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Evaluating HDI Technologies for
High-Bandwidth Applications

System-in-package offers a cost-effective
solution that provides the routing density
along with low-noise, controlled-impedance
signal connections to support massively
wide bussing at GHz frequencies.

By Dr. Sam Beal

igh-performance electronic systems require dra-
matic increases in bandwidth, rising from the range
of 0.5 Gbyte/s to 1 Gbyte/s today to 10 and even 100
Gbytes/s in the near future. Faster bus switching rates will not

provide sufficient increases in bandwidth. Wider data busses

~are required, but wider and faster busses between packaged

components are increasingly difficult and expensive to design,

manufacture and test with traditional printed wiring board

(PWB) technology. Integrated circuits will continue to increase

internal performance and accelerate internal data bandwidth,

but wherever chip-to-chip communication is required the sys-
teminterconnect becomes the bottleneck.

These considerations are becoming especially critical in

the fast-growing areas of high-bandwidth, high-volume com-

puter and communications systems — such as multiproces-

sor-based systems, shared memory systems, network switch-
es and routers — as well as portable consumer systems.
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System busses — such as PCI and PC100 in
the computer space, or Utopia in the network
space — have been limited to 16-64 bits. The
emergence of 128-bit and higher versions of
these busses has been limited to point-to-
point applications such as 3D graphics.

The traditional methods of interconnecting
chips are rapidly falling behind the perfor-
‘mance curve in their ability to cope with these
high-bandwidth, high-I/O (input/output)
designs (Figure 1). The most common method
used presently is to mount separately packaged
1Cs (integrated cirouits) on a next-level sub-
strate, such as a PWB, Even with low pin
counts, a typical package is physically several
times larger than the IC in order to accommo-
date the PWB’s low wiring density, But wide-
1/0 busses switching at high speeds require a
largor number of power and ground pins to
reduce switching noise. As aresult, system per-
formance is limited by increasing package size,
the associated parasitic inductance and capaci-
tance of the package and its connection on the
PWB, the difficulty of maintaining controlled
impedance, increased routing density and
complexity, ground bounce management and
rises in power consumption, latency and EMI.

Thus, one of the most difficult problems in
‘high-1/0-density interconnect is coping with
the increased I/O that results from higher
bandwidth requirements without constrain-
ing /O — and, therefore, system functionality
— because of array pad limitations or wire-
bond restrictions, and without the added cost
of special packaging, The cost penalty to pack-
age and interconnect large-1/O devices with
1,000 or more package pins using traditional
methods is still very steep.

Because of these limitations, standard interconnect
approaches are not going to keep up with the current rate of
growth of high-bandwidth, wide-bus systems; they will not be
able to solve the 10-Ghyte/s problem. An 80-bit bus runningat
1 GHz simply cannot be built today with these methods. The
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[image: image2.jpg]order of magnitude increase in bandwidth needed in the not-too-
distant future will require moving 1,024 bits of data at 10 GHz.

HDI Technologies

A number of high-density interconnect technologies have
emerged to solve the problems associated with high-bandwidth,
high-1/O designs. One of the key strategies in HDI designs is
reducing parasitic trace and via capacitance in the PWB and IC
packaging substrate (1.6, Py, cupuciance = % Fana ™G Vld?, where
F a5 typically half the bus frequency). Bus capacitance is the
total capacitance of the 1/0 driver circuit, the associated package
pin, the PWB's trace and via capacitance and the load’s pin and
1/0 receiver circuit capacitance. In a typical system, this total
can easily reach values of 15 to 30 pF.

Examples of HDI substrate

ing hdi technologies

SBU technology is used primarily to get signals out of dense
1Cs and distribute them to the rest of the board. In effect, the
available wiring capacity of SBU technology-is consumed by
“escape routing” — that is, routing that distributes signals from
dense packages, such as ball grid array (BGA), chip-scale pack-
aging (CSP). micro-BGA, chip on board (COB) or direct chip
attach. Its primary downside is an upper limitation on the
number of layers that can be used for high-performance rout-
ing; SBU layer count is limited by the distance to the nearest
ground plane.

