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Abstract. Based on the structure of substrate-mode holograms, a new type of
1-to-(N × N ) optical fan-out module which consists of two layers of grating arrays
for optical interconnects is presented. The first and second layer have a 1× N
grating array and a N × N grating array, respectively. By suitably choosing the
diffracted angle and diffraction efficiency of every grating, similar diffraction will be
performed repeatedly at every grating. Finally, N × N output beams are obtained.
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Module optique de sortance de 1 à N×N pour
interconnexions optiques

Résum é. On présente un nouveau type de module optique de sortance de 1 à
N × N pour interconnexions optiques basé sur la structure d’hologrammes en
mode substrat et consistant en deux couches de matières de réseaux. La première
couche et la seconde sont respectivement des matrices 1× N et N × N . En
choisissant convenablement l’angle de diffraction et l’efficacité de chaque réseau,
on obtient une diffraction similaire pour chacun des réseaux, on obtient finalement
N × N sorties.

Mots cl és: Interconnexions optiques, réseau holographique

1. Introduction

The intrinsic limitations of the current generation of
computers have led researchers to seriously consider a
new computer architecture based on optical interconnects
[1]. It has been widely agreed that optical interconnects
represent a better choice for interconnecting different
processors and memories whenever conventional electrical
interconnects cannot fulfil the system requirements. Among
the optical interconnect architectures demonstrated thus
far, optical interconnects based on a two-dimensional
waveguide array and free-space interconnections represent
current technological trends [2–6]. Owing to such trends,
some array optical fan-out modules [2–4] using holographic
grating arrays have been presented. Although it is easy to
introduce them into the optical systems, it is difficult to
fabricate them because every grating has its own specific
structure. Furthermore, the noises coming from the cross-
talk effects of some multiplex holographic structures are
not negligible.

Some papers [7–11] have reported that optical inter-
connects using substrate-mode holograms with dichromated
gelatin (DCG) recording material have many merits such as
easy fabrication, low cost, high diffraction efficiency, are
easily used, etc. Based on the structure of substrate-mode
holograms, a new type of 1-to-(N × N) optical fan-out
module is proposed for optical interconnects. This module
consists of two layers of holographic volume grating arrays,
but every grating has the same structure. Hence, it is very
easy to fabricate them without changing the optical set-up
for exposure. Besides this, it has the merits of conventional
substrate-mode holograms [12], it can be applied to many
optical signal processing systems by suitably choosing the
diffraction efficiency, diffraction angle and the thickness of
substrate.

2. Principle

The architecture of this new type of 1-to-(N × N)

optical fan-out module which consists of two layers
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Figure 1. The architectures of (a) this 1-to-(N × N ) optical
fan-out module, and (b) of the 1× N grating array in the
first layer.

of transmission-type volume grating arrays is shown in
figure 1(a). The first layer has the 1× N grating array
shown in figure 1(b). TheseN gratings have the same
structure, the amplitude of the refractive index modulation
of every grating is different so that every grating has its
own specific coupling efficiency. The input beam of s-
polarization is normally incident on the grating G1, and it
can be diffracted and divided into two parts: the zero-order
diffracted beam and the first-order diffracted beam. The
former is forward transmitted through the substrate without
changing its direction and becomes one output of the first
layer. On the other hand, the diffraction angle is designed
so that it is larger than the critical angle in the substrate;
therefore, the first-order diffracted beam propagates in the
substrate as a form of guided wave until it arrives at G2.
This beam is again totally reflected at the interface, C,
and its propagation direction is in parallel to that of the
first-order diffracted beam coming from G1. Because the
structure of G2 is the same as that of G1, the first-order
diffracted beam of G2 will be parallel to the original input
beam, that is, it passes normally through the substrate and
becomes another output of the first layer. The detail of
the wave-propagation in G2 is shown in the circle inset of
figure 1(b), and the zero-order diffracted beam continues
its propagation in the substrate until it arrives at another
grating, G3. Because every grating has the same structure,
the same diffraction performed at G2 will be performed at
G3, G4, . . . ,GN . Hence, there areN output beams coming
from the first layer. In order to equalize the intensities of
theseN output beams, the diffraction efficiencies of G1, G2,

G3, . . . ,GN−1, and GN should be(N − 1)/N , 1/(N − 1),
1/(N − 2), . . . , 1

2, and 1, respectively. The output beams
of the first layer act as the input beams of the second layer.

