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Abstract

The CALCE CADMP-II software package is well known for ils physics-of-faiture approach to the problem of
reliability lifetime prediction for microelectronics packages, including plastic DIL and hermetic devices, MCMs
and single-chip carriers, PTH and SMT, PGA and BGA, etc. In making mechanical and materials design
changes to a package for reliability improvements, the designer inevitably also makes changes o the electrical

performance of the package. As an enhancement fo the

existing software capability, performance information s

being made available to the designer within CADMP. The emphasis is on speed and accessibility, 5o the models
employed are approximate, with three selectable levels of accuracy. The first includes worst-case estimates of
delta-1 (simultaneous switching) noise, crosstalk, and EMI potential, with calculations based on extracted
geometrical parameters being performed and displayed automatically. Transmission line delay effects are
included at this level only if the chip-carrier substrate contains a ground plane. The second level caiculates
delta-I notse and crosstalk for the entire lead set, but modeled simply as parasitic and mutual inductive elements.
The third level invokes SPICE for more accurate modeling of the various noise types, with a much more complete
set of lead material parameters, but limited to interactions between single line pairs. A feature of the electrical
modeling approach is its flexibility in dealing with multipie package types within a single, simple system, and

especially in dealing with multiple co-planar lead/ground lines.

Keywords: CADMP, physics-of-failure, reliability, lifetime prediction, deita-1, simultaneous switching, crosstalk.

L INTRODUCTION:

The CADMP electronics packaging reliability software is
well established for physics-of-failure based reliability
lifetime prediction for electronics packages. Electrical
performance algorithms are being incorporated to set up
quick approximate models to indicate to 2 user testing
changes for reliability enhancement whether those
changes will have significant impact on electrical
performance. The goal is to provide a quick, approximate
“early warning system” on the effects mechanical and
materials design changes may have on the existing design
performance.

The noise mechanisms considered inciude:

(1) Delta-l switching noise, which causes the
power-to-ground supply voltage to sag with supply
cutrent transients due to the effect of parasitic line
inductance, AI=L.di/dt. Also known as “ground bounce!”

(2) Crosstalk between lines due to capacitive
and inductive coupling by electric and magnetic fields,
associated (respectively) with the “driven” source signal
voltage and current, leads to spurious signals on the
“quiet” line.

(3) Reflections on the transmission line
structures formed by the interconnect lines and the current
retun paths may lead to signal “overshoot” or
“yndershoot” depending on source and load impedance
mis-matches. Line delays are significant for the larger

current packages functioning at higher frequencies. For
CMOS devices, the typical line load is a gate capacitance,
which may be approximated by an open circuit (since gate
charging times ZoCg<<line delays, where Z, is the line
characteristic impedance).

{4) Electromagnetic emissions from the package,
and susceptibility to environmental fields, are due to the
formation of effective antennas by the package wiring.

The simulations also provide for two more detailed
analyses:

, (1) An inductive crosstalk model which has the
advantage that it can provide a noise figure for every
interconnect line, with specified currents in any or every
line, but with no provision for capacitive effects, series
resistance, time delays, etc.

(2) SPICE modeling, which has the potential for
the greatest'modeling accuracy, but is strictly limited in
the number of lossy and/or coupled lines it can handle. It
can therefore only simulate the effect of one line on one
other at a time.

Environmental effects (e.g. temperature coefficient of
resistance for metals, or the influence of humidity on
polymer dielectric constants (e.g. 20% for polyimides))
are included via the CADMP environmental data-base.
These will affect the transmission line parameters Zy, line
loss, coupling coefficients, etc.
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IL PACKAGE SEGMENTATION:

The core CADMP package models include pin-through-
hole (PTH) types, (both dual-in-line (DIL) and single-in-
line packages (DIPs & SIPs) and pin-grid array (PGA)),
and surface mount technology (SMT) devices (SMDs,)
(with leaded or leadless chip carriers (LCC, LLCC), in
land grid array (LGA) or ball-grid amay (BGA)
configurations, and quad flat-packs (QFPs), etc). Future
technologies such as chip-scale packages (CSP), chip-on-
board (COB) or directchip-attach (DCA) are also
accommodated. Two additional packages, the leadframe
plastic DIP and multichip module (MCM) are also
covered, but need some special consideration. In order to
handle the variety of technologies, and their combinations,

the package interconnect is sectioned as shown in Figure
Interconnect sub-sections:-
1. Inner to die 2. Substrate