As the signal layer count increases beyond two layers per side,
the impedance will vary with the distance to the nearest current path
(plane), making impedance control difficult. In SBU technology,
therefore, chip-to-chip connections must be made through the con-

ventional PWB’s trace and via

technologies that attempt to technology, with its intrinsical-
reduce bus capacitance include 1y higher capacitance and high-
multichip modules (MCMs), er noise characteristics. Higher
which use a ceramic substrate; noise reduces the designer's
sequential layer build-up g ability to lower 1/0 voltage
(SBU), which adds high-densi- = swings in order to reduce
ty interconnect layers to con- % power. As cirouit speeds and
ventional, multilayer PWBS; 3 bus widths increase, reducing
and eystemcin:packige | (SIB) 0 signl voltaga'becomes a’criti-
technologies, which optimize 8 /4 PoBchpoY | cal requirement for powerman-
the entire path from 1/O driver - agement.
t01/0 receiver in order to mini- s ” Since its densities are a fac-
mize capacitance. : 100 200 300 400 1200 tor of only two to four times
All of these technologies, Power (mW) better than traditional PWB
by definition, produce more interconnect schemes, not 10

signals in a smaller space. Con-
sequently, as signal routing dis-
tances decrease, interconnect
capacitance is reduced and
power consumption falls. However, these three technologies differ
in their degree of available density and, therefore, in the degree of
signal routing and capacitance, as well as power reduction, They
also vary in the maximum number of layers that are possible before
impedance control becomes a problem, in addition to significant
differences in electrical characteristics and manufacturing costs.

SBU Technology

Of the three HDI technologies, SBU is the least dense, Typical
SBU line widths and line spacings are 2 to 4 mils each, and buried
via diameters and pitches are 8 mils each. Although these metrics
are two to thiee times as dense as conventional PWB layers with
5- to 6-mil lines and spaces and 12-mil drilled vias, SBU layers
typically mumber only two per side of a double-sided PWB.
According to the National Electronics Manufacturing Technology
Roadmap, a six-layer PWB costs about 7 cents/sq. in., and a four-
layer SBU costs approximately $1/sq. in. The cost of a 10-layer
PWB/SBU combination (six PWB layers plus four SBU layers) vs.
a six-layer PWB is therefore about 10 times, while the density
increase is only two to four times.
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or 100 times, SBU represents
only an incremental improve-
ment over the PWB intercon-
nect model. SBU remains use-
ful in low-pin-count GSP packages for cell phones, for example, but
it cannot be used to build a system with the complexity of a net-
work switch, which may employ a large number of BGA packages
with 1,000 or more pins.

The upper limit of the number of layers possible with SBU is
at best a total of six, which is sufficient for consumer applications,
but only a fraction of the routing density needed in the commu-
nications sector. In addition, it is difficult to embed capacitance
in traditional SBU technology, while the switching requirements
of high-l/O devices absolutely require local bypass capacitance.
Thus, SBU technology is not a contender for an HDI method that
can be used to build a 10-Gbyte/s system.

Ceramic MCM

The next-densest HDI technology is ceramic-based MCM,
which has a typical line width and spacing of 2 mils each, and a
via width and pitch of 2 mils each. Although ceramic MCM tech-
nology has no technological upper limit to the number of layers
than can be used. it becomes increasingly expensive with increas-
ing layer count.
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As an HDI technology for high-bandwidth electronic systems,
MCM is therefore not cost effective for large-volume applications.
In these technologies, such as ceramic MCM, in which the vias are
larger than the line width, the cost of connecting multiple layers
diminishes routing capacity so that when the number of layers are
doubled, the routing density only increases by a factor of 2 or less.
Thus, there is a diminishing return when more layers are added;
a 10-layer board, for example, only has the routing capacity of
about five layers, because not all of the layers’ routing is fully uti-
lizable. In effect, it takes 20 layers to do the routing needed for 10
layers, because the via penalty is so high. Once a design has
passed about 10 layers in density, the incremental benefit of each.
new layer is almost zero.

In sum, there is a need for a routing substrate with impedance
control that provides an interconnect density high enough to both
attach and interconnect the very high-1/0 devices required for the
next generation of electronic systems products. These require-
ments effectively eliminate SBU technology from the running, For
consumer products, low-cost and high-volume manufacturing
capacity are additional essential requirements that eliminate cost-
ly ceramic-based thin-film MGM solutions.

