COL 17(8), 082302(2019)

CHINESE OPTICS LETTERS

August 2019

Design of an all-optical logic sequence generator based on
polarization holographic gratings

Renjie Xia (2 A7), Changshun Wang (+K/lii)*, Tianyu Chen (F5XK5),
Yujia Pan (%W 1), Ziyao Lii (& TE), and Lili Sun (#MINiH)
State Key Laboratory of Advanced Optical Communication Systems and Networks, School of Physics and Astronomy,
Shanghai Jiao Tong University, Shanghai 200240, China

*Corresponding author: cswang@sjtu.edu.cn
Received February 13, 2019; accepted May 17, 2019; posted online July 15, 2019

In this Letter, an all-optical logic sequence generator based on two different polarization holographic gratings has
been proposed and demonstrated, which has one input port and four output ports. The polarization state of
input light signal determines logic output signals. It can produce four kinds of logic sequence output signals:
1000, 0100, 0010, and 0001, corresponding to the input light signal of four different polarization states: the
p-linear, s-linear, left-handed circular, and right-handed circular. The two polarization gratings have been fab-
ricated, and the working principle of the logic sequence generator has been proved by diffraction pattern analysis

of polarization gratings.
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Polarization holography has attracted much attention in
recent research®?. As a photosensitive material, azo
material has great applications in recording polarization
holography due to its unique optical properties?; many
studies on the diffraction efficiency and selectivity of azo
material have been carried out®¥. The azo liquid crystal
polymer film can produce photoinduced birefringence
under the irradiation of pump light. Because the photoin-
duced birefringence of azo liquid crystal polymer material
is relatively stable, it is usually used as the substrate to
fabricate polarization gratings by researchers®2, As for
polarization gratings, generally, the diffraction light of +1
orders has been taken into account, and there is no diffrac-
tion light of other orders. Of course, in order to achieve
this 100% diffraction efficiency, the thickness of the grating
film L, the optical anisotropy An of material, and the
wavelength A of incident light should meet the half-wave
condition. Because of its diffraction characteristics, many
applications based on polarization gratings have been devel-
oped, such as in the field of liquid crystal display™.

In recent years, applications of optical communication
devices in optical computing and other fields have found
great progress’®. A large number of methods have been
adopted to achieve various optical logic operations!®Y.
These devices mainly utilize non-linear effects of optical
materials or other physical principles. For example, a
reconfigurable dual-channel all-optical logic gate in a
silicon waveguide for polarization encoding signals by
using four-wave mixing was proposed?. Theoretical re-
search of the all-optical logic gates based on the techniques
of cross phase modulation (XPM) in a phase-shifted gra-
ting was carried out by Li et al2Y. Sobrinho et al. proposed
the operation of an all-optical logical gate based on a sym-
metric non-linear directional coupler (NLDC) operating
with pulse position modulation (PPM)2.
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In this Letter, we designed an all-optical logic sequence
generator, which has one input port and four output ports,
based on two different polarization holographic gratings.
The logic signals of output ports depend entirely on the
polarization of the input light signal. It can produce four
kinds of logic sequence output signals: 1000, 0100, 0010,
and 0001, corresponding to the input light signal of four
different polarization states: the p-linear, s-linear, left-
handed circular, and right-handed circular. There is no
need for additional electronic control in this logic sequence
generator, so it is very thin and can be easily integrated
into various optical systems requiring optical signal con-
trol, such as optical path switching in an optical commu-
nication system.

An all-optical logic sequence generator was designed,
using a quarter-wave plate (QWP) of 633 nm and polari-
zation holographic gratings DW1, DW2. The schematic
diagram is shown in Fig. 1.

In Fig. 1, DW1 and DW2 are the gratings obtained by
orthogonal linear and circular polarization light interfer-
ence, respectively. In this structure, QWP is mainly used to
convert 633 nm s-linearly polarized light into right-handed

Incident light (I1)

o1 \/ DW2

Fig. 1. Schematic of all-optical logic sequence generator. DW1
and DW2 are two different kinds of polarization holographic gra-
tings. QWP is the quarter-wave plate. Bl and B2 represent the
—1 and +1 order diffraction light of DW1.
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circularly polarized, p-linearly polarized light into left-
handed circularly polarized, right-handed circularly
polarized into p-linearly polarized, and left-handed circu-
larly polarized into s-linearly polarized. The plane deter-
mined by the optical axis of incident light and the normal
line of the grating is called the incident plane. p-linearly
polarized light refers to linearly polarized light whose
polarization direction is perpendicular to the incident
plane. s-linearly polarized light refers to linearly polar-
ized light whose polarization direction is parallel to the
incident plane. The logic sequence generator will gener-
ate optical signals at different output ports when light
with different polarization states is incident. This is
shown in Fig. 2.

