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Abstract: In the free space optical communication, the information can be encoded as the
orbital angular momentum (OAM) state of light, which is called OAM shift keying (OAM-SK).
This paper has proposed a communication system with OAM-SK, in which an image has
been delivered from the transmitter to the receiver successfully in the simulation environ-
ment. Specifically, we have carefully designed and implemented the phase holograms used
at the transmitter and the receiver for multiplexing and de-multiplexing the OAM states,
respectively. At the transmitter, the multiplexing phase hologram designed by the modified
Lin’s algorithm is loaded on the spatial light modulator 1 (SLM1) to generate the multi-
plexing vortex beam, which is a superposition of multiple vortex beams with different OAM
states. Correspondingly, at the receiver, a novel phase hologram is designed and loaded
on the SLM2 to effectively de-multiplex the multiplexing vortex beam in different directions.
In our phase hologram used at the receiver, the detected power of each OAM state can be
controlled by adjusting the weight coefficient by the modified Lin’s algorithm. This way, the
incident power can be concentrated to the target OAM states, from which the target OAM
states can be detected more effectively than conventional fork grating.

Index Terms: Optical vortices, optical communication, multiplexing phase hologram.

1. Introduction

With the development of the information technologies, there exist increasing demand for higher-
speed digital communication. As a new communication technique, free space optical (FSO)
communication has attracted lots of interests from researching communities, which has the
advantages of both optical-fiber communication and wireless communication [1]-[3]. Moreover,
the multiplexing scheme has been proposed in FSO communication system, such as time-division
multiplexing (TDM) [4], wavelength-division multiplexing (WDM) [5], polarization-division multiplex-
ing (PDM) [6], and space-division multiplexing (SDM) [7]-[14], for achieving the exponential growth
of communication capacity.

Since Allen et al. revealed the orbital angular momentum (OAM) nature of vortex beam with
helical wavefront [15], [16], the OAM has extensive applications, which has attracted increasing
attentions recently [17]-[28]. The vortex beam with spiral phase structure characterized by exp (i6)
carry the OAM of |k, where 6 is the azimuthal angle, /is the topological charge of the OAM state,
and h is the reduced Planck constant. Both analytical and experimental results have verified the
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Fig. 1. Schematic diagram of the OAM-SK communication system.

feasibility of OAM multiplexing optical communication. In general, the OAM nature can be used
in two ways in FSO communication: 1) OAM shift keying (OAM-SK); here, the vortex beams with
different OAM states serve as encoding format, where each OAM state represents a data bit. Thus,
in theory the number of data bit is also infinite [22]-[25]; 2) OAM division multiplexing (OAM-DM),
where the vortex beam serves as the signal carrier, making use of the orthogonality between them,
different vortex beams can be combined together to improve the communication capacity [26]-[28].

In this paper, we develop a complete FSO communication system based on OAM-SK through
numerical simulation, and an image has been encoded and delivered successfully by this system.
Specifically, at the transmitter, we use the modified Lin’s algorithm to create the updated multiplexing
phase holograms, and load them on the SLM to generate the updated multiplexing vortex beams.
At the receiver, a novel phase hologram has also been designed by modified Lin’s algorithm, from
which both the power of each diffractive OAM state at corresponding diffraction order and the
interval between diffraction orders can be controlled precisely. Finally, the concrete information can
be recovered by detecting whether there exist bright spots at the center of diffraction orders. In
our system, the total incident power can be almost concentrated to the target OAM states, which
will decrease the energy waste and make it be more effective for detection than conventional
1-dimension fork grating. It can improve the accuracy of OAM detection and reduce the power loss
than past work.

