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The implementation of a 10-channel parallel optical interconnect consisting of a two-dimensional array
of vertical-cavity surface-emitting lasers, a 1.35-m fiber image guide, and a metal–semiconductor–metal
receiver array is described. Transmission rates of 250 Mbitsys per channel are demonstrated with an
optical cross talk of less than 227 dB and a loss of 23 dB. Coupling issues associated with image guides
are analyzed and discussed. © 2000 Optical Society of America
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1. Introduction

In recent years the development of parallel optical
data links has advanced rapidly. They can be used
for physically parallel, functionally serial, high-
bandwidth links such as intershelf and intercabinet
interconnections or in physically and functionally
parallel applications such as in CPU to remote mem-
ory, a memory bus, or both.1 Parallel optical data
links are being developed for relatively short distanc-
es: typically from half a meter to a few hundred
meters with per-channel throughputs ranging from
200 to 1000 Mbitsys. At present, commercial optical
fiber data links are dominated by fiber ribbons.2,3

These are suitable for applications that require tens
of channels. However, computer bus widths are con-
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stantly increasing, and interconnects that possess
128 channels or more may be required in the future.
Because of their linear nature, fiber ribbons do not
scale well, and two-dimensional ~2-D! formats repre-
sent a feasible alternative.

Two-dimensional optical data transmission has
been achieved with a variety of optical media, includ-
ing free-space optics, 2-D arrays of optical fibers, and
optical fiber image guides ~FIG’s!. Free-space opti-
cal interconnects may have applications for short-
distance multiple-channel interconnects ~of 1 m or
less!, and they are also used for long-distance single-
channel interconnects. However, they are not suit-
able for multiple-channel long-distance interconnect
applications because of diffraction-induced beam
spreading and the difficulty of maintaining align-
ment accuracy. Ordered arrays of optical fibers
~with one fiber per transmitter–receiver pair! are po-
tentially useful but present significant challenges in
fabrication. The remaining alternative, which is be-
ing actively pursued by several researchers, is the
optical FIG.4–10

A FIG consists of a bundle of many thousands of
equally spaced fibers. Flexible FIG’s are now com-
mercially available and are widely used in medical
imaging applications. Attenuation levels of less
than 0.4 dBym in the 700–1100-nm wavelength
range have been measured,8 and packing densities as
high as 0.5 3 106 fibersycm2 have been achieved. As
an interconnect medium, FIG’s represent an over-
sampled approach in which a single optical channel is
transmitted by multiple fibers within the image
guide. This approach relaxes alignment tolerances
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and ensures that one or more fibers can be damaged
without the loss of all power in a channel. Various
methods have been used to achieve light coupling into
image guides, including the use of microlens arrays,
bulk lenses, taper-based coupling, and butt coupling.

Two-dimensional optical data transmission re-
quires the use of 2-D optical emitter arrays.
Vertical-cavity surface-emitting lasers ~VCSEL’s! are
a promising low-cost optical emitter technology. For
2-D optical interconnect applications they offer sev-
eral advantages such as wafer-level testing, circular
output beams, compatibility with flip-chip bonding,
and ease of fabrication of 2-D arrays. It is predicted
that improvements in manufacturing will result in
single-mode, high-efficiency, low-threshold, and low-
operating-voltage VCSEL’s that are compatible with
simple drive circuits.11–13 Such VCSEL’s have been
demonstrated in several parallel data links.2,3,14

To evaluate and demonstrate the suitability of 2-D
optical interconnects based on VCSEL’s and FIG’s, it
is necessary to address several issues. These in-
clude techniques to align the light emitted from the
far end of the image guide with a detector array
~many demonstrations to date have used single-
channel detectors or CCD cameras!, the level of sig-
nal uniformity across multiple channels, the total
optical power loss in the system, and the level of
optical cross talk. In this paper, we attempt to ad-
dress some of these issues by demonstrating the par-
allel transmission of optical signals from an 8 3 8
VCSEL array through a 1.35-m-long image guide.
These signals are optically aligned successfully to a
metal–semiconductor–metal detector array with a
compact and modular optical system. In addition to
presenting measurements of optical data rates, loss,
and cross talk, we investigate the way in which
throughput uniformity is determined by the optical
spot size at the image-guide entrance face.

2. Experimental System

The implementation of a unidirectional optical data-
transmission system is depicted in Fig. 1. The light
emitted from the VCSEL’s is imaged onto the en-
trance face of the image guide with the use of 1:1
imaging optics. The lenses in this optical system are
mounted in a custom-designed barrel that is secured
within an optomechanical structure on a printed cir-
cuit board ~PCB!. The light emitted from the far end
of the image guide is imaged onto the detector array
with a similar optical system. The image-guide
mount at the receiver permits the image guide to be
translated and rotated to align the light emitted from
the image guide with the detector array. Aspects of
this system and its operation are discussed in detail
in Subsection 2.A.

