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This paper presents several current interconnection
issues as well as future technological directions for
improved interconnection/communication performance.
The physical hierarchy of interconnections and the
corresponding communication environment are high-
lighted. General issues concerning chip-to-chip and on-
chip interconnections are reviewed, with particular
emphasis on chip or wafer-level clock distribution.
Finally, wafer-scale related system modules and optical
interconnections are discussed from a “macro-
integration” perspective.

Introduction

For more than twenty years, the performance and cost of digi-
tal systems have been improved mainly by focusing technology
development on individual gate-level and memory bit-cell devices. For
silicon metal-oxide semiconductors (MOS), physically smaller devices,
with faster intrinsic speeds and lower intrinsic switching and storage
energies, 2 have generated the current very-large-scale-integration
(VLSI) era and promise ultra-large-scale integration on single,
monolithic integrated circuits (ICs). The spectacular advances in semi-
conductor IC fabrication suggest that conventional systems can be
extended indefinitely by developing ever smaller devices, and by map-
ping physically large systems with many ICs onto smallet realizations
using only a few ICs. However, two clear limits suggest that there will
be profound changes in achieving higher system performance during the
next 10 to 20 years.

A Minimum Device Size for Conventional Logic. Several factors sug-
gest a minimum channel length between 0.25 and 0.5 micrometers
(nm) in silicon MOS devices for conventional, deterministic-state logic
circuits.>* This is a factor of about three to five smaller than present
production devices. [Smaller devices may be applicable in “nondeter-
ministic logic,” where the output state of logic devices is only
statistically related to the input state. Neural network-style logic cir-
cuitry, based on such nondeterministic logic, may extend device
dimensions below the 0.25-pm MOSFET limit (metal oxide semicon-
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ductor field-effect transistor), a possibility not con-
sidered here. ]

The approach to minimum dimensions, as
reviewed by Meindl,® has a sobering implication. Improved
system performance, in the era of fixed, minimum device
size, must be achieved under conditions of fixed intrinsic
device drive and speed capabilities. For higher system per-
formance, we can focus advanced technology development
on system-level, multi-chip packaging and interconnection.
Improved system-level technologies will both influence and
reflect innovation in system architectures. Overall, we sug-
gest the term macro-integration to describe the integration
of system-focused technology development and architec-
tural innovation, in much the same way that VLSI micro-
integration has integrated MOS-device-focused technolo-
gies and VLSI-optimized architectures.

Maximum Usable Intrinsic Device Speed. The total delay
between devices is the sum of the intrinsic device delay
(i.e., unloaded) and the intrinsic line delay (i.e., the
delay added because of the interconnection line between
devices). As a result, decreasing device delays below typi-
cal line delays may have littie impact on system speed.®
Speed-of-light delay is an obvious lower limit on communi-
cation delays. More importantly, interconnection lines of
electronic systems must be charged and discharged, giving
a dynamic switching energy

E
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line line

proportional to line capacitance per unit line length, C
line length, L, and the logic voltage swing, V, .. The

impact of this “interconnection switching energy,” £, , on

system performance is similar to the impact of the intrinsic
device switching energy, E, ., (i.e., power-delay product)
on logic function performance.

Given E,,, decreasing the line delay requires
higher power dissipation drivers, reducing the power avail-
able for logic functions. Just as device technologies have
tried to reduce £, , so also will system macro-
integration try to lower E,, , primarily through shorter line
lengths or, possibly, through lower voltage swings. Reduc-

line?

Short IC
chip-to-chip line

—bonding pad

| L §

DIP package

Short
/ \ on-chip
line

Package pin

(a)

ing the line energies will provide an increased line density-
speed product through which communication limitations
may be relaxed.”

Conventional Interconnection Environments

We consider here the general physical intercon-
nection and general functional communication
environments of a multi-chip, large-scale system. Large-
scale systems are emphasized because new technologies
map such systems into smaller-scale systems of the
future. A clear distinction between functional communica-
tion rates on communication links and electronic data rates
on wires is critical in assessing the related roles of archi-
tectural and technological innovation to achieve higher
system performance.

The Physical interconnection Hierarchy. A conventional
large-scale system has packaged ICs mounted on printed
wiring boards (PWBs) that are plugged into card cages
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held in equipment racks, frames, etc. Figures 1a and 1b
illustrate the wide range of point-to-point interconnection
links in a large-scale, silicon MOS system. Each link origi-
nates on a minimum-size gate and ends on a minimum-size
gate.

The source and destination of an end-to-end infor-
mation transfer are I/O ports (input-output) of computation
circuttry (circuitry that changes received information to
generate new information). Depending on the number of
packaging levels traversed along an end-to-end communica-
tion link, signals encounter a variety of connectors, line
drivers, and perhaps logic. Here, the line drivers, multi-
plexing logic, and other circuitry involved in the transfer of
information (without alteration) are regarded as communi-
cation ctrcuitry.

Figure 1(a) shows on-chip interconnections and
short on-board (chip-to-chip) interconnections; Figure 1(b)
shows chip-to-chip and board-to-board interconnections. In
each category, there is generally a distribution of line
lengths ranging from short lines between adjacent compo-
nents (between adjacent gates on ICs or between adjacent
ICs on PWBs) to long lines extending across the entire
packaging level (across the entire IC or the entire PWB).
The numerous short lines are sensitive to density limits on

short and long on-chip
interconnections as
well as (b) short and
long chip-to-chip
interconnections, and
board-to-board
interconnections.

