
«—>
wire

C w
T

g,=8.85 pF/m
g = 3.9 (Si02)

substrate (Si)
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Wire Capacitance - Fringing Fields

w
A—
H
'H, w=W—E
w
=~ +

pp ’ ‘

o e ho = 2T WEdi
wire fringe pp Iog(tdi/H) tai

B Works reasonably well in practice
B Not directly applicable for interconnects
with varying widths
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Wire Capacitance -
Area/Perimeter Model

B Cawas calculated with modified wire width

B Formulainapplicable for irregular interconnects (non-
constant width)

B More practical approximation

Area / Perimeter Capacitance
Model

e e

C=AxC,+PxC, units alternative

A =Area m? pm?
C, =Area capacitance F/m? aF / pm?

P =Perimeter m pm
C, =Perimeter capacitance F/m aF / um B Question: How to derive C,,C, ?
w1 c=[Ixc.+[dxc, How accurate is this model?

104
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Derivation of C,,C,

c?t 150
[aF/um]
100
2C, Ca
50
2c,
0

<>
$t - w [pm]
Cp c,
I
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Derivation of C,,C,

B 2D (cross-section) numerical computation
(or measurement)

B C, : total wire capacitance per unit length

BC,=¢g¢ /h

BC, =12(C, -Cyxw)

B C, depends on t, h = determined by
technology, layer

B C,would depend slightly on w (see
previous graph), this dependence is often
ignored in practice
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Area / Perimeter Capacitance

c T 150
100
/ wire | X% =39 1500 nm L8F] Ca
50
Co -LC Co 2c
[‘ -I—a ’X 1150 nm o
> Ww [p]

® C, dominates for many wires
B C, may not be neglected

B A constant value for C,is usually a good approximation
B C,is sometimes called C; (fringe capacitance)
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Interconnect Capacitance Design data
B See Table 4.2 (or inside backside cover)

B Example: M1 over Field vs. M1 over Active (hypothetical)

M1 M1
I =
) T K Field oxide
TTTTTITTTT7I77T
M1 over Active M1 over Field Unit
C,=41 C, =30 aF/pm?
C, =47 C, =40 aF /um
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Coupling Capacitances

.y,

Coupling Capacitances (2)

B Sheet resistance
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J- 12
C, C,, C.. C
1g* ~2g
—_— S

T T

B C;=Cyy+ Cypp = Cyy + Cy, fairly constant

B Use that as first order model

B Interconnect capacitance design data (e.g. Table 4.3)
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Wire Resistance

Resistance

‘ /
€ > |
w
B Proportional to |

B |nversely proportional to w and t (cross-sectional area)
B Proportional to p: specific resistance, material property

[am]
H R =pl/wt
B Aluminum: p = 2.7x10® Qm
Copper:  p=1.7x10% Qm
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Sheet Resistance

R = pliwt
t, p constant for layer, technology
R=Rylw
R ;: sheet resistance [Q/0]]
resistance of a square piece of interconnect
other symbol: R¢

B Interconnect resistance design data e.g. Table 4.5 (or
inside back-cover)
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Interconnect Resistance

B Assume Rp=40Q
B Estimate the resistance between A and B in the wire below.

Rpp ® 6 X 40 = 240 Q

D |2
7 8
Rep~ 11 % 40 = 440 Q

Engineering is about making controlled approximations to
something that is too complicated to compute exactly, while
ensuring that the approximate answer still leads to a
working (functional, safe, ...) system
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Exercise

An interconnect line is made from a material that has a resistivity
of p =4 puQ-cm. The interconnect is 1200 A thick, where 1
Angstrom (A) is 10-2°m. The line has a width of 0.6 um.

a) Calculate the sheet resistance Ry of the line.

b) Find the line resistance for aline that is 125 um long.