A. Vertical-Cavity Surface-Emitting Laser Array and
Receiver Module

The VCSEL drivers and the electrical packaging used
here were described previously.14 The VCSEL driv-
rs provide a constant bias current to raise the
CSEL’s above threshold. Modulation of the optical
84 APPLIED OPTICS y Vol. 39, No. 5 y 10 February 2000
intensity is then achieved by voltage modulation.
The electrical packaging provides the means to drive
16 independent VCSEL’s. The VCSEL chip was
therefore wire bonded with 16 out of the 64 lasing
devices available in the array. The VCSEL’s are on
a 250-mm pitch and operate at a wavelength of 840

m. The beam divergence is approximately 20°, and
he output power is between 0.5 and 7 mW.

Figure 2 shows a diagram of the system’s trans-
ission module. The VCSEL die was packaged in a

8-pin ceramic-pin-grid array ~CPGA! chip carrier.
he die was centered in the CPGA and glued to the
avity. A chip thermistor was also inserted into the
avity, and a thermoelectric cooler ~peltier! and a
eat sink were glued to the back of the CPGA for
hermal control.

The receiver array is a monolithic GaAs integrated
ircuit that combines a 4 3 4 metal–semiconductor–
etal photodetector array on a 250-mm pitch with

0-mm-diameter photodetectors, 1-Gbitys transim-
edance amplifiers, and ECL ~emitter–collector logic!
utput drivers. The receiver die was packaged on a

Fig. 1. FIG interconnection system.

Fig. 2. Transmitter module.
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PCB that permitted direct high-speed access to the
output from all 16 channels.

B. Optical Components and Optomechanics

Imaging optics were required to couple the light emit-
ted from the VCSEL’s onto the image guide and from
the image guide to the receiver array. This ap-
proach was chosen in lieu of butt-coupling the VCSEL
directly to the FIG because of the presence of wire
bonds at the VCSEL and the receiver chip that would
have impeded butt coupling. Complex packaging
that permits alignment of the image guide to the
detector array would also have been required. Fur-
ther, the high numerical aperture of the FIG would
make it difficult to maintain a spot size of less than 70
mm at the detector plane. A bulk-lens imaging sys-
tem was selected in favor of a microlens array ~i.e.,
ne microlens for each VCSEL! to maintain ease of
lignment of the optical system and also because our
ain intention was to evaluate the performance of

he FIG.
The optical system design was constrained by the

igh divergence of the VCSEL’s and of the FIG ~re-
uiring an optical system faster than fy2!, the rela-
ively large field of view required to image the entire
CSEL array ~1.75 mm 3 1.75 mm!, the need to

maintain a spot size of less than 70 mm across the
image plane, and a desire to keep the imaging system
as compact as possible. These criteria limited the
number of suitable commercially available lenses.

A telecentric 1:1 optical imaging-system design
was used. This design uses two commercially avail-
able four-element objective lenses that are optimized
for a wavelength of 830 nm. The effective focal
length is 6.5 mm, and the numerical aperture is
0.615. The lenses are diffraction limited and cor-
rected for spherical aberration, coma, and astigma-
tism. Figure 3 shows simulated spot sizes across the
plane of the image guide. To optimize the average
spot size for transmission, it was necessary to shift
the image plane by 0.1 mm. These results suggest

Fig. 3. Simulated spot sizes at the image-guide input face for
selected VCSEL’s in the 8 3 8 array.
that none of the 64 VCSEL’s will have a spot size in
excess of 50 mm.

For aligning and interconnecting the lenses at the
transmission side the lenses were mounted in a
custom-designed aluminum barrel, as shown in Fig.
2. The barrel is held in the mounting plate and rests
with one end against the CPGA. The FIG is held in
a second barrel and is inserted from the other end.
This barrel provides a means for rotational alignment
of the FIG. A spacer is used to ensure an optimum
distance between the FIG and the lens. The compo-
nents inside the barrel are locked in place with set
screws.

The barrel for the receiver was modified slightly to
accommodate the alignment of the image guide to the
detectors. As shown in Fig. 4, chamfering was
added to the FIG barrel so that it could be translated
laterally with respect to the receiver array with the
aid of set screws. The range of movement is 2 mm,
and the positioning accuracy is estimated to be be-
tween 10 and 20 mm. Finally, the barrel is held in a
mounting plate that itself is attached to the PCB
board.

