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Volume Phase Transmission Gratings and Compact Configurations
for Coarse Wavelength Division Multiplexing and Demultiplexing
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Volume phase transmission gratings, that have high and uniform diffraction efficiency regardless of polarization of the
incident light over a broad wavelength range, have been designed and recorded. Such gratings were incorporated
successfully into a novel compact configuration of a coarse wavelength division demultiplexer. Calculated and
experimental results of such gratings, and a compact four-channel demultiplexer operating in the 1500 nm to 1600 nm

range are presented.
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1. Introduction

Coarse wavelength division multiplexing and demulti-
plexing (CWDM and CWDDM) technology can be
exploited to increase the transmission capacity in short haul
optical communication, such as metro-core and access
networks.'™ This is achieved by simultaneously transmit-
ting a number of wavelength channels through a single
optical fiber. A key interface component in such CWDM and
CWDDM networks is a device that either combines a
number of different wavelength channels into one composite
channel, (multiplexer), or divides a composite multiwave-
length channel into separate single wavelength channels,
(demultiplexer). These are typically designed to have widely
separated wavelength channels with typical channel spacing
of 20 nm in the range from 1500 nm to 1600 nm.>

The current technologies for such multi/demultiplexers
can be broadly divided into two types: thin-film filter
technology and grating-based technology. In the more
widespread thin-film filter technology, discrete and separate
thin-film filters are designed to have the cut-off character-
istics to obtain a desired spectral profile for each wavelength
channel.” On the other hand, grating-based multi/demulti-
plexers provide a more cost-effective solution for multi/
demultiplexers in CWDM and CWDDM because the
multiplexing or demultiplexing is achieved mainly with
only one diffraction grating, simultaneously for a number of
wavelength channels. Most compact grating-based multi/
demultiplexers use a substrate-mode grating pair,5_7) and
cannot satisfy all the important requirements for having high
and uniform channel efficiency, wide wavelength channel
separation, and polarization independence.

In this paper, we propose specially designed volume phase
transmission gratings and a novel compact configuration.
Such gratings, when incorporated into the novel configura-
tion, can satisfy simutaneously all the requirements desired
from multi/demultiplexers in CWDM and CWDDM appli-
cations.

2. Geometrical and Optical Parameters of Volume
Phase Transmission Gratings for CWDM and
CWDDM

In this section we consider the basic relations of volume
phase transmission gratings, and determine the needed
geometrical and optical parameters so that they can be
incorporated into CWDM and CWDDM applications. We
start with Fig. 1 which schematically shows a section of a
volume phase transmission grating, and the geometry of the
incident and diffracted beams. We assume that the material
in both sides of the grating has the same refractive index n as
the average refractive index of the grating, d is the grating
thickness, and 6, and 8, are the incident angle and diffracted
angle, respectively.

From the coupled wave theory, the diffraction
efficiencies of a volume phase transmission grating, n, for
TE polarization and 7y for TM polarization, are
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Fig. 1. Schematic illustration of a volume phase grating and
geometry of the incident and diffracted beams. The grating
thickness is d, the incident angle 6; and diffracted angle 6,,
respectively.
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and An is the refractive index modulation, A is the
illumination wavelength, 8y, and 6y, are the incident angle
and diffracted angle at the Bragg wavelength Ao, and K is the
amplitude of the grating vector. According to Egs. (1) and
(2), the dependence of the diffraction efficiency on the
polarization of the incident illumination can be relaxed by
resorting to small A8 =6, — 6,. Specifically, when A@ is
small, the value of vy approaches that of v, so the value of
n. approaches that of np. Figure 2 shows the calculated
diffraction efficiencies as functions of wavelength for both
TE and TM polarizations, for four gratings with the same
parameters of d =76um, A¢ = 1550nm, n = 1.44, and
An = 0.005, but different AG of (a) AG=T75° (b) Af =
45°, (c) and (d) A9 = 15°. For these calculations we let 8, =
Bo; and A~ Oy — by;, since A is not far from Ag. As
evident, the polarization dependence is strongest when Af =
75°, and decreases as A6 is reduced, becoming negligible
when A6 = 15°. Additionally, the incident angle or
diffracted angle does not greatly affect the polarization
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dependence as long as Af remains the same, as indicated in
Eqgs. (1) and (2), and in Figs. 2(c) and 2(d). It should be
noted that for thick gratings, the wavelength discrimination
becomes strong, as indicated in Fig. 2(a). This, of course,
adversely affects the performance of the grating as a
dispersion element. Fortunately, by letting Af be small,
not only the polarization dependence but also the wave-
length discrimination can be relaxed, as shown in Figs. 2(c)
and 2(d).