® |
2]

interconnections. The less numerous long interconnections
are sensitive to signal delays and line driver requirements.
This physical interconnection environment
suggests the simple hierarchical model of physical intercon-
nections shown in Figure 2. Leaf nodes are individual,
monolithic digital integrated circuits, taken here to be sili-
con MOS, VLSI circuits. Arcs and colored ellipses of this
tree-based hierarchy represent interconnection links at a
given level of system packaging. Within a given level, the
set of interconnections is typically highly diverse, allowing
a uniform model of communication only when delays and
interconnection density do not affect performance. As
computation circuitry reaches higher speeds, more uni-
form interconnections within a given hierarchical level will
help to provide a uniform communication environment.
This imposes strong constraints on architectures
compatible with such uniform interconnection environ-
ments at a given level of system packaging. Black ellipses
(interlevel nodes) represent connections between packag-
ing levels. These strongly limit the interconnection lines
that can extend between levels and, for very high-speed
(e.g., transmission line) signal paths, introduce serious
discontinuities in transmission line characteristics. Such
communication limits (because of density and bandwidth
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limits of wires at connectors) strongly affect the partition-
ing of system functions among packaging levels (with the
partition boundaries changing as the underlying technolo-
gies change).

In addition to passive interconnection wires, a
node can include active interconnection circuitry such as
drivers or multiplexers. All active electronic circuitry is
necessarily at the monolithic (i.e., leaf-level) IC level of
packaging. Figure 2 is consistent with this constraint for
the computational circuitry but ignores this constraint for
the communication circuitry. Moving drivers, multiplexers,
etc. to leaf-level nodes causes the communication environ-
ment to reflect detailed implementation of the active
communication circuitry.

In particular, circuitry such as line drivers and
transceivers for board-to-board interconnections and
often for chip-to-chip interconnections are typically
power- and [/O-limited, small-scale integrated circuitry,
in contrast to VLSI functional circuitry. Communication
circuitry may then dominate the IC component count of a
large-scale system. Communication circuitry technology
that can efficiently implement high-density and high-
speed communication circuitry and reduce the levels of
the interconnection hierarchy will be increasingly impor-
tant in avoiding the excessive sensitivity of
communication environments to such details of communi-
cation circuitry implementation.

The basic physical parameters characterizing a
physical interconnection link are the number of wires per

link V), the data rate per wire (f), and the signal delay
over the link (t)). These parameters are highly interdepen-
dent. For example, changing the number of wires per
logical link affects the number of wires through connectors
and through interconnection circuitry. Increasing the band-
width along an end-to-end link requires higher bandwidth
wiring, higher performance drivers, and faster multiplex-
ers. Therefore, technology advances for improved
communications must generally improve the performance
at each level of the interconnection hierarchy. However, it
1s the performance of the communication functions, rather
than that of an individual interconnection line that is of
interest in improving system performance. Higher commu-
nication bandwidth can be achieved, for example, by
increasing the physical wires per communication link (hold-
ing the bandwidth per wire fixed), by increasing the
bandwidth of physical wires (holding the number of wires
per link fixed), or by a combination of these two
approaches. This distinction between communication band-
width and wire bandwidth is therefore essential in jointly
optimizing wire bandwidth and wire density to achieve
high-performance communication.

Communication Issues. The physical interconnection
network just described is the medium for communication
among parts of a system. To illustrate communication limits,
we use the communication environment shown in Figure 3,
with the physical environment of Figure 2 directly mapped
into a communication environment. With the parameters
given earlier, the communication bandwidth through links
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canbe representedas B, = I', N, f,where I, < 1repre-

sents the ratio of data information to total information

(control plus data) carried on the link. This assumes a uni-

form communication bandwidth B, , throughout the

hierarchy and B, = B, for each communication link.

Figure 3 shows five functions per chip, five chips per board,

and five boards per card cage. Four general classes of com-

munication functions are considered here.

= [nternal point-to-point communications, as represented
by general interconnections among logic/memory
function.

= External-to-internal point-to-point communications, as
seen in loading program RAM (random-access memory)
from a central disk storage facility.

= [nternal global communications, as in a message broad-
cast by an internal function to all other functions in the
system.

= External-to-internal global communications, as in exter-
nally supplied system clocks.

Internal point-to-point communication. For this exam-
ple, all leaf-node pairs communicate at equal rates through
the communication network of Figure 3 and the communi-

Figure 3. Communication limits shown using five functions
per chip, five chips per board, and five boards per card cage.

cation links are uniformly active. With these assumptions,

Figure 4(a) shows the distribution of available bandwidths

(normalized to B, /N, with N, the number of leaf

nodes) from leaf node #0 to the other nodes. This example

shows two major consequences of the physical intercon-

nection hierarchy on the communication environment:

= Communication among neighboring leaf cells having the
same parent cell is strongly favored.

= The communication bandwidth shows large discontinui-
ties across parent cell boundaries.

External-to-internal point-to-point communication. This
type is limited by the bandwidth of the root node link. With
the same external point-to-point communication rate for
each leaf node, the external bandwidth to any single leaf
node is B, /N, For large N, as in massively parallel
computing systems, the external bandwidth to any single
computing node then becomes quite small.