The second layer has aN × N grating array which
consists ofN identical columns ofN × 1 grating arrays.
Every column fans out the corresponding input beam into
N output beams as performed by the first layer, but the
propagation direction of a light beam in every column of
this second layer is perpendicular to that in the first layer.
The input beam is s-polarization for the first layer and is p-
polarization for every column of the second layer, so every
column is designed to have the same performance for p-
polarization as that of the first layer for s-polarization. So,
every grating of the second layer has the same structure
as that of the grating in the first layer, but their grating
vectors projected in thexy plane are orthogonal. Because
similar diffraction conditions as those in the first layer are
operated in every column of the second layer, the diffraction
efficiencies of grating arrays of every column should be the
same as those of the first layer, that is, they are(N−1)/N ,
1/(N − 1), 1/(N − 2), . . . , 1

2 and 1, respectively. Finally,
N × N parallel output beams with equal intensity are
obtained. Then, three main factors that strongly influence
the performances of this new type of 1-to-(N ×N) optical
fan-out module will be discussed as follows. They are the
diffraction efficiency, the fan-out packaging density and the
optical path difference.

2.1. Diffraction efficiency of a volume grating

If d is the grating thickness,λr is the wavelength of
the incident wave in free space,n1 is the amplitude of
the refractive index modulation, andθd is the diffraction
angle in the phase volume grating, then the diffraction
efficiencies of a transmission-type volume grating, for
s- and p-polarizations under the Bragg condition can be
written as [13]

ηs = sin2 πn1d

λr
√

cosθd
(1)

and

ηp = sin2 πn1d
√

cosθd
λr

(2)

respectively. Substituting the latter experimental conditions
for a 5×5 fan-out module,λr = 632.8 nm,d = 17µm and
θd = 45◦ into these two equations, we can get the relation
curves of diffraction efficiency versus the amplitude of the
refractive index modulation as shown in figure 2. Based
on the relation curves shown in figure 2, the amplitudes of
the refractive-index modulation of the grating arrays of the
first layer are 0.0123, 0.0058, 0.0068, 0.0087, and 0.018,
respectively; those for every column of the second layer are
0.001 74, 0.0082, 0.009 65, 0.0123, and 0.023, respectively.
These amplitudes of the refractive-index modulation can be
achieved with a suitable exposure time.

2.2. Fan-out packaging density

The fan-out spacing is determined by diffraction angleθd
and the thickness of the first and second substrates. If the
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Figure 2. The calculated diffraction efficiency of a
transmission volume grating versus the amplitude of the
refractive index modulation.

Figure 3. The K -vector diagram of short wavelength
recording for long wavelength reconstruction.

thickness of the first and second substrates aret1 andt2, then
the separations between any two nearest fan-out beams in
the x- andy-directions are

Dx = 2t1 tanθd (3)

and
Dy = 2t2 tanθd (4)

respectively. Hence,θd , t1, and t2 should be chosen for
the requirements of different systems with different fan-out
spacings.

2.3. Optical path difference

As it is applied to an optical clock distribution system, the
distributed optical path difference between the outputs of
G11 and Gij is

1 = 2(i − 1)ngt1 tanθd + 2(j − 1)ngt2 tanθd (5)

whereng is the refractive index of the substrate; and the
corresponding time skew isτij = 1/c, where c is the
velocity of light in a vacuum. For avoiding a serious
clock skew, τij must meet the requirements for signal
synchronization.

3. Fabrication and results

In this paper, a 1-to-(5 × 5) optical fan-out module for
632.8 nm was given as an example. The photographic plate
was obtained by coating the self-made DCG recording ma-
terial onto BK7 glass. The thickness of the emulsion was

Figure 4. Experimentally measured diffraction efficiency
versus exposure energy for a transmission grating made of
DCG under the condition λc = 441.6 nm, λr = 632.8 nm,
θd = 45◦ and d = 17 µm.

