2218

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 22, NO. 9, SEPTEMBER 2004
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Abstract—This paper reports on the design, the fabrication, and
the testing of a compact planar-integrated free-space optical 1 —
4 fan-out module for fiber ribbons with multifiber-terminated con-
nectors. It supports 12 parallel optical channels and consists of a
cascade of basic cells with 1 — 2 fan-out. The module was imple-
mented with surface-relief diffractive-phase elements; design and
fabrication of the optical system were optimized for low loss by
various measures such as the use of dielectric and silver reflective
coatings. In experimental tests, a coupling efficiency of —11.4 dB
per fan-out channel was obtained.

Index Terms—Optical communication, optical interconnects,
optical system design.

1. INTRODUCTION

LTHOUGH optical interconnects are superior to electrical

ones in terms of bandwidth, scalability, suitability for mul-
tiplexing, crosstalk, electromagnetic interference immunity, and
power consumption [1], they are, until now, an established com-
mercial standard only for the long-distance communication do-
main, whereas over short distances (order of meters and less),
communication is still largely based on electrical technology.
The reason is that the established glass fiber technology cannot
simply be scaled down to meet the specials requirements of
short-haul interconnects. Rather, optical system concepts need
to be applied that support the high degree of spatial parallelism
(concerning density and total number of channels) that is char-
acteristic for communication at the board level and below. In ad-
dition, photonic packaging concepts need to be developed that
are compatible with the de facto technological standards for
very-large-scale integration (VLSI) (opto)electronic hardware
set by the semiconductor industry.

Free-space optical interconnect approaches have been identi-
fied in the international technology roadmaps for semiconduc-
tors (ITRS) [2] to be able to support the required parallelism
and are now seriously considered as a potential solution of
the formidable interconnect problems that are projected in the
ITRS. Compatibility with VLSI standards can be achieved
through a variety of integration and packaging approaches
that have been studied during the past decade [3]-[7]. The
one this paper is based on, planar-integrated free-space optics
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(PIFSO) [8], is particularly suitable for “in-the-box” intercon-
nects and has meanwhile reached a level of maturity [9], [10]
that warrants its application in real-world demonstrator sys-
tems [11]. At this stage, optimizing the energetic efficiency of
PIFSO-type interconnects and developing robust and reliable
coupling mechanisms between PIFSO and established (com-
mercial) “box-to-box” interconnect platforms based on fiber
and waveguide optics have become the most crucial research
and development issues.

This paper describes an experimental demonstration that
tackles both these issues. It is about a compact PIFSO-type
fan-out module that performs a homogeneous 1 — 4 splitting
of optical signals that are coupled in and out via fiber ribbons
with multifiber-terminated (MT)-type connectors. A cascaded
systems approach was chosen for this fan-out module, which
is presented and compared with alternative approaches in Sec-
tion II. Section III discusses the optical design of the basic cell
of the cascaded system. Issues related to its practical realization
are the topic of Section IV, and in Section V, the experimental
performance of the fan-out module is evaluated. Conclusions
follow in the final Section VI.

II. SYSTEM CONCEPT

In a PIFSO system, the optical components are monolithically
integrated into the surfaces of a transparent planar substrate with
atypical thickness of a few millimeters in such a way that optical
signals are relayed from their sources to their destinations along
zigzag paths inside the substrate (see Fig. 1). The system can
thus exploit all the advantages of a three-dimensional architec-
ture, which includes in particular the implementation of densely
packed, highly parallel interconnection schemes with high topo-
logical complexity. At the same time, the optical system is com-
patible with planar VLSI technology and can be fabricated using
two-dimensional lithographic batch processing and replication
techniques.

Looking at the current status of optical interconnect tech-
nology [6], [7], we find that for the long-haul communication
domain, glass fibers are firmly established and will certainly
continue to be the hardware of choice. For shorter communica-
tion distances, plastic optical fibers (POFs) have been gaining
ground in recent years, and in optical transmission systems and
networks, components with integrated waveguide structures
have become standard for tasks like switching, multiplexing,
and modulation. To provide compatibility between PIFSO and
such optical hardware that is based on the physical principle
of waveguiding, robust and reliable coupling mechanisms
are needed. A first technological concept was developed and
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practically demonstrated recently [12]. It is designed for the
so-called MT standard, which is based on ribbons with (a
maximum of) 12 optical fibers and MT connectors and has
emerged as a de facto industrial standard for parallel short-haul
interconnects in recent years. The interface consists of a preci-
sion micromachined metal plate that is attached to the PIFSO
substrate; MT connectors can be plugged onto (densely packed
arrays of) docking slots on the opposite side of the plate as
shown schematically in Fig. 1.

The fan-out module we present here is based on this interface
type and was designed with the goal of obtaining, in a com-
pact geometrical arrangement, an energetically efficient homo-
geneous 1 — 4 splitting of 12 parallel optical signals that are
coupled in and out via fiber ribbons with MT-type connectors.