Internal global communication. For an internal global
communication event such as “broadcasting,” the same
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information is sent to each leaf node. With leaf node #0
sending a broadcast message to all other leaf nodes
(assuming the same uniform communication bandwidth,
B, as above), the hierarchical structure efficiently dis-
tributes the single-source sequence of messages at the full
bandwidth, B, , to all destinations. However, there can
be appreciable delay effects (in contrast to the bandwidth
effects above). With a constant delay 7, on each link,
regardless of level in the hierarchy, Figure 4(b) shows the
distribution of delays (normalized to ) among the leaf
nodes. The discontinuous distribution of delays here mir-
rors the discontinuities in bandwidth above; however, the
range of variation is much smaller. Sending the broadcast
request to the root and then distributing the broadcast to
all leaves (as in external-to-internal global communications)
will create a uniform delay.

External-to-internal global communication. External-to-
internal global communication includes such system func-
tions as initialization commands and clocks. Broadcasting
(e.g., the system clock) from the root node yields a con-
stant delay at the full bandwidth to each of the leaf nodes
under the assumptions used here. Also distributed from
the root is power and ground. In both cases, there may be
changes in the power handling capability of lines moving
from the root to the leaves, however basic connectivity is
provided by the interconnection hierarchy.

Thus, general, internal point-to-point communica-
tions can be limited by the conventional interconnection and
packaging hierarchy. Technology directions are highlighted
in the 4-layer model of the interconnection environment in
Figure 5. Layer 2 contains the functional leaf nodes; layer 3
contains the interconnection circuitry for chip-to-chip com-
munications. All passive chip-to-chip and higher
interconnection levels of the system are in layer 4. Layer 1
contains all the interfunction, on-chip interconnections
emphasizing their efficient monolithic implementation. Driv-
ers, multiplexers, etc. for on-chip lines are considered part
of the layer 2 circuitry. Including all levels of interconnection
(i.e., layers 1 through 4) makes an extremely complex and
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delays (normalized to v )} from functional leaf node #0 to
node J.

comm

highly heterogeneous environment.

The directions discussed under “New Intercon-
nection-based System Technologies” come from two
approaches. The first is to move as much as possible of the
layer 4 interconnections onto either layer 1 or the lowest
packaging level of layer 4, using wafer-scale, hybrid wafer-
scale, or hybrid ceramic assembly techniques. The second
is to exploit high-performance interconnection schemes
(e.g., using optical interconnections) for the remaining,
higher level interconnections in layer 4. However, such
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alternatives must be consistent with the underlying physi-
cal limits that apply to interconnections, as considered
next.

Physical Performance Issues

The physical issues affecting interconnections
(communication) are qualitatively similar to those affecting
active devices (logic). They include:
= Power dissipation
= Throughput rate
= Delay
= Switching energy or power-delay product
= Density
= Area.

Local Physical Issues. Static power dissipation of
interconnections is a major concern when low-resistance
loads (termination resistance, R, ) are needed. Such ter-
minations are important on transmission lines when signal
rise times (7,) are less than the signal delay (t,,,,) on the
interconnection. The maximum signal propagation velocity
is v = ¢/Ve,, where c is the speed of light and e, is the
relative dielectric constant of the insulating material
(€, = 4 in the examples below). Lines with length L
(cm) > 1, (nsec) » (30 /'\/e,) therefore are typically ter-
minated (although resistive transmission lines can relax
this constraint).*¢ Terminated transmission lines impose
relatively high-power dissipation requirements. The volt-
age (V) at the termination is decreased by driver
resistance (K, .,) and line resistance (R, ), relative to the
supply voltage (V,), toV, . ~=V,*R,. /R, + R, +

ogic term

R,..). Assume R, is approximately equalto R, =

d)
Z,/ Ve, = 20002 (where the impedance of free space is
Z,=Vwle, = 3776, and p, and ¢, are the permeabil-

ity and permittivity of free space, respectively). Taking
Ve = 0.5V, then the total power dissipation (driver,
line, and termination) is

Rtﬂrm Rlim’ — 0’5
&, VR, 2000

P driver R R

~ P

total .V'(zld (2)
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driver driver

ForV,, = 5V, P,,, = 60 mW imposing limits,
depending on thermal constraints, on the density of driv-
ers and terminations.

For example, a thermal limit of 1 W / cm? would
limit the density of driver/receiver pairs to about 16 / cm?.
Decreasing the voltage levels dramatically relaxes this limit
(e.g., @V, = 0.5V, 1600 / cm? driver/receiver pairs are
allowed by the 1 W / ¢m? thermal limit).

If terminations are not needed (e.g., rise times
are longer than signal delays), a power-speed tradeoff is
imposed by the the “interconnection switching energy”

[E . defined in Equation (1)]. The energy-per-unit line
length used below is ¢, = E,, /L. Again, reducing volt-
age swings has advantages, dramatically decreasing the
interconnection switching energy and allowing higher
speeds at the same level of power dissipation. Scaling
interconnections to smaller widths does not provide the
continual reduction in C,,, (and thus in €, ) that might be
expected. As the ratio of line width (w,,) to dielectric
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thickness decreases, fringing fields eventually dominate
the interconnection capacitance of an isolated line. ' As the
line spacing decreases, line-to-line capacitance also
becomes important. These limit line capacitances, even for
w,, — 0, to approximately C,,, = 1 picofarads/cm (pF/
cm). WithV, . = 2.5V, €,, = 3 picojoules/cm (pJ/cm).
Given the small intrinsic switching energy (power-delay
product) of the active devices used for logic, the intercon-
nection dynamic energy is a major concern. For example,
with device energy E ., = 50 femtojoules (f]), L+ ¢,
> E, . forline length L > 160 um @ 2.5V logic

swings.

