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Abstract— Advances in packaging and interconnection tech-
nologies for future telecommunication switching systems are
paramount to remain competitive while offering enhanced ser-
vices. This paper describes, from a switching system design-
ers perspective, present digital interconnection technologies, and
needs. The discussion begins at the chip to chip interconnection
level and proceeds to the frame to frame level. We evaluate the
optimal packaging and interconnection technology that should be
used in future system designs. The analysis suggests that parallel
optical data links based on a laser array technology implemented
at the board to board level is presently advantageous. This
analysis, as well as a detailed description of laser gate arrays,
is also included.

I. INTRODUCTION

NCREASED interconnection density and stringent reliabil-
Iity specifications are emerging for advanced wide band-
width switching and high throughput computer system ar-
chitectures. This need (or desire) arises from the demand
for enhanced digital telecommunication services (e.g., Broad-
band ISDN, High Definition TV, video conferencing, cel-
lular, etc.) and advanced computer services (e.g., graphics,
real time image processing, pattern recognition, modeling,
speech processing, etc.). These unremitting demands for higher
interconnection density and bandwidth at all levels of the
interconnection hierarchy, dictates advances in traditional elec-
tronic packaging and/or introduces the opportunity for new
optical techniques into system designs. End-to-end optical data
link products (e.g., ODLA0O® & ODLS0®) have been used
successfully for some time in high performance computer
and telecommunication switching systems (e.g., SESS®). The
authors contend that the next application of optics, to enhance
system performance, will be the implementation of a generic
parallel optical component which will serve to communicate
over distances between 1 m and 10 km.

The purpose of this paper is to describe from a sys-
tem’s perspective the future needs for digital interconnection
technologies. The discussion begins by describing present
electronic interconnection technologies throughout the inter-
connection hierarchy (i.e., from chip-to-chip, to printed circuit
board (PCB)-to-PCB on a shelf, to PCB-to-PCB across shelfs,
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to PCB-to-PCB across frames, etc.), in order to find where
optics gains strategic advantage for high performance systems.
This paper will then strive to show how optical schemes can be
used to implement parallel synchronous data links, for PCB-
to-PCB interconnections. The results suggest that optics at
this level of interconnection is a competitive alternative to
electronic strategies.

Finally the paper concludes with a discussion on a new
optical component called a laser gate array (LGA), which
optimally implements parallel optical bus requirements. This
device (i.e., LGA) uses a voltage controlled saturable intracav-
ity absorber to digitally (ON-OFF) modulate lasing light output
[1]. Direct compatibility with emitter coupled logic (ECL) and
voltage control (allowing correct 50 €2 termination of Gb/s
digital electrical data) are unique advantages of this approach.
LGA transmitters are a practical solution to the present 1
m to 10 km communication bottleneck in high performance
computer and switching systems.

II. ELECTRONIC INTERCONNECTION TECHNOLOGY

To quantify where a communication “bottleneck™ within a
computer or switching system might exist, the problem can be
classified into three categories: 1) IC die-to-IC die (chip-to-
chip) communication, 2) PCB-to-PCB (intrashelf) communica-
tion, and 3) PCB-to-PCB (intershelf) communication. In each
category, parameters such as power, bandwidth, complexity,
fanout reliability, and cost must be evaluated to determine
whether optics can be a competitive alternative.

A. Chip-to-Chip

The intercommunication between integrated circuits (chip-
to-chip) can be studied based on three trends in device
technology, namely

1. transistor (or gate) density on a chip,

2. density of chip-to-substrate contacts (I/O density), and

3. substrate interconnection density.

These issues will determine if optics is a cost competitive
alternative to electronics, at the chip-to-chip interconnection
level. Each issue will now be subsequently addressed.

1) Integrated Circuit Transistor Density: Fig. 1(a) shows
the transistor density trend for two architectural types of IC’s:
Dynamic Random Access Memory—DRAM (highly symmet-
rical layout) and Digital Signal Processing DSP (computational
type chips similar to switching and computer chips) [2]. For
example, Motorola’s 68040 processor (clock rate = 33 Mb/s)
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chip has 1.2M transistors. A digital gate is an architecture
dependent grouping of transistors normally on the average
between 3 and 4 transistors per gate. The trend for increasing
density will continue, due to improvements in IC scaling.
However, as the IC dimensions approach physical limitations,
increases in process complexity are mandatory to gain further
miniaturization. An alternative, or a supplement to IC scaling,
is the vertical stacking [3] of devices to gain perhaps a five-
fold increase in circuit density. The technique [4] of selective
epitaxial overgrowth is critical to obtain a high quality vertical
stacked CMOS inverter structure. It is possible therefore,
that the transistor density trend, shown in Fig. 1(a), may
increase at a more rapid rate as this technology emerges
from research. The chip technology that is incorporated into
a system design (i.e., silicon—CMOS, NMOS, ECL, ... or
GaAs [5]—HFET, BFL, ED, ...) is strictly a function of the
system design requirements. Fig. 1(b) and (c) show a current
view of different chip technologies versus two important
system design parameters (gate delay and power dissipation
per gate). Improvements in these parameters are expected to
continue with IC scaling. BICMOS [6] is currently a very
important silicon IC technology because it combines the high
transistor density and low power of CMOS with the high speed
capability of ECL [7]. Note that this technology does not
supplant scaled CMOS (e.g., 0.25-pm CMOS will out perform
1.5-pm BiCMOS), but adds design flexibility in layout (i.c.,
a gate on one side of the chip can communicate to another
gate on the other side of the chip without submitting to a
new chip layout) and adds higher performance at a given gate
length process technology. The design of the NPN transistor in
BiCMOS is disproportionately more complex (with respect to
IC fabrication) than the CMOS transistor design as one scales
the gate length below 1 pm. This perhaps, will manifest itself
as an increased processing cost over CMOS as one scales
both technologies (i.e., 1.25-um BiCMOS is approximately
25% higher in cost than 1.25-um CMOS). As one scales
to 0.25 pm BiCMOS, the cost would be greater than 25%
higher than 0.25-um CMOS. Hence, it is not clear that the
cost-performance ratio of BiICMOS will be lower than CMOS
at all gate lengths, so one must carefully evaluate the extra
cost in scaling CMOS to ascertain which technology is more
cost effective. However, in the near future, BICMOS should
offer higher performance chip designs using complex circuits
in the hundreds of kilo gates at very high data rates (hundreds
of Mb/s). Therefore, this chip technology will most likely be
prevalent in the next generation switching systems. The gate
density trending exhibited in Fig. 1(a), can also estimate the
number of required I/O terminals that would be needed, as
shown in Fig. 2. Rent’s rule is an empirical formula that can
relate the chip density to the expected terminal count. Rent’s
rule can be expressed as, [8]

o= (10)

where gate = average number of gates supported by I/O
terminals,
/O = number of signal terminals (chip pinout),
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Fig. 1. Integrated circuit technology, (a) silicon transistor density trending
and delay versus power in (b) silicon, and (c) GaAs material systems.
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Fig. 2. Large system terminal estimation versus IC density (using Rents rule)
and packaging technology options (assuming a required system complexity
on the order of 100 million gates).

k = constant, the value of which depends on terminal
sharing (i.e., .15 < k < 0.2 for memory chips, 0.4 < k < 0.6
for switching and computer chips, k > 1 for high performance
logic chips, and

¢ = constant in the 1.5 to 3.0 range (¢ = 1.79 was used).

Interpreting values from Fig. 2, a chip density on the
order of 1 million gates would require approximately 1120
I/O terminals (pins). As further chip integration is obtained,
the chip I/O demand increases. If given the problem of
implementing a complex function (e.g., a 1024 x 1024 switch
matrix) measured in the number of gates, the total system
I/O terminal demand shown in Fig. 2 is created. In this case,
a system complexity of 100 million gates is assumed. Here,
as expected, the total system I/O terminal demand decreases
with increasing chip density. For example, at a 1 million
gate density (the dotted vertical line in the figure) the chip
terminal demand is 1124 terminals, and to implement a 100
million gate function could require a minimum of 100 of
these chips. Hence, the total system I/O terminal demand
would be 100 x 1124 or 112, 400 terminals. This fact is
highly informative, since it suggests the type of packaging that
would be required to implement this complex function. The
top portion of Fig. 2 shows the likely packaging technology
options for a system complexity of 100 M gates versus the
IC gate density.