C. Fiber Image Guide

A FIG consists of a coherent bundle of individual
step-index fibers. Fiber diameters typically range
from 8 to 20 mm, and their relative spatial positions
re maintained throughout the bundle.9 Per central

quality area, FIG’s can be manufactured with a total
of 0.05% gray–dark fibers, which is considered to be
acceptable for bundles used in imaging applications
and should be sufficient for optical interconnects.

The properties of the 1.35-m image guide used in
the system are summarized in Table 1. The cross
section of this image guide is hexagonal with a diag-
onal length of 1.93 mm that does not cover the entire
area of the 8 3 8 VCSEL array and prevents the
VCSEL’s on the edge of the die from being transmit-
ted. Therefore most of the analysis was performed
for the central 10 wire-bonded VCSEL’s. The fibers
at the ends of the image guide are held in a rigid glass

Fig. 4. Receiver receptacle.
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matrix and protected by a metal jacket. The rest of
the guide consists of loose fibers in a plastic sleeve.
The image guide is fragile, especially near the inter-
face between the rigid and the loose fibers, and break-
age may occur at that point. Figure 5 shows a cross
section of the image guide.

Skew and dispersion limit the maximum band-
width of a communications system. Because every
signal in a FIG is transmitted over several cores,
skew or multipath dispersion can limit the data rate.
Furthermore, a FIG with 10-mm core sizes implies
that individual fibers are multimode for 850-nm
wavelength light, and modal dispersion will also limit
the bandwidth over longer distances. All the optical
fibers of a FIG usually are fabricated under the same
conditions, and their characteristics are expected to
be uniform. Published results6 suggest that total
pulse broadening, including skew and all dispersion
sources, is less than 2 psym. Transmission rates of
several gigabits per second per channel should there-
fore be achievable over distances of 100 m with these
devices.

3. Measurements

In this section, we present measurements of unifor-
mity, loss, data rate, and cross talk for this system.

A. Coupling Uniformity

In such a transmission system it is highly desirable to
obtain a uniform power distribution across the receiv-
ers. This uniformity simplifies the design of the re-
ceiver array because it allows the array to have a
common decision level. It also eliminates the need
to adjust each channel individually. Optical signal-

Fig. 5. FI

Parameter Value

Cable diameter 1.93 mm
Length 1.35 m
Pixel count 17,000
Numerical aperture 0.55
Core size 10.0 mm O.D.a

Cladding thickness 1.4 mm
Total fiber size 12.7 mm O.D.

aO.D., outer diameter.
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power uniformity is even more essential when oper-
ating receivers in an optically differential
configuration.

Nonuniformity of the insertion loss is one potential
disadvantage of FIG’s. Although the location of the
image guide with respect to the VCSEL array and the
receiver is known, the energy of a single optical chan-
nel is distributed randomly over several cores and the
cladding. The optical power coupled into the clad-
ding is diffused or combined into adjacent cores.
The power throughput therefore varies as a function
of the input spot size and position. If a spot is small
almost all of the optical power may be coupled into a
single fiber, yielding a low insertion loss. If the cen-
ter of a spot falls on a cladding area, however, a high
coupling loss will be experienced. As illustrated in
Fig. 6, one possible solution is to increase the spot size
at the image-guide input face. This increase will
cause the spot to couple into several fibers and so
reduce power variations. However, for maximum
parallelism the channels should be closely spaced, so
a smaller spot size is desirable to prevent optical
cross talk. Thus there is a trade-off between unifor-
mity and channel density as functions of spot size.

Figure 7 shows the spot pattern at the input to the
image guide ~i.e., after imaging through the trans-
mitter optics!. The spot quality is good, and there is

o discernible geometric distortion. Figure 8 shows

ss section.

Fig. 6. Illustration of the impact of the spot size on the coupling
uniformity.
G cro



the output spot pattern after transmission through
the image guide. As expected, each channel has
been coupled into several fibers. A calibrated CCD
camera was used to measure spot sizes. At the front
face of the image guide the average measured spot
radius was found to be 15–25 mm. The spot size at
the detector is slightly larger and is estimated to be
20–30 mm. These values remain within the con-
straints imposed by the 35-mm-radius detectors.

For studying throughput uniformity, the image
guide was mounted on a motorized X–Y stage, and a
single VCSEL from the array was operated in cw
mode. Two 25-mm lenses in a 4f configuration were
used to couple the light into the image guide. A
power meter recorded the output power as the image
guide at the input was translated in two dimensions
in steps of 1 mm. The variation in the output power

Fig. 7. Spot pattern at the image-guide input face.