The transmission line delay, 7., of signals with

Trise < sz'lay iS
Ve,
Tdelay = |: :I.L (3)

for ideal transmission lines.

Maximum bandwidth is generally limited by driv-
ers and receivers (although line dispersion, not considered
here, imposes an upper limit on usable bandwidth; that
limit decreases with increasing line length). Circuit board
interconnection wiring is generally low resistance; trans-
mission line propagation delays provide a simple but
reasonable model of interconnection delays. The ideal
transmission line has a delay proportional to line length,
favoring short lines on circuit boards for small delays and
avoiding the need for terminations.

On-chip interconnection lines generally have
appreciable resistance per unit length. The signal delay on
such lines has the general form

Coy+ R,.C..+R.C

Tdelay szn'ver dniver™ line line Ioad)L +

I/ZR lineclineLz (4)

for lumped RC (resistance capacitance), distributed RC,
and capacitive interconnection lines. Actual coefficients of

the various terms depend on the model; however, the gen-

eral dependence on driver resistance, line resistance and

capacitance, and load capacitance is about as given.'2 The

on-chip lines display three characteristic length regions.

= For very short lines, the delay is constant (equal to the
intrinsic device delay, R,,..C,..)-

= For longer line length, the delay becomes proportional to
line length. It R, C, ., << R,..C, . (typical for most

on-chip metal interconnections), then the delay term is

linear in L and can be considered as resulting from a sig-

nal velocity v*, with delay given by L / v*. This

“effective velocity,” assuming C, = 1pF / cm, is

line

RZ° 3 X 108 cm/sec

v* =

driver

a factor of about 10° to 10* below the speed of light.
= For long lines, the delay increases quadratically with line
length, a serious limitation for critical timing paths.

To avoid high static-power dissipation on longer
low-resistance lines, signal rise times can be degraded to
avoid the need for terminated lines. As the signal rise time
is degraded, the effect of propagation delay becomes rela-
tively less severe. Reduced rise times, and the lower data
rate, do not necessarily reduce communication bandwidth
because several lower bandwidth interconnection lines
could be used in place of a single high bandwidth intercon-
nection line to obtain the same net data rate. However, the
increase in interconnections must be consistent with the
limits on interconnection wires. 3

Aside from the short interconnections appearing
among logic gates within a logic function, interconnections
generally connect one planar circuit area with another
planar circuit area. Whereas the complexity of a logic func-
tion increases with that area, the number of external
interconnections to that area typically is proportional to the
edge dimension of the circuit area. This implies a decreas-
ing connectivity (I/O pins per logic gate) as the functional
logic complexity of a function module (IC chip, PWB, etc.)



increases.

If p,,,. Is the pitch between adjacent lines, the
interconnection density N; (lines per cm) is N;, = (1/
P,...)- For on-chip interconnections using 1-pwm design
rules, p,,, = 2.5um giving N;, = 4 X 10° lines/cm. For
circuit board interconnections with 10-mil pitch, N}, = 40
lines/cm. This great disparity between on-chip and circuit
board interconnection density (for a single layer, although
multiple layers could be used in both cases) greatly limits
the use of higher density interconnections as an alternative
to high data rates on circuit board interconnections.

A further limit is the pitch (p,,,) of bonding pads
of an IC. With p,, = 6muls, (1 mil = 0.0254 millimeters)
N;,, = 70 lines/cm through an IC edge. The silicon wafer-
scale and thin-film ceramic hybrid circuits discussed later
would provide much higher interconnection densities (e.g.,
N;,, = 200 lines/cmif p,, = p,, = 2 mils). Combining
the higher interconnection densities with shorter intercon-
nections (to avoid terminations and unnecessary static
power dissipation) should support significantly higher com-
munication rates.

Finally, we look at the planar area required for
interconnections. As the area needed for interconnection
increases, the separation between active components gen-
erally becomes larger, increasing interconnection delays
and switching energies. Multi-layer metalization for circuit
boards, ceramic substrates, and WSI-related modules
(wafer-scale integration modules) can greatly reduce the
area for interconnections, an important factor in scaling
large systems to physically smaller systems.

Selected On-Chip Issues. The performance issues of
on-chip interconnections center upon the interconnection
function (data, clock/control and power/ground). Power and
ground connections extend to each active logical gate in
the circuit, imposing particularly severe layout constraints.
The power distribution network must be designed to elimi-
nate voltage drops, which would degrade circuit operating
margins. Aluminum wires are sensitive to electromigration
deterioration at high current levels and must be sized (lim-
iting the maximum current density) to provide the desired

long-term reliability. Placing the power distribution net-
work on upper levels of a multi-layer metalization
technology allows wide power distribution lines (for small
voltage drops and for avoiding electromigration damage)
without imposing an excessive area overhead. It also frees
the lower metalization levels for the dense, and generally
narrower, signal lines. VLSI multi-layer metalization* also
greatly reduces the routing constraints encountered during
circuit layout.