In Fig. 2(a), ‘when the incident light is p-linearly polar-
ized, the diffraction light signals can be detected in the
directions of 2, 3, and 4. When the incident light is s-linearly
polarized, the diffraction light signals can be detected in the
directions of 1, 3, and 4. When the incident light is left-
handed circularly polarized, the diffraction light signals
can be detected in the directions of 1, 2, and 4. When the
incident light is right-handed circularly polarized, the
diffraction light signals can be detected in the directions
of 1, 2, and 3. If the signal of output port denotes logic state
0, no signal denotes logic state 1, so the logic sequence table
can be obtained. In Fig. 2(b), the output of the p-linearly
polarized incident light signal is logic sequence signal 1000,
the output of s-linearly polarized incident light signal is
logic sequence signal 0100, the output of left-handed circu-
larly polarized incident light signal is logic sequence signal
0010, and the output of right-handed circularly polarized
incident light signal is logic sequence signal 0001. The func-
tion of the device is mainly attributed to the diffraction
characteristics of the gratings DW1 and DW2. Diffraction
patterns of two polarization gratings DW1 and DW2 are
shown in Figs. 3(a) and 3(b), respectively.

The DW1 grating was fabricated by orthogonal linearly
polarized light interference. When the probe light is
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Fig. 2. (a) Diagram of the incident light signal of different polari-
zation states and corresponding output light signals. (b) The
logic sequence table. Column I1 represents four different
polarizations of the incident light; columns O1, O2, O3, and
O4 represent the diffraction light in four directions, respectively,
corresponding to the yellow, green, blue, and red cylinders in
Fig. 1. Signal of output port denotes logic state 0; no signal
denotes logic state 1.
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Fig. 3. Diffraction patterns of (a
DW?2 grating.

incident on polarization grating DW1, if the probe light
is left-handed circularly polarized light, both the diffrac-
tion light of —1 and +1 orders is right-handed circularly
polarized light. If the probe light is right-handed circularly
polarized light, both the diffraction light of —1 and +1
orders is left-handed circularly polarized light. If the probe
light is s-linearly polarized, both the diffraction light of —1
and +1 orders is p-linearly polarized. If the probe light is
p-linearly polarized, both the diffraction light of —1 and
+1 orders is s-linearly polarized. The DW2 grating was
fabricated by orthogonal circular polarization light inter-
ference. If the probe light is left-handed circularly
polarized, the polarization grating DW2 will only produce
right-handed circularly polarized diffraction light of —1
order, and no diffraction light of other orders. If the probe
light is right-handed circularly polarized, the left-handed
circularly polarized diffraction light of +1 order will be
produced, and no diffraction light of other orders. If the
probe light is s-linearly polarized, —1 order diffraction
light is right-handed circularly polarized, and +1 order
diffraction light is left-handed circularly polarized. When
the probe light is p-polarized, the diffraction pattern is the
same as the former.

The schematic diagram of working principle of the all-
optical logic sequence generator is shown in Fig. 4. Taking

o

02

o4

Fig. 4. Schematic diagram of working principle of all-optical
logic sequence generator.

082302-2



COL 17(8), 082302(2019)

CHINESE OPTICS LETTERS

August 2019

the incident light of p-linear polarization as an example, in
Fig. 4(a), when the incident light is incident on the DW1,
the £1 orders diffraction light B1 and B2 are generated,
and both of their polarization states are s-linear. Light B1
first passes through the QWP with its polarization state
changing from s-linear to right-handed circular, and then
is incident on the DW2. The diffraction light is generated
in the direction of O2. Light B2 is directly incident on the
DW?2 and produces diffraction light in the direction of O3
and O4. That is to say, when the incident light is p-linearly
polarized, only O2, O3, and O4 ports have optical signal
output.

