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Compact devices for wavelength division multiplexing and demultiplexing, believed to be novel, are
presented. These devices are based on planar optics configurations, comprising multiplexed diffractive
optical elements. The principle, design, and recording of these planar devices are described, including
the fact that the recording is done at a single wavelength in the green region. Experimental procedures
and results for planar devices that can handle three wavelengths in the visible as well as in the near
infrared are presented. © 2002 Optical Society of America
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1. Introduction

Wavelength division multiplexing �WDM� and wave-
length division demultiplexing �WDDM� are undoubt-
edly needed to increase the information-carrying
capacity of fiber telecommunication systems. With
these techniques, a large number of communication
channels can be transmitted simultaneously over a
single fiber. To implement WDM and WDDM, sev-
eral devices and configurations have been developed,
which include waveguides,1,2 planar waveguides,3
free-space interconnects,4 volume holograms in Lit-
trow configurations,5 diffractive optical elements
�DOEs�,6 and substrate mode grating structures.7–9

Here we present a relatively simple and robust device
for implementing WDM and WDDM, which is based
on a planar optics configuration in which several
DOEs, each a simple reflection linear grating, are
recorded on a single substrate. A basic building
block of the planar configuration is shown in Fig. 1.
The configuration is composed of two identical DOEs,
recorded on the same substrate, that act as reflection
gratings. The gratings in Fig. 1 appear to act as
transmission gratings, but this is not the case. The
light that impinges on the first grating is reflected but
is trapped inside the substrate by total internal re-
flection. The fibers are attached to a graded-index
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coupling lens, which is in turn attached to the DOE.
The coupling lens collimates the light that emanates
from the fibers, so that a collimated beam impinges
on the first DOE. This first DOE diffracts the light
coming from the fiber into the substrate at an angle
higher than the critical angle, so that it is trapped
inside the substrate. The light then travels inside
the substrate by means of total internal reflection
and impinges on the second DOE, which couples the
light out of the substrate. The advantages of the
proposed configuration are the relative simplicity of
the design and recording of the elements, the com-
pactness of the entire device, and its tolerances to
changes in readout wavelengths and angle. A sim-
ilar configuration was suggested for DOEs as trans-
mission gratings.10 Our approach, although more
difficult to design and record, provides better spectral
discrimination, leading to low cross-talk capabilities
with more wavelength channels.

2. Basic Principles and Design Considerations

The basic planar configuration for a WDM and a
WDDM that can handle n wavelength channels is
shown schematically in Fig. 2. In this configuration,
one main input DOE, comprised of n superimposed
sub-DOEs, each a linear reflection grating designed
for a specific wavelength, operates on n wavelengths,
whereas the remaining output DOEs, each a single
linear reflection grating, operates at a specific wave-
length. For WDDM, the light from the input fiber
that represents n communication channels, each with
a different wavelength �1, �2, . . . , �n, diffracted by
each sub-DOE of the main DOE, so that it is trapped
inside the substrate and the light of each wavelength
is directed to a different direction. The light of each



wavelength then travels in the substrate toward its
respective output DOE, which diffracts it out into the
output fiber. Evidently the propagation direction of
the waves can be inverted to produce a WDM config-
uration, where light from the separated fibers is di-
rected toward the central fiber. Since all the DOEs
are recorded on the same thin substrate and the fi-
bers can be attached to the substrate, the overall
system can be compact and robust.