On-chip data interconnections have the advantage
of high densities and relatively short length. For silicon
MOS, higher power drivers (typically using a cascade
arrangement)' are necessary to maintain signal rise times
on lines of length L > E¢» /e, . Here, E¢»» is the mini-
mum intrinsic switching energy of the logic devices. A long
on-chip line also can be divided into a series of shorter
segments, each driven by a relatively low power driver,
rather than using a single cascade driver. Such distributed
drivers are the equivalent (except for the small scale of
ICs) of the conventional “repeatered” lines of telephone
networks. For very high-speed circuitry, driver power dis-
sipation becomes a major limitation, restricting the density
of active circuitry relative to lower speed circuits. In addi-
tion, the crosstalk noise on the closely spaced lines
increases rapidly with increasing data rates (particularly on
busses extending over substantial parts of the IC). This
typically requires larger spacings between signal lines at
very high signal rates. Such general on-chip interconnec-
tion issues have been extensively discussed and are not
considered here.

However, a special performance issue impacts
very high speed, synchronous systems. In particular, clock
skew generally has been viewed as a severe limitation on
maximum throughput rate and has been used to advocate
optical clocking and other clock distribution schemes. The
development of clock skew limits by Hatamian and Cash!?
is highlighted here as an example in which layout and archi-
tecture can relieve what is widely viewed as a fundamental
limit.

On-chip clock signals must generally be distrib-

21



22

uted from an I/0 pad connection to all flip-flops and latches
of the circuit. This “global” and widely distributed signal
locally manages the movement of data between registers
of the circuit function. While clocking all registers at pre-
cisely the same instant is often desirable, it is often
neither practical nor necessary. In Figure 6, a data transfer
takes place between two modules of a synchronous system.
Each module is composed of a computation logic section,
CL, and a register, R, clocked by the global clock signal.
The following time parameters are defined. ¢, and £, are
the propagation delay (from input change to earhest change
in output) and the settling time (from input change to sta-
ble output) of the computation logic. ¢, and ¢, are the
propagation delay and the settling tlme of the register. ¢, is
the clock arrival time at the local module with respect to a
global reference, and ¢, is the propagation delay of the
interconnection between the two modules. The propaga-
tion delays are typically much smaller than the settling
times. We consider an edge-triggered clocking scheme,
although similar results are obtained for other conventional
CMOS clocking schemes.

Consider the transfer of data between CL, and
CL, in Figure 6. At time ¢ = £, the output of CL, begins
to be loaded into R, and at time ¢ = £, + &, the output of
CL, begins to be loaded into R,, where & is the clock skew
between the two modules defined as :

O =ty —ty )

Note that clock skew is defined here on the basis
of local relative timing, rather than relative to some global
timing event. With this local relative definition, & can be
either positive or negative.

Attime ¢ = ¢, + ¢t + {, + t, the response to
the change in R, has propagated all the way to the input of
R,. For the data transfer to take place properly, this event
at t =14 +1t, +t, + t, mustoccur after the loading
time of R at ¢, + 8. The followmg condition must then be
satisfied:

Delay to steady
1\ output

Propagation delay =
(first change at output) [

< t, =

Clock

Figure 6. Data transfer between two modules of a synchro-
nous system.

O <t, +t, +1, (6)

In other words, the clock skew must be less than
the sum of the propagation delay times of the register,
interconnection, and logic. In the case of negative 8,
because the propagation delays are always positive, condi-
tion (6) is always satisfied.

However, negative clock skew degrades the maxi-
mum throughput rate (i.e., the minimum clock period).
The clock period T must be large enough to allow for the
computation to take place. The total computation (or set-
tling) time is ¢, = ¢, + ¢, + ¢, For both positive and
negative clock skew we must then have

T>t—3=1t +t +1t—5 M
These relations (6) and (7) give the following
results.
= If clock skew is everywhere negative, then condition (6)
is always satisfied and the propagation delays of regis-
ter, logic, and interconnection cannot cause errors; the
system will always operate properly provided the period
is large enough. The penalty is loss of throughput
because the clock period must be increased by | 8 |.

= [f clock skew is everywhere positive, then condition (6)
must be satisfied to prevent system failure. However,




throughput is improved because the period can be short-
ened by & (a case where skew helps the throughput!).
Obviously the improvement in throughput as 8 is
increased is very limited because soon & violates condi-
tion (6).

= [f both positive and negative clock skew appear in a syn-
chronous system with feedback, then condition (6) must
be satisfied to prevent failure. The throughput rate is
also degraded because of the negative skews present.
The clock distribution network can still be designed to
achieve maxium throughput rates while assuring correct
operation.

For a properly structured digital circuit function
and a suitable layout, both of data transfers and clock dis-
tribution, maximum clock rates can then be achieved, even
though clock transition times differ at various points in the
circuit. It is the combination of an architecture and layout
with an understanding of the presumed limit that relaxes
an otherwise severe physical constraint.

Selected Chip-to-Chip Issues. Chip-to-chip intercon-
nections are subject to the interconnection density limit,
noted earlier, at the chip edges. In addition, those chip
edge boundaries, by imposing pad and package capaci-
tance, introduce an abrupt discontinuity in the
interconnection energy that must be overcome to extend
the signal to the circuit board. The combination of (1)
limited interconnection density from the chip, (2) the
energy discontinuity at the chip-to-circuit board inter-
face, (3) the generally longer lines encountered once on
the circuit board, (4) the large area penalty imposed by
small-scale integrated line drivers on circuit boards and
(5) the larger “feature size” of on-board interconnection
lines make the chip-to-circuit board interface particularly
troublesome.