3. Outer to lead

1, with each section modeled separately. Although one
can obviously break the interconnect down further, a
maximum of these four sections seems to provide an
adequate approximation for all packages considered. In
principle, all sections might need to be represented as
transmission lines, but this is precluded by the limitations
on circuit complexity and coupled lossy lines in SPICE,
so the inner and outer bonds, (which tend to be shorter
than the others), are approximated by lumped R-L
sections, and the levels 2 and 4 by transmission lines. The
pumber of lossy lines in SPICE is also limited, so the lead
is represented as an ideal lossless line and the substrate
metallization as a lossy line, based on the assumption that
the metallization thickness is always significantly less
than lead thicknesses, and hence will display the more
significant resistance.

4.Lead
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Figure 1. Segmentation of package interconnect for modeling

Four examples of how this sectioning system would work
for specific packages are shown in Figure 2, summarized
in Table 1. In Figure 2a, (plastic DIP) the leads are
modeled as two transmission lines, and the die and leads

1. wirebond i.wire-
bond

4. lead 3. metal leadframe
. 2. fan out leads
Figure 2(a): DIL
max. length
1. ball 2. track . \
3. via

\tf—.—;l//

~

4, ball
Figure 2(c): BGA

[
mitn. length

Figure 2. Package interconnect segmentation examples

are encapsulated in plastic, Figure 2b represents high
performance hermetic devices, and quad peripheral
packages. Figures 2c and 2d represent the shift to contact
arrays, which create some difficulties in the automated
determination of appropriate lead lengths.

max. lead length
1. TAB min. lexd length
2. wack 3w Nw wfaw
- wire- Wy
e
sty : -2 wrack
/‘l Y
4, lead
Figure 2(b): TAB 4leag 3 wirebond
max. length
2. track N

4, pin

Figure 2(d): PGA

min. length




| Package type 1 Inner bond 2 Substrate 3 Outer bond 4 Lead

| Plastic DIP Wire bond Fan-out lead None PTH lead

! QFP Wire bond Thin/thick film Wire bond Jlead
LCC TAB on ceramic Gullwing
LLCC Flip-chip chip carrier | Package pads
PGA ' MLC None (PGA) Pin
BGA Via' (BGA) BGA
CSP Wire bond Various Wire bond BGA

Flip~-chip Via etc

MCM-Si Wire bond HDI Wire bond PGA
MCM-D TAB Cu on polymer film | Via BGA
MCM-C Flip-chip MLC Leads
MCM-L CuonFR4

* Vias may connect to inner or outer bonds or both; modeltotalwa!engths

Table 1. Interconnect system segmentation detail.

IHI. CO-PLANAR LINES:

There is an issue with how to handle interconnects (for
multiple package geometries) which require transmission-
line treatments, since their propagation delay times exceed
signal times of interest, but which do mot have well-
defined and tightly coupled ground returns, as assumed in
elementary transmission-line theory. CADMP has not
needed to include ground planes in the past (except for the
MCM model) since the relatively thin metal ground layers
are not mechanically significant, but they are easily added
for state-of-the-art high frequency packages. But even if
the substrate contains a ground plane, the external leads
may not form the traditional textbook transmission line
structure. In these cases there is a coplanar amay of
coupled transmission lines, where the ground reference is
remote from the signal lines in question (Figure 3a),
which are more tightly coupled to each other than to
ground (giving rise to significant crosstalk noise). It is
possible to model such a system in SPICE, {Section VI),
but for only two lines plus the implied ground, or for the
whole array with a lumped modei (Section V.} But first
the electrical line parameters (Figure 3b, where L, is the
self-inductance of an individual “isolated” wire,) must be

transformed to an equivalent ground return model. See

Figure 3c, where only the inductances are shown; these

plus mutual inductance My

(b) Electrical parameters

Ll’ng' L3é L¢Ly ground
I i

(c) Inductance transformation

| L
| include mutual inductances (Figure 3d.) —rlo—m Ly —
wires ::.' - f_ "> uansmission line
Referencing all lines to v,, and taking as vy = 0 to define “"‘};:—"' I -

ground, ("-ﬂ-ll'a*SCl‘lpt “€")