A popular method to achieve a 1 — N fan-out in free-space
optics is based on 1 — N beam splitting by means of specially
designed diffractive-phase elements (DPEs) [13] that are usu-
ally called array illuminator (AI) gratings. In a PIFSO realiza-
tion, however, this approach is sometimes not possible due to
geometrical constraints. This is illustrated in Fig. 2(a). If the Al
grating is to generate a 1 — N fan-out in the depicted cross
section and if the pitch of the generated spot array cannot be
reduced below the (rather large) limit that is set by the finite
size of the connectors, then the desired out-coupling perpendic-
ularly to the substrate surface requires a strong deflection of the
outermost signal beams. With diffractive optical elements, this
can often not be achieved due to fabrication limits (lithographic
minimum feature size). To avoid this problem, we chose a sys-
tems approach with a cascade of (nearly) identical 1 — 2 fan-out
cells that amounts to a 1 — N fan-out in total, as depicted in
Fig. 2(b). Our fan-out module can be seen as a more advanced
successor of the basic grating coupler proposed in [14]. The
cascaded approach harmonizes well with the zigzag-type signal
propagation inside the planar substrate that is a typical feature
of the PIFSO concept, and it can easily be matched for any de-
sired total fan-out.

The seemingly easiest way to realize the 1 — 2 fan-out in
a basic cell of the module would be to use a semi-transparent
mirror (SM) via which part of the signal is coupled out and the
rest is relayed further through the optical system [Fig. 3(a)].
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Fig. 2. System concepts: (a) one-step 1 — N fan-out with an Al grating and
(b) cascade of basic cells with 1 — 2 fan-out.

However, in a cascade of basic cells each semi-transparent
mirror would have to have a different precisely adjusted split-
ting ratio to lead to an overall homogeneous 1 — N fan-out.
The fabrication of the respective mirrors would therefore be
a challenging and expensive task. More favorable is our al-
ternative approach of performing a 1 — 2 fan-out scheme in
which the two beams are spatially separated [Fig. 3(b)]. This
can be done with high accuracy (e.g., by means of Al gratings)
and does not increase fabrication complexity by requiring
special sophisticated processes. The spatial separation also
provides additional design freedom because, for out-coupling
and relaying, separate optical elements can be used, which can
be optimized independently of each other for their respective
tasks.



2220

MT connector

plate
L1

=1 sMm ——

a)

spatial BS

N

b)

Fig. 3. Beam splitting (a) with semi-transparent mirrors SM and (b) based on

spatial beam separation, for example, with Al gratings.

III. BAsic CELL

Based on the systems approach of Fig. 3(b), we will now dis-
cuss the technical optical design of the basic cell. For use in a
cascade, it is necessary that successive cells are properly con-
nected. Since they essentially perform image relay operations,
this means that the (final) image plane, i.e., the output, of a cell,
coincides with the object plane, i.e., the input, of the subsequent
cell. In addition, the magnification in each image relay step has
to be unity to avoid a change of size and pitch of the signal spots.

The most straightforward system design that satisfies these
two conditions would be a simple light pipe composed of lenses
Ly as depicted in Fig. 4(a); for clarity, an unfolded represen-
tation of the planar-integrated optical setup is shown here. In
addition to L, each basic cell contains a coupling element C'
and a spatial beam splitter, here a 1 — 2 Al grating. Also note
that Fig. 4(a) depicts two successive basis cells to illustrate how
they are optically connected. The solid lines thereby correspond
to the upper surface of the planar substrate, and the dashed lines
to the plane of the end faces of the MT connectors when they are
plugged onto the docking slots of the plate. In our experimental
hardware, the distance between these two planes is 0.7 mm. This
is much more than the depth of focus that can be achieved by
imaging lens L; of the basic cell. With a setup like in Fig. 4(a),
the optical signals that are to be coupled out into the MT con-
nector would therefore not be focused, which means that an ef-
ficient coupling would not be possible.

The alternative of designing the optical system such that the
conjugate planes of the imaging operation coincide with the
connector plane [Fig. 4(b)] would allow efficient coupling, but
it violates the unit magnification condition. Nevertheless, it can
serve as a basis to construct an optical system that fulfills all de-
sign goals.
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Fig. 4. Technical optical system design: (a) symmetric light pipe; (b)
asymmetric light pipe; and (c) symmetric light pipe with virtual imaging.

Such a system is shown in Fig. 4(c). It is derived from the one
in Fig. 4(b) by moving the object plane of the basic cell “back-
ward” such that lens L; performs a symmetric imaging with unit
magnification. To ensure proper connection of successive cells,
an additional lens L, is now needed that relays the (real) image
generated by lens L; also “backward” into the input plane of the
next cell. Since this is a virtual imaging operation, the focusing
power of L needs to be negative.

IV. PRACTICAL REALIZATION

The practical realization of a homogeneous fan-out demon-
strator consisting of four basic cells based on the optical design
of Fig. 4(c) requires a realistic estimation of the optical loss in
the system because this quantity determines which splitting ratio
for the beam intensities is required in every cell.