To obtain efficient light throughput and low cross
talk between wavelength channels, each DOE must
have a high diffraction efficiency for a specific wave-
length �i and an as low as possible diffraction effi-
ciency for all the other wavelengths. According to
coupled-wave theory,11 the diffraction efficiency � for
a reflective linear grating, if we assume s polariza-
tion, is
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where � and � are real-valued parameters that de-
pend on the wavelength and geometry of the readout

illumination as well as on the parameters of the grat-
ing, for example,
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where i � �1, 	ni is the refractive-index modula-
tion, d is the thickness of the recording medium, �i is
the reconstruction wavelength, � is the dephasing
factor created by deviation from the Bragg condition,
and 
c and 
d are the angular orientation of the
readout and diffracted beams, respectively, inside the
recording medium. The corresponding grating pe-
riod is

�i �
�i

2n sin

d

2

. (4)

To obtain high diffraction efficiency at the Bragg con-
dition, for which � � 0, the value of � should be as
large as possible. One can obtain large values of � by
resorting to a recording medium of large thickness d
or to a large refractive-index modulation 	ni, both of
which are limited in practice. For example, with our
polymer materials, thickness d ranged from 20 to 80
�m, and the maximum refractive-index modulation
	nmax was 0.06.12 Accordingly, to calculate the
maximum number of wavelength channels, Nchn,
that our planar configuration can deal with, we must
first find the number of DOEs that can be superim-
posed in one location.13 This depends on 	nmax and
on the refractive-index modulation for each DOE 	ni
in accordance with

�
i�1

Nchn

	ni � 	nmax. (5)

Thus, for �i � 1530 nm, d � 20 �m, the desired
diffraction efficiency of 90%, and an internal diffrac-
tive angle of 70 deg, we obtained 	ni � 0.0159; the
maximum allowed number of wavelength channels is
Nchn � 	nmax�	ni � 3. When d increased to d � 80
�m, we obtained Nchn � 15.

The number of wavelength channels and their sep-
aration also depend on thickness d of the recording
medium. To determine the dependence of the num-
ber of wavelength channels on d we assume, for sim-
plicity, that at the Bragg condition of � � 0, � � ��2,
so the diffraction efficiency is 84%. Then Eq. �2�
yields

	ni �
�j�i�cos 
d

2d
, (6)

and we then obtain the number of wavelength chan-
nels from Nchn � 	nmax�	ni. To determine the min-
imal separation between wavelength channels 	� at

Fig. 1. Planar optics building block for a WDM system.

Fig. 2. Schematic configuration for a planar WDM or WDDM
device.
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FWHM, we inserted Eq. �4� into Eqs. �1�, �2�, and �3�,
which yielded

	�i � � �1 �
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As is evident from Eq. �7�, the minimal separation 	�i
depends on �i, which in turn depends on 	ni. If 	nI
is such that the diffraction efficiency of each DOE is
90%, according to Eqs. �1� and �2�, when � � 0 we then
obtain 	�i � 5.33 nm at �i � 647 nm for d � 20 �m
and 	ni � 0.013. At �i � 1550 nm we obtained 	� �
3.34 nm for d � 80 �m and 	ni � 0.0016. By use of
the assumption that � � ��2, Eq. �7� reduces to

	�i �
�5�i

2 cos 
d

4nd sin2�
d

2 � . (8)

According to Eq. �8�, we determined the number of
wavelength channels that can be superimposed on
the same area and the separation between them as a
function of thickness d of the emulsion for �i � 1530
nm and an internal angle of 70 deg. The results are
shown in Fig. 3. To conclude, increasing 	ni results
in higher light throughput efficiency but leads to
fewer wavelength channels. Increasing the record-
ing medium thickness d leads to a higher number of
wavelength channels, since a smaller 	ni is needed
for the same diffraction efficiency, as well as to a
smaller needed separation between these wavelength
channels. For the simple DOEs in the planar con-
figuration, we simply chose 	ni to maximize the dif-
fraction efficiency. For the multiplexed DOE, we
optimized 	ni to maximize the diffraction efficiency
and the number of wavelength channels.

We calculated the diffraction efficiency as a func-
tion of wavelength for a simple DOE, assuming that
the input light was s polarized. Some representa-
tive results are shown in Fig. 4. Figure 4�a� shows
the diffraction efficiency as a function of wavelength
for a planar DOE having the following parameters:
d � 20 �m, n � 1.51, 	ni � 0.02, �l � 647 nm, 
c �
0°, 
d � 120°. Figure 4�b� shows the results ob-
tained for a planar DOE having the parameters:

d � 80 �m, n � 1.51, 	ni � 0.008, �l � 1550 nm, 
c �
0°, 
d � 100°.