Also, according to Egs. (1) and (2), the diffraction
efficiency increases as the refractive index modulation An
and the grating thickness d increase, and decreases as the
wavelength of illuminating light A increases when the Bragg
condition is satisfied, i.e. when &= 0. In practice, the
recording materials usually have limited refractive index
modulation of about An = 0.015 for visible wavelengths
and even less for near infra-red wavelengths.'""'? Thus, it is
necessary to choose a sufficiently thick recording material so
that high diffraction efficiency can be obtained for the
limited refractive index modulation, especially when the
illumination wavelength is relatively long. Figure 3 shows
the calculated diffraction efficiencies as functions of
wavelength for both TE and TM polarizations, for four
gratings with the same parameters of d =76um, Ao =
1550nm, n = 1.44 and 8y = 25°, 6y, = 40°, but different
An of (a) An = 0.002; (b) An = 0.005; (c) An = 0.007; (d)
An = 0.008. As evident, the diffraction efficiency increases
significantly with refractive index modulation An, reaching
almost 100% when An = 0.008. This value of An is readily
available with photopolymer recording materials.

In general, volume phase transmission gratings can
provide high and relatively uniform diffraction efficiency
as a function of wavelength with negligible polarization
dependence in a relatively broad wavelength range. This is
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Fig. 2. Calculated diffraction efficiencies as functions of wave-
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Fig. 3. Calculated diffraction efficiencies as functions of wave-

length of volume phase transmission gratings for both TE (solid
line) and TM (dotted line) polarizations. (a) 8; = 0°, 6, = 75°; (b)
0, =0°, 6, =45°% (c) 6, =0°, 6, = 15°% (d) 6, =25°, B, = 40°.
The four gratings have the same parameters of d = 76 um, Ay =
1550 nm, n = 1.44 and An = 0.005.

length of volume phase transmission gratings for both TE (solid
line) and TM (dotted line) polarizations. (a) An = 0.002; (b)
An = 0.005; (¢) An=0.007; (d) Arn = 0.008. The four gratings
have the same parameters of d = 76 um, A9 = 1550 nm, n = 1.44
and 6()1 = 25°, 902 = 40°.
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possible with reasonable refractive index modulation Arn as
long as d is sufficiently large and A@ sufficiently small.

3. Compact Configurations

We now consider two possible compact optics configura-
tions for multi/demultiplexers, as shown schematically in
Fig. 4. In the first conventional substrate-mode configura-
tion'® shown in Fig. 4(a), the light is guided inside the
substrate by total internal reflection. When the incident angle
inside the substrate is 8; = 0y;, then the angular dispersion
of the first grating at wavelength X is

d@oz _ Sin(eog) - sin(@m)

dr Ao cos(6r)
where 6, is the diffracted angle inside the substrate at
wavelength A, given by
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As evident from Eq. (3), the angular dispersion is small if
A is small, i.e. if 6y, is close to 6y;, which is required in
order to relax the polarization dependence and wavelength
discrimination of the grating.