2. The Concept of FSO System Based on OAM-SK

The OAM-SK for digital modulation is a map from data bits to the OAM states. For example,
by combining three vortex beams with three different OAM states as {+1, +2, +3}, the ternary
code alphabet of {000, 001,010,011, 100, 101,110, 111} can be represented fully. For simplicity,
assuming that the occurrences of “0” and “1” have the equal probability, each digital symbol in
the code alphabet is IoggN bit, where N is the total number of used OAM states. It is similar to the
amplitude shift keying, thus, we called it the OAM shift keying. After the concrete modulation, the
information can be encoded into the OAM states of the vortex beams.

To effectively transmit information based on OAM-SK, we first select a set of OAM states as a
basis. Then, as shown in Fig. 1, a Gaussian beam (/ = 0) pass through the updated multiplexing
phase holograms loaded on the SLM1 to generate the multiplexing vortex beam sequence with
different OAM states at the transmitter. In this way, a piece of information is encoded into the
multiplexing vortex beam and transmitted to the receiver. At the receiver, we design a novel phase
hologram for the chosen OAM basis, and fix it on the SLM2 as the de-multiplexer. After being
de-multiplexed, the vortex beam with target OAM states will be transformed to bright spots in
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corresponding diffraction orders, and other OAM states will become new values (new topological
charges) accordingly. Thus, there will be bright spots at the center of corresponding diffraction
orders. In order to detect the transformed bright spots, a pinhole array is laid before the detector
array for filtrating the other OAM states. The detectors can obtain the digital symbol by depending on
whether there exist bright spots at the specific locations. From Fig. 1, we can know that two designed
phase holograms loaded on the SLM1 (at the transmitter) and SLM2 (at the receiver) are key parts
of this communication system. For ensuring the high-efficiency and effective performance, we adopt
an iterative algorithm to generate the updated multiplexing phase holograms at the transmitter as
the encoder, and generate a fixed designed novel phase hologram at the receiver as the decoder.
In the next sections we will highlight the detailed design of these phase holograms.

3. The Multiplexing Phase Holograms at the Transmitter

In the literature, there are two frequently-used methods for generating the multiplexing vortex
beam with different OAM states. The simpler method is coaxial superposition by optical element
[27], [28]. Another method is designing a multiplexing phase hologram based on the relationship
between angular harmonic and Fourier transformation [29]-[31]. With the latter method, it is easier
to control the power of each OAM state in multiplexing vortex beam and save energy in this system.

First of all, the multiplexing optical field with a set of target OAM states of {/, b, --- , Iy} can be
expressed as

n
Bexpli(0)] =Y _ Ay, exp (iln6) (1)
m=1
where B is a constant modulus of amplitude, ¢(6) is the complex phase of multiplexing vortex beam,
and {A, } is the weight coefficient of single vortex beam with target OAM state {/,}. Thus, {|A; 2} is
the normalized power distribution of multiplexing vortex beam for different OAM states.
To generate a pure phase hologram, we expand the transmittance function exp [iv(6)] in Fourier
series [29]

expliv(6)] = ) Cmexp(imé) (2)
D ICalP=1 (3)

where Cp, = 1/27 foe” exp [iy(0)] exp (—imb)de is the complex weight coefficient in Fourier series.
According to Parseval theorem, the superposition of {|C,|?} is equal to 1 as shown in (3). Because
of the similarity between angular harmonics and the Fourier components, m is corresponding to
the OAM state of .. We can obtain the coefficients of {|C,|%, |C,|%, --- ,|C},|?} from (2), the power
distribution {|C; |2} can get close to the target power distribution {|A, |2} by iterative algorithms and
can be used to get the optimal multiplexing phase hologram (6).