Fig. 8. Spot pattern after
as a 26-mm-radius input beam was scanned across
the image guide is shown in Fig. 9. The periodic
variation in coupling efficiency is apparent as the
spot moves in and out of alignment with a fiber core.
For this spot size the variation was 68%.

Uniformity with respect to the input spot size was
determined by the performance of a similar analysis
with different input spot radii. Figure 10 shows the
dependence of the maximum, the minimum, and the
variance of the relative optical output power on the
spot size. As expected, the optical power variation
decreases as the spot size is increased. The average
power remains almost constant. These results sug-
gest that, if uniform coupling losses are required, the
input spot size should be as large as possible.

B. Power Throughput

The insertion loss of the system was also measured.
A typical loss-distribution analysis is shown in Fig.
11. The two plots represent the best- and the worst-
case losses measured over several different channels.

smission through the FIG.

Fig. 9. Throughput variation with respect to the VCSEL–image-
guide positions.
tran
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The dominant source of loss is in coupling to the
image guide. The total loss varied between 3 and 5
dB. Most of the coupling loss can be attributed to
the fill ratio of the image guide, which is approxi-
mately 0.55. For evaluating the impact of bending
loss the image guide was wrapped three times around
a 2-mm-diameter metal rod. However, no decrease
in output power was measured.

C. Data-Transmission Rates and Optical Cross Talk

By the adjustment of the set screws and the rotation
of the image guide in the receiver optomechanics op-
tical signals from all 10 available VCSEL’s were
aligned simultaneously on the detector array through
the image guide. Figure 12 shows a typical eye di-
agram for four adjacent channels operated at 250
Mbitsys. The maximum bandwidth for multichan-
nel operation was limited by electrical cross talk and
noise in the transmitter electronics. A single chan-

Fig. 11. Insertion-loss distribution.
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nel was operated to as high as 1 Gbitys, confirming
that the FIG’s can support such data rates.

Optical cross talk incurred through the system was
also measured. Cross talk is defined as the ratio of
unwanted optical power from an adjacent channel to
the desired signal power. Cross talk was measured
by the replacement of the receiver array with a 100-
mm-diameter pinhole. A single VCSEL was
switched on, and the pinhole was translated across
the image plane. A power meter was used to mea-
sure the optical power transmitted through the pin-
hole.

Figure 13 shows the variation of the received power
with respect to the lateral pinhole position. The cen-
ter of this curve represents the point at which the
pinhole is aligned perfectly with the output beam.
Optical cross talk from the closest neighboring chan-

Fig. 13. Cross talk into a 100-mm-diameter aperture as a function
of the distance from the cross-talk source.
Fig. 10. Coupling uniformity as a function of the spot size at the
FIG’s input face.
Fig. 12. Eye diagram for four adjacent channels with a 250-
Mbitys modulation. ~The time axis represents 1 nsydivision.!
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nel, i.e., the channel 250 mm away from the maxi-
um optical power position, was found to be 233 dB.
he total contribution from the four neighboring
hannels would therefore be less than 227 dB. Sim-
larly, it is possible to conclude that this optical sys-
em would support VCSEL’s equally well on a
25-mm pitch with a single-channel cross talk of less
han 226 dB. This is a conservative measure of
ross talk, as the 100-mm detector has twice the area
f the 70-mm photodetectors.

4. Conclusion

A parallel optical interconnection based the trans-
mission of light from a 2-D VCSEL array, through a
1.35-m FIG, and onto a detector array has been dem-
onstrated. As many as 10 channels were transmit-
ted simultaneously at 250 Mbitsys with less than
232 dB of optical cross talk per adjacent channel.
The input spot size has been found to affect the power
uniformity and the coupling efficiency into the FIG.
A spot radius of 25 mm was found to yield a 10%

ower uniformity. A total optical throughput of 23
o 25 dB was measured. Dispersion and skew were
ot observed over the relatively short length of the
IG used here.
The coupling optics used here consisted of commer-

ially available objective lenses. This optical design
oes not scale well with increasing array size, and
imple butt coupling or some form of micro-optics
ay be more suitable for future systems. Dedicated

onnectors are also required to obviate the need for
he positioning optomechanics employed here. Bit-
rror-rate measurements were not carried out for this
ystem and should be performed in the future to de-
ermine link performance. It should be noted that,
lthough only 10 channels were transmitted in this
ystem, the number of channels was limited by the
umber of bonded VCSEL’s available. However,
his optical system would support at least 36 optical
hannels on a 250-mm pitch.
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