In the second new compact configuration shown in Fig.
4(b), the diffracted beams propagate in the air cavity
between the two substrates, rather than through the substrate.
The internal surfaces of the substrates are coated with
reflective layers, so that the propagating beams can be totally
reflected and guided in the air from one grating to the other.
In this configuration, the angular dispersion of the first
grating at wavelength X is
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Fig. 4. Two compact configurations for CWDM and CWDDM.
(a) Conventional substrate-mode configuration where light is
guided inside the substrate by total internal reflection; (b) new
compact configuration where light is guided in air between two
parallel substrates whose internal surfaces are coated with reflective
layers.
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Fig. 5. Calculated angular dispersions as functions of diffracted

angle for the conventional configuration shown in Fig. 4(a) (dotted

line), and for the new configuration shown in Fig. 4(b) (solid line).

The related parameters are Ag = 1550nm, n=1.44 and Oy —
Oo1 = 15°.

deg"  sin(6nn) — sin(f1) n )
di Ao V1 = 2sin@,)

where 63" is the diffracted angle in the air and refracted from
the substrate at wavelength A, and 6, must fulfil the
condition 6, < arcsin(1/n) in order to ensure that light
would be refracted from the substrate into the air.

By comparing Egs. (3) and (5), it is clear that the angular
dispersion in the new compact configuration is significantly
higher than in the conventional substrate-mode configura-
tion. Figure 5 shows the calculated results of angular
dispersion as functions of diffracted angle for both compact
configurations. For these calculations, Ag = 1550 nm, n =
1.44, and 6y — 6y; = 15°. As expected, the angular disper-
sion for the new configuration where the light diffracted
from the first grating propagates in air is indeed larger than
when it propagates through the substrate. This is particularly
evident when the diffracted angle is larger than 65°.

It is true that unlike the substrate-mode configuration
where the total internal reflection is practically 100%, there
would be some intensity loss in the air cavity configuration
at the optical coatings. This loss is particularly troublesome
when metallic coatings are used. However, with proper
dichroic reflective coatings which cover the entire angular
and spectral ranges of the light, very high reflections of 97%
and more can be obtained. Thus, the undesired intensity
losses will not be significant.

Based on these results and analysis, we concluded that the
new configuration in which light propagates in the air,
shown in Fig. 4(b), is preferred because of the larger angular
dispersion. Moreover, when the diffracted angle 68y,
increases, then the angular dispersion will be even larger.
This improvement in angular dispersion would be even
higher if n were increased.
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Fig. 6. Compact configuration of a four-channel demultiplexer for
CWDDM.

4. Experimental Procedure and Results

We designed and recorded gratings for a four-channel
demultiplexer for CWDDM, where the central wavelengths
were 1510 nm, 1535 nm, 1560 nm and 1585 nm. The overall
configuration, as shown in Fig. 6, is shaped as a parallelo-
gram with an internal air cavity where the light diffracted
from one grating propagates to the other. Two parallel and
identical volume phase transmission gratings were recorded
on either side of the cavity. The tilting angle o was chosen to
be equal to the Bragg incident angle at the central
wavelength Ao = 1550 nm. This was to ease the alignment,
whereby the normally incident input beam automatically
fulfils the Bragg condition of the first grating at wavelength
Ao. This was also true for the output beam which emerges
normally from the configuration.

Light from a source-input fiber of composite wavelength
channels of A1, A2, A3, A4, was collimated through a coupling
lens to form plane waves that are incident on the first grating
with angle «. The first grating acts as a dispersive
component, diffracting the four wavelength channels into
four diffracted plane waves, each to a different angle in
accordance with its wavelength. The four wavelength
channels are further angularly separated when the diffracted
plane waves are refracted into the air cavity. The upper and
lower substrate surfaces inside the cavity were coated with
reflective layers, so the four diffracted plane waves from the
first grating propagate through the cavity while increasing
the spatial separations between them before arriving at the
second grating. The second grating redirects all four plane
waves so they emerge from the second grating in parallel but
spatially separated. Each is then easily coupled into a
corresponding fiber with a coupling lens. The spatial channel
separations were

X = h x tan(@?, ) — h x tan(63) (©6)

where # is the length of the cavity, m = 1,2, 3, and

oAt _ in~ [Sin(eoz) — sin(6o1)
Ao

m

“Am -1+ sin(By) - n]