Elaborating further, these 100 chips probably would not
fit on one high performance multichip module (HPMCM),
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therefore, multiple HPMCM’s on a printed circuit board (PCB)
would probably be the best choice of packaging. Additionally,
this figure suggests what the bandwidth limitations would be as
derived from the packaging choice. These interdependencies of
packaging technology options and bandwidth are summarized
in Fig. 3. Once again using this example problem, since
multiple HPMCM’s would need to be interconnected on a
PCB, this interconnection length would dictate the maximum
clock rate on the system (unless demultiplexing and remul-
tiplexing occurs at the HPMCM’s boundaries). Assuming an
interconnection length of 25 c¢m on a glass epoxy board, the
maximum clock rate would perhaps be between 400 and 600
Mby/s. (Note that these numbers are very sensitive to both
architecture, PCB layout, and PCB material construction.)
This limitation is based on a source terminated or a lossy
unterminated transmission line structure. If one employs a
terminated transmission line structure, the bandwidth could
increase to 10 Gb/s. Note however, that in order to achieve
this bit rate, the transmission line loss must be reduced by
increasing the width and the thickness of the signal conductor.
This will necessitate a decrease in the interconnection density,
and hence tradeoffs between interconnection density and bit
rate become apparent. The operating region shown in the
shaded portion of Fig. 3 is where these trade offs exist. When
moving vertically from the lossy line to the lossless line
boundaries, the bit rate increases while the interconnection
density (which is not shown in the figure) decreases for loss
reasons as described above, and for potential architectural
changes (i.e., demultiplexing and remultiplexing). As further
chip integration is obtained, there is a higher chip I/O demand,
a need for less total system I/O, fewer chips are required,
and interconnection lengths are shorter (which would result
in higher clock rates). The ramifications of increased chip
density are advantageous to system designers. Note also that
as chip density improves, the thermal management of the
system is stressed, and new thermal strategies are needed.
To summarize this subsection on transistor density, one can
correctly conclude that further chip integration will occur,
which will increase 1/0 demand off of the chip. However, this
implies that for a given implementation of a complex function:

1. fewer (overall) chips will be required for a given circuit

function which will lower the system’s cost,

2. shorter chip-to-chip interconnection lengths will be re-

quired which results in a higher bandwidth,

3. and overall fewer chip /O will be required which results

in less system power.
These observations imply that the macroscopic (or system)
interconnection complexity will be reduced but will be vastly
increased at a microscopic level (i.e., chip I/O demand). This
increase in chip I/O density is further explored in the next
subsection.

2) Chip-to-Substrate I1/O Contact Density: This section con-
cerns itself with 1/O density (i.e., now that a complex high
density, high speed chip design has been devised, what are
the limitations getting off the chip). The contact density from
the chip-to-substrate (where the HPMCM used in the package
is defined as a thin/thick film hybrid, silicon hybrid, or a
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Fig. 3. Maximum system interconnection length and bit rate versus IC
density. Packaging technology options also shown assuming a required system
complexity on the order of 100 million gates.
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Fig. 4. Integrated Circuit I/O contact density trending.

PCB) may consist of a linear array of contacts along the chip
perimeter, or a two-dimensional array of contacts over the
chip’s area. Fig. 4 shows how these technologies (perimeter
and area) will trend in the short term. Presently, conventional
wire bonding (ball and wedge) dominates low lead count IC’s
(i.e., < 200). This is an example of chip-to-substrate contact
occurring along the perimeter of a chip. Obviously, for I/O
starved designs, the array contact is preferred. However, this
will demand a higher capital investment by the factory.

The reliability of a chip-to-chip interconnection is inversely
proportional to the actual number of intermediate contacts
required to provide the interconnection. The chip-to-substrate
contact level is sometimes quantified as the number of actual
contacts needed to connect the chip to the substrate. For exam-
ple, Fig. 5 depicts a chip that is wirebonded to a lead frame,
which is then solder connected to a substrate. Three actual
connections are made, and is thereby referred to as a level-
three interconnect. Tape automated bonding techniques (TAB)
is a level-two interconnect since the inner lead solders to the
chip, while the outer lead solders to the substrate. Both TAB,
and wirebonded leadframes are perimeter contact techniques.
TAB is generally preferred over wirebonding because of:

1. improved reliability (i.e., lower number of intermediate

contacts per connection),

2. parallel bonding (leads are gang bonded instead of
sequentially bonded),
higher density (narrow inner lead pitch),

4. better signal transmission {9] (lower inductance), and

@
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Fig. 5. Packaging interconnection levels, (a) level 3 (wirebond), (b) level 2
(TAB), and (c) level 1 (C4).

5. TAB provides a lower surface profile.

Present TAB technology [10] provides an inner lead pitch of
under 100 ym, which results in greater than 500 leads per
die. This density is expected to increase (perhaps to near
700 or 800 leads), but, in order to obtain factors of 2 to 4
times improvement, other technologies should be exploited.
One such peripheral contact array technology is the metallized
SiO, microcantilevers [11]. They are similar to AT&T’s beam
lead technology (with dimensions of 20 ;im wide on a 40-
pm pitch), and can yield more than 1000 I/O’s around the
perimeter of a 1 ecm x 1 cm chip.

An increasingly popular area contact technique is the con-
trolled collapse chip connection (C4) [12] process (sometimes
referred to as flip chip or solder bump attach). The C4
technique is a level-one interconnect since the solder bump
connects the chip directly to the substrate. A product example
that uses C4 technology contains 762 solder bumps (a 29 x 29
array) [13]. The most dense area reported has been a 128 x 128
array of 25-pm bumps with a 60-um pitch, which resulted in
nearly 16 000 connections [14]. C4 is generally preferred over
TAB and wire-bonding for the following reasons:

1. improved reliability due to its lower interconnection

level,

2. higher density from 2D arrays, which can have a finer

pitch than TAB,

3. better signal transmission due to its lower lead induc-

tance,

4. provides a better thermal contact to the substrate for

localized heating in proximity to the solder bump,

5. improved chip density on HPMCM, and

6. self alignment feature offers advantage for optical con-

nections.

Another area contact technology that provides direct chip
interconnect, is a polymer thick film [15] (PTF) process. With
this method a polymer adhesive can be used for gold (on
chip) to gold (on PCB) pressure contacts, sometimes referred
to as “microbump.” This technology has been exemplified
through work done by Matsushita Electric Industrial Co.,
[16] by applying 54 chips to a substrate via microbump
technology. Chips having I/O contacts at a pitch of 63.5
pm were separated by 10 pum from their nearest neighbors.
An alternative contact technology uses anisotropic conductive
polymer adhesives (ACPA) which can be employed to bond
very fine pitched conductors (10 pm). Advantages derived
through ACPA technology include: high density interconnec-
tions, increased mechanically flexible contacts, and provides a
probable path to three-dimensional packaging technology.

Table I provides numerical information on the chip-to-
substrate technology that is currently available. Note, that if
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one employs Rent’s rule (Rent’s rule usually over estimates
I/O contact needs), then for 1 M and 10 M gate density
chips, on the order of 1124 and 4070 1/O’s would be required,
respectively. This is good news for system designers since no
new electrical contact technology needs to be developed in
order to meet near term chip evolutions. One might suspect
that with an increasing number of I/O pads on a chip, the
contact pads will take up usable silicon surface area, and
thereby subtract from the gate density capability. However,
this is a not a major concern since the contact pads are on
the chip’s surface (on top of a dielectric spacer) with only
small vias that route down to the I/O transistor driver (ie.,
many transistors can be placed underneath an I/O contact pad).
The only practical concerns are the actual size of the output
transistor (which is much larger than the gate transistors), and
the complexity of the driver circuit. For a fixed chip size
this aspect will contribute to /O limitations. For example,
in order to drive an output at an electrical power level of say
10 mW (e.g., Vout = 0.7V and Jout = 15 mA), the data
in Table II depicts the circuit and transistor areas that would
be required for each transistor technology (assume pad size of
30 pm x 30 om = 900 pm?). The HBT transistor technology
offers the highest return when regarding the minimal driver
area usage. As time progresses, the other technologies will
benefit from IC scaling, which leads one to conclude that
the I/O density will eventually be limited by the chip surface
contact technology utilized, and not by the driver surface area.

In summary, one concludes that present C4 technology is
adequate for near term (i.e., less than 10 years) high speed
and high density chip designs. In addition, C4 technology
should be more reliable, have higher bandwidth, have higher
density, provide a lower junction thermal resistance, and have
a lower per-contact cost than alternative electronic contact
technologies. One will have to supply additional capital ex-
pense to enter the technology, but the advantages gained
should outweigh the cost. A final observation, with respect
to contact density of a chip, is that there are no significant
differences between optics and electronics at this stage of
packaging. The differences, if any, will occur in the density
of substrate interconnections.

