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Microlenses in High Capacity
Optical Networks

Masahiro Oikawa

Despite the telecom industry’s well-publicized economic difficulties, bandwidth demand 

continues to grow and new technologies to handle increased traffic continue to be needed.

Dense wavelength division multiplexing (DWDM) and parallel interconnection, both based on

the use of new technologies to manipulate light rays, are among the strategies that have been

brought into play. In this article the author describes the use of graded refractive index lenses

and planar microlens arrays in DWDM components and parallel interconnection systems.
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Figure 1. (Above) Selfoc lens and (left) its ray trajectory.
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T he passage of light through the
discontinuous refractive index
change at the curved surface of a

lens is the mechanism generally used to
provoke a curved phase front for focus-
ing a light beam. In nature a mirage
occurs when light rays are bent by a
gradual change in the refractive index of
air brought about by a gradient in air
temperature. The Selfoc* lens, a gradient
index (GRIN) lens based on a continu-
ous internal refractive index change in 
a glass rod, was first demonstrated in
1969.1 It was shown that a rod-shaped
transparent medium can have a lensing
effect if the rod has a specific refractive
index distribution: The refractive index
should be cylindrically symmetric, high-
est at the center axis, and gradually
decreasing toward the outside. When the
decrease of the refractive index is pro-
portional to the square of the distance
from the center axis, the medium can
work as a lens with very small aberration
along its axis. The rod functions as a
microlens when its diameter is of the
order of several millimeters (see Fig. 1);
When its diameter is a few tens of
micrometers, it functions as a multi-
mode optical fiber with low modal 
dispersion.2 The first commercial
demonstration of a Selfoc fiber, made by
drawing a small diameter Selfoc lens,
was at Disney World in Florida in 1978.

The Selfoc lens can play an important
role in multiplexing and demultiplexing
signals in the 1530–1625-nm wavelength
band at which DWDM systems func-
tion. In Fig. 2, which shows a schematic
of a DWDM system that includes Selfoc
lenses, a light signal of wavelength �1 is
incident on optical fiber port 1. Light
from the port 1 fiber, collimated by the
first Selfoc lens, reaches the optical filter.
The �1 light is reflected by the filter back
through the Selfoc lens, which focuses it
into the output fiber. A second signal at
�2 is incident on the optical fiber at port
2. The light from port 2, collimated by
the Selfoc lens, is incident on the optical
filter. The �2 wavelength passes through
the filter and is incident on the Selfoc
lens. The light is focused on the output
fiber and multiplexed with light of

wavelength �1. As shown in Fig. 2, this
process can be cascaded to multiplex
light at other wavelengths: �3, �4, �5, to
�n . The optical filter in such a system is
generally made from a dielectric multi-
layer stack.

If, on the other hand, we reverse 
the direction of the arrows, such that
light of different wavelengths (�1, �2, �3,
to �n ) is incident on the input filter, the
light is demultiplexed by the filters and
emerges from the respective output
ports.

This multiplexer/demultiplexer with
a cascaded structure was made from
three port modules that consist of a pair
of Selfoc lenses, fibers and filters. This
type of very basic multiplexer structure
is used not only for multiple signals but
also to multiplex pump and signal light
for EDFA and polarization combiners.

One of the biggest advantages of a
Selfoc lens is that it can be used with flat
surfaces. We can coat a dielectric thin-
film filter directly on the surface of a

Selfoc lens (see Fig. 3). The filter shown
in Fig. 3 consists of approximately 80
dielectric layers. By adding a filter to a
Selfoc lens, we can make multiplexer
optics that are simpler than the
schematic shown in Fig. 2. Since the fil-
ter is coated on the lens surface, we can
keep the lenses in contact with each
other. By eliminating the distance
between lenses, we can make an ideal
telecentric optical system. Since a tele-
centric optical system makes the chief
ray parallel to the optical axis, a multi-
plexer assembled with this approach
would be less expensive to manufacture.

Planar microlenses
To ensure maximum capacity it is also
important to treat the optical signals in
parallel. A planar microlens is a two-
dimensional (2D) integrated microlens
array that offers many opportunities for
parallel optics. We fabricated the planar
microlens by selective-ion exchange.3

First we prepared a planar glass substrate;
next a metal mask was prepared by vac-
uum evaporation to prevent ion
exchange. Small windows were opened in
the metal mask. The masked substrate
was then immersed in molten salt to dif-
fuse special ions into the substrate. Since
an ion has a large diameter and large
electron polarizability, it creates a swell
on the surface and a larger refractive
index, as shown in Fig. 4. A large numeri-
cal-aperture (NA) lens was obtained by
use of the swelled structure. The planar
microlens (PML) is used mainly for light
coupling between a laser diode (LD) and
an optical fiber. If the surface of the PML
is polished, the result is a microlens with
a flat surface in which the lens effect
results from refractive index distribution.
The flat lens has a moderate NA of
approximately 0.2, which can accept light
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* Selfoc is a trademark of Nippon Sheet Glass Co. Ltd.