To evaluate the performance of the multiplexing phase hologram y(6), we define a parameter
of relative root-mean-square error (R-RMSE) in (4) as a measure of how close the actual power
distribution is to the target power distribution:

2
Z[r:?:1 <|C/m |2 - |A/m |2)
n ZZ‘I:'I ’C/m|2 .

In prior work, Lin et al. design an iterative algorithm and successfully generate a complex phase
mask [29]. Because there still exist relative bigger deviations from the pre-set targets’ power dis-
tribution, it is important to optimize the iterative algorithm for enhancing the utilization efficiency of
the incident power. On this basis of Lin’s algorithm, there are two important factors affecting the

R-RMSE =

(4)
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final optimized result: initial weight coefficient and iteration step size. For the first one, Wang et al.
design another iterative process to search a set of optimized initial weight coefficients and apply
them to the Lin’s algorithm [30]. For iteration step size, Zhu et al. studied how to find an optimal one
and used it in Lin’s algorithm [31]. From above, we can know there are two modified Lin’s algorithm,
which can obtain relative lower R-RMSE. In our system, the method in [31] is adopted considering
both of iterative time and accuracy.

For example, the target OAM states of multiplexing phase hologram are {+2, +5, +8, +11}, and
the target power distribution is averaged and normalized as {0.25, 0.25, 0.25, 0.25}. After iterative
process, the obtained normalized power distribution by modified Lin’s algorithm is close to the pre-
set targets’ distribution as shown in Fig. 2(a), and the phase distribution of obtained multiplexing
phase hologram is shown in Fig. 2(b). On illuminating a Gaussian beam, the far-field diffraction
intensity of generated multiplexing vortex beam as shown in Fig. 2(c). It is clear to see a dark core
at the center, which demonstrates that the generated multiplexing vortex beam still have the vortex
characteristics. According to this method, it is easier to generate the multiple vortex beam with
target OAM states. It could serve as the encoder at the transmitter.

4. The Novel Phase Hologram at the Receiver

As mentioned in Section 2, the de-multiplexer is another important component in the whole com-
munication system. The fork grating can de-multiplex the multiplexing vortex beam simultaneously.
However, with increasing the diffraction order, it becomes more difficult to detect the intensity of
bright spot because of the decrease of power [32], [33]. Thus, we try to design a novel phase holo-
gram, which not only enables to de-multiplex multiple OAM states simultaneously, but also makes
the detection be more effective at every diffraction orders.

Based on the principle introduced in Section 3, the modified Lin’s algorithm can control the power
of each OAM state in multiplexing vortex beam. Introducing the modified Lin’s algorithm to the
traditional fork grating, a novel phase hologram can be designed, which can concentrate incident
power to the target OAM states and diffract different OAM states to different directions.

As we know, the transmittance function of conventional 1-dimension fork grating with dislocated
charge of s can be written by the Fourier series [34]

h(p.¢) = > apexplin(so+ yx)] (5)

|an| = [sin (nw/d)]/ (n7) (6)

where a, is the complex weight coefficient of the nth diffraction order, and y = 2x/d (d is the grating
period). The space interval between adjacent diffractive vortex beams can also be adjusted by
changing y. Each component in (5) is a combination of helical phase pattern exp (insf) and linear
diffraction grating exp (inyx). The (6) represents the normalized power distribution of the diffraction
orders, and w is the grid width (w = %d). When a Gaussian beam illuminate to 1-dimension fork
grating with the dislocated charge of s, the vortex beam with OAM state of ns appears at the nth
diffraction order with the normalized power of |a,|?. When the illuminated beam is changed into
a multiplexing vortex beam with a superposed OAM states of {/i, b, -, Iy}, the OAM state at
each diffraction order becomes a new superposition of OAM states {ns+ l,ns+ b, ---,ns+Iy}.
If ns=—,ie(1,2,---,M), the bright spot will appear at the center of the nth diffraction
order.