As is evident from these results, a separation of
approximately 10 nm would be sufficient to obtain
relatively low cross talk with only a 20-�m-thick re-
cording medium at the visible wavelengths. The
thickness must be increased to approximately 80 �m
to obtain comparable separation at near-infrared
wavelengths. When the input light is p polarized,
the � of Eq. �2� must be modified11 to

�p � ��r� � s�� � � cos�3
c � 
d�. (9)

Accordingly, the diffraction efficiency for p polariza-
tion is different from that for s polarization. For
example, using the same parameters as those used to
obtain the results for Fig. 4�b�, we calculated the
diffraction efficiency for the p polarization to be only
20%.

One can achieve polarization insensitivity by re-
sorting to one of the following two solutions. One
possible solution is to increase the diffraction effi-
ciency for p polarization to be as high as that for s
polarization. This solution requires either higher-
index modulation or a thicker recording medium.
The disadvantages of this solution are fewer wave-
length channels and increased sidelobes, resulting in
high cross talk. The other solution is to orient the
incident beam at a specific slant angle to the DOE.
One can derive the needed exact orientation angle

Fig. 3. Number of wavelength channels and their separation as a
function of recording medium thickness d.

Fig. 4. Calculated diffraction efficiency as a function of wave-
length for planar DOEs: �a� �l � 647 nm, d � 20 �m; �b� �l � 1550
nm, d � 80 �m.
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from Eq. �9� by requiring that �p � �. Accordingly,
the preferred 
c in the substrate is


c � ��
d�3�. (10)

Figure 5 shows the calculated diffraction efficiency
for the two polarizations for d � 80 �m, 	ni � 0.005,
�l � 1550 nm, 
c � �35°, and 
d � 105° �65° internal
angle�. As is evident, at a slant angle of 35 deg the
DOE is essentially insensitive to the polarization of
incident light. We note that this tilt angle depends
only on the choice of internal angle, not on the wave-
length, the thickness, or the modulation depth.

3. Experimental Results

To verify our design, we recorded two WDDM config-
urations for three wavelength channels: one for the
visible wavelengths and the other for near-infrared
wavelengths. Each configuration included six
DOEs. Three were superimposed to form the cen-
tral input DOE and the other three were the simple
output DOEs that were laterally displaced from each
other. For the WDDM that was used with visible
wavelengths, the recording medium was a photopoly-
mer with a thickness of 20 �m, and the other relevant
parameters were 	n � 0.011, 
c � 0°, and 
d � 120°.
The three wavelengths were �1 � 633 nm, �1 � 647
nm, and �1 � 676 nm. All the DOEs were recorded
at � � 514.5 nm so we had to adjust the recording
geometry for each designed wavelength to obtain
high diffraction efficiency.14 Some representative
results are presented in Figs. 6–9. Figure 6 shows
theoretical and experimental spectral responses for
one of the output DOEs designed for � � 633 nm.
Evidently there is a reasonable agreement between
theory and experiment, especially for the spectral
bandwidth and the operating wavelength. Figure 7
shows the theoretical and experimental angular re-
sponses for another DOE that was designed to oper-
ate at � � 676 nm. As shown, there is good
agreement between the angle and the maximal dif-
fraction efficiency, although the experimental angu-
lar bandwidth is wider than that predicted. Figure
8 shows the experimental diffraction efficiency as a
function of wavelength for the multiplexed input
DOE. In this combined DOE the light diffracted

from each sub-DOE propagates in a different direc-
tion. As expected, there are three peaks at the de-
signed wavelengths. These experimental results
reveal that the spectral bandwidths are somewhat
larger than expected, and the diffraction efficiencies
at the three wavelengths are not equal. These
anomalies are probably due to variations of the re-
cording parameters, which must still be optimized.
We also determined the cross talk among the three
wavelength channels by measuring the diffraction
efficiency of each DOE for all three wavelengths.
The results are summarized in Table 1, in which m
denotes a multiplexed DOE and s denotes a single
DOE.