Ly =L =Li+Ll-Mi-Mg (d) Process includes mutual inductance
Where M = Mg, andlfthehnesareldenncal,
Li=1,s0 Figure 3 Multiple co-planar line trapsformation
Ll’=2(Li'Mi8)'

For the purposes of evaluating crosstalk in the
transmission line system, the mutual inductances become

My’ =M+ (Lg - Mg~ Mjp)

Note: The self-inductapce L, inciudes both internal and
external inductances Ly = Ly, + Ly, Where Ly, varies with
frequency (skin effect.)

The determination of line to ground capacitances is trivial,
apart from the problem of determining an effective
dielectric constant for surface films. Line inductances and
capacitances must be determined for each specific
geometry, and appropriate formulae can be found in
standard references. But note that few allow for skin
effects.




[V. WORST-CASE ANALYSIS:

(1) Worst-case lumped-parameter meodels:
{a) A-Inoise (Figure 4a)
. AV = ALRp + Lp.Al/tp - ALto/(Cp/2)
R, is usually ignored. C, represents the distributed line
capacitance, approximated by two lurnped end-sections.
() Crosstalk (Figure 4b)
The model assumes weak coupling, i.e. mutual inductance
L., << self inductance Lp,.
At die: Ver p=[ZoZp/(Zp+Zp)l[CaAV+LudlZeltp
At PWB: Ver »~{ZoZp/(ZptZp)l[Cad V+LuAl Zp) tp
(c) EMC/EMI (Figure 4¢)
Emissions At “far field” distance r (2A=c/f) from the line
of length L and area A=Ld, the radiated electric field
strength is E=Ep+Ecy, where Ep due to the differential
current ID is
Ep=131.6x10"£Alp/r V/m
& Ecy from common mode current I is (for L<A)
Equ=4nx10"FLIngr V/m
where In=(1;+LY2 and Ig~=(i-L¥2. Common mode
cmntsareidea]lyzero,butsmallvalueseanleadmCM
dominance over differential. For the differential current,
the maximum value can be taken to be the supply current,
but the user must specify a non-ideal common mode
estimate. For digital systems, use f=2n/t,, There are many
different standards for EM radiation limits, but for
guidance the EU limit is E<100uV/m at r=10m (class A)
or 3m (class B).
Susceptibility For the line shown, with capacitance C per
unit length the induced voltages are
Vs =-jo [RiR¢/ (Re + Re)] [Ld] [C - (uo/mo)Ru]
V, =-jo [ReR¢/ Ry + Rs)] [Ld] [C + (po/mo}Rs]
where E=E=noH,, and ng=120m=37752.
As an example of an EU standard, the device must
function in a field of E=3V/m.

(2) Worst-case transmission line: The previous section
models all four interconnect sub-sections as RLC
networks, but better approximation is possible if a ground
plane transmission line structure exists, still using only
direct substitution formulae.

(a) Reflections (Figure 4d)
An estimate of mis-match reflection problems, can be
gained by calculation of the initial load transient at Vi,

Viraas = 2 Vg T(1 + R/Zo) (1 + Zo/Ru)}
If signal amplitude equals supply voltage, the transient
can exceed supply. For the package, the line may be
transmitting to or from the chip, so one must consider
both RS&RL=RDEE&RFWB

(b) Crosstalk (Figure 4¢)
Crosstalk on a transmission line exhibits line delay
effects. Quict line far-end and near-end voltages are

VFE = [(szo = LmZO)/z] Vﬂg
Vg = [(CnZo + LuZo) (48 %/c] Vg

This saturation value of Vg, is reached only if line length
1 >¢Tg/2Ve,, otherwise near-end noise voltage peals at

V' =Vyp(2INe/eTR)-
These values are for perfect matching Rs=Ri=Zo; multiply
by 2R/(R+Z,), with R=R_ or Rg, t0 include the initial mis-
match effect.