(N

The gratings, which were designed to have the calculated
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diffraction efficiencies as functions of wavelength for both
TE and TM polarizations shown in Fig. 3(d), were
holographically recorded in photopolymers'® 76 um thick
with a recording wavelength A, = 488 nm. The two record-
ing angles in the air were calculated to be 47.21° and 56.62°,
so that the Bragg incident angle 8y; and diffracted angle 6y,
inside the grating layer were 25° and 40° at the readout
wavelength of Ag = 1550 nm. This resulted in A8 = 15°,
small enough to have low polarization dependence and
negligible wavelength discrimination in the wavelength
range of 1500 nm to 1600 nm. Moreover, 6p, was 40°, big
enough to provide larger angular dispersion, but smaller than
the critical angle arcsin (1/n) = 44°, for n = 1.44 so that the
diffracted light from the first grating could be refracted from
the substrate into the air cavity. The recording exposure was
adjusted during the experiments to approach the optimum
refractive index modulation, approximately An = 0.008, for
the maximum diffraction efficiency.

We measured the diffraction efficiency of the first grating
as a function of wavelength using a tunable diode laser with
a spectral tuning range from 1505nm to 1590nm. The
measurements were performed for both TE and TM
polarizations. The experimental results are presented in
Fig. 7, along with the fitting curves. As predicted, this
grating indeed has a high and relatively uniform diffraction
efficiency as a function of wavelength over the entire
wavelength range from 1505nm to 1590nm with little
polarization dependence. To determine the average angular
dispersion of the first grating, we used the following
definition,

angr| o e

dh e ha— A
where 635 and 63T are the diffracted angles in the air for A,
and A, respectively. Using A, = 1590 nm and A; = 1505 nm,

we measured the corresponding diffracted angles 637 and
3r, and calculated the average angular dispersion in
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Fig. 7. Experimental results and fitting curves of diffraction
efficiency as functions of wavelength for both TE and T™
polarizations. Solid line: fitting curve for TE polarization results
denoted by +. Dotted line: fitting curve for TM polarization
denoted by [J.
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accordance with Eq. (8). The result was 0.0282°/nm. For
comparison, we also calculated the angular dispersion at
illumination wavelengh Ag = 1550 nm in accordance with
Eq. (5), using the measured grating parameters. The result
was 0.0285°/nm, which was in good agreement with the
experimental results.

We then determined the lateral displacement of the beams
emerging from the entire demultiplexer configuration, where
the distance /1 between the gratings was 30 mm. The input
plane wave derived from the tunable diode laser was varied
sequentially to specific discrete wavelengths of 1510nm,
1535nm, 1560 nm, and 1585nm. The input plane waves
were efficiently diffracted by the first grating, propagated
through the air cavity, and finally were redirected by the
second grating to form four parallel, laterally displaced
output beams. The lateral separations between adjacent
beams were measured as 1.69 mm, 1.82mm and 1.92 mm.
These experimental results were in close agreement with the
calculated results of 1.68 mm, 1.80mm and 1.94mm
according to Egs. (6) and (7) for A9 =1550nm, A =
30mm, n = 1.401. Such separations are sufficient for each
wavelength channel to be easily detected independently with
little, if any, crosstalk. For comparison, the lateral separa-
tions between adjacent beams in the substrate mode
configuration estimated under the same device-size condi-
tion were 0.23 mm, 0.24 mm, and 0.24 mm.

5. Concluding Remarks

Volume phase transmission gratings were designed,
recorded and experimentally evaluated to have high and
uniform diffraction efficiency with negligible polarization
dependence in a broad wavelength range from 1500 nm to
1600nm. A relatively large angular wavelength dispersion
can be obtained when the gratings are incorporated into a
novel compact configuration where light is guided in the air
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cavity, instead of the substrate. A four-channel demultiplex-
er for CWDDM was designed and constructed to operate at a
central wavelength of 1550nm. The experimental results
with this demultiplexer clearly demonstrate that this
compact configuration is indeed suitable for CWDM and
CWDDM applications.
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