3) Substrate Interconnection Density: The final issue to
discuss, with regards to the intercommunication between IC
chips, is the substrate interconnection density [17], [18]. Given
that one has a potentially complex, high-speed chip, along with
a high density I/O contact technology, the remaining question
that arises is; can the substrate provide the interconnection
density imposed by the chip? In actuality, there are two aspects
that control this interconnection density. These aspects concern
the interconnecting transmission line structures from chip-to-
chip, and the routing from the contact pad site (underneath
the chip) to the transmission line (outside the chip). As one
would expect, the transmission line width is much greater than
the routing line width, and hence different signal densities
are obtained. Additionally, vias, which provide connection
from the contact pads on the substrate to internal signal
conductors within the substrate, block otherwise available
routing tracks underneath the chip, and thereby reduce routing
interconnection density. We define the substrate transmission
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TABLE 1
CHIP TO SUBSTRATE TECHNOLOGIES
Technique Min Lead Contacts 15 Bandwidth Complexity” reliability level ref
Pitch sq-mm

wirebond 100 pum 600 < 5 GHz Low Medium 3 8
TAB 90 pm 650 5 GHz Medium Medium+ 2 9,10

C4 65 pm 50 000 > 5 GHz High High 1 12

C4 200 pm 5600 > 5 GHz High High 1 11
microbump 10 pm M > 5GHz Medium High 1 14, 15

microcantilevers 40 pm 1500 > 5 GHz High Medium+ 2 13

*complexity in terms of cost (initial and maintenance of capital equipment).

TABLE I
TRANSISTOR DRIVER CIRCUIT AREA COMPARED TO PAD AREA

Transistor # of Area of total driver  total %
Technology transistors output circuit area  of pad
in driver transistor space
circuit
BJT 2 510 pm? 675 pum? 75
HBT 1 135 um? 135 pm? 15
MOSFET 4 550 pem?2 810 pm? 90
MESFET 4 550 pm? 810 pum? 90
HFET 2 410 pm? 540 ym? 60

line interconnection density, and the routing interconnection
density as the number of signal lines per cross-sectional width.
Numerous reports [19], [20] on both substrate types (silicon
and ceramic) have achieved both high chip interconnection
densities, high frequency, and improved cost-performance
ratios. Due to possible thermal expansion coefficient mis-
matches between the chip and substrate (for cases of very high
density 1/0’s), the silicon chip-to-silicon substrate is preferred.
However, other options are available (silicon chip-to-ceramic
substrate, gallium arsenide chip-to-silicon substrate, etc.) with
reduced 1/O and/or chip dimensions.

Fig. 6 shows I/O signal density trends for the two types of
hybrids (silicon and ceramic based). Fig. 6(a) shows the rout-
ing density, while Fig. 6(b) shows the transmission line signal
density. The authors will now consider a two-dimensional
packaging technique, possessing only a two-layer capability
on one side (usually having a polymer as the dielectric),
and transmission line rules at 10 um width and 9 pm space
(i.e,, pitch = 19um). This configuration will result in a
signal density of 1575 signals/cm. The 9-um spacing of the

transmission line, is designed such that the crosstalk would
be less than —30 dB. Once the signal arrives at and is
propagating in the transmission line, any additional crosstalk
from neighboring transmission lines would be inconsequential.
Now, multiplying the above signal density by 4 (for the four
sides of a chip) will allow the substrate to connect to 6300
contacts on a 10 mm X 10 mm chip. From Table I, less
than a 200-pm pitch C4 style package would be required (on
the order of 125 pm) to support this substrate signal density.
Note, if one used the transmission line structure to connect
to the substrate pad, then, assuming a pad-to-pad gap (routing
track width) of 70 ym, only 12 transmission lines could fit
through the gap, and hence would limit the pad matrix size to
24 x 24 pads. To increase this contact density, two methods
could be pursued. One can increase the gap width between
pads, and/or replace the transmission line with a metalized
lead (routing interconnection). One must be concerned with
the length of this routing interconnection because of crosstalk
and bandwidth. However, by simply keeping this length short,
the crosstalk will remain small and the bandwidth will remain
high. The routing interconnection density (using the 1990 data
from the table in Fig. 6), is approximately 1.21 per pm.
Assuming a routing track width of 70 um, there would be 85
routing tracks between contact pads. With a square contact pad
matrix of 80 x80 = 6400 contacts, there is an excess of routing
tracks to interconnect the contact pad to the transmission line
(e.g., 70x 1.21 = 85 routing tracks, which theoretically would
allow one to route a 170 x 170 pad matrix). Since the number
of routing tracks greatly exceeds the required amount, one
does not have to limit the layout to straight lines, but could
entertain some random type interconnections.

An excellent example of the capabilities of electronic sub-
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Fig. 6. Substrate signal density trending, (a) routing and (b) transmission
line interconnections.

strate interconnection comes from Boeing Aerospace Electron-
ics High Technology Center [21]. They achieved 800 lines
per cm using a two layer 25-pm pitch and a bandwidth (for
a 5 cm line) of approximately 2 GHz when uftilizing lossy
transmission line technology. Additionally, they showed an
excellent planarization technique in the presence of 6-pm-thick
conductors with a 9-um polyimide interlevel dielectric layer.
For further I/O densities, one would have to go to double-
sided substrates and/or four layer capabilities per side. This is
not challenging substrate technologies, but only adding to the
process complexity and cost.

A final comment on the limitation of electrical contact
density concerning ground bounce will now be discussed.
Ground bounce occurs during the transient switching time of
an output driver, and increases when more outputs switch
at the same time. One way to minimize ground bounce
is to supply many ground and power contacts to the chip
that are capacitively coupled to ground. The layout of the
ground and power planes, as well as the signal interconnection
distribution across these planes are critical in determining
the ground/power plane inductance which ultimately leads
to the calculation of ground bounce. Another approach to
minimize ground bounce, is to interconnect chips with coupled
differential transmission lines, such that the bounce associated
with the noninverted output cancels the bounce associated
with the inverted outputs. Although this technique does not
eliminate ground bounce, it tends to minimize it. However,
the interconnect density is adversely affected since there would
be twice the number of signal conductors and the density will
decrease by slightly more than a factor of two. Presently, there
are a number of groups across the industry that are addressing
this problem (with respect to CAD tools), so that one will be
able to simulate different layouts in effort to minimize ground
bounce.

The bandwidth of these transmission lines (defined by an
interconnection length of 2 cm at a loss of 3 dB) is approxi-
mately 5 GHz since lossy unterminated transmission lines are
generally delay limited. When terminated in its characteristic
impedance, the bandwidth increases to approximately 15 GHz
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(assuming: width = 35um, metal thickness = 1um, and
dielectric thickness = 10pm). Higher bandwidth transmission
lines can be fabricated with increased processing complexity.
For example, a coplanar strip transmission line in an air trench
[22] has a measured rise time of 0.8 ps for a 2.8 mm length
of propagation. The power advantage from utilizing substrates
like silicon and ceramics over that of printed circuit boards
can be utilized because the interconnection length can be made
very small so that the line need not be treated as a transmission
line, and therefore not need to terminate to a 50 €2 load resistor.

Considering a clock frequency of 200 MHz with a rise
time of 1 ns, implies that the bandwidth of the transmission
line must be greater than 1 GHz in order for the Fourier
component contributing to the rise time to propagate through
the line. For line lengths less than 2 cm (where this length
is defined as L = vprop - %) one need not treat them as
transmission lines. Hence, the power required to drive a 2
P v2 _ (1 pF/em)(2 em)(1rv)? _
cm line = C - e 2 mW, whereas
for a line length greater than 2 cm, a transmission line (either
terminated or unterminated-lossy) must be employed where
the power would be nearer to 10 mW (e.g., % = %) These
power considerations will be considered in more detail later
in the paper.

The three-dimensional multichip packaging technology has
emerged over recent years and is expected to be a competitive
packaging technology for high performance systems. Advan-
tages of this technology include: reduced size, weight, power,
cost, delay and increased reliability.

From a packaging viewpoint, in order for optics to play
a competitive role, it must at least provide the performance
parameters as outlined in Table I. It is the authors’ opinion,
that an electronic “bottleneck” has not yet limited further
system development, and the problem (or bottleneck) has been
successfully pushed to the next level of packaging (i.e., PCB-
to-PCB or intra-shelf communication). Note however, that
optics (especially modulator based) can provide an advantage
with respect to chip power dissipation (for the interconnection
function only) over that of an electrical alternative, when the
interconnection length is greater than 1 mm. This is one of
many important system packaging concerns, as it suggests
where optics may be successfully injected, and hence will be
consequently discussed.

