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Abstract

High density packaging (HDP) has a big potential for per-
formance increase and size reduction as well as cost saving. To
gain profit from this potential a careful package/first level in-
terconnect and substrate selection is necessary. This selection
defines the footprint of components and the number of layers
needed to escape from them. The footprint not only includes
the area needed for the pad placement but also the area used for
each trace to leave the top layer with a via to an inner layer.
Thus, it can dominate the spacing needed between two adja
cent components. The number of layersfor escaping definesthe
number of layers needed for the substrateif global routing could
be done on lesslayers.

These two key figures alow to estimate the advantages and
the cost of a solution. In this paper we present models to cal-
culate them. Thus, these models can be used to determine the
feasible implementations as well asits associated cost.

1 Introduction

The advantages of bare die attachment with regard to elec-
trical performance and reduced mounting area are well known.
For first-level interconnect - the electrical and mechanica con-
nection from IC to any next level (substrate or package) - wire-
bond, tape automated bonding (TAB) or Flip Chip (FC) can be
used. These interconnects are well experienced and have low
cost but the drawbacks of technologies are high manufactur-
ing constraints for next interconnect layer (due to their fine 1/0
pitch) and the difficulty of testing the die before shipping[4].

A viable alternative are chip size/scale packages (CSP)[12]
and fine pitch BGAs (FPBGA)[1] because these second level
interconnect! match the fine on-chip pad pitch to an area ar-
rangement with increased pitch. Thisincreased pitch resultsin
relieved substrate manufacturing constraints and eases die test
as test sockets can be used.

On the other hand, these CSP/FPBGA packages require
more areathan bare die attach, and they are more expensivethan
standard QFP/BGA packages. This is especially true when an
ICisnot already available as CSP/IFPBGA, so a custom package
has to be designed which raises the issue of economical feasi-
bility.

Whereas the electrical performance of CSP and FPBGA is

1Thedieis attached with afirst level interconnect to a package (second level
interconnect).
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Figure 1. Overhead for single 100 pm wide line escaping
(black) from area /O with 0.65 mm pad pitch to vias (unfilled
circles) with 350 pm diameter and 100 um spacing (grey)

similar to bare die attachment, cost savings depend on the avail-
ability of the package and its footprint because cost is a tradeoff
between more layers and more area. This footprint is defined
in section 2. And in section 3 we present models that allow an
early estimation of the footprint as well as the number of signal
layers needed for escaping a component. Finaly, examples are
presented in section 4. .

These models can be used to determine the feasible imple-
mentations in terms of package type or first level interconnect,
substrate design rules, size and number of signal layers. With
these data, a cost comparison can be performed using the MOE
tool [10]. Furthermore, the calculated data and the models can
also be used for layout automation.

2 Footprint

We define the footprint of a package or afirst level intercon-
nect

1. asthe pure component areg, that isits size;
2. plusthe maximum of

o either assembly keepout overhead, e.g. required for a
wire-bonder, aflip-chip underfill tool, a placer;

e or 1/O escape overhead, i.e. additional space for es-
caping all chip 1/0sto another layer (see Fig.1).



Whereas the component size and the assembly keepout over-
head are easy to determine, the I/O fanout overhead is not sim-
pleto calculate. Escaping from the padsto the vias can consume
significant area. Thus, it can dominate the spacing needed be-
tween two adjacent components. Moreover, this escape areais
highly dependent on substrate technology and design rules as
shownin figure 2.

An 100-pin QFP is easy to escape with standard design rules
(125/125/6507) but consumes large footprint area. A 100-pin
BGA with 1 mm I/O pitch has a much smaller size, but it con-
sumes large escaping area, so the package footprint is much
larger than the package itself. Thisis due to the fact that each
trace has to leave the top layer with aviato an inner layer. The
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Figure 2: Escaping from pads (black) on a PCB with
125/125/650 for QFP 100, FPBGA 100. The vias are unfilled
circles.

escape routing not only needs area but it can also block a num-
ber of layers under and next to the component for escaping from
inner pads. It can define the number of layers needed eveniif the
global routing could be done on less layers.