Azo material is a kind of polarization sensitive material.
If the pump light is linearly polarized, the azo molecules’
orientation will be perpendicular to the polarization direc-
tion of the pump light. Azo-doped liquid crystal polymer
film is usually used to fabricate polarization gratings.
Under the pump light, the photoisomerization of azo dyes
occurs, and azo-doped liquid crystal polymer shows strong
non-linear optical properties. In order to facilitate the fab-
rication of gratings, firstly, the real-time variation of its
photoinduced birefringence was demonstrated by experi-
ment. 532 nm laser was used as pumping light, and 633 nm
laser was used as detecting light. The experimental optical
path is shown in Fig. 5.

In Fig. 5, the angle between the polarization direction of
P1 and the X axis is 45°, while the polarization direction of
P1 and P2 is orthogonal. In order to get an accurate light
intensity curve, we used a lock-in amplifier to detect the
intensity of transmitted light from P2. The result
obtained from the lock-in amplifier is shown in Fig. 6.

It can be seen that when the azo liquid crystal film is not
illuminated by pumping light, the lock-in amplifier does
not detect any transmitted light intensity signal, indicat-
ing that the azo material does not have birefringence
characteristics at this time. When the pump light is turned
on, the intensity of light detected by the lock-in amplifier
increases continuously, indicating that under the action of
pump light, the birefringence of azo liquid crystal material
increases continuously. The intensity of transmitted light
maintains its stability after reaching a maximum. When
pump light is turned off, the intensity of transmitted light
decreases slightly and tends to be stable, which indicates
that the photoinduced birefringence of azo liquid crystal
polymer material is relatively stable. Gratings DW1
and DW2 were fabricated by polarization holographic
interference, respectively. Figures 7(a) and 7(b) are our
experimental optical paths for fabricating DW1 and
DW?2 gratings.

633nm laser P1

=

detector _
el |

Lock in amplifier

Azo liquid
crystal layer
532nm laser

Fig. 5. Diagram of experimental optical path of photoinduced
birefringence; P1 and P2 are two orthogonal polarizers.
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Fig. 6. Curves of the intensity variation of transmitted light ver-
sus the duration of pump light. The black curve represents the
intensity variation of transmitted light when pumping light is
18 mW and the red curve represents that of 30 mW.

(8) 532nm laser

633nm laser detector _
-

Polarization meter

Azo liquid
crystal layer

(b) BS

532nm laser

633nm laser

Qwrp detector _ l

Azo liquid
crystal layer

Polarization meter

Fig. 7. Schematic of the optical path for writing polarization gra-
tings (a) DW1 and (b) DW2. BS, beam splitter; M1, M2, M3,
mirror; HWP, half-wave plate; QWP, quarter-wave plate.

In Fig. 7(a), the 532 nm laser was used as the pump
light, whose initial polarization state is s-linear. We gen-
erated two beams of light through a beam splitter, one of
which passed through a 532 nm half-wave plate so that it
can be converted from s-linear polarization to p-linear
polarization. The experimental optical path was adjusted
to make the two beams have the same optical path.
Finally, the two beams of light, whose polarization direc-
tions are orthogonal, interfered on the azo liquid crystal
polymer film layer. In Fig. 7(b), the 532 nm laser was still
used as the pump light, where two beams of light were gen-
erated through a beam splitter, one of which passed
through a half-wave plate of 532 nm and a QWP of
532 nm, so that it could be converted from s-linear polari-
zation to right-handed circular polarization; the other
passed through a QWP of 532 nm, so that it could be con-
verted from s-linear polarization to left-handed circular
polarization. Finally, two beams of light interfered on
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(a)

Fig. 8. (a) Diffraction of DW1 grating. (b) Diffraction of
DW2 grating. S, P, Left, and Right represent four kinds of inci-
dent light, respectively. The three red dots from left to right in
each row represent the —1, 0, +1 order diffraction light.

the azo liquid crystal polymer film. The diffractions of gra-
tings DW1 and DW2 are shown in Fig. 8.

The 633 nm laser was used as the probe light. In Fig. 8,
four different polarized incident lights all have +1 orders
diffraction light. Because the thickness of the material film
did not meet the half-wave condition of 633 nm, the
diffraction light of zero order can also be observed. In fact,
it is perfectly possible to make the zero order diffraction
light disappear if the thickness of film L can be precisely
controlled to meet the half-wave condition:

A

where An is optical anisotropy of material film, and 4 is the
wavelength of the probe light. The polarization states of
—1 and +1 order diffraction light of gratings under
different polarized incident lights were detected with
the polarization meter. The polarization states of the
incident light and corresponding —1 and +1 order diffrac-
tion light of DW1 and DW2 are shown in Fig. 9.