Perhaps ideally, the circuit board line drivers would
be integrated on the IC chip. However, this has two serious
limits. First, the high driver power dissipation restricts the
number of output pins (and reduces the remaining power dis-
sipation allotment for the functional circuitry). Second, the
inductance on power and ground connections from the circuit

board to the IC creates the so-called A I noise when the out-
put signals are switched.'® This A I noise induces local
power and ground voltage glitches that increase quadratically
with the output data rate.

Despite serious performance limits, use of con-
ventional IC packaging, such as dual-in-line packages
(DIPs), and printed wiring boards has several practical
advantages. It allows repair of the circuit board easily at
the single IC level, repairing either circuit board wires or
replacing defective ICs. Design changes can be achieved by
cutting and adding wires (i.e., “white wires”). Wire-
wrapped circuit boards can be custom populated with com-
ponents and interconnections for convenient prototyping
before completing the design of a printed wiring board.
Finally, the relatively large dimensions of lines and compo-
nents makes automated assembly (using surface-mount
components) relatively straightforward.

The advanced hybrid circuit and WSI-based sys-
tem technologies forfeit these advantages, at least to
some extent. In particular, a dramatic reduction of the
scale of off-chip features would make prototyping, assem-
bly, and repair more difficult than in conventional system-
level technologies. In defense of reducing the scale of
circuit board and higher system-level features, it can be
argued that the development of VLSI has had a similar
qualitative effect. The loss of some of the customization/
repair capability seen by moving lower-scale integrated
components into VLSI is compensated by (1) a higher
degree of programmability and versatility of the “dis-
crete” VLSI functions as seen in contemporary digital
signal processors (DSPs),? (2) the development of pow-
erful CAD tools to reduce significantly the design effort
(arguably making VLSI design less complex than conven-
tional circuit-board based system design), and (3) a
relatively uniform physical environment allowing accurate
and relatively straightforward simulation of circuit behav-
ior. Similar developments for future systems are likely to
make advanced system-level technologies such as wafer-
scale and hybrid ceramic modules more practical and cost
effective in the future.
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New Interconnection-based Technologies

Emerging interconnection-based technologies are
considered briefly here. Hybrid circuit techniques (using
either ceramic?'-# or silicon®? substrates) can reduce the
size of multi-chip system modules. Hybrid wafer-scale inte-
gration (H-WSI)® monolithically integrates drivers,
multiplexers, and other “glue” circuitry on the substrate,
providing an active device layer separate from the VLSI
ICs (as in Figure 5 to implement layer 3 of the interconnec-
tion model). Monolithic wafer-scale integration (WSI26.27)
provides a potentially greater reduction in interconnection
limits, although that potential must be weighed against
several practical limitations. The hybrid silicon technolo-
gies, as well as high-speed monolithic gallium arsenide
(GaAs) technologies?*# may be combined with optical
interconnections to achieve higher bandwidth
communications.

As in conventional telephony networks, such opti-
cal interconnections undoubtedly will appear first in the
area of “long-distance” interconnections (higher levels of
the interconnection hierarchy) but will extend to lower lev-
els as the technologies progress. Also interesting is the
possible development of dielectric-separated, multi-level
silicon layers for three-dimensional circuits.?-32 Growth of
GaAs on silicon substrates, combined with the lower tem-
perature processing of GaAs circuitry, suggests the
possibility of integrating both high-speed GaAs logic and
optoelectronics on VLSI silicon wafers. 3335

Advanced Ceramic and Silicon Substrate Hybrid Circuits.
Hybrid circuit technologies here refer to the mounting of
unpackaged ICs on an interconnection substrate. Ceramic
substrates and thin-film ceramic technologies are well
established. Silicon substrates, which have important
advantages, are developing rapidly for hybrid circuit sub-
strate applications. Advanced hybrid circuits could reduce
line pitches to less than 1 to 2 mils, a factor of about 10
better than printed wiring boards. There would then be
more parallel data communications and less multiplexing,
which would, in turn, relax bit rates on I/O lines for many
system functions or provide much higher net communica-

tion rates for other system functions.

It is likely that the pad pitch can also be reduced
significantly, allowing more edge 1/0 pads per unit chip
length. With finer pitch lines, area-based I/0 pads used
with flip-chip mounting schemes become attractive for
high-density 1/0 lines. Such techniques provide a general
scaling down of the size of circuit boards, providing not
only narrower lines but also closer spacing of components
with a corresponding decrease in line lengths.

Finally, capacitive and inductive loading effects
imposed by IC packaging can be considerably reduced by
eliminating the first level of packaging. Although the full
potential of advanced hybrid packaging will have to be
developed, the advantages are already seen in the ceramic
substrate packaging approach? and the silicon substrate,
multi-chip packaging modules.?

Passive substrates retain one limitation of conven-
tional packaging, namely inefficient integration of drivers,
multiplexers, transceivers, and other communication cir-
cuitry. Such small-scale circuit functions might be
integrated on VLSI circuits, although power limits and I/0
limits are serious constraints. Alternatively, small-scale
integrated ICs (such as conventional bipolar “glue circui-
try”) could be mounted on the hybrid substrate, although
the large number of small ICs would waste substrate area
and potentially dominate substrate area for very wide data
paths. Integration of small-scale circuit functions (for com-
munication circuitry) directly on the silicon substrate
provides an attractive evolutionary direction not provided
by ceramic substrates. Distributed drivers, pipelined high-
speed interconnections, bus control circuitry, multiplexer-
demultiplexers, etc. could all potentially be regarded as
substrate functions® rather than integrated VLSI or sepa-
rate, discretely mounted, small-scale integrated functions.