If, as in our case, the optical components are implemented
as multilevel DPEs, their diffraction efficiency n depends on
the phase quantization [15]. For a partitioning scheme of ()
equidistant phase levels, the upper limit for  was found to
be sinc?(1/Q). This expression is suitable to estimate the
efficiency of diffractive lenses or beam deflectors. For Al
gratings, an additional limitation factor must be taken into
account; it expresses the fact that, independently of the phase
quantization, a certain fraction of the intensity is always lost
in unwanted diffraction orders. This fraction depends on the
particular splitting scheme and cannot be estimated generally.
In a PIFSO system, some intensity is furthermore lost due to
absorption by the reflective coating material and in the form
of Fresnel losses when a signal beam enters or exits the planar
substrate.

To minimize the above losses, we realize each DPE with as
many phase levels as our fabrication technology based on (bi-
nary) lithography and reactive ion etching (RIE) permits in view
of the lithographic minimum feature limit (= 1 gm). Thus, we
get four levels for the coupling elements C' and the connecting
lenses Lo and eight levels for lenses L;. Since the reflectance
of aluminum is comparatively low for our design wavelength of
850-nm (R =~ 81%), silver, which reflects much better (R =
99%), was chosen as coating material for the DPEs (albeit at
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Fig. 6. Setup for the first experiment: visual evaluation of the fan-out
performance.

the expense of a considerably higher fabrication effort to make
the metal film adhere to the fused silica optical substrate). At the
bottom side of the substrate, where no optical elements need to
be integrated, a commercial plane dielectric mirror with about
99.9% efficiency is used for reflection. For the experiments,
it was attached to the PIFSO substrate with an index matched
fluid. Since Fresnel losses contribute only to a small degree to
the total loss, we can afford to do without an (expensive) antire-
flection coating to suppress them.

With these considerations, the required splitting ratios for the
four basic cells can be calculated in an iterative procedure: ini-
tially, the (unknown) diffraction efficiencies of the 1 — 2 Al
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Fig. 7. Spot images obtained with the setup of Fig. 6 at (a) output 1 and
(b) output 4.
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Fig. 8. Setup for the second experiment: quantitative evaluation of the
energetic efficiency of the interconnects.

gratings are set to 100% so that a first estimation of the losses
can be made. Based on that, a first approximation of the split-
ting ratios is calculated. With an iterative Fourier transform al-
gorithm (IFTA) [13], corresponding Al grating profiles are then
generated. Their calculated diffraction efficiencies allow one to
calculate more precise estimates of the required splitting ratios
and so on. It turns out that after a few iterations, no significant
changes occur any more. In our case, the procedure resulted in
splitting ratios of 4.22:1, 2.59:1, and 1.17:1 for the first three
basic cells (and no splitting in the last cell).

The respective optical system was fabricated on a fused silica
substrate with 12-mm thickness and 50.8-mm diameter. The
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phase functions of lens L; and the Al grating were thereby com-
bined in a single DPE in each basic cell. Fig. 5 shows the fin-
ished PIFSO system in a mount with which it was connected to
a translation stage.

V. EXPERIMENTS

In a first experiment, the metal interface plate for the MT con-
nectors was fixed to a separate mechanical translation stage and
aligned with respect to the PIFSO fan-out module (Fig. 6). In-
stead of fiber ribbons, a beam splitter cube was then placed on
top of the plate, which allows one to couple in a (single) optical
test beam and to observe the fanned-out beams along the orthog-
onal direction. The spot images that the PIFSO system generates
in the plane of the MT connector faces were captured with a
charge-coupled device (CCD) camera. Two examples are shown
in Fig. 7. Apparently, there are no visible optical aberrations.
However, the intensity of the spots gradually decreases from
output 1 to output 4, which means that the losses are slightly
higher than estimated theoretically.

In a second experiment, MT-connected fiber ribbons (single-
mode with 9-pim-core diameter for the input and multimode
with 50-pm-core diameter for the output) were then plugged
onto the docking slots of the metal plate (cf. Fig. 8) for a quan-
titative evaluation of the module. It could be verified that optical
signals that are coupled in will be fanned out and coupled back
into each fiber ribbon. The measured coupling efficiencies range
from —11.4 dB for output 1 to —13.4 dB for output 4.

VI. CONCLUSION

Comparing these results with the interconnection efficien-
cies of earlier PIFSO-type interconnect demonstrators that are
at least an order of magnitude worse, it can be concluded that
the design goals for this project, realizing a functioning coupling
mechanism between PIFSO and fiber optics and achieving a sat-
isfactory energetic efficiency, have been achieved.

Although the performance described in this paper does not
yet meet industrial specifications and can certainly not compete
with state-of-the-art fiber connectors and components, it still
shows that PIFSO has already moved a significant step ahead
of proof-of-principle studies and has come a big step closer to
real-world applications.
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