L, R,
v é;v ] cn J_‘)g/_ \”"'
* I
) 1Y

{2) Delta-] (simuitaneous switching) noise
AT

Driven Lo AV :;' %z‘“ \
- =Cq a: T i
4 -t Z,i E‘l‘a"ﬂ, %zo |
— .
f %

s iz.-z....
(b) Lumped parameter crosstatk
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& =l
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i=fiv

(d) Transmission line reflections

(e) Transmission line crosstalk
Figure 4. Worst case modeling

These calculations are performed and the outcomes are
posted automatically, but the user must call the next two.




V. INDUCTIVE NOISE MATRIX;

This treatment expands and generalizes the model
presented in Poon. Lines are treated by their lumped self
and mutual inductances, so transmission line effects are
Jost. But the benefit of this particular calculation is that
the inductive noise levels are calculated for all lines
simultaneously, to show how the noise varies from line to
line, and which ones are most at risk. The algorithm is
especially useful for the co-planar line systems
characteristic of the outer (peripheral) leads and substrates
without ground planes.

Part of the algorithm is devoted to the identification of np
power and ng ground leads per side, and their
arrangement, with ny=ng=n, for simplicity, and n¢=N-2n
signal lines per side (Figure 5). The same system can be
used for Al noise and crosstalk, which differ only in the
source signal. For Al noise, set all signal currents I,=0 and
define total power current I; for crosstalk, I,=0 and

define I, on one or more signal lines.
Comer Comer
olec ooeo ooso oole
viG ViG ViG viG
—_—

m lines

z -
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For each line i=1,2,...N, the inductive noise is:
N
v= 2, Lydl/dt, in matrix form (writing i=dlydt):

i=1

vy Ly Lz - L _ii
Vi Ly I Lo B2
ol M
T Ll
i | Rl
| VN Lw Lan| |in
0 i1 1——1

The solutions of all v; are trivial if all L and dl/dt are
known, but a more useful result is sought. In practice the
power supply and ground currents will NOT be equally
distributed. Redistribution can be permitted by setting the
local ground (or power) fluctuations to be equal, ie.
effectively assuming a “solid” ground of equal voltage at
all points. In practice this is not quite so either, but we
can get estimates of both extreme approximations by
forcing the power supply currents to be equal (to
determine the noise voltage range) and the ground
voltages to be equal (to determine the current variations.)
So the equations need to be rearranged so that the Ip’s and
L’s form (N-n) “known” quantities, and n Ig’s, vg, and (N-
n) vi's (#vg) make up (N+1) unknowns. (The (N+1)th
equation is YI=0.) Reorganization of the matrix gives the
result below, (with v;=vg and n=l for illustrative

purposes), which is of the form
Al =X x|,
with solution
vl = 1A X ],
""""" Vi Liz===—=="=" L
V3 : ' I
1 1 ¢ t
1 ] 1 t
1 1 1 1
] 1 1 1
1 1 ]
Y. ' 1 '
L = i 1 '
' : L
: | : 1
1 | H :
| ! H
L { ]
: i | 1
"""""" E Lyz =—==--===Lanf | In
]




V1 SPICE MODELING:

The SPICE template solves the circuit shown, in Figure 6
for crosstalk or delta-I noise. The user can over-ride the
assumption of identical lines. The user determines
whether the two lines selected are adjacent (default) or
remote. Note that three interconnect lines are being
modeled here, including the ground reference The PWB

L. Inner bond 2. Substrate

impedance will be the PWB line characteristic impedance,
but assignment of the die impedance depends on die
technology. Cpr accommodates both line and gate
capacitances. Rp must be adjusted for signal or power
leads.

DELTA-1

I= 7N\ ,V.r..=°‘

e

2
Figure 6 SPICE circuit for modeling template

> Vpg=V,

(8 closed unless: CMOS Delta-I [Rpp—>} or CMOS PWB source crosstalk)
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