The comparison between electrical and optical (free-space)
techniques, with respect to power and speed requirements,
[23]-[25] will be presented in the problematic form of in-
terconnecting two processor chips. (The authors are assuming
that the ratio of processing electronic gates to electrical/optical
1/0 is high.) The parameter plot in Fig. 7 shows the results of
this comparison. Part (a) of the figure shows the chip power
dissipation required from the source versus the interconnection
length with the bit rate and the source type (i.c., electrical (e.g.,
C4), laser (e.g., Surface Emitting Laser SEL), or modulator
(e.g., Symmetric Self Electrooptic Effect Device S-SEED))
as parameters. Part (b) of the figure, simplifies these results
in a plot of the bit rate versus the interconnection length
(i.e., where the curves of Part (a) intersect). By increasing
the interconnection length, the electrical and modulator inter-
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Fig. 7. A comparison of Electrical versus Optical interconnection, (a) chip
power dissipation per I/O (includes transmitter and receiver) and (b) efficient
interconnection regimes w/r/t power dissipation.

connection schemes cross over near 1 mm, at a 1 Gb/s bit rate.
For interconnection lengths greater than 1 mm, optics (based
on modulators) is more efficient (w/r/t power dissipation).
For lengths less than 1 mm, electrical techniques are more
efficient. Increasing the length even further, the electrical and
laser based interconnection schemes cross over near 1 cm.
Therefore, one may conclude that optics can reduce the total
operating power of a digital system when interconnecting
substrate-to-substrate as opposed to chip-to-chip and perhaps
spread substrates out further to gain advantage in system
thermal management. Hence, in systems where high density
I/O’s are needed with a high percentage of the /O required to
be active at one time, optics may provide an advantage (w/r/t
power dissipation) at the chip-to-chip interconnect level. The
above assertion does not clearly describe where optics provides
an advantage, since the class of applications that require high
density I/O’s with a required high percentage of them being ac-
tive at one time is not an obvious one at this time. More impor-
tantly, it is simply the cost of the interconnection that dictates
which technology is ultimately used in advanced systems.

It is interesting to note that when the chip-to-chip spacing is
kept to a minimum, it does not matter whether the interconnect
medium is optical or electrical since the chip power dissipation
will limit the quantity of output connections. As example,
assume the chip designer allocates 5 W to the output driver
portion of the chip. If assuming an output dominated design,
then at 1 mW of dissipation per output implies 5000 output
contacts could be utilized. At a thermal resistance of 8°C/W,
the chip will be 40°C above the ambient temperature, which
probably exceeds the cooling capability of the system. It is in
this chip thermal management research area, that advantages
in large system performance can be exploited. Not only can
one increase the number of connections but also enhance the
reliability of the chip by improving the thermal design of the
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Fig. 8. PCB and backplane signal density trending.

chip. Irregardless of the progress in optical or electrical inter-
connection technology, before interconnection technology can
be effectively exploited, enhancements in thermal management
technology must take place.

In summary, the authors conclude that the electrically
interconnected substrate can manage high density chip I/O
contacts adequately without much further technology im-
provement. In addition, not only can it manage this density,
but also provide a high bandwidth connection, lower the
required source power, and lower the cost per connection
below that of alternative technologies. Therefore, the insertion
of optical interconnects as a direct replacement of point-to-
point electrical interconnects (at the intra-substrate, chip-to-
chip level) does not offer any major advantages for present
day computing or switching systems. Advantages are visible
when the interconnect length, speed, and fanout are pushed
to the electrical realizability limits [26]. Since the packaging
“bottleneck” seems to have been successfully pushed to the
next level of interconnection (PCB-to-PCB—intra shelf or
module-to-module communication), it will be discussed in the
next section.

B. PCB-to-PCB Intrashelf Communication

In this level of intercommunication, the problem is to
interconnect a PCB to another PCB that resides on the same
shelf (i.e., in the electrical domain, the interconnection is
implemented in the backplane). This interconnection level is
sometimes referred to as the electrical or optical backplane
technology. The interconnection between shelves is deferred
to the next section. Ignoring, for the moment, the needs of
the PCB to backplane interconnection, the authors will first
evaluate the backplane needs separately. Fig. 8 shows I/O
density trends for backplane boards and for PCB’s. (Note
that for the backplane interconnection densities shown in the
figure, that only 70 to 90% will actually be routable due to
staked pins or vias blocking routing tracks.) The point at which
optics will become competitive with electronics is a function
of cost, interconnection distance, signal density, bit rate, and
fanout. In order to provide the comparison, an isocost curve
is provided in Fig. 9 for point-to-point connections on a glass
epoxy backplane. The interconnection distance is limited by
conductor and dielectric loss, where the signal density dictates
physical dimensions of the microstrip lines used.

Fig. 9(c) provides cost information at a bit rate of 200 Mb/s
and a signal density of 20 connections/cm. For interconnection
distances less than 1m, the cost of providing a 200 Mb/s
interconnection from one PCB to another PCB on the same
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Fig. 9. Iso-cost curves for (a) distance versus bit rate (with the signal density

held constant at 20 connections/cm), (b) distance versus signal density (with
the bit rate held constant at 200 Mb/s), and (c) cost curve versus distance (with
both the signal density and bit rate held constant) for electrical backplanes.

shelf (e.g., backplane ($2.00), driver ($1.), receiver ($1.), and 4
pins ($1.20)) is approximately $5.20. Beyond a meter, the cost
jumps because alternative electrical media must be utilized
(i.e., coaxial lines or twisted pair cable). Therefore, when
operating below this isocost curve (approximately $5.20),
optics must be more cost competitive than electrical backplane.
Note however, if one includes fanout, the isocost curves shift
downward, thereby making optics more competitive because
the cost of providing a passive fanout in optics (e.g., a star
coupler implemented with polymetric mixing rod [27], [28]
techniques) could be relatively cheap. The magnitude of the
downward shift depends on the following cost relationships:
the cost of the optical power splitter, and the additional cost of
supplying more optical power versus the cost of the “electrical
power splitter” (i.e., either the additional cost of more drivers
or the cost of FET buffers to provide active taps off of the
transmission line).

Another issue that one must address is the number of 1/O
pins on a PCB edge that can connect it to the backplane. For
a relatively large board (43 cmx 33 cm), 600 staked pin type
connectors are readily available. However, the bandwidth is
relatively low, on the order of 500 MHz. If one adds ground
blades around the pins in such a way that no reduction in the
number of signal I/O pins will occur for grounding purposes,
one can increase this bandwidth to approximately 1 GHz. With
other connector technologies (i.e., Gold Dot, Cinch—Synapse,
Beta Phase—thermal shape memory) the density exceeds 2000
I/O’s per PCB, and bandwidths in the range of 2 GHz can be
obtained.

Guided wave optics can supply an advantage since it can
provide a factor of 1.3 to 1.5 reduction in the connector
area (assuming a multifiber array connector (MAC) type [29],
compared to a staked pin electrical connector). Hence, for
an equivalent electrical connector area of 600 contact pins,
which could supply perhaps 120 signal I/O’s and the remaining
pins being held at ground, the optical ribbon connector could
supply 216 I/0’s (assuming the MAC type connector). In
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addition to an improved connector I/O density, the proposed
optical package (see section V-III) could reduce by a factor
of 4 the PCB area required to drive the I/O’s, increase the
connector as well as the interconnection bandwidth, lower
1/0 power requirements, lower electro-magnetic emission (and
raise susceptibility), and increase fanout possibilities. All of
these improvements are key items for switch system designers.
(We note, that in the future, it is possible that free-space optical
interconnection of PCB’s might exceed the optical guided
wave approach by an appreciable factor, and hence might be
an attractive technology.)

The final issue to discuss on PCB-to-PCB communication
is the PCB signal density. This concern addresses the problem
of handling the high pinout of the substrate and the routing
of these contacts to the PCB edge connector. First of all, the
signal density for a standard PCB (with 4 high-speed layers
with FR4 as the dielectric) is near 150/cm. The contact density
need not be greater than this, since the additional contacts
could not be routed away from the substrate. For perimeter
contacts, this would mean that a contact pad would have a
width of 33 ym with a 33 um space. Obviously, this is pushing
the limits of PCB manufacture, and a staggered perimeter
contact array or a two-dimensional contact array would have
to be utilized.

To summarize, for a substrate size of 6 cm x 6 cm, 3600
connections could theoretically be removed from the substrate.
These connections could do one of two things, route to the
board’s connector, and/or route to another substrate on the
PCB. Since these connections are long and could be at a
high data rate, optics could play a role in providing substrate-
to-substrate communication but perhaps a more likely role
would be in the substrate on one PCB to a substrate on
another PCB (intra-shelf communication). An optical solution
becomes even more competitive in the PCB-to-PCB inter-shelf
communication, basically because the interconnection length
is longer. This packaging level will be discussed next.