The SiP Approach
System-level integration using module-based techniques is
becoming increasingly common in portable computer and con-

sumer applications to reduce size, weight and power. One emerg-
ing technology is multichip packaging (MCP), wherein two or
throe die are connected and mounted in a standard package. This
technique is used to double memory density by stacking two sim-
ilar components with common control and address lines, or mix-
ing two different memory technologies, such as SRAM and Flash,
MCP applications, however, are limited by die-level test and han-
dling, which leads to compound yield loss.

A new generation of system-level packaging, termed system-
in-package or system-in-a-packago (SIP), is emerging in which
‘multiple ICs and associated discrote elements are combined into
asingle package (Figures 2, 3 and 4). The Alpine Microsystems
SiP approach is developed with I processing techniques that
allow. very fine line width and via geometries. Alpine’s
MicroBoard technology utilizes a copper on low-k dielectric
sandwich, offering a denser routing technology than either SBU or
ceramic MCM.

The MicroBoard substrate is attached to the PWB using
Alpine’s DirectAttach area array packaging method, which pro-
vidos a very low inductance path from the PWE to the ICs, while
also improving heat dissipation, The MicroBoard substrate is the
system-level carrier that contains all of the MicroPallet units —
the routing carriers — required for the design. All chip-to-chip
routing fs distributed across individual MicroPallet substrates.
Alpine’s high-spoed interconnect is implemented as a stripline
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tance of copper wiring, reduces noise, crosstalk and field distur-
bances on circuit signals.

The via penalty on routing density of MicroBoard technology
is very low because the via pitch is identical to the line pitch.
Bocause of the via sizes, the technology is a very efficient multi-
layer device, offering high routing density with controlled imped-
ance, low noise and very high-density solder bumps for /0; in
short, all the requirements needed to package and interconnect a
1,000-pin, 1,000-MHz device.

This SiP routing architecture distributes chip 1/0 to multiple
sides of the MicroPallet substrate for connection to adjacent
MicroPallet substrates. The result is to optimize the number and
virtual locations of chip T/O for single-level routing on the
MicroBoard. This distributed architecture’s fundamental concept
is to provide adequate routing complexity in the MicroPallet unit,
while minimizing routing and process complexity for the system-
scale MicroBoard. The thermally matched silicon-to-silicon inter-
face allows an extremely small solder bump size of 50 um and a
pitch size of 100 pm, resulting in a very low overall /O overhead.
The cost of batch flip-chip assembly is, therefore, essentially inde-
pendent of 1/0 count, and the cost of incremental I/O decreases
significantly as /O count increases.

Copper interconnect, defined by microelectronic techniques
on silicon wafers, offers very high routing resources with high-
speed/low-noise 50-Ohm signal paths. Solder bump technology
provides ultralow (pH) inductance connections. The elimination
of package overhead allows ICs to be placed closer together,
which further reduces chip-to-chip bus capacitance. This, in tum,
reduces power wasted in charging the bus. Alternately, lower bus
power can be traded against high bus frequency to improve per-
formance at a fixed power level.

Power management for high-switching-current ICs requires crit-
ical design of bypass capacitance betwoen the voltage supply and
the ground path. This capacitance is typically supplied by disorete
components mounted on the PWB. The high inductance of the
leads, in both the discrete component and the digital IC, combined
with the inductance of the PWB via, restricts the useful frequency
range to less than 100 MHz. Above 100 MHz, the discrete capacitors
do not provide any benefit, The relatively small amount of on-chip
capacitance only helps at frequencies greater than 1 GHz. Integrat-
ing capacitance in the routing substrate solves this dilemma.

Optimizing ICs for Specific Package
Environments

Since VLSI memory components typically undergo die shrinks
every six months on average, the most desirable designs will
allow the use of the latest, and therefore lowest-cost, die. It is also
important to minimize PWB changes in order to avoid the test,
debug and qualification cycle times that are usually required for
the introduction to the market of each product revision. A pack-
age design that minimizes EMI emissions will also minimize costs
and time to market. Failed emissions tests can involve significant
design changes to both the PWB and the packaging, as well as
introduce substantial delay into a product’s introduction.
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FIGURE 2:1n system-in-package assembly, sorted wafers
are diced and flip-chip bonded to the MicroPallet routing
carrier, which is flip-chip mounted to the MicroBoard.