The above experiment results can be demonstrated by
the Jones matrix. As for DW1, the expressions of the
polarization of 532 nm orthogonal linearly polarized
light are

11 7 4
W1: §E§E €2, (2)
and
1 17
W, = [§E— EE:| e, (3)

where § E means amplitude,
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Fig. 9. Polarization states of incident light and diffraction light
of DW1 and DW2. s-linearly polarized incident light and
+1 orders diffraction light of (a) DW1 and (e) DW2, p-linearly
polarized incident light and +1 orders diffraction light of
(b) DWT1 and (f) DW2, left-handed circularly polarized incident
light and +1 orders diffraction light of (c) DW1 and (g) DW2,
right-handed circularly polarized incident light and +1 orders
diffraction light of (d) DW1 and (h) DW2.

and & represents the phase difference between two
orthogonal linearly polarized lights. The expression of
the interference field is

Ecos?
E= (z’Esing)' (5)

The diagram of the polarization modulation of the
interferential light field in the material film is shown
in Fig. 10.

It is easy to obtain the +1 orders diffraction transfer
matrix of the polarization grating:

1 (0 1
_ +1id
Ty = 5 iAgpe (1 0 ) (6)

When the probe light is linearly polarized, the polariza-
tion states of +1 orders diffraction light are the same. The
light field of the £1 orders diffraction light is

1 sina
Ey _§A¢(cosa)' (7)

When the probe light is circularly polarized, the light
field of the +1 orders diffraction light is

e | O | /a| ™23 7[5l 3 |77 2

I —| |00\ 00|07

Fig. 10. Schematic diagram of polarization modulation in
orthogonal linearly polarized light interference field.
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When the detecting light is left-handed circularly polar-
ized, a = —b, both the diffraction lights of —1 and +1
orders are right-handed circularly polarized. When the
detecting light is right-handed circularly polarized,
a = b, both the diffraction lights of —1 and +1 orders are
left-handed circularly polarized.

As for DW2, expressions of 532 nm orthogonal circu-
larly polarized light are

1 i 7 &
W1 |:§E §Ej| 2, (9)
and
1 i T

The expression of the interference field is

[ Ecos?
E_(Esing)' (11)

The diagram of the polarization modulation of the
interferential light field in the material film is shown
in Fig. 11.

It is easy to obtain the 1 orders diffraction transfer
matrix of the polarization grating:

N S eS|
T, = s1nA(pT(i1 ; ) (12)

When the probe is linearly polarized, the light field of
the +1 orders diffraction light is
_ sin(Ag) (+£sina+ icosa
Ba = 2 +cosa—isina )’ (13)
Whether the detecting light is s-linearly polarized or
p-linearly polarized, the diffraction light is the same.
When the probe light is circularly polarized, the light field
of the £1 orders diffraction light is

_ sin(Ag) (datib
Ba= /i w (ia+ b)' 14
If the detecting light is left-handed circularly

polarized, a = —b, the —1 order diffraction light is

” WZB 0 | /4| ™/ 31:/4 T 511/4 31r/2 7rr/4 o

OIO|=|— /| 71| \N|IN|~|—

Fig. 11. Schematic diagram of polarization modulation in
orthogonal circularly polarized light interference field.

right-handed circularly polarized, and there is no +1
order diffraction light. If the detecting light is right-
handed circularly polarized, a = b, the +1 order diffrac-
tion light is left-handed circularly polarized, and there is
no —1 order diffraction light.

In summary, an all-optical logic sequence generator
based on two different polarization holographic gratings
was proposed. The logic sequence generator can produce
four different logic sequence signals by controlling the
polarization state of the input signal light. In order to
demonstrate the function of this device, the two polariza-
tion gratings were fabricated. Before fabrication of the
gratings, the experiment of real-time variation of photo-
induced birefringence of azo liquid crystal polymer mate-
rials was carried out. Furthermore, gratings DW1 and
DW2 were fabricated by orthogonal linearly polarized
light interference and orthogonal circularly polarized light
interference, respectively. Their diffraction patterns and
polarization states were proved by the Jones matrix
theory. In order to reach the theoretical maximum value
of diffraction efficiency, the thickness of the film needs to
be precisely controlled to meet the half-wave condition.
Because no additional electrical control is required, the de-
vice can be very thin and easily integrated into many op-
tical communication systems requiring optical signal
control, such as optical path switching in optical commu-
nication systems.

This work was supported by the National Natural
Science Foundation of China (No. 11574211).
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