C. PCB-to-PCB Intershelf Communication

In this level of interconnection an electronic backplane is
not available to interconnect PCB’s together. The following
options exist: coaxial cables (single or ribboned), twisted pair
(single or ribboned), flex microstrip circuits, and of course
the optical alternatives. In these instances, optics [30] can
compete quite well with the electrical alternatives, since the
electrical technologies become expensive (i.e., with respect
to cable cost and system cost) whereas the optical cost
as a function of distance is relatively flat. As was shown
earlier in this section, the cross over point where optics is
cheaper than electrical is a function of bit rate, distance,
density, skew, and fanout requirements. For a point-to-point
interconnection, the crossover point is near a bit rate of 200
Mb/s, an interconnection length of 1 m, and a signal density of
20 connections/cm. Therefore, with the additional advantages
as listed above, fiber optics presents an attractive alternative
for use in advanced switching (or computer) system designs.

Note also, that optics (using fiber ribbon) has improved skew
performance (delay variation) to 2-5 ps/m as compared to
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electrical coaxial ribbon cable which is in the 300 ps/m range.
This implies that a system can be designed synchronously
without the cost burden of providing clock recovery circuits
per channel. The data is simply re-timed at the destination
by a simple digital skew cancellation technique. Additionally,
optics provides nearly a factor of 100 times improvement
in the signal density (i.e. signals/cross sectional area) in
the backplane as compared to coaxial ribbon connections.
Although a cost figure advantage is difficult to quantify, Optics
is clearly advantageous with respect to assembly, maintenance
and repair.

In summary, it has been shown that an optical solution is
best utilized as a backplane technology. Optics will have a very
difficult time replacing electronic interconnection technologies
at the chip-to-chip or at the substrate-to-substrate (within a
PCB) packaging levels in the near future. In order to penetrate
this area, optics has to provide revolutionary functionality, and
not compete in an evolutionary electronic arena. However, in
the backplane environment, Optics does compete effectively
as an evolutionary interconnection technology. The backplane
provides interconnection for PCB’s on the same shelf, PCB’s
on different shelves in the same frame, and/or PCB’s in
completely different frames. The advantages ultimately man-
ifest themselves as a lower cost technology. The additional
performance parameters outlined in the preceding section,
make the optical performance-cost ratio far superior than the
electrical alternatives. The remainder of this paper will be
concerned with optical solutions for backplane interconnection
technologies.

III. SYSTEM BACKPLANE INTERCONNECTION REQUIREMENTS

The backplane interconnection system requirements are
implementation independent (optical or electronic) and provide
the requirements for intrashelf (0 to 1 m distances) as well
as intershelf (1 m to 1 km distances) PCB interconnections.
Fundamentally, the interconnection technology should look
like a digital computer bus. This implies that the signal levels
are quantized into two levels (digital) with sufficient noise
margins such that optical, electrical or thermal feedback are
not necessary to readjust threshold levels in the transmitter or
the receiver. This is radically different from traditional long
haul optical transmission systems where feedback is necessary
in order to get the highest level of system performance. The
problems that are being solved in switching are very different.
They allow simplified transmitter and receiver designs at a
low cost per interconnect.

The general system requirements (based on generic switch-
ing central office environments) are as follows:

1. Cost/Interconnection < $10 (includes: driver, receiver
and connectors and back-plane media)

2. Reliability: 10° hours < p

3. Bit Error Rate (BER): BERpaTa <
BERvo1cE < 10712 (at 1 Gb/s)

4. Temperature (ambient): 0°C < T < 70°C

5. Absolute Humidity < 0.026 (5% < relative humidity <
95%)

6. Distance: 1 < Length < 100 m

10~ and

7. ECL 1/O level compatible

8. Power Supplies: +5, ground, —2, and —4.8

9. Bit Rate (BR): 0 < BR < 650 Mb/s

10. Delay Variation (A74): < 200 ps

11. SKEW: across the total interconnect skew < 400
ps (driven by the desire not to have clock recovery
circuitry nor allow for any jitter accumulation.)

12. Fanout: (e.g., 8) as much as possible (application de-
pendent). The reason is that point-to-point connections
(i.e., ring networks where the fanout is one) are not as
desirable as a bus architecture (where the fanout > 1)
because of the added functionality a bus offers.

13. Packaging Size: 2.5 cmx 2.5 cm (integrated 18 chan-
nels)

14. Receiver Sensitivity < —20 dBm

15. Dynamic Range > 16 dB

IV. OPTICAL SOLUTIONS

There are three competitive optical transmitter technologies
which provide an optical backplane strategy {31]. They are
1. Light Emitting Diode (LED) arrays (one- or two-
dimensional),
2. laser diode arrays (one- or two-dimensional),
3. optical modulator arrays (one- or two-dimensional), and
4. laser gate arrays (LGA).
Each will be subsequently discussed, with respect to system
performance and cost.

A. LED Arrays

LED arrays [32] have been regarded as an attractive optical
transmitter for four reasons: they have a low fabrication cost,
high reliability, are easily extendible to large two-dimensional
arrays (i.e., surface emitting), and are more temperature stable
than other optical methods. These reasons can lead to a lower
system cost solution.

One must keep in mind however, that the chip cost, espe-
cially compared with that of the optical device packaging, be-
comes a small percentage of the total packaged cost. Therefore,
differences in chip fabrication cost may have less impact on the
total cost. The extendibility to large two-dimensional arrays is
an important advantage as the demand for optical interconnect
density increases, and is especially important as a chip-to-chip
interconnect vehicle, where the interconnecting electronics
are in close proximity to the LED’s, or are monolithically
integrated on the LED array.

Unfortunately, there are three disadvantages with LED’s.
Their external power efficiency is low (a fiber coupled ef-
ficiency on the order of 0.36 mW/A (with integral lens) at
a 200 Mb/s bit rate), and manifests itself in unwanted chip
power dissipation, thereby limiting the size of the LED array.
For example, assume that only 100 uW of optical source
power is required from each LED. Note that this is very low
power with respect to large digital system needs. This would
require an LED drive current of 280 mA, leading to each
LED dissipating approximately 0.42 W (assuming vy = 1.5V).
Now, assuming that with a thermal management system, a
total dissipation of 10 W could be tolerated, then only 24
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LED’s could be integrated on a chip. This is probably the
most fundamental drawback of utilizing LED arrays in a large
optically interconnected switching (or computing) system.
Additionally this higher power dissipation also leads to higher
chip temperatures, which results in an optical output power
decrease (approximately 0.5%/°C). This power fluctuation
could lead to thermal crosstalk.

The other disadvantages (a long recombination lifetime and
nonlinear termination) of LED configurations are somewhat
interrelated, in that they both limit the LED’s bandwidth.
The modulation bandwidth of LED’s (neglecting parasitic
capacitance) is generally controlled by the long recombination
lifetime of the carriers, in comparison to the reduced lifetime of
the carriers in a laser which results from stimulated emission.
Consequently, LED’s are fundamentally slower than injection
lasers, from carrier lifetime arguments, in addition to the
nonlinear termination a LED provides.

The last aspect to consider involves the driver to LED
connection. For high data rates, where the interconnection
length (1) is long (i.e., 1 > A/10) the interconnecting media
must be treated as a transmission line. In this case, either a
source termination or a load termination (or a lossy trans-
mission line concept) must be employed. Since the diode
presents itself as a nonlinear load (in the digital on/off mod-
ulation scheme), reflections will occur with either termination
technique. Matching networks can be used to make the load
appear to be 50 €, but this adds complexity and increases
power dissipation. However, with no matching network, the
bandwidth will be lower when compared with a characteristic
impedance load terminated transmission line. Note that the bit
rate is dependent on the delay that occurs in the transmission
line (propagation delay) for nonpipelined architectures. This
delay or transmission line settling time is usually greater than
twice the propagation delay, hence limiting the bit rate to
approximately one over the delay. For linear devices, (e.g.,
LED’s and lasers) these oscillations will couple into the optical
output, and thereby place further design constraints on the
receiver circuitry.

In summary, the efficiency and modulation bandwidth are
fundamentally limited in the LED configuration. A lasing
configuration would be advantageous in both of the above
respects, while inherently providing smaller beam divergence.
Note that some of these limitations could be overcome with an
edge emitting LED. However, as will be shown in subsequent
sections, a laser would still be preferable.

B. Laser Arrays

In recent years, laser arrays have attracted much atten-
tion as candidates for the optical transmitter function. One-
dimensional arrays of edge emitting lasers (EEL’s) and two-
dimensional arrays of surface emitting lasers (SEL’s) in both
GaAs and InP Material systems have stimulated the search for
new nonlinear devices [33] with beneficial characteristics for
computing/switching architectures. Lasers are preferred over
LED’s for the following reasons:

1. higher external power efficiency (usually mW’s of opti-

cal power are available with less than 20 mW of input
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electrical power),

2. better spatial coherence (allows simple butt coupling of

fibers), and

3. modulation capabilities that extend into the GHz [34]

regime (resulting from a reduced carrier lifetime arising

from stimulated emission).
There are three fundamental ways of modulating a laser:
direct current drive (with or without pre-bias), external cavity
modulation (e.g., LiNbO3 or other electro-optic devices, as
discussed in the next section), or intra-cavity modulation (as
will be discussed in the laser gate array section). Different
system specifications (or performance specifications) generally
dictate the type of modulation that can be used. Research on
digital applications of laser arrays to date is focused on direct
drive lasers [35] (directly driven from a logic family like ECL
without current pre-bias). This technique is highly desirable
since it allows high contrast switching, and obviates the need
for bias monitoring and feedback control.