Such substrate-integrated communication circui-
try, combined with mounted VLSI functional circuitry, is
called hybrid wafer-scale integration here, emphasizing
that the limitations of WSI circuitry apply to the communi-
cations circuitry but not to the VLSI computation circuitry.
Beyond simple integration of conventional glue circuitry



and mounting of silicon VLSI circuits, the H-WSI approach
allows a mixture of different technologies (whereas mono-
lithic WSI, considered below, is limited generally to a
single technology). In particular, silicon VLSI memory and
logic, silicon bipolar drivers, GaAs high-speed electronic
and optoelectronic devices and optical waveguides can be
combined in a compact realization.

Beyond the advantages provided by planar hybrid
circuits, further performance advantages would be
obtained by three-dimensional stacks of hybrid cir-
cuits.®23 The large-aspect ratio (diameter to thickness)
of silicon and ceramic substrates may lead to much shorter
interconnection lines vertically among stacked H-WSI
boards than among similar boards mounted on a planar
large-area circuit card. This is illustrated in Figure 7(a),
(b), and (c), which suggests a future, high-performance
computing node within a mesh-connected array of comput-
ing sites.” In these examples, the processing unit [and
related CPU (central processing unit) circuitry] is shown
mounted on a silicon hybrid substrate. The large local
memory [including RAM for user memory and EEPROM
(electrically erasable programmable read-only memory) for
solid-state disk memory] is shown using wafer-scale inte-
gration. Connection of the processing node to the network
is shown with an intelligent distributed networking switch
mounted on a silicon substrate. Special microconnectors
and microcables, perhaps using micromachined silicon fea-
tures for connectors and TAB-like cables (tape automated
bonding), would provide very high-density interconnections
between adjacent wafer stacks. Such three-dimensional
interconnected modules and high-density interconnections
are likely to emerge over the next 10 years, providing the
very compact systems sought using system macro-
integration. Optical vertical connections in such stacked
modules are discussed later.

Monolithic Wafer-Scale Integrated Circuits. There are
several array-based system functions, including conven-
tional memory ICs, systolic arrays, image processing
arrays,* and cellular logic arrays. When fabricated on a sil-
icon wafer, the ICs for these functions are organized in a

regular spatial array, often mimicking the final array struc-
ture of packaged ICs. Wafer-scale integration (WSI) of
such arrays merely adds the cell interconnections on the
wafer, avoiding the need to separate the individual die. By
avoiding the packaging of individual array cells, WSI allows
individual cell sizes to range from very small cells to cells
comparable to or larger than conventional ICs. WSI imple-
mentation of an entire system array function, combined
with efficient I/0 lines into that monolithic function, there-
fore achieves a potentially attractive approach to high-
performance system integration.

However, fabrication defects and various circuit
faults cause some of the WSI circuitry to be defective.
Efficient schemes to detect and localize the defective cir-
cuitry and either repair or replace defective cells are
therefore needed.“ Such repair and replacement schemes
almost invariably degrade the potential advantages of WSI
relative to discrete ICs. However, independent of the
issues confronting WSI, large-scale systems in general will
increasingly require some level of fault tolerance, 42
given: (a) the vast number of active devices and intercon-
nections used, (b) the difficulty of achieving full
production-level testing of complex system components,
and (c) the need for graceful system degradation during in-
service failures. There are two general classes of functions
from the perspective of fault tolerance: functions requiring
replacement of defective circuitry (class 1), and functions
in which defective circuitry can be ignored (class 2). High-
performance systolic arrays designed for a specific N x N
array function typically require replacement of defective
cells and represent class 1 functions. Fabricating an M x
M physical array (with M > N), the N x N array is
obtained by connecting a set of N2 functional cells in the M
X M array. Connections among functional cells can be
provided either with physical addition or deletion of links
(structuring/restructuring) or with closing or opening of
logical switches (configuration/reconfiguration). With low-
cell yields, individual functional cells can be selectively
connected to a separate interconnection network using
either physical structuring or logical configuring of cell-to-
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Figure 7. A future
mesh-connected |
multicomputer with |
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stacked wafer-scale
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network links. With higher cell yields, fully connected
arrays can be fabricated initially and the network modified
to bypass faulty cells using either physical restructuring or
logical reconfiguration of the network. Other system func-
tions (class 2) can simply ignore defective cells, so long as
that information is available to the system. For example, a
WSI “disk” memory with defective memory cells can be
used by declaring memory blocks bad in the file system.?
A mesh network connecting a set of general-purpose paral-
lel processors can simply use the network to bypass faulty
network switching/computing nodes. Both classes of func-
tions are subject to critical features that must be functional
for the wafer to be functional. Global clocks and power/
ground nets are examples of such critical features. By pro-
viding high-vield critical features and a mechanism to
accommodate faulty circuitry, WSI provides efficient inte-
gration of compatible system functions.

However, system architectures compatible with
WSI must avoid conditions that significantly lower yields.
Monolithic circuits mixing high-performance system func-
tions [e. g., high-performance CPU logic, high-density
dynamic RAM, or ROM] requiring different device struc-
tures and process schedules typically have more complex

WsI
(a) H-WSI

processing and correspondingly lower yields. Furthermore,
the most aggressive IC technologies have low yields at the
beginning of the learning curve and those low yields restrict
WSI applications. WSI and H-WSI are therefore complemen-
tary approaches, with H-WSIimplementing system
functions not compatible with the yield limits of WSI.