FIGURE 3: A cross-section of the MicroBoard shows the
high-speed interconnect implemented with multiple lay-
ers of high conductance copper and low k dielectric to

provide a low noise offset stripline architecture.

Alpine’s SiP strategy is composed of four elements:

« Reduce chip-to-chip capacitance by moving all high-speed
ronting out of low-density/low-performance laminates.

« Reduce switching noise by integrating bypass capacitance
inside the package.

« Increase chip /O to maximize bandwidth.

« Optimize IGs for low power and high yield.
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Evaluating Other
HDI Technologies

hat“other” considerations should one make when evalu-
Waﬁng alternative HDI test, assembly and packaging tech-

nologies since all products obviously will not be wire-
less? With very short time-to-market opportunities, companies
must implement appropriate HDI technologies very quickly to
meet competitive market pressures, and flexibility is essential as
are making the right HDI manufacturing choices.

Free Expert Advice

The price s right for DI product planning and manufacturing
advice. Your friendly contract manufacturing/electronic manufac-
turing services (CM/EMS) provider and silicon foundries have very
experienced staffs that are eager to help. Obviously they want your
business so expect them to provide excellent advice based upon
experience gained from other customers facing similar challenges.
Depending on which firms you contact, they can provide an array
of services, ranging from overall product and/or IC design to virtu-
ally every assembly, packaging and test service needed at the
wafer,chip or package/module level. Some of these companies are
developing new concepts,a role that used to be filled by the prod-
uct’s manufacturer.

You still might want to do it all yourself, but a glance at the
CM/EMS infrastructure investments may suddenly make the con-
tract manufacturer or foundry service ook like the bargain that it
is. Refer to the Buyer's Guide on EMS & IC Foundries in the June
2000 issue of HDJ, or visit www.hdi-online.com/bg and check out
the Buyer's Guide listings there. For many manufacturers, there still
are considerable advantages for doing the IC test, assembly and
packaging operations in-house, and the demand will only increase.
for sophisticated packages in the years to come.

Something Old, Something New

Despite all the remarkable advances in bumped area array
technologies, wire bonding is nowhere near being obsolete. For
part or all of your IC or module assembly needs, wire bonding
remains incredibly popular and reliable. In fact, Sharp Corp.recent-
ly showed a stacked IC module that uses wire bonding to inter-
connect the ICs and to interconnect ICs to the interposer sub-
strate. One significant advantage to this approach is that the final
package is not any thicker than a single die in some packages.

Wire bonding on 50-micron pitches is a production reality
today, How much smaller can wire bonding go? | do have a sam-
ple with considerably smaller pitches on smaller 40-um pads, and
| suspect that even smaller pad and pitch options will be avail-
able soon.

Wafer-Level Packaging

As HDI addressed in its recent “Wafer-Level Packaging” sefies
(Uanuary to April, 2000), the various wafer-level bumping, pad
redistribution and encapsulation schemes have considerable
technical merit as well as being cost-effective. The downside for
some wishing to Use wafer-level techniques is that they may need
to use photolithography techniques and material deposition
processes that are new to them. It will make sense for many com-
panies but not for all.Once again, there are contract manufactur-
ers that specialize in underbump metallization, bumping, redistri-
bution and encapsulating services.

Other Uses for 1/0 Bumps

Although high-/O (input/output) pin counts are essential for
signal, power and ground interconnects, some have other useful
functions,i.e, providing much needed thermal dissipation pathsand
mechanical integrity. This is especially important for large die.

— Terrence Thompson, HD/

ol
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This results in a reduction in pin count of 40 to 70 percent,
reduced footprint and reduced assembly and component costs.

Multichip packages usually consist of several off-the-shelf die
combined into a single package that is similar to the package in
which each was originally placed. One definition of the SiP
approach that clearly differentiates it from other multichip pack-
ages is its use of ICs that have been optimized specifically for a
particular package environment. When ICs are optimized for the
high-speed, high-1/O-density characteristics of the MicroBoard
substrate, the bandwidth resulting from fast, wide busses elimi-
nates the critical bottleneck between ICs that process data and IGs
that store data.

System-in-Package Design Methodology

The process for developing an SiP is similar to a PWB
approach in which components are placed on a board and inter-
connect. Alpine provides a design environment that implements
floorplanning, logical routing and physical routing while provid-
ing interfaces to third-party EDA analysis software.