With a low threshold current (on the order of a mA) the
laser can be directly driven by an ECL output buffer. This is
advantageous for system designers since a custom high power
current driver is not required and high switching currents are
minimized. System designers will also benefit from a laser
that is temperature stable (i.e., a design that does not require a
Thermal Electric Cooler—TEC). The benefits include lower
cost and higher reliability. Two general techniques can be
pursued in order to obtain temperature stability: drive the
threshold currents lower, and change the material system to
a wider bandgap material. Temperature stability is improved
with GaAs lasers over that of InP lasers due to the improved
Tp constant (i.e. Iy, x exp(T/Tp)). Note also, that the gain of
a GaAs laser is larger than InP lasers. One might conclude then
that GaAs laser arrays would be advantageous over InP laser
arrays. This is basically true (neglecting wavelength differ-
ences which lead to more/less dispersion in fiber). However, an
important concern is that of the reliability differences between
GaAs and InP lasers. InP lasers are presently more reliable
than GaAs lasers [36] (less facet deterioration with time, less
dark line defects, and less nonradiative recombination in the
cavity). But, as GaAs laser technology improves, the reliability
difference should disappear. Even lower wavelength materials
(higher bandgaps) may be advantageous in future switching
systems arising from lower cost optical connectors and plastic
fibers. Since the optical interconnection applications being
described here are for short lengths (e.g., less than 100 m)
and modest bit rates (1 Gb/s) the wavelength used need
not be dictated by minimum loss or dispersion in the fiber.
The fundamental concerns for interconnect designers, are low
cost and minimum skew (matched delay) in the fiber ribbon.
These concerns do not necessarily control the wavelength.
Wavelength does become an issue above 1 Gb/s and or
greater distance (1 km). In this situation InGaAsP/InP lasers
operating at the 1.5-um fiber dispersion minimum have a
distinct advantage.

A good example of a high bandwidth direct drive laser array
has been produced by AT&T Bell Laboratories. They have
reported an InP/GalnAsP laser array [37] (12 lasers) whose
lasing threshold was controlled to 9.8 + 0.9 mA, an optical



NORDIN et al: A SYSTEMS PERSPECTIVE ON DIGITAL INTERCONNECTION TECHNOLOGY 821

power to 8.6 = 0.4 mW per facet (at 100 mA), bandwidth
greater than 4 GHz (at 3 mW of optical power), and crosstalk
less than —26 dB. Similar reports on laser arrays have been
made by IBM {38} and ORTEL [35] in GaAs, and by NTT [39]
and Lincoln Labs [40] in InP. Generally as the amplitude of
the current pulse increases, the turn-on delay decreases. Turn-
on delays less than 100 ps are obtained with 20 mA current
pulse. Note that this delay together with relaxation oscillations
dictate the laser bandwidth. Additionally, the uniformity of
turn-on delay across the array (skew) will also limit the usable
bandwidth assuming synchronous operation. By decreasing the
laser’s cavity length, and improving facet reflectivities, the
turn-on delay may be decreased. The disadvantages of present
laser arrays are summarized below:

L. Inter-Symbol Interference (Pattern Effect): The starting
condition for each pulse is affected by the charge left
over from the previous pulse. This charge decays (for
a laser biased below threshold) with a time constant
equal to the carrier life-time. This effect is found to be
proportional to the following ratio:

Ipulse
Ipulse - Ithreshold

Therefore, in order to keep intersymbol interference
small, the current pulse must be large compared to the
threshold.

Driver to Laser Connection: Here again, as with the

LED, the laser diode presents itself as a nonlinear

termination. To obtain high speed operation (assuming

direct drive technique), the driver must be in close
proximity to the laser.

3. Voltage Level Shift: The direct drive laser still requires
a level shift function or an additional power supply to
be ECL compatible. This could be overcome by the
integration of transistors with the lasers [41] (OEIC
technology), however, the added fabrication complexity
might degrade reliability, performance and increase cost
[42]. However, in the future, it is expected that these
issues will be overcome, and OEIC technology will be
viable.

4. No Regeneration: Since the laser is a linear analog
electrical-to-optical conversion device, the input current
pulse is not “cleaned up” by the laser, so that anomalies
in the current pulse are passed on to the receiver.

5. Thermal Crosstalk: There is laser to laser thermal
crosstalk caused by the high current drive in neighboring
lasers that are relatively close to each other.

6. Skew: There are laser to laser optical delay differences
(skew), arising from the driver circuitry (ac and dc
components) and laser threshold variation.

[

When very low threshold laser arrays become prolific, all of
the above disadvantages become minor in magnitude except
for the cost of the electronic driver IC, its power dissipation,
and the added system skew. But as one would expect in
time and volume production, the cost of the electronic driver
IC’s will decrease, and the system performance (power and
skew) improve. Therefore, the difference between a very low
threshold laser, and gated laser array technology (see Section

V) would be minor, suggesting that the technology choice will
simply be a cost (w/r/t manufacturability, reliability, yield,
alternative outside second source, etc.) decision. Presently
the gated laser configuration, to be discussed, provides the
advantages a laser affords, and overcomes the above outlined
disadvantages. However, this is not necessarily a long term
technology choice. This device should make significant pen-
etration into “backplane” applications where higher speeds
(> 100 Mb/s) and longer distances (> 1 m) are required.

C. Optical Modulator Arrays

The last conventional optical candidate to be discussed in
this paper is the class of optical devices called modulators.
The advantage of this type of device is that they are easily
extendible into large two-dimensional arrays and that their
power requirements are small. Generally, these devices are
interconnected in free space (as opposed to a guided wave
technique) due to beam combination requirement complexities
for large two-dimensional arrays. A modulator can be either
active or passive. Examples of passive optical modulators
include:

1. Deformable Mirror Devices (DMD)

2. Liquid Crystal Devices (Electrooptic Devices)

3. Magneto-Optic Devices.

The characteristics of these passive modulators are such that
they: do not regenerate the optical signal, resynchronization
can only occur at the expense of pulse width narrowing,
only regular interconnection patterns can be exploited, and
generally no fanout can occur. These disadvantages can be
overcome by utilizing an active optical modulator. Presently,
there are two approaches as to where the modulators can
physically reside. They can be integrated with the laser source
[43], or they can reside far from the source. An example of this
latter type of active modulator is the self electrooptic effect
device (SEED). The principle of operation of this device is
based on the quantum confined stark effect where the optical
absorption depends on changes in the electric field applied
normal to the device. When two SEED’s are connected in
series, the circuit behaves as a set-reset latch with differential
optical inputs and complementary optical outputs. This circuit
configuration has been named the Symmetric SEED (S-SEED)
[44], [45]. Since this structure has memory, resynchronization
can occur without pulse width narrowing. This circuit also has
time sequential gain (device state set by low power beams and
sampled with high power beams), which “reconditions” the
input pulse shape. Also, since the circuit is differential, it is not
sensitive to optical power supply fluctuations. From the above,
active modulators have advantages over passive modulators,
however the following improvements must be achieved before
large arrays of active modulators can become competitive with
alternative techniques:

1. improve optical modulation intensity (> 1 mW),

2. reduced power dissipation per gate,

3. increased interconnection density (> 128 x 128 array),

4. improved signal functionality (i.e., digital signal process-

ing),

5. irregular and bussed interconnection architectures,
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Fig. 10. Intra-cavity saturable absorber laser, (a) schematic sketch and (b)
schematic representation.

6. lower optical hardware cost and complexity (i.e., lens,
gratings, beam splitters .. .),

7. reduced loss budget from input light source to modulator,

8. improve reliability on the optical power source.
While research on these and additional related topics are under
way, a free-space interconnection technology based on active
modulators is unlikely to be exploited in switch systems in the
near future, but may offer future advantages with respect to
relieving I/O congestion.

D. Laser Gate Array

The laser gate consists of a small intracavity electroabsorp-
tive loss modulator {46], integrated into a semiconductor laser
diode cavity as shown schematically in Fig. 10(a). This paper
will focus on short haul switching/computing applications
(length < 1 km), where digital (ON-OFF) Fabry—Perot (FP)
devices are advantageous from a cost perspective. For longer
distance communications (e.g., local area networks) distributed
feedback (DFB) lasers are necessary, due to dispersion limita-
tions in the fiber. DFB lasers with intra-cavity absorbers can be
an effective alternative to conventional laser techniques [47],
[48].