Figure 5. The fabricating order of every grating on the
second layer.

Figure 6. Optical set-up for demonstrating the performance
of this module.

Figure 7. The photograph of the image of 5× 5 output
beams of this module.

17 µm. A He–Cd laser with 441.6 nm was used for fab-
ricating this module and the recording geometry of two
interfering beams can be determined with theK-vector di-
agram shown in figure 3. In this figure,Kr1 andKr2 are the
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wavevectors of the reconstruction wave and the diffracted
wave, respectively at a wavelengthλr = 632.8 nm, andKc1
andKc2 are the wavevectors of the construction reference
wave and the object wave, respectively at a wavelength
λc = 441.6 nm. From these geometrical relations,θc1 = 7◦

and θc2 = 38◦ are obtained, that is, 10.8◦ and 71◦ in free
space, respectively; and a digital controlled high-precision
pulse-translation system (model number PS-60X and CPC-
3DN), manufactured by Japan Chuo Precision Industrial Co
Ltd, was introduced into the optical set-up to displace the
photographic plate during the exposure procedure. First, a
series of gratings with different exposures was fabricated
to investigate the real relation between the diffraction effi-
ciency and the exposure energy and its experimental results
are shown in figure 4. According to this figure, the exposure
time corresponding to every grating could be estimated by
the light intensity incident on the photographic plate. Next,
the grating arrays of each layer are fabricated with mod-
erate exposure. For convenience, the grating arrays of the
second layer were fabricated according to the order shown
by figure 5. The gratings on the same rows were fabri-
cated with the same exposure, the gratings on the different
rows were fabricated with different exposures. The real
diffraction efficiencies of G1 ∼ G5 on the first layer are
80, 26, 33, 52, and 89%, respectively and the real diffrac-
tion efficiencies of G1,N ∼ G5,N (N = 1, . . . ,5) of every
column on the second layer are 80, 24, 34, 49 and 90%,
respectively. Then, the first layer was superposed on the
second layer accurately and a 1-to-(5× 5) fan-out module
was obtained. The substrate thicknesses of two layers are
9 and 20 mm, respectively, and the size of this module is
100× 200× 30 mm. In order to see its performance, the
module was performed with the set-up shown in figure 6,
in which a piece of ground glass was used for the image
plane and a camera was focused on this plane. Figure 7
shows the images of 5× 5 output beams. The diameter
of the input beam is about 4 mm, and the output separa-
tions alongx- and y-directions are about 20 and 42 mm,
respectively. The total efficiency of this module is 89%.

4. Discussion

The input beam and the output beams are parallel and
perpendicular to this module, and it is very easy to
introduce this module into optical systems. The module
for s-polarization input is derived, and the module for p-
polarization input can be designed and fabricated similarly.

Both the scattering at each boundary where the light
beam is totally internally reflected and the fringe shrinkage
in photographic emulsion during chemical processing will
strongly influence the output qualities and the diffracted
angle. These drawbacks are more obvious as the numbers
of total internal reflections increase, and they could blur
the images of the output beams and make the output-beam
intensities non-uniform. In order to reduce the scattering at
each boundary, the surface of the guiding substrate should
be clean, and fringe shrinkage can be compensated by the
appropriate process and estimation [14].

As this module is integrated into a practical system,
both the size of this module and the polarization of the

output beams should be considered. Its size should be
suitably chosen to match the real requirement of the system
without introducing serious clock skews.

5. Conclusion

Based on the structures of substrate-mode holograms, a new
type of 1-to-(N×N) optical fan-out module is proposed for
optical interconnects. Optimum design rules are provided
with experimental results. This new interconnection
scheme has one-to-many and many-to-many parallel fan-
out capabilities, by using a light-guiding plate integrated
with a two-dimensional holographic volume grating array
made out of DCG film. Such an interconnection scheme
is applicable to a myriad of large-scale multi-stage optical
intra- and inter-board fan-out applications.
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