Fig. 5. Calculated diffraction efficiency as a function of wave-
length for a planar DOE that is illuminated with an incident beam
oriented at a slant angle �l � 1550 nm.

Fig. 6. Diffraction efficiency as a function of wavelength for a
planar DOE designed to operate at � � 633 nm.

Fig. 7. Diffraction efficiency as a function of readout angle for a
planar DOE designed to operate at � � 676 nm.

Fig. 8. Diffraction efficiency as a function of wavelength for a
multiple input DOE.
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Finally, Fig. 9 depicts the overall performance of
the full WDDM configuration, where the beams of
each wavelength pass through the main input DOE
and the corresponding output DOE. The cross
talks for the full configuration are much lower.
The highest cross talk of �29.3 dB was measured
for the 633-nm wavelength channel when the read-
out beam wavelength was 647 nm. For all other
cases the cross talk was lower than �40 dB. We
note here that the uniform diffraction efficiency
among the different wavelengths can be improved
by optimization of the exposure procedure of the
sub-DOEs.13

We also recorded a three-wavelength channel
WDDM configuration for operation at the near-
infrared wavelength. The parameters of the DOEs
were the same as those used to obtain the results of
Fig. 4�b�, but the recording medium thicknesses d
were 40 and 80 �m and 	n was around 0.006. The
designed operating wavelengths were �1 � 1510 nm,
�2 � 1530 nm, and �3 � 1550 nm. We again re-
corded all the DOEs at 514.5-nm wavelength with the
recording geometry to achieve a high diffraction effi-
ciency at the near-infrared wavelengths.13 We de-
termined that the DOEs had to be recorded as
transmission DOEs at 514.5 nm to obtain reflection
behavior in the near infrared.

Some representative results that show experimen-
tal and calculated diffraction efficiencies as a function

of wavelength for specific DOEs are presented in
Figs. 10 and 11. We observed good agreement be-
tween the experimental results and the calculated
predictions. The slight wavelength shift is due to
material shrinkage, a problem that we need to ad-
dress by optimizing the preparation, recording, and
development procedures. Figure 10 shows the re-
sults for a planar DOE designed to operate at � �
1550 nm. The relatively high side fluctuations are
due to instabilities of the readout laser, which was
used initially. Figure 11 shows the results for a pla-
nar DOE designed to operate at � � 1530 nm. Here
a different, more stable, readout beam was used, re-
sulting in lower side fluctuations. The spectral
bandwidths were measured to give 6 nm for d � 40
�m and 3 nm for d � 80 �m.

4. Concluding Remarks

We have presented a relatively simple, compact,
and modular WDDM–WDM configuration that is
based on planar optics. This configuration in-
cludes a multiplicity of DOEs that are recorded on
thick recording materials. As the thickness of the
recording material increases, it is possible to obtain
relatively narrow spectral bandwidths, a larger
number of wavelength channels, and relative cross
talk.

Fig. 9. Diffraction efficiency and cross talk for the full WDDM
configuration with visible wavelengths.

Fig. 10. Experimental and theoretical diffraction efficiency as a
function of wavelength for a DOE designed to operate at � � 1550
nm.

Fig. 11. Experimental and theoretical diffraction efficiency as a
function of wavelength for a DOE designed to operate at � � 1550
nm.

Table 1. Diffraction Efficiency and Cross Talk of Each DOE for Three
Visible Wavelengthsa

Wavelength DOE

Wavelength

�1 �633 nm� �2 �647 nm� �3 �676 nm�

�1 �633 nm� m 70.0 0.9 0.1
s 62.0 1.3 0.3

�2 �647 nm� m 0.8 83.0 0.5
s 1.1 82.3 0.7

�3 �676 nm� m 0.0 0.7 96.0
s 0.0 1.1 91.3

am, multiplexed; s, single.
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