The device essentially is a three-terminal FP laser shown
in Fig. 10(b). The anode (the gain section) is dc biased above
its lasing threshold. The cathode is at ground potential and
the gate (the absorber section) is voltage modulated. The high
input impedance gate is then 50 Q2 terminated. A change in the
gate voltage changes the magnitude of the loss (or gain) in the
absorber section which modulates the output light intensity.
Basically, the light output is either in the spontaneous state
(gate voltage low), or the stimulated emission state (gate
voltage high). When the anode is dc biased (e.g., I, = 60
mA), there is a large nonlinear regime in which a large change
in light output intensity occurs for small changes in the gate
voltage, and hence a large contrast ratio is obtained as shown in
Fig. 11. Note that the absorber section saturates (electrically),
and near 100% modulation can occur. This aspect is very
important since the input pulse (electrical or optical (with
integrated P-I-N)) can be reconditioned and can support a
wider temperature change.

Additionally, these devices exhibit power gain, and as
such may be considered as having transistor-like amplification
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Fig. 12. Photomicrograph of (a) a laser gate and (b) an array of laser gates.

characteristics (i.e., 30 4W change of electrical input power
can deliver 7 mW of optical output power).

The laser, described in this memo, is an InGaAs/InP buried-
heterostructure graded-index separate-confinement heterostruc-
ture (BH-GRINSCH) laser diode with four quantum wells. The
physical construction of the device is detailed in [1]. The laser
gate array’s optical outputs (edge emitting) are at a 508-pm
pitch. A photomicrograph of a laser gate and an array of laser
gates are shown in Fig. 12.

As outlined in the preceding sections, optics can provide a
better performance-cost ratio than an electrical equivalent for
high density backplane applications (see Fig. 9). Conventional
lasers outperform LED and modulator techniques, and at a
better system cost (when one includes the cost of the receiver
function). LGA have the following advantages over direct
drive, low threshold laser arrays:

1. wider bandwidth due to 50-€2 device termination

2. lower power dissipation due to the lower effective drive

current, as well as, no power dissipation from an IC
driver

3. directly ECL compatible = lower cost (no extra power

supply or level shift)

4. reconditions pulse shape (absorber section saturates) =
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better noise margin (NM) and improved bit error rate
(BER)

5. less intersymbol interference

6. wider temperature margins (no thermal crosstalk)

7. lower delay times (minimizes skew).

Currently, the only identified disadvantage of LGA compared
to direct drive, low threshold lasers is a marginally increased
process complexity. The only additional processing required
is that needed to isolate absorber regions and to define gate
contact pads. As with direct drive, low threshold lasers,
relaxation oscillations are observed and tend to limit the device
bandwidth.

The result is an attractive candidate for an optical backplane
interconnection technology. In the following subsections, the
discussion of the laser gate device characteristics will be
separated into its dc and ac performance.

1) DC Device Characteristics: Fig. 11 shows the typical
light output per facet for various gate (absorber section)
voltages, versus anode (gain section) current I,. When V,
is logically high (approximately equal to the anode voltage
V4.). the laser has a threshold current of 7,;, = 20 mA. By
decreasing V, to near 0.4 V (a logic zero), the absorber section
increases its loss so that the threshold current shifts out to 60
mA. Note the nonlinear behavior of the device near the gate
voltage of 0.4 V. This occurs due to the exponential nature of
the absorber loss and the saturation effect of the absorber with
respect to the applied gate voltage. This nonlinear behavior is
advantageous for the following reasons:

1. it reconditions the input digital waveform,

2. it increases the noise margin of the device,

3. it increases the contrast ratio, and

4. it increases the temperature range of operation.

These attributes are helpful for achieving error free data
transmission. Fig. 13 shows the transfer curve of the device for
various /, (dc) operating currents. For a 0.6 V logic swing (like
the logic family ECL), the noise margins are nearly identical
at approximately: NMO = 135 mV and NM1 = 175 mV at
I, = 60 mA and the temperature was controlled at 15°C
(where the noise margins are defined at the 10 and 90% points).
Note that the threshold gate voltage can be controlled with
process variations to recenter the transfer curve. These values
are quite good, compared to ECL noise margins (NM0 = 155
mV and NM1 = 125 mV). Note that the actual system noise
margins should be determined with respect to the input voltage
and the output voltage. The output voltage is obtained through
an optical receiver circuit. The above calculation serves only
as an instructive model for relative comparisons of optical
transmitters. Figs. 11 and 13 also demonstrate that milliwatts
of optical power can be switched using relatively low input
electrical power. This power efficiency is approximately 30 to
50% (slope efficiency for a coated laser) [49], which could be
improved when coupled to a lensed fiber. This is an important
parameter when integrating many lasers together on a die for
thermal management reasons. With this large switched optical
power, system design benefits by:
1. relaxing requirements on the optical receiver (perhaps to
—10-dBm sensitivity which eases amplifier and decision

(100E threshold values)
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Fig. 13. Transfer characteristics of the packaged laser gate.

circuit design),

relaxing connector loss specifications,

provide for large fanout of the optical signal,

relaxing fanout splitter efficiency, and

. lowering packaging costs (e.g., through the use of non-
hermetically packaging, the excess optical source power
may offset facet degradation that may occur at a higher
rate).

bl

Overall the system design benefits from a more flexible
architectural design, thereby dramatically lowering the cost
of the optical interconnection.

The LGA is directly compatible to the ECL logic family.
This is a very important concept since the voltage level shift
circuitry is not required, nor is an extra power supply needed.
The ECL compatibility is obtained by connecting the cathode
of the device to a —2 V power supply (which should already be
present in ECL logic designs). Since the LGA’s gate voltage
threshold is near 0.7 V, when the cathode is biased to —2 V, the
gate voltage threshold shifts to —1.3 V. This new threshold
is exactly centered in the ECL logic family transfer curve,
and hence with a simple power supply connection, the LGA
becomes ECL level compatible.

Another important system design concern is the uniformity
(with respect to anode threshold current and gate voltage) of
the gated lasers along the array and from die to die. Preliminary
measured results of the threshold current (at V, = 1 V), and
the gate voltage threshold (at I, = 60 mA) along the array, are
very encouraging and even tighter distributions are expected
with process refinements.

The temperature dependence of the threshold current and
the gate voltage for the InP laser gate was also measured.
Assuming an ECL logic swing of 0.6 V, implies that a
temperature-safe operating window of 10°C is possible. This
suggests, that initially a thermal electric cooler (TEC) must
be incorporated to control the device operating temperature.
Effort is underway to eliminate the TEC to relax packaging
requirements and lower the device cost. This may be possible if
two steps are accomplished: first, change laser technology from
InP to a wider bandgap material (e.g., GaAs) and secondly
lower the threshold current to near 1 mA. By evolving the
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gated laser technology from InGaAs (A = 1.55 um) to a wider
bandgap material, one benefits by the increase of the threshold
temperature coefficient (7,) by nearly a factor of two for
InGaAsP (A = 1.3 ym) and between a factor of 3 to 4 for GaAs
[50] (A = 0.85 pm) and higher factors for InGaAIP (A = 0.67
wum) lasers. Note that the threshold current varies exponentially
with temperature (phenomenological relationalship) as,

I, x exp(T/Tp)

and with such a large increase in Tp, the temperature stability
should become greater. This stability will also improve by de-
creasing the magnitude of the threshold current. When biased
at a dc current (see Fig. 11), as the threshold current decreases,
the operating window is widened and the device can tolerate
a larger variation in temperature. Only the contrast ratio is
affected. Further temperature stability can be attained if the dc
anode current is increased with increasing temperature (e.g.,
using a negative temperature coefficient resistor bias scheme).
Attainment of a 70°C safe operating temperature window
obviously relaxes the thermal management constraints.

These dc characteristics outlined above, suggest that the
LGA optical interconnection technology will be a superior
product with respect to performance and cost.

2) AC Device Modeling and Measurements: The model [46]
for the gated laser structure, begins with the single mode rate
equations for a laser structure of cavity length L., absorber
section length L, stripe width W and active region thickness
d (see Fig. 10).

dn I,

—_— = — = d

& R an 1)
dp 1

E_olrg- =

. {F TJP + Ry, @

where n: carrier density, I,: anode current, v: active region
volume (= (L. — L,)Wd), R: charge carrier recombination
rate, p: photon density, I': confinement factor, G: gain func-
tion, 7,: photon lifetime (: (ta) ' , Ng: group velocity
index of refraction, c: lumped absorption (loss) per unit length
of the laser, R, spontaneous emission coupling into the laser,
mode (= /JFB,nZ), and [: spontaneous emission factor, B,.:
radiative recombination parameter.