Existing footprint estimation tools such as Audit[2],
Impact[5] and Savansyq 9] and their routing estimations do not
consider local layer congestions and local layer usage. Further-
more, these tools need a huge amount of data to be specified,
and the build-up (first and second level interconnect, substrate,
etc.) has to be defined by the user before any calculation can
be done. It is very toilsome to assess two or more different im-
plementations against each other because optimizations mainly
rely on user corrections. Thus, they lack a robust routing opti-
mization. Therefore, these software tools are not well suited for
atradeoff analysis considering all types of physical build-ups.

Our models allow an early estimation of the footprint with
minimal input data. To estimate the impact of the first-level in-
terconnect on the system size, our models cal culate the footprint
from given die or package descriptions (size, pitch and number
of 1/0s). They use a library where the available package and

2line/spacelvialand, all measuresin micron

substrate technologies are specified. Second, the number of sig-
nal layers needed to escape a component is calculated and es-
cape layout can be done automatically.

3 Modes

As defined in section 2, the footprint is the maximum of
the assembly keepout area and the area including the escap-
ing (Agsc). Whereas the assembly keepout areais easily calcu-
|ated as the component size plus the minimum assembly spacing
needed between adjacent ones, the escaping areais the pad size
(Apgds) plus the area needed by the escaping overhead (Ogs.)
as shown in eguation 1.

AEsc = (V APad + OEsc)2 (1)

The escaping overhead depends on the bonding method used
as detailed and modeled in the subsections. These models for
the effective footprint are based on the following principles:

Number of Layers

To avoid local congestions, it is very important to know the
minimum number of layers required for escaping. It definesthe
number of layers needed if global routing could be done on less
layers. Beside the inner layers, the top layer is also alowed for
escaping even when in reality thetop layer is often left unrouted
to allow a dense component placement.

Escaping

For the area usage each trace is modeled to leave the top
layer with aviato an inner layer. For components or intercon-
nects that need several pad rows, such as wire bond, area flip
chip and BGA, the fanout of as many rows as possible is done
on each layer to minimize the number of layers needed. Best
is when the routing density is high enough that all rows can es-
cape between the pads of the outermost row. Otherwise inner
rows have to stagger down to additional layers.

The escaping of the outermost row is always routed to the
outside of a component. Inner wire bond rows or single pad
rows can be escaped to both sides. Area pads are routed to the
outside on a minimum number of layers. If the array center
is depopulated, the innermost rows can be escaped to this free
space. Thisisimportant when the pad pitch istoo small to place
vias between the pads.

When the via lands are larger than the pads and escaping
aternating to both sides is not possible or not sufficient, vias
can be arranged in rows asiillustrated in figure 3. The effective
area needed depends on the viatype (through hole or staggered)
and if viasare allowed in pads. For the calculation of the escape
area the vias are modeled to escape on one side of a pad row
with & being the number of viasin one row. Between two vias
of adjacent viarows the following number of lines has to pass:

e Through holevias: k

e Staggered vias. k — 1 for the last viaand & — 2 between
diagonal vias.

The distance between two vias in one row (dy;,) depends on
the number of lines between the vias. For staggered vias or mi-
crovias there is no need for lines between. Thus, the minimum



Figure 3: Escaping from wire bond pads (black) with 225 and
500 pum pitch to vias (unfilled circles) with minimum spacing
of 75/125 um (grey) and to the outside on an inner layer (dark
gray). The small vias are staggered microvias with a land di-
ameter of 300 um and the larger through hole vias have a land
diameter of 650 um

distance should be used (2):
@)

Through hole vias on the other side would block the whole
area underneath the escaping. S0, Lgscvia > 0 lines should
pass between the vias asillustrated in figure 3 and as cal culated
in formula3:

dVia—stagger Z DVz'aLand + DSpace

©)

DVz'aLand + Lspace
+LEchia * (LSpace + LWidth)

de'a—through =

For both viatypes the number of escaping vias (k) has to be
calculated first. Staggered vias can be put nearer together (4).
Thusk islower than for through holevias (5). Herethe Pitchis
the bondpad pitch or the ball/bump pitch divided by the number
of lines passing between the ball/bumps:

