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A four channel polarization and wavelength separation element using substrate-mode sta
holograms is proposed based on the diffraction efficiency characteristics for polarization and
wavelength selectivity of a transmission-type phase volume grating. We fabricated a sample de
and measured its polarization selectivity, output spectrum, and insertion loss of each chann
demonstrate its performance. ©1996 American Institute of Physics.@S0003-6951~96!04525-1#
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Wavelength division multiplexing~WDM!1 and polar-
ization switching devices are considered to be two of the k
elements for signal multiplexing and switching in optic
communications or optical interconnects to enhance
transmission capacities and signal switching ability. Vario
types of wavelength division multi/demultiplexer2–4 and an
optical switching device that consists of holographic pol
ization beam splitters and a ferroelectric liquid crystal f
polarization switching5,6 have been proposed. Althoug
some holographic polarization selectors proposed7,8 have the
properties of polarization and wavelength selectivity, th
didn’t mention the combination performance. In this lette
we propose a four channel polarization and wavelength se
ration element using substrate-mode stacked hologram
has some merits, such as normal input/output coupling, h
polarization and wavelength selectivity, and compact, lig
weight structure. It is also easy to be combined with a fer
electric liquid crystal or a dichroic liquid crystal switch t
form an active polarization and wavelength selector.

The structure of this four channel polarization and wav
length separation element using substrate-mode stac
holograms is shown in Fig. 1~a!. The system consists of eigh
holograms. The first four, labeledGi j8 , are placed in a stack
illuminated by the incident beam. The other four, label
Gi j , are distributed on a sheet of glass which conducts
separated beams by total internal reflections. The first in
of the subscript,i ~i51,2!, refers to the wavelength, and th
second index of the subscript,j ~j5x,y!, refers to the polar-
ization state of the dominated diffracted light. The gratin
Gi j8 are stacked together to form a stacked gratingGs , as
shown in Fig. 1~b!. AlthoughGix , Giy , Gix8 , andGiy8 have
the same structures, the grating planes ofGix8 , andGix are
parallel to thex axis, and those ofGiy andGiy8 are parallel to
they axis. Hence thesandp polarizations of input beams fo
gratingsGix andGix8 are alongx andy axis, and forGiy and
Giy8 gratings, thesandp polarizations are alongy andx axes,
respectively.

According to Kogelnik’s coupled-wave theory,9 if the
Bragg angle of a transmission-type phase volume gratin

a!Electronic mail: t7503@cc.nctu.edu.tw
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set to be 0°~i.e., normal incident upon the grating!, the dif-
fraction efficiencies fors andp polarizations are given as

hs5sin2Fpn1d

l r

1

Acosud
G5sin2 ns ~1!

and

hp5sin2~ns cosud!5sin2 np , ~2!

respectively. Whereud is the diffraction angle in the phase
volume grating,n1 is the index modulation strength,d is the
hologram emulsion thickness, andl r is the reconstruction
wavelength. From Eqs.~1! and ~2!, it is very easy to obtain
the conditions that eitherhs or hp is 1 and the other is 0.

FIG. 1. The structure of~a! this four channel polarization and wavelength
separation element, and~b! the stacked holograms.
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These will occur~i! as ud560° andn15l r /(A2d), then
hs50 and he5100%, and ~ii ! as ud548.2° and n1
5(A3l r)/(A2d), thenhs5100% andhp50.

As shown in Fig. 1~a!, the input beams with polariza
tions being parallel tox and y axis of wavelengthl1 and
l2 incident normally on the stacked gratingsGs . The optical
signal of wavelengthl i is diffracted byGi j8 into the substrate
under Bragg conditions and this diffracted light propaga
within the substrate withmi times of total internal reflection
before arriving atGi j . The light is again totally reflected in
Gi j , and normal coupled out through the substrate on
Bragg conditions ofGi j . Since thes- andp-polarization dif-
fraction efficiencies ofGi j andGi j8 with diffraction angles
satisfy the above conditions~i! and~ii !, the light paths are as
shown in Fig. 1 and it is clear that this device separates l
with the different wavelengths and different polarizati
states to four channels. Herel ix andl iy , represent the light
components with respect to wavelengthl i , and their polar-
izations are parallel to thex and y axes, respectively. The
channel separationDd between the two wavelengths is abo
2T(m2 tanu22m1 tanu1! when we use the substrate of thic
nessT and the different polarizations were separated in
different directions. Assume the diffraction efficiency
Gi j for wavelengthl i j at near Bragg condition incident i
h i j (l i j !. We could estimate approximately the insertion lo
as210 log@h ix

2 (l ix)•P (c, j )Þ( i ,x)@12hc j(l ix)# dB.
In our experiments, the conditions ofl15831 nm,

ud548.2°,l25672 nm,ud560°, andd517mm for the grat-
ings were chosen to show the feasibility of this device. T
dichromate gelatin is exposed by a He–Cd laser with 44
nm for fabricating phase volume gratings. From the coupl
wave theory, the strengths of the modulated refractive in
should be 0.034 and 0.048 forl1 andl2, respectively. These
two index modulation strengths are easy to achieve
dichromate gelatin. In fiber optical communication applic
tions for l151300 nm andl251550 nm, the similar calcu
lation shows that higher index modulation strengths of 0.0
and 0.065 are required for the gratings with thickness of
mm. Figure 2 shows the wavelength sensitivity of the stac
gratingsGix andGjy for the above conditions. This simula
tion result is calculated by using the coupled-wave theory

FIG. 2. The calculated wavelength sensitivity for transmission-type ph
volume gratings ofG1x andG2x . G1x-X(Y): the diffraction efficiency of
X(Y) polarization forG1x , G2x-X(Y): the diffraction efficiency ofX(Y)
polarization forG2x .
3538 Appl. Phys. Lett., Vol. 68, No. 25, 17 June 1996
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sandp polarizations as wavelength from 650 to 850 nm. Th
experimental diffraction efficiencies ofs andp polarization
are 89%, and 0.7% for the gratingG1x and 0.5% and 85% for
G2x , and the extinction ratio for the diffraction beams are
127:1 and 1:170, respectively. Figure 3 shows the doub
exposure of the two output beam images forl1x ~label 1! and
l2y ~label 2!, respectively. The device dimension is abou
5 cm35 cm. The channel separation is about 10 mm and th
beam diameters are about 8 mm for both wavelengths. T
output spectrum of these two wavelengths was measured
Advantest TOS345 optical spectrum analyzer in Fig. 4. Sim
larly, we also obtained two output beam images forl1y and
l2x , which are not shown here. The insertion losses me
sured with different input for channels 1, 2, 3, and 4 are 1.0
1.45, 1.2, and 1.54 dB, respectively.

A four channel polarization and wavelength separatio
element using substrate-mode stacked holograms is p
sented in this letter. It is based on the diffraction efficienc
characteristics of wavelength and polarization selectivity of
transmission-type phase volume grating. In order to inves
gate its feasibility, an element for operating wavelengths
672 and 831 nm was fabricated, and its performance w
demonstrated. It is compact, lightweight and has normal i
put and output coupling usage. This element could also wo
with dichroic liquid crystal or ferrioelectric liquid crystal to
be a wavelength selector or a polarization switching devic

The research was supported by the National Scien
Council of R.O.C. under Contract No. NSC83-0417-E009
030.
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FIG. 3. The photography of the outputs forl1x ~label 1! andl2y ~label 2!,
respectively.S: the incident position.

FIG. 4. The spectrum of the output channels forl1x andl2y .
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