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Abstract

This paper presents the diffraction characteristics of electrically controlled multiplexed three-
layer holographic diffraction structures formed in photopolymer materials with a high proportion
of nematic liquid crystals. The results obtained demonstrate the possibility of using multilayer hol-
ographic diffraction structures as the main element for electrically controlled optical spectral filters
for dense wavelength division multiplexing communication networks.
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Introduction

The use of diffraction optics is of great relevance in
modern science and technology. This field of optics
makes it possible to create and study optical elements
based on diffraction phenomena, which has a wide
range of applications. Diffractive elements are used in
optical communications systems, 3D-displays, virtual,
augmented and mixed reality, as well as in other fields
such as robotics and medicine. The task of developing
the characteristics of diffraction optics to improve the
performance of dense wavelength division multiplex-
ing (DWDM) optical systems, increase the speed of in-
formation transfer and innovation in modern technolo-
gies is urgent.

As the field of optical communication systems ad-
vances rapidly, researchers are tasked with the chal-
lenge of identifying not only novel but also cost-
effective and efficient components for these systems
from a manufacturing standpoint. Diffractive optical el-
ements (DOEs), which utilize multilayer inhomogene-
ous holographic diffraction structures (MIHDS), could
be widely implemented in optical communication net-
works. They hold potential for use as optical spectral
filters among other applications, as indicated in refer-
ences [1-10], in hyperspectral optical systems [11, 12],
as well as encoding information [13, 14].

For spectral filtering of optical radiation, it is pro-
posed to use a structure consisting of a set of thin films
with photopolymer material and nematic liquid crystals
(PPM-LC), separated by buffer layers that are not a
photosensitive medium, in which diffraction gratings
will be recorded using the holographic method. When
such structures are read by optical radiation, interfer-
ence of light rays occurs between the layers, which con-
tributes to a special type of angular selectivity. This
type of angular selectivity is a set of local maxima and
minima, the number and width of which depend on var-
ious parameters, including the number of diffraction

layers and the ratio of their thicknesses [1, 5, 8, 17, 18].
By interpreting local maxima as passbands for specific
wavelengths when deviating from Bragg diffraction
conditions, such structures can be used for spectral fil-
tering of optical radiation. The technique of forming
diffraction structures in photopolymer materials has al-
so been previously studied in [15-16].

At the same time, the task of finding ways to in-
crease the capacity of the MIHDS in order to increase
the number of spectral channels remains urgent. One of
the possible ways to achieve this task is to record mul-
tiplexed MIHDS, which have broadening of the angular
and spectral characteristics due to the recording of sev-
eral diffraction structures.

Thus, the purpose of this work is to study the dif-
fraction characteristics of multiplexed MIHDS formed
in PPM-LC.

Diffraction of light by MIHDS with PPM-LC

To describe the process of light diffraction by mul-
tiplexed MIHDS in PPM-LC, we will use the developed
theoretical model, which was presented earlier in [1].
When considering Bragg diffraction of light beams on
multiplexed MIHDS, the amplitudes of interacting
waves will be determined by systems of coupled wave
equations (CWE) in partial derivatives. For the case of
a high LC concentration, at which the diffraction layer
has a smooth optical inhomogeneity in thickness, when
solving the CWE system, the parameter of the integral
phase mismatch is approximated due to its complex de-
pendence [1]. The diagram of light diffraction by multi-
plexed MIHDS in PPM-LC is shown in Fig. 1 in aper-
ture coordinates.

In the case of Bragg diffraction of light in optically
inhomogeneous PPM-LC layers, one can use the meth-
od of slowly varying amplitudes and determine the am-
plitudes of interacting waves using a system of partial
differential equations of coupled waves of the following
form [19]:
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are coupling coefficients, j={0,1} — diffraction order, 7
— radius vector, E/"" — diffracted radiation field Ej""™
— transmitted radiation field, n, — number of the recorded
hologram, n=1... N — number of diffraction layers, N —
last layer number, N — group normals Eg;"™ the di-
rection of which differs from the wave normals
Ngi™™ by the angle of drift , @ — radiation frequency,
Ag™™  — change in dielectric constant
cosBgy"" (N oy NG ), m=o,e — index, corre-
sponding to ordinary and extraordinary waves, n"""
determines the normalized refractive index profile of the
first harmonic of the HDS, @™ (7 E ) is the integral
phase mismatch parameter, which is expressed as:

S
0

AK ™ = ‘ AK " _)70,

where AK™"" — phase mismatch vector.

In the case of near-field diffraction (Fig. 1), the ex-
pressions of the light fields for the zero and first diffrac-
tion order at the output of the multiplexed MIHDS can
be defined as:
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The coordinate transformation equations have the
form:

& =—Moy+Voz,

& =—ny+viz,
where v;=N,-yo, Nj=N,;-20. &, & — aperture coordi-
nates.

To find the distribution of the diffraction field in the
far zone, it is necessary to use the relationship between

the spatial distributions and angular spectra of diffract-
ing beams [1]:

Ep©) = | Er@yexp[ikyi0]d,

where 0 is the angle that determines the orientation of
plane-wave components in relation to wave normals,
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Fig. 1. Scheme of light diffraction by multiplexed MIHDS
in PPM-LC
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Fig. 2. Scheme of wave propagation in MIHDS in PPM-LC

To describe the transformation of plane light waves
in multilayer media, a matrix method is used with the
transition from the amplitude distributions of the Fouri-
er frequency components of diffracting beams to their
angular spectra. Thus, as a result of the process of con-
verting the frequency-angular spectra of interacting
light beams, the light field at the output of a multi-
plexed MIHDS can be represented as follows [1]:

ErN = (TN T 4 TN )R

Where Thm,N,n;, — Tm,N,n;, .Am,Nfl,m, .“._Am,l,n;, .Tm,l,n;, _
matrix transfer function of the entire MIHDS for 7, rec-
orded hologram,

. {E (E,e)}

EM(E0)|

o — {TO'S (E.0) Ty (E,e)}_
TR (E0) T (£.0)

matrix transfer function,

E°(E,0
EO :|: (0 4 ):|’ Am,n,n/, _

Kommnsrotepnas ontuka, 2025, Tom 49, Ne2  DOI: 10.18287/2412-6179-CO-1547

211



http://www.computeroptics.ru

Journal@computeroptics.ru

buffer layer matrix function, N — number of diffraction
layers, N, — number of recorded holograms. All other
elements of the mathematical model are presented in
detail in [1].