Optical Interconnections. Figure 1 showed various
segments (links) of an electrical interconnection path ter-
minating on minimum geometry drivers and receivers (and
contained within a locally implemented system). Optical
interconnections, extensively used for long-distance
telephony lightwave communications, have been extended
down to shorter distance, local area networks connecting
several locally implemented systems. Further advances in
photonic and electro-optical components will extend optical
interconnections into even shorter, intrasystem intercon-
nections. Optical data links will undoubtedly appear first at
the higher levels of the layer 4 interconnections as shown
in Figure 5.

Source and detector arrays, combined with micro-
machined silicon alignment of fibers to array devices,
provide optical fiber “ribbon cables” easily interfaced to the
electronics of the system. > The present high cost of
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optical data links and their relatively low data rates [~ 100
to 200 megabits per second (Mb/s)] limit present applica-
tions. However, lower cost and higher data rates will
evolve over the next decade. In the near term, such higher
level optical links are likely to find initial application in
widely distributed control signal applications (e.g., to dis-
tribute system clocks). By providing electrical isolation,
electromagnetic interference (EMI) immunity, * good cross-
talk performance, and low dispersion (preserving sharp
signal transitions), many of the severe limits presently
encountered for such signals are greatly relieved. Such
global control signals have the advantage of generally
requiring only a single (external) optical source whereas
general data interconnections would require either distrib-
uted sources or widespread distribution of external optical
power to modulator “line drivers.”

Beyond these applications of “long distance” opti-
cal interconnections at higher levels of layer 4 in Figure 5,
optical interconnections may be used within macro-
integrated systems of the future at lower levels of layer
4.%47 Such macro-integration is intended to move much of
the longer length layer 4 electrical interconnections to
lower levels of the interconnection hierarchy. However, dis-

tribution of global control signals such as clocks within
those lower levels will remain a problem.

Optical clocks to control clock skew have been
widely proposed. The H-WSI and WSI (with integrated or
surface-mounted optical detectors) provide attractive envi-
ronments for such on-wafer optical clocks. Typically, such
global optical signals would be externally generated and
focused on the detectors (using holographic or other tech-
niques). Optical interconnections also may be useful for
interconnection of packaged WSI-based planar and three-
dimensional circuit modules. Here, the limits imposed on
electrical connections by the package favor extension of
the optical link into the package, rather than using sepa-
rate optical and computational packaged components. A
particularly interesting case arises in communication net-
works for highly parallel computations. If we separate the
communication network and its switching nodes from the
computing modules, not only optical network links but also
optical logic to route data through the network’s switching
nodes become attractive. The electro-optical conversions
are then limited to the relatively slow data rates from each
computing node to its associated network switching node
and the optical network can provide very high bandwidth
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communications among the processing nodes. With intelli-
gent optical networks, we have a simple application for
optical computing elements. 48

In-plane optical interconnections on WSI and H-
WSI wafers or on ceramic substrates are hampered by
the many electro-optical conversions required. H-WSI is
perhaps most interesting for such in-plane optical inter-
connections. Integrated waveguides for optical “wires,”
combined with low-energy quantum well optical modula-
tors, are particularly attractive if optical interconnections
can compete with the convenience, simplicity, and mod-
erately high performance of electrical interconnections.
In addition, there are vertical interconnections for
stacked WSI, H-WSI, and hybrid ceramic circuits. Elec-
trical connections among layers of such a three-
dimensional structure can be achieved by wire bonding
along edges to successive layers of the stack or by
“through-substrate” electrical connections (using ther-
mally migrated aluminum connections through silicon
wafers). However, such electrical connections impose a
mechanical connectivity, making assembly, disassembly,
or repair difficult. Free-space vertical optical interconnec-
tions have the significant advantage of providing vertical
communications without permanent bonding of the lay-
ers.’ For H-WSI or WSI (with mounted opto-electronics),
infrared, free-space optical links can pass directly
through the silicon wafers (i.e., at infrared wavelengths
beyond the absorption edge).* Integrated planar lenses
(i.e., microfabricated zone plates),* integrated beam-
stops, and other integrated optics structures can be
included on the stacked wafers to reduce losses and
avoid crosstalk on beam arrays.

All such low-level optical interconnections would
suffer from the power dissipation and energy limits associ-
ated with integrated optical sources (LEDs or
semiconductor lasers). As observed by Miller,*! Jocally
generating optical power in each optical line driver con-
trasts with the external supply of power in electronic line
drivers. This suggests that optical modulators are probably
preferred over integrated LED/laser sources for such low-
level optical interconnections.

Summary

Future developments in interconnection technol-
ogy will center on two areas. Architectural innovation will
be used to reduce the communication bandwidth required
by system functions and to avoid unnecessarily long com-
munication links. Technology innovation will be used to
decrease the size of systems, reducing physical intercon-
nection lengths and thereby achieving high-density
interconnections at higher levels of the system and
decreasing the number of packaging levels.

The extent to which “macrofabrication” can pro-
vide higher performance and lower cost systems is
obviously unclear at this time. However, several directions
that may contribute to macrofabrication, are emerging.
System “macrofabrication,” in which advanced technolo-
gies are extended to higher levels of interconnection (as
opposed to VLSI microintegration which moves higher
interconnection levels onto monolithic substrates), will
become increasingly important as device scaling limits are
approached.
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