) Dviorand — Lwidtn
k(Pitch) > —
( )2 Pitch — Lspace — Lwidth

(4)

. DViaLand + LSpace
k(Pitch) > —
( )2 Pitch — Lspace — Lwidth

©)

This escaping strategy is only possible if the escape pitches
are much larger than the line pitch. Otherwise, & would become
very large. The escaping distance per additional via (dgs.) is
then calculated with (6) for through hole and (7) for staggered
vias.

When the parameters k& and dg ;. are calculated, the total es-
caping overhead is estimated using (8). Or if viasare alowed in
the substrate pads the overhead is smaller, as shown in formula
9

OE’sc—NoVias = 2 x [DViaLand + 2 % LSpace (8)
+(k' - 1) * dEsc]

OEsc—ViasinPads = 2x ((k - ]-) * dEsc + L.S'pace) (9)

Area Flip Chip and BGA

Flip Chip as well as BGA concentrate the I/Os on a small
area. This concentration of many |/Os needs area for escap-
ing, thus enlarging the footprint significantly. Additionaly, the
bump/ball pitch (Ppymp) has to be larger than the wiring pitch
to alow escaping from inner rows for full area connection. All
rows are escaped on the top layer if possible. Thus, as few lay-
ers as possible are used. This strategy enlarges the footprint
because these 1/0Os have to be routed from the top to an inner
layer asillustrated in figure 4.
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Figure 4: Escaping from Area Pads (black) to vias (unfilled cir-
cles)

The number of rowsto be routed on thetop layer (I;,,) isthe
same as the number of lines between bumps (Ip,qs) plus one
dependent on the pad diameter of the bumps on the substrate

(WBump) (10)

PBump - WBump - Lspace
Lwidth + Lspace
lPads +1

IA

lPads

ltop = (10)

The similar parameter for the inner layers (I;,,) is calculated
as the number of lines between two vias (Iy;,5) placed in the
same pitch as the bump pitch (Pgymp) plus one if inner rows
can be escaped to another layer, otherwise it is O (11). Inner
rows can be escaped when either vias can be placed into the
pads or between them.

PBump - DVz'aLand - Lspace
sz’dth + Lspace
lyia +1o0rQ

or0

le'as S

(11)

lin =



dEsc—through =

\/d2 . (d%/z’a - [dViaLand +k* lwidth + (k' + ]-) * lspace]2 + k2 x Pit0h2)2
Via

dEsc—stagger

To cover not only rectangular arrays, two numbers of rows
are distinguished. In the following equations N; means the
larger number of rows and N, stands for the smaller side.

On the top layer (2 * l;,,) rows and 4 * (I;,, — 1)? pads
can be escaped on the top layer. Additional 4 are escaped if
lines can pass between the pads (I;,, > 1). And if inner bumps
can be escaped, the power bumps Np can be subtracted from
the number of bumps to escape. But, Np does not include the
power bumpsin the outermost row as they are routed on the top
layer anyhow. Thus the number of remaining bumps is given

by:
(Nl - 211501)) (Ns - 2ltop) (12)
—4 % (lgop — 1)2 —if(ltop > 1;4;8) — Np

NRemTop =

The component can be escaped if all bumps are escaped on
the top layer or if inner rows can be escaped by vias. Based on
formula 13 the number of layersis calculated with (14).

etop = 1f(ltop > 1;4;0), ein = if(lin > 1;4;0)
NRem (Nl — 2ltop — 2nlin) * (Ns — 2op — 2nlm) (13
—4 % (liop — 1)® — dn(lin — 1)°
—€top — N * €in —Np
= 4x l?n
b = _2*lin*(Nl+Ns_4ltop_4+2lin)_4_€in)
c = NI*NS—2*ltop*(Nl+N5—4)—4—6top—Np
—b—Vb2—4dxaxc
n
- 2xa
NLaye’r = n+ 1 (14)

When inner layers are needed for escaping may lessthan the
maximum possi ble number of rows (I;,,) be escaped on the top
layer. The effective number of rows (I;,,—.ss) iscalculated with
(16). Thus the pitch of lines escaping from the pads (Pitch)
iS Pump/ltop—ess. PULtiNg it into (4) or (5) k is calculated
as (16). With the same pitch the escaping overhead (Ogs.) is
obtained with (17). And finally the escaping size is given by
(18).