Table 1. Fundamental characteristics of PMLs.

Characteristics S-PML F-PML 

Lens pitch 250 mm 250 mm

Lens diameter 85 mm 250 mm

Back focal length 78 mm (at 1300 nm) 700 mm (at 1550 nm)

NA 0.48 0.18

Figure 2. Schematic wavelength 
multiplexer using Selfoc lens.
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from the optical fiber to be collimated. A
swelled structure PML is referred to as a
S-PML; the flat surface PML is referred
to as a F-PML. The fundamental charac-
teristics of the PML are summarized in
Table 1. We prepared the S-PML and 
F-PML with a 250-mm pitch (the cen-
ter-to-center space between each lens).
Most arrayed optical elements, including
LD arrays, photodetector (PD) arrays
and optical fiber arrays, are made with a 
250-mm pitch.

S-PMLs are used for parallel intercon-
nection (see Fig. 5). The light signal from
the LD array is focused into the ribbon
fiber array and transmitted to the PD
array. Since to ensure the reliability of
LD and PD arrays it is important to
avoid moisture and humidity, a glass 
S-PML is used as a hermetically sealed
window. In the example shown in Fig. 5,
an S-PML attached to a metal holder by
use of low-temperature melt glass was
used to obtain sufficient light-coupling
efficiency and tolerance between a LD
array and an optical fiber array. Figure 6
shows statistical data on the coupling
loss between LDs and single-mode opti-
cal fibers. In our experiments, the 
average coupling loss was as small as
4.28 dB. Since parallel optical intercon-
nection is used only for a short connec-
tion, coupling loss is not very important.
Direct coupling between a LD array and
an optical fiber array is an alternative
solution to use of an S-PML. An advan-
tage of using an S-PML as an optical
fiber coupling is that it allows the align-
ment tolerance to be relaxed. In the case
of direct coupling, the insertion loss
increases in direct relation to the dis-
tance between the LD and the optical
fiber. When we use the S-PML, the dis-
tance between the S-PML and the opti-
cal fiber is approximately 100 �m.

A key application of the F-PML is in
light collimation of an optical fiber
array. One can fabricate a fiber collima-
tor array by locating the fiber near the
focal point of each F-PML so that each
lens collimates a single light beam from
the fiber array. The collimated light is
then refocused into the optical fiber by
use of another fiber collimator.
Functional devices can be made by use
of a pair of collimator arrays. Figure 7 is
a schematic of a matrix switch that uses
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Figure 3. Filter on Selfoc lens: (a) appearance, (b) layer structure.

Figure 4. (a) Planar microlens and (b) fabrication process.
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a collimator array and a microelec-
tromechanical system (MEMS)
micromirror array. The collimated light
can be cross-connected to the desired
fiber by changing the orientation of each
mirror. It is important to correctly
determine the collimation length, or
working distance, between lens arrays.
Since the angle of diffraction is inversely
proportional to the diameter of the 
lens, the working distance is limited.
Figure 8(a) shows the theoretical limit 
of the working distance that corre-
sponds to lens diameter.

Figure 8(b) shows the insertion loss
of the collimator of the PML. One pair
of collimators was prepared and light
from one fiber was coupled into another
fiber. The lens diameter of the PML is
250 mm. The insertion loss increased
when the working distance increased
beyond 10 mm.

In conclusion
The Selfoc lens is widely used in DWDM
systems to make wavelength multiplexers
and demultiplexers. The PML, a mono-
lithically integrated array of microlenses,
is used for optical interconnection.
Optical communication systems will con-
tinue to evolve in the future with an eye
toward increasing cross-connection.
Microlenses made by ion exchange are
characterized by a high degree of flexibil-
ity. For example, the fundamental charac-
teristics of a Selfoc lens—such as focal
length, working distance and magnifica-
tion—can be changed by changing its
physical length. Also, we can make PMLs
with arbitrary lens location by changing
the photolithographic mask pattern. The
microlenses introduced here offer impor-
tant opportunities for the creation of
future optical systems.

Masahiro Oikawa (MasahiroOikawa@mail.nsg.co.jp)
is with the Information & Telecommunication
Device Division of Nippon Sheet Glass Co. Ltd.,
Kanagawa, Japan.
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Figure 6. Statistical data of coupling 
loss between the LD and the single-mode 

fiber by use of a PML.

Figure 5. Application to parallel interconnection.

Figure 7. Matrix switch 
using PML and MEMS
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Figure 8. Light coupling loss of 
collimator. (a) Collimator length vs. 

lens diameter (theoretical value).
(b) Insertion loss vs. working distance

(experimental value). Fiber-lens distance
is optimized for different L.