In general, the 1-dimension fork grating that can de-multiplex the OAM states simultaneously,
can be considered as a diffractive optical element with a special transmittance function of h (p, ¢)
as shown in (5), and the power of each diffraction order depends on the weight coefficient |a,|2
in (6). The (6) is similar to a Sinc function. Thus, the incident power is almost focused on +1st
orders. Meanwhile, the diffractive power decreases rapidly with increasing the diffraction order,
which can’t be controlled and will cause the energy waste in +1st diffraction orders. Thus, it is
important to design a novel phase hologram to avoid the waste of incident energy by controlling the
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Fig. 2. Design of the multiplexing phase hologram with OAM states of {+2, +5, +8, +11}. (a) Target
power distribution and simulated power distribution for different OAM states. (b) Phase distribution of
the generated multiplexing phase hologram by modified Lin’s algorithm. (c) Far-field diffraction intensity
of the generated multiplexing vortex beam.
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Fig. 3. Normalized power distributions and far-field diffraction results of the designed novel phase
holograms with different OAM states’ distributions. (a)—(c) Equal normalized power distribution for
OAM states of {6 +5+4, £3, +£2, +1}, {+1,+3,+5} and {+1, +2, +3, +4, +5, +6} respectively.
(d) Unequal normalized power distribution of {0.3, 0.1, 0.6} for OAM states of {—4, +1, +6}.

OAM states’ power distribution. According to Section 3, we add a linear phase shift for each helical
phase pattern and adjust the weight coefficient a, by the modified Lin’s algorithm, which can realize
the controllability of diffractive power for each OAM state.

By this way, we have designed different phase holograms with different target OAM states and
power distributions. In Fig. 3, the left column is the simulated normalized power distributions of
different target OAM states by modified Lin’s algorithm, and right column is the corresponding
far-field diffraction result by illuminating a Gaussian beam. The R-RMSE has also been calcu-
lated to quantify the evaluations between the target values and the simulated values. Fig. 3(a)—(c)
show the average normalized power distribution and far-field diffraction result for OAM states of
{£6 £ 5+ 4, £3, +2, +£1}, {£1, £3, £5} and {+1, +2, +3, +4, +5, +6}, respectively. As we can see,
with increasing OAM state, the ring of vortex beam is becoming bigger, and the brightness of each
pixel in the vortex ring is lower whereas the total power for each OAM state is constant. According
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Fig. 4. Phase distributions and different far-field diffraction results of conventional 1-D fork grating
(a1)—(a3) and designed novel phase hologram (b1)—(b3).

to the R-RMSE results for three-group selected OAM states as shown in Fig. 3(a)—(c), it is obvious
that the more symmetrical and the more number of target OAM states with equal power, the lower
R-RMSE can be obtained, which is due to the limitation of the Fourier expansion of (2). In fact, we
can also observed that there exist a bright spot in the Oth order as depicted in Fig. 3(a) and (c),
which is due to the deviation of iterative algorithm. Fig. 3(d) shows the result of diffracting power on
asymmetrical-distribution OAM states of {—4, +1, +6} with unequal normalized power distribution
of {0.3,0.1,0.6}. From the histograms shown in Fig. 3, we can concluded that more than 80%
of the incident power can be concentrated on the target OAM states. In fact, the maximum value
of utilization efficiency can reach to 96% nearly. Thus, this method can reduce the energy waste
efficiently.