DViaLand + LSpace

k > 16

- PBump/ltop—eff - LSpace - LWidth ( )

OEsc Overhead(Pitch = Pump[liop—cff) ()]
AEsc = ((Nl - 1) * PBump + WBump + OEsc) (18)

*((Ns — 1) * PBump + WBump + OEsc)

TAB and Peripheral Flip Chip
TAB as well as FC mounted dies with peripheral pads have
their pads arranged in one row. This makesit possible to fanout

2 x k x Pitch ©)
2. — d%/ia - [dViaLand + (k - 2) * Lyiatn + (k - 1) * lspace]2 + k2 x Pitch? 2 (7)
Via 2 % k x Pitch

the row to both the in- and the outside of the component. Thus,
the escaping areais smaller as & is reduced by the number of via
rows that fanout to theinside ;. This changes (8) to (19).

OEsc = 2% (DViaLand + 2% LSpace (19)

+(k—1—-Fk1) *xdgsc)

WireBonding

Wire bonding adds some overhead as substrate bond pads
especialy on laminates have to be larger than on the ICs. The
pad size is adapted to alow for misalignment, the softer sub-
strate and the larger footprint for the second bond for ball-wedge
bonding. In this paper we only describe the model for orthog-
onal wire bonding because it is much simpler. The spreading
model will be presented in alater paper.

For wedge-wedge bonding orthogonal wire-bonding is pre-
ferred, as turning the bond head costs time. Therefore, the min-
imum number of rows depends on the minimum on-chip pad
pitch (Cpp) versus the minimum feasible bondpad pitch on the
substrate (BPyiath, + Lspace) 8 shown in formula 20. Thisis
the worst case as the mean on-chip pitch is larger and slight
spreading can be used. But, often there are depopulated aress,
so amean pitch calculation fails.

(BPuyidth + Lspace) / Cpp

The spacing between two wire bond rows is calculated
from the via land (Dvi.rand), the line width and spacing
(Lwidth, Lspace) and the bondpad pitch. It mainly depends on
the number of vias needed to reach the next layer without block-
ing it completely. The number of viasin onelineto escape from
one wire bond (k) row can be estimated with formula4 or 5 as
illustrated in figure 3 using:

NRow 2 (20)

Pitch = max(Cpp; BPuyidath + Lspace) (21)

The overhead is then cal culated with equation 22 including
the minimum bondpad to bondpad spacing (Bsp,c.) Of adjacent
ICs. Dgs. is caculated from (6) or (7). The number of lay-
ers blocked for escaping is the same as the number of bondpad
rows.

4 Footprint Examples

For the exampleswe consider a pentium processor with volt-
age reduction technology from Intel [8]. This component is
availablein an ceramic pin grid array (PGA), in a TAB package
and as fully tested bare die (smart die). The die measures 9.1
mm by 9.9 mm and has 358 peripheral pads on a 75 ym pitch.
This IC is packaged virtually into standard package PGA, in a
chip size package (CSP) and mounted using TAB, wire bond
and flip chip (FC) asfirst level interconnect.



4n?(lin)? — 2nlin * (N; + Ns — 4 + 2l;n) — 4n — 4+ N; % Ny — Np — nein — €iop

ltop—eff Z

OE‘sc Bspace

2

= Chez'gth + Bf)length + maw(

2% (N, + N, — 4 — 4nL;,)

;DVz'aLand + 2% LSpace +kx dEsc)

(15)

(22)

+(NRow - ]-) * (B-Plength + Lspace + lf(k > 07 DVz'aLa,nd + Lspace) + (k - ]-) * dEsc)

These packages are placed on al generic types of substrate
such as PCB, advanced PCB (MCM-L), conventional thick film
(MCM-C) and thin film (MCM-D). Their wiring pitch (Pyef f)
range from 65 pm to 510 pm. It is calculated as the mean be-
tween the line and the via pitch as shown in formula (23) [7].
Their line width (Lyyiq:n), line space (Lgpace), Vialand diame-
ter (DviaLang) and their minimum bond pad width (BP,;4:1)
are summarized in table 2.