For a conventional semiconductor laser, one generally as-
sumes that the carrier and photon lifetimes are relatively
constant. These assumptions are not valid with multielectrode
lasers, where large changes in the carrier density occur, and
the cavity losses are determined in part by a voltage controlled
loss modulator. Hence, the carrier recombination rate must be
expressed in terms of carrier density,

R= (A, + B+ CnBn+ Gp 3)

where A,,, B,, and C,. describe the nonradiative and radiative
recombination processes in the semiconductor [S1]. The laser
gain is assumed to be linearly proportional to the carrier
density, but is subject to gain saturation (52], G = G,(n —
n,)(1 — ep) where G, is the gain constant, n, is the carrier
density required for transparency and ¢(< 1.0) is a gain
saturation parameter.
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To describe absorption in the laser, one must include both
the saturable and nonsaturable components (which are clearly
apparent from Fig. 11). In the above-threshold regime, an
increase in the applied gate (absorber) voltage, shifts the
light-current curve to higher anode (gain section) currents.
In addition, the laser displays an absorption saturation (with
respect to anode current) at a threshold which is also a function
of the applied gate voltage. We treat these saturable and
nonsaturable elements as additive terms and write the total
absorption for the laser as

=0y + Oy + aS(V) + ans(v)

where o, and a,, are, respectively, the internal and mirror
losses which determine laser threshold and differential quan-
tum efficiency when the absorber section is forward biased,
as(V) is the saturable loss and a,;(V) is the nonsaturable
loss. The nonsaturable loss term functions as a voltage depen-
dent photon extractor which varies approximately linearly as
ans(V) = a1 + a2V The saturable term varies as a (V) =
0o /(1+1/1,,(1+KV)), where I, is the voltage independent
saturation intensity.

The total losses within the laser may now be conveniently
expressed as

1 1 r3
—==|l4+r+rnV+ 4
T Tp[ ntneV e iy, @
where
1 c ) _ 2
T = E(ao"'am)a’rl = (Cto-!-am)’TZ = ao+am7
and
aSO
"= (o + @)’

Equations (1) through (4) constitute a model for this device.
Parameters «, and «,, are obtained from the static light
current curve of the device with the absorber section forward
biased, and 7, 72, and r3 are treated as fitting parameters
for devices of differing absorber and gain dimensions. Fig.
14 shows a simulated set of light current curves obtained
by integrating the rate equations, using the parameter values
shown in the figure, and using a set of gate voltages in the
range 0 V < V; < 1 V. The laser structure was a buried
heterostructure graded-index separate confinement heterostruc-
ture (BH-GRINSCH) with four quantum wells and a cavity
length L. = 500 pm. The model accurately reproduces both
the observed Q-switched response and the variation in laser
threshold with the applied gate voltage. It is clear that saturable
absorption plays a crucial role in determining the light-current
characteristic of the device.

The model for this laser structure, can also be used to
explore the ac behavior of the device. In Fig. 15(a) an
experimentally observed ac response of a gated laser is shown
when a 1 Gb/s nonreturn to zero (NRZ) fixed data pattern
is applied to the gate (with I, = 60 mA). The laser output is
modulated by the applied gate voltage with approximately 100
ps turn-on delay. The output response contains laser relaxation
oscillations which ride upon the pulse stream. In Fig. 15(b) the
simulated ac response (using the same parameter values used
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fixed input NRZ pattern, (b) measured output response, and (c) simulated
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in Fig. 14(b)) to the same NRZ pattern is shown. Clearly, the
modeled results are in good agreement with the experimental
results. A 229-1 pseudo-random NRZ data pattern was applied
to the LGA with the results at 500 Mb/s and 1 Gb/s shown in
Fig. 16. A bit error rate (BER) of less than 10~1* was obtained.

3) Packaging: Fig. 17 shows a photograph of a packaged
array (a) and a schematic of the packaged array (b). The cur-
rently implemented laser gate array consists of 12 individually
addressable lasers monolithically integrated on a InP chip and
packaged on a silicon hybrid. The hybrid has a dimension
of 2.5 cmx 2.5 cm. High-speed microstrip transmission lines
were fabricated using a polymer as a dielectric to obtain a 50-
2 impedance. The microstrips were then properly terminated
to a 50-Q2 resistance (wirebonded to a ceramic resistor array
mounted on the hybrid). The termination resistor was also
wirebonded to the gate of the LGA. Optical alignment (both
lateral and height) of the multimode fiber ribbon (62.5-pm
graded-index core) was obtained by fabricating v-grooves
in the silicon hybrid, and by recessing the LGA die into
the hybrid (accomplished with a deep chemical etch). The
fiber ribbon was then simply butt-coupled to the laser, and

Fig. 16. Output eye diagrams from an input pseudo random NRZ data
stream, (a) input, (b) measured output at 500 Mb/s, and (c¢) measured output
at 1 Gb/s.
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Array  Lines

Fig. 17.

Packaged laser gate array, (a) photograph and (b) schematic.

epoxyed to the hybrid. A copper molybdenum heat spreader
was attached to the back side of the hybrid for mechanical
rigidity and to lower the package thermal resistance. The
hybrid assembly was pressure contacted to a PCB, as shown
in Fig. 18(a) the assembled view and (b) the dissembled view.
Gate contacts on the hybrid connects to PCB microstrips
which terminate to SMA connectors for external equipment
modulation. Individual anode contacts (for DC current bias)
come off the hybrid and terminate on a PCB connector for
external current source connection. A TEC was thermally
connected to the heat spreader as shown in Fig. 18.

The evolution of the device packaging is currently being
planned. Emphasis in manufacturing, ease of assembly, and
increased array size are expected to reduce the per intercon-
nection cost. In the next version of the transmitter module,
the LGA die will be bump bonded onto a silicon submount
substrate with v-groove alignment features. This provides two
accomplishments; better thermal contact to the substrate, and
better alignment of the laser array outputs to the etched
v-grooves. Multimode fiber ribbon [53] can then have its
terminating ends chemically etched to form lenses to ease butt
coupled alignment to the laser array. The ribbon will then
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Fig. 18. Test fixture photograph of the packaged laser gate array, (a)
assembled view and (b) dis-assembled view.

be attached to the silicon submount. This sub-assembly will
then be mounted on a PolyHIC (PHIC), which is a ceramic
thin film multilayer (based on a polymer dielectric) hybrid.
The high-speed interconnect and the dc biased connections
on the silicon subassembly will then be wirebonded to the
PHIC, and the fiber ribbon will be strain relieved to the
PHIC. The 2.5 cmx 2.5 cm PHIC contains integrated 50 €2
resistor terminations, decoupling and bypass capacitors, high
speed microstrip transmission line interconnections, power
distribution resistors to dc bias the lasers, and a high-speed
surface mountable lead frame that complies with JEDEC
standards. The entire hybrid will then be coated with a clear
RTV for environmental protection (note, not hermetically
sealed).

In the longer term, we envision the transmitter module (or
perhaps a transceiver module) being merged into the optical
MAC, to form a smart optical connector. This would again
reduce the cost per interconnection. The fiber ribbon pigtail
from the hybrid to the optical MAC would be eliminated. The
silicon submount and the silicon piece part in the MAC would
be merged together, reducing the number of optical connec-
tions and alignments. Additionally the footprint required on a
PCB for optical interconnection will be reduced even further
with this scheme. Hence a circuit designer only interfaces to
an ECL compatible smart optical connector.

V. CONCLUSIONS

Advanced switching (and computer) system architecture
designs, require higher performance and lower cost packag-
ing technologies to implement future new switch capabilities
and enhanced services. Presently, electronic interconnection
techniques (e.g., C4 and HPMCM’s) offer superior perfor-
mance, and at a lower cost for the chip-to-chip packaging
level over that of alternative methods. Optical interconnection
strategies offer advantages at higher levels of packaging (i.e.,
board-to-board, shelf-to-shelf and frame-to-frame intercon-
nects). Furthermore, high data rate parallel optical data links
can presently offer greater flexibility and lower cost than time
multiplexed serial data links. This suggests that transmitter
array technology research is clearly warranted.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 10, NO. 6, 1992

There are numerous optical techniques for the implemen-
tation of a parallel data link, and the LGA solution has
the potential of offering, in the near term, high performance
at a low cost. The key concepts offered by LGA tech-
nology that designers can take advantage of include: no
external driver required (i.e., ECL compatible), high optical
output power (vastly simplifying the receiver circuit design),
improved skew, lower total power dissipation, small PCB
footprint, high temperature performance, and high contrast
ratio.
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