Interconnect delay
B Delay metrics, rc delay, EImore delay

R £ P |
B Model driver as linearized Thevenin source V, R;, assume
step input

B Model load as C

B Wireis an RC network (two-port)
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Delay Wire Capacitance
RS

delay from here to here R, _:'1 —:I:m_vout e

behaves purel
T ] () c. FC e U
capacitive
T t=0 Vln

Vout =Vin
Rs

dV,
(o +C,_)7d‘2“‘ + =0

dVv,
Vout =Vin _Tid(;m 7=R,(C, +C)

Vout:(l—e_t/r)vi n
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Wire Resistance

R, Rs Ry
V¢ TCL CE icw= Co

Now, assume wire capacitance and resistance

= T =(Rs +RWXCW +CL)

M |s this a good model? I:l

B R and C are distributed along the wire

Uniform RC Line

I T

RN

TC/NT  TCwN CyNT TEWIZ

limN - «©

Symbol R [Always]use Rw
—— first order
| C model TCW/Z T Cul2
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RC Delay (Uniform RC Line) Equivalent Time Constant
RS

R, Rw
CL
T Y C,/2 C,/2 C.
Basic m-model —|— T T
of wire

\% C,/2 C,/2 C, B Multiple time-constants
| T T B Need for one “equivalent” number How to

m Offered by EImore Delay Ty compute
LRy | To =RsCy /2+(Rs +Ry XCu /2+C) Elmore
Delay?
B Effective “one number” model for delay
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Equivalent Time Constant Shared Path Resistance

R, R, R,
T i B
TDl=>

Lt

T To =RsCy /2+(Rs +Ry YCu /2+C1)

B Define: R; = Resistance from node i to input
Cul2
B Example: R;1=R;

_|_
{ _|_cw/2 _|_<:L . an

B Define: R, = Shared path resistance to input for node i
Rio=R Riz=R Rgs= I:l
TUD/EE ET1205 D2 0708 - © NvdM
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Ry, =R;+R, Rz =R;+R, +R;

QS,

3 interconnect 33
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Elmore Delay for RC ladders Elmore Delay for Distributed RC Lines

TTi : C
T T° e

H Define: Ty =k2Rika Elmore Delay Symbol R Symmetric Ry
=1 W
We will use — n-model I':'—_[_
[ T -
Tp1=R11C1 +R12C2 +R13C3 0.69 x Ty as —l—c TCW/Z T Cy/2
=R1C1+R1Ca +R(C3 approximation of v
Ty, =RgiCy +RayCy +ResCy = wire delay (tsos) .
b3 ;;1 (R32 2R )033 ER Ry 4RI B Theorem: For Elmore Delay calculations
= +(Ry+ +(R,+R, + . Aemrrf : :
fram T ez T T 2 T e s each uniform distributed RC section is
ITDz =

equivalent to a symmetric t-model
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Canonical Driver-Line-Load

Shared Path Resistance for Tree

Structures
R rl R rl In order to compute Elmore R
< @ < @ Delay at node 3: I:|4 ®@
V. cl c Vv cl c +CJ Exercise (for node 4):
! T Lo T 2 T 2 Compute Ry;, Ryp Ryz Rys
~ @
cl cl
BT, =R, ?+(Rs +rI(CL +?)
1 .2 Off-path
=R (cl +C, )+rIC, +=rcl ? + [
s ) L2 Ra Ri+R, resistances
Ri3? R+ R+ R, don’t count
B Delay quadratic in line length
v 9 Ry? R+ R,
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Elmore Delay for Tree Structures Summary

B Replace RC lines by w-sections

T | B Given observation node i, then only
resistances along the path from
input to node i can possibly count

B Make others zero
B Compute as if RC ladder

Exercise: Compute
TD1’ TDZ’ TD31 TDA

R,

T' @
Ci2 _|_(.‘,2 +C3 l—_l-__|_C;;
2 2
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B Capacitance
Areal/perimeter model, coupling
B Resistance
Sheet resistance
B Interconnect delay
Delay metrics, rc delay, EImore delay
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