(Lwidth + Lspace) + (DViaLand + Lspa,ce)
2

Pyeff = (23)
PGA

The processor isavailablein a296 pin ceramic pin grid array
measuring 50 by 50 mm. This package is easy to fanout even
on a standard PCB. But its package size as well as the package
parasitics are major drawbacks. In fact it consumes more than
double the area as the next smaller first level interconnect TAB
shown in table 1 and figure 5.

TAB

Besides its large size due to the high number of pins the
TAB mounting, figure 5(a), suffersfrom the large escaping over-
head needed on substrateswith lower interconnect density. Even
when some pins escape under the body, the escaping overhead
to be added to the package size is more than 8 mm per side. The
assembly of TAB is not standard as special equipment has to be
used.

BGA

BGA packages are much smaller. When packaging the pro-
cessor virtually inaBGA, we found that the package size would
be 420 mm? at 1 mm ball pitch. This I/O defined size is only
dlightly larger than the size needed to wire bond the die onto the
BGA interposer. When placing this package onto a PCB, the
footprint is the size of the pads enlarged by the fanout overhead
543 mm? caused by the three via rows needed. Placed on an
MCM-L the escaping size is smaller than the footprint because
the space needed between adjacent components of 2 mm needs
more area than escaping.

WireBond

Wire bonding is the most mature and most widely used first
level interconnect. It alows to match the die bond pad pitch
to the much larger substrate bondpad pitch as long as the bond
wires do not becometoo long. This substrate pitch ishighly de-
pendent on the technology as shown in table 2. Whereasthe pad
pitch ratio (on-chip vs. substrate) defines the number of wire
bond rows, the design rules dominate the space needed between
two rows to allow escaping to an inner layer. Thus, the fanout

overhead on an MCM-L isfour timeslarger than onan MCM-D.
As shown in table 3 this 8.7 mm overhead is due to three bond
rows needed instead of two for thin film and the much larger
spacings between caused by the vias. So, the footprint on an
MCM-L is much larger than the die size (three times) whereas
for an MCM-D it isonly 50 % overhead as shown in figure 5(e)
and 5(d). Thesefiguresare pictures of existing modules[7], [3].

CSPand FC

The smallest possiblefootprint can be obtained with flip chip
(FC) mounting. Our example is difficult to bond directly as the
the bond pad pitch istoo small. This can be overcome by adding
a thin film layer onto the IC to re-route the peripheral pads to
area interconnections, thus making a chip size package (CSP).
This CSP has a much larger pitch of 430 um. It is not possible
to escape this CSP on a PCB but the footprint is the same on
an MCM-L and D asit is dominated by the minimum spacing
between the chips (1mm). Obviously more layers are needed on
an MCM-L.

The same footprint results for FC without re-routing. But it
can only be bonded onto an MCM-D because of the very tight
line pitch needed.

Calculation Results

Table 3 specifies some more input data and shows the inter-
mediate data for the calculation of the sizesin table 1. Thisdata
as well as the resulting sizes were calculated using the models
presented in the previous section. It should be noted that for the
TAB calculation k would be 11 if not k; = 5 out of them were
routed to the inside.

5 Summary and Outlook

In this paper we presented methods and models for virtually
packaging and mounting components. This allows partitioning,
substrate and bonding selection and cost modeling in an early
stage of design [11]. Besides the model presented, a non or-
thogona wire bonding model with bond pad alignment exists.
Further details for BGA modeling can be found in [6]. These
models also serve for layout automation and they are the ba-
sis for the devel opment of routing estimations suitable for high
density packaging.
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size the grey box.
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