To prove the superiority of our designed novel phase hologram, we compare its performance
with that of the conventional 1-dimension fork grating. Fig. 4(a1)—(a3) show the phase distribution
and the far-field diffraction of different incident beam for conventional 1-dimension fork grating. The
1-dimension fork grating only has two phases of “0” and “z” as shown in Fig. 4(a1). With illumination
of the Gaussian beam, the vortex beams at +1th orders are easy to observe, and the others in
higher diffraction orders are hard to distinguish, because the total incident power almost focus to
+1th diffraction orders as shown in Fig. 4(a2). As a de-multiplexing device, on being illuminated
by the multiplexing vortex beam with OAM states of {+2, +5, +8, +11} generated in Section 3,
the center of corresponding diffraction orders will appear bright spots. In Fig. 4(a3), there are
weak bright spots in +5th and —11th diffractive orders, and the spot at +5th order is brighter than
that at —11th order. Theoretically, the bright spot takes up 411 |ap| of total energy in the nth order.
The higher diffraction order is, the weaker bright spot is obtained (|a,| will decrease with increasing
the diffraction order of n). Meanwhile, the spots in —2nd and —8th orders can’t be observed because
of the concurrent result of optical interference and diffraction. The performance of the novel phase
hologram with target OAM states of {+11, +8, +5, +2} is shown in Fig. 4(b1)—(b3) for comparing with
that of the conventional 1-dimension fork grating. The phase distribution of designed novel phase
hologram is shown in Fig. 4(b1), which consists of complex continuous phase distribution. Fig. 4(b2)
and (b3) show the far-field diffraction result with the incident Gaussian beam and the multiplexing
vortex beam with OAM states of {+2, +5, +8, +11}, respectively. For the designed novel phase
hologram by modified Lin’s algorithm, it is easy to observe the vortex beams with target OAM states
{£11, £8, 5, +2} as shown in Fig. 4(b2). On being illuminated by the multiplexing vortex beam with
OAM states of {+2, +5, +8, +11}, the designed novel phase hologram can obtain brighter spots
than the conventional 1-dimension fork grating at the target diffraction orders with almost equal
power as shown in Fig. 4(b3). The power of each bright spot can be calculated as % X % of total
power in theory. It is higher than that of the conventional 1-dimension fork grating, except for the
+1th orders. Thus, the designed novel phase hologram is better than 1-dimension fork grating as
de-multiplexing device in the aspects of saving energy and being detected easily. For the Dammann
fork grating [35], it is also not controllable for each diffraction, although it can obtain equal power
distribution.

Vol. 9, No. 2, April 2017 7902510



IEEE Photonics Journal Orbital Angular Momentum Shift Keying Based Optical

Detected power
=

U.-{‘-:\I :n(m;\?ni .II 5( C)
(e)

Detected power

d

12

1 6 § 10
The number of OAM basis

Fig. 5. (a) Performance analysis of different OAM intervals. (b), (c) De-multiplexing results and the
filtrated{+5, +3, +1}, {£11, £8, £5, £2} and {+£5, +4, +3, £2, +1} respectively. (d) Influence of OAM
basis’ numbers to the detected power.

5. The Image Transmission by Simulation

Before the transmission, we should select a set of OAM states as the basis firstly. Then, the
designed novel phase hologram is generated by the modified Lin’s algorithm based on the OAM
basis which can be served as the de-multiplexing device at the receiver. In this system, the
OAM basis is very important for the performance of transmission system, because the interval
of OAM state has a direct influence on crosstalk between adjacent OAM states. Commonly, the
larger OAM state interval is, the lower crosstalk can be obtained [28]. However, here, we could
choose any set of OAM states as the OAM basis in theory. As we can see from Fig. 5(a), in our
system, the OAM interval has no effect on the detection efficiency nearly in ideal environment. On
the other side, the more OAM states we choose, the lower power of each OAM state is obtained.
After being filtrated by a pinhole array, the bright spots might be too low to detect, as shown
in Fig. 5(b)—(d).

In Fig. 5(b)—(d), the upper rows are the de-multiplexing results by the novel phase hologram with
the OAM basis of {£5, £3, £1}, {£11, £8, £5, +£2} and {5, +4, +3, +2, +1}, respectively, and the
down rows are the detected intensity after being filtrated by a pinhole array corresponding. Next, the
detectors can transform the concrete intensity distribution to the corresponding digital data array.
From Fig. 5(b)—(d), in the same circumstance, with increasing the number of OAM basis, the power of
the filtrated bright spots will be lower. Of course, the selected pinhole size will influence the detected
power of bright spots. Here, we fix the pinhole size to be square with 10 x 10 pixels. For describing
the influence of the number of OAM basis more accurately, the detected power with different number
of OAM basis can be obtained in quantification as shown in Fig. 5(e), which show that the normalized
detected power of the transformed bright spots are in an inverse proportion to the number of OAM
basis approximately. After consideration about the accuracy and transmission time for our commu-
nication system, we choose the OAM states of {+11, £8, 5, +2} as the OAM basis, as shown
in Fig. 5(c).