Numerical calculation

When performing a numerical calculation, the dif-
fraction efficiency (DE) at the output of the multiplexed
MIHDS will be determined by the expression:

n;" (E,AK) =
=yt (B, AK )+ (E,AK) |/,

In numerical modeling, we will assume that the po-
larization of the incident radiation coincides with the
polarization of its own extraordinary waves for each
diffraction layer. Also, in the numerical calculation, a
three-layer holographic diffraction structure (HDS) with
uniform refractive index profiles recorded at the wave-
length 29=1550 nm and angles between beams inside
the sample in 20=16 degrees. Simulation parameters:
Mead=1550 nm — reading wavelength; d,=20 um;
t,=297 um; N,=2 — number of recorded holograms;
Y={-9,9} degrees — sample rotation angles during
multiplexed recording. The above parameters were se-
lected in such a way that the local maxima correspond-
ed to the DWDM grid with a channel spacing of 0.8
nm, and specially selected sample rotation angles W
made it possible to combine the angular selectivity of
two arrays into one circuit at a level of local maxima
not lower than —3 dB.

Fig. 3 shows the angular selectivity of a three-layer
HDS under the influence of an external electric field with
different polarities on all diffraction layers. The depend-
ence is expressed in dB relative to the radiation intensity.
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Fig. 3. Angular selectivity of a three-layer HDS under control
of an external electric field

Thus, with multiplexed recording of MIHDS, it was
possible to increase the number of spectral channels at
the —3 dB level by almost 2 times, from 15 to 29. Un-
der external electrical influence, which can have differ-
ent polarities, it becomes possible to dynamically
change the channel, namely, shift the channels to the
right or to the left. Also, the use of a three-layer HDS
made it possible to achieve narrower spectral band-
widths of 0.25 nm at a level of up to —3 dB, in contrast
to two-layer structures with a bandwidth of 0.45 nm [1].

Fig. 4 shows the dependence of the diffraction effi-
ciency of a multiplexed three-layer HDS with a smooth
change in the linear polarization angle of the readout
radiation from 0 to 90 degrees at a constant voltage of
the applied electric field E=1.56Ec.
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Fig 4. Dependence of the diffraction efficiency
of a multiplexed three-layer HDS with a smooth change
in the polarization angle

When the polarization angle of the reading radiation
is varied and when an external electric field is applied
to all diffraction layers, light diffraction occurs, both at
ordinary and extraordinary waves. When the polariza-
tion angle changes, the DE increases due to the diffrac-
tion of light on ordinary waves, while the angular selec-
tivity at these waves does not depend on the voltage of
the applied electric field. So, at a polarization angle of 0
degrees, the diffraction efficiency is 2.5 %, and at a po-
larization angle of 90 degrees, the diffraction efficiency
increases by 9.6 times and amounts to 24 %. The chan-
nel displacement due to diffraction by extraordinary
waves under applied voltage conditions is also shown.

Fig. 5 shows the angular selectivity of a three-layer
HDS normalized relative to the maximum value for a
discrete change in the linear polarization angle of the
readout radiation 0, 30 and 90 degrees at a constant
voltage of the applied electric field E=1.56Ec.
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Fig. 5. Angular selectivity of a multiplexed three-layer HDS
with a discrete change in the polarization angle
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Thus, with a polarization angle of 90 degrees of the
reading radiation, light diffraction occurs only on ordi-
nary waves; when the angle of a linearly polarized wave
decreases, diffraction on extraordinary waves appears, as
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a result of which the DE changes and an increase in the
number of channels is demonstrated when normalized
relative to the maximum value. With a polarization angle
of 30 degrees of the reading radiation, the number of
channels increases by 5 at a level of -6 dB; with a polari-
zation of 0 degrees, the number of channels increases by
6 at a constant voltage of the applied electric field. As a
result, when the angle of the linearly polarized wave of
the readout radiation changes, the number of channels in-
creases from 29 to 35 at a constant field strength.

Thus, with a maximum diffraction efficiency for a
multiplexed three-layer GDS of 23 %, and also taking
into account the insertion attenuation of the material
(0.4 dB) and the level of lateral local maxima up to —
3 dB, the total insertion attenuation in the group optical
radiation in the worst case will be up to 9.4 dB. There-
fore, with 35 spectral channels, the maximum attenua-
tion will be 25.3 dB.

Conclusion

This paper presents the diffraction characteristics of
electrically controlled multiplexed three-layer holo-
graphic PPM-LC diffraction structures, demonstrating
the possibility of broadening the angular and spectral
characteristics compared to conventional multilayer
structures by recording multiple diffraction gratings. In
addition, the possibility of their use in optical DWDM
communication networks with the possibility of channel
tuning is shown.

When an external electric field is applied to all diffrac-
tion layers, as well as by changing the polarization angle of
the reading light wave, it is possible to increase the number
of channels due to the diffraction of light both on ordinary
waves, independent of voltage, and on extraordinary
waves, for which the angular selectivity is shifted.
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