The starting point for a design is a logical netlist describing the
connection between component signal pads and the external /0
signal pads. Chip-level data from the semiconductor supplier
describes the exact X,Y location of the bond pads and the associ-
ated signal name along with the location of all power and ground
pads. Special requirements such as current limits or digital noise
limitations must be also be determined. And critical require-
ments, such as delay or skew-matching, must be specified. Exter-
nal pinout requirements can be fully or partially specified, or
given as general guidelines — for example, “place the address
adjacent side to the data bus."

The floorplan will define the relative location of the chip
components and the external /0. The number and distribution
of power and ground external connections is also’ determined.
Optimization to minimize the physical routing distance for rit-
ical signals and to minimize global routing lengths is performed.
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FIGURE 5: 3D modeling prediction of switch
voltage vs. area for a 40-mm x 40-mm system-in-package

reveals voltage fluctuations between the power/ground

FIGURE 6: 3D modeling prediction of the input imped-
ance of the power plane demonstrates minimal reso-
nance over the frequencies of interest.

planes in the MicroPallet.

The floorplan is also used for noise analysis with 3D modeling
tools. Alpine has developed a specific interface to Sigrity’s
Speed97 3D modeling software. Ground and voltage plane analy-
sis can be performed to determine noise voltage during bus
switching and input impedance of the power planes. This analy-
sis helps determine the optimum number and location of
power/ground connections, as well as the efficacy of integrated
bypass capacitance. In Speed97, the analysis can include the
effective stack-up of the package layers and the PWB layers to
fully analyze the operating characteristics.

For the example depicted in Figure 5, the analysis includes
two pairs of power/ground planes: a top power/ground pair in
the MicroPallet and a bottom pair in the MicroBoard. It is well
known that there are voltage fluctuations between adjacent solid
planes. The currents flowing through the vias pass through the
dielectric layers separating the conductive layers, thus inducing
electromagnetic fields. The waves will propagate in radial direc-
tions, and may bounce back from the edges of the package, caus-
ing spatial voltage fluctuations between the power/ground
planes. Figure 5 shows such voltage distribution in the MicroPal-
let. There are clusters of vias that are connected to an exponen-
tial current source with a fast edge rate (Tr = 30 psec) and an
amplitude of 15 Amps.

1t is also important to control the impedance of the electronic
package’s power distribution system within a certain range. In
many cases, the resonance of the package is quite pronounced and
must be dampened through the addition of bypass capacitance.
Figure 6 shows the input impedance of the power/ground planes
in the MicroPallet. An excitation voltage source, consisting of the
waveform of a Gaussian pulse in series with a 1-Ohm resistor, is
used for the characterization. One end of the source circuit is con-
nected to the top power plane, while the other end is connected
to the nearest ground plane by two closely spaced vias. In the
Speed97 simulation, the transient voltage across the source cir-
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cuit and current flowing into the package — i.e., current through
the 1-Ohm resistor — is recorded. After the transient simulation
is finished, this recorded voltage and current are transformed into
the frequency domain by an FFT (fast Fourier transform) function
built into the Sigrity tool. The input impedance as a function of
frequency may then be obtained by dividing the frequency
domain voltage by the frequency domain current. The result, in
this case, demonstrates that there is minimal resonance over the
frequencies of interest.

Design Completion

The floorplan is input to logical routing and final placement.
After this automatic step, all of the routing paths are determined
and specific path delays can be checked. A design signoff is
required at this point before generating the physical data for pho-
tomask generation. Physical layout creates the mask (GSII) data
and performs a full logical and physical verification to ensure
integrity with the original netlist and the substrate foundry
process design rules.

Conclusion

The system requirements for computing and communications
products require significant increases in data bandwidth between
ICs. This translates into a need for very-high-density interconnect
(VHDI) that can only be achieved through thin-film techniques.
These solutions must provide the routing density along with low-
noise, controlled-impedance signal connections to support mas-
sively wide bussing at GHz frequencies. Additionally, these
advances must be available in a cost-effective technology. System-
in-package approaches, based on low-cost silicon wafers, offer
one such combination. |

Sam Beal, Ph.D,, is vice president of marketing with Alpine Microsystems,
Campbell, CA, (408) 364-8000 ext. 307, e-mail: sbeal@alpinemicro.com.
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