Thus far, we can simulate a communication system based on what we described early. To verify
the effectiveness of our system, we try to deliver an image in this designed system. Firstly, an
image is transformed to the data flow with gray-scale value, which can be compressed into the
corresponding binary data flow of “0” and “1” as shown in Fig. 6. Then, the binary data flow of the
image can be divided into data groups line by line, and the data number of the group is depending
on the selected OAM basis. Here, the OAM basis is chosen as {11, 48, -5, -2}, therefore the
data number in one group is 8. Subsequently, each data group can be mapped to a collection with
corresponding OAM states, which can be transformed into the corresponding multiplexing phase
holograms by the modified Lin’s algorithm. Therefore, the image information can be encoded into
a sequence of the updated multiplexing phase holograms. Then, a continuous Gaussian beam
illuminate to the updated multiplexing phase holograms loaded on the SLM1 (at the transmitter).
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Fig. 6. Whole transmission process of OAM-SK communication system.

The multiplexing vortex beams with the binary data of image are generated and delivered to the
receiver from free space.

At the receiver, the multiplexing vortex beam can be de-multiplexed by the novel phase hologram
fixed on the SLM2. The target OAM states will be converted to bright spots, and they will appear at
the center of corresponding diffraction orders. After being filirated by a pinhole array, the detector
array can confirm the binary data at each pixel, depending on whether there is a bright spot at
the corresponding location. Then, the binary data is rearranged at the corresponding pixel. In our
simulation, we select the OAM states of {£11, £8, £5, +2} as the basis. When the multiplexing
vortex beam with OAM states of {—11, —5, —2, +2, +8} is de-multiplexed by the designed phase
hologram, the diffractive result and the filtrated result by a pinhole array can be found in Fig. 5(c), and
the detector will transform the intensity distribution to the binary data of “01011101” accordingly.
Keeping the transmission loop, the selected image can be delivered from the transmitter to the
receiver successfully. Then, the obtained binary data can be rearranged to recover the original
binary image. The whole transmission process of system is shown in Fig. 6. In our simulated
results, we successfully deliver an image with 536 x 536 pixels. At the receiver, the recovered
image has a high fidelity to the binary image if we choose an appropriate pinhole size. It verifies
the feasibility of our system.

In our system, the high-efficiency methods of OAM multiplexing and de-multiplexing are adopted,
which will improve the system performance and reduce error. Although the received image is
not perfect, because only binary data flow can be delivered. These OAM multiplexing and de-
multiplexing methods have great potential to be applied to the optical communication based on
OAM to improve the channel capacity and spectral efficiency. In addition to this, the transmitting
speed will be limited by the update frequency of the multiplexing phase hologram at the transmitter
(SLM1). The higher update frequency of SLM can reach, the higher transmitting speed can be
obtained. In the future, we will also try to optimize the OAM-SK communication system to deliver
the kromogram with low error and improve the applicability of system.
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6. Conclusion

We have proposed a free space communication system based on OAM-SK. At the transmitter,
with the aid of the spatial light modulator, the multiplexing vortex beam can be easily generated by
multiplexing phase hologram, and, at the receiver, we design a novel phase hologram by controlling
the power distribution of each OAM state, in which the incident power on the unnecessary diffraction
orders can be reduced greatly. Both of the multiplexing phase hologram (at the transmitter) and the
novel phase hologram (at the receiver) have been optimized by the modified Lin’s algorithm. Based
on our scheme, an image is encoded by a set of OAM states at the transmitter and decoded at the
receiver after free space transmission. and the recovered image shows a high fidelity to the original
image, which show the correctness and the effectiveness of our system.
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