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ABSTRACT 

 

Orbital Angular Momentum (OAM) modes promise an exciting future for communications due to 

the infinite number available and their orthogonal nature. However modern implementations of 

OAM mode communications utilize a multi-element approach to multiplexing. This multi-element 

approach wastes power and becomes increasingly complex and expensive as the number of modes 

in the system increases. This makes the multi-approach method not scalable. In this thesis we 

explore single element OAM multiplexing and de-multiplexing. A system utilizing single element 

multiplexer and de-multiplexer, was designed built and qualified. We have demonstrated that such 

a system can easily achieve a BER of less than 1% and is thusly feasible. 
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CHAPTER 1: Introduction 

 

1.1 Optical Angular Momentum Modes and their Application for Optical 

Communications 

Recently Optical Angular Momentum (OAM) modes have garnered a lot of attention for 

their potential application in optical and radio communications systems [1], [2]. The reason for 

this interest is that due to the orthogonality, it is possible to increase degree of freedom, for 

example data transfer rate and/or data density for optical communication. This orthogonality 

among OAM modes allows different modes to propagate on the same path without interfering 

with each other. This enables each OAM mode carry independent information along a 

communications channel. OAM mode multiplexing does not interfere with the current 

multiplexing schemes including WDM and QAM, which means that if OAM multiplexing were 

utilized it could be layered on top of the current multiplexing schemes to further increase data 

rates and/or capacity.  This combined with the fact that there are theoretically infinite of these 

modes means that the data of rate current stands to vastly improve if it were to take advantage of 

OAM modes. 

 

1.1.1 Properties of the OAM Modes 

Electromagnetic waves can carry two types of momentum, linear and angular. The 

simplest type of electromagnetic propagation, the TE or TM plane wave or Gaussian beam, 

which is the lowest order solution to the wave equation in Cartesian coordinates carries linear 

momentum. As a Gaussian beam propagates it carries energy along its trajectory as it traverses 

through space which thereby creates linear momentum, or polarization, in the direction of 

propagation. It does not have angular momentum, which is induced by some type of rotation of 
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some component of the electromagnetic radiation either the field itself about its center or in the 

spin in the polarization of the beam. A circularly or elliptically polarized Gaussian beam, 

however as its polarization is rotating or spinning exhibits the spin type of angular momentum, 

Spin Angular Momentum (SAM).    

 However there exists other solutions to the wave equation that exhibit a second type of 

angular momentum. If the wave equation is solved in cylindrical coordinates, one can find the 

solution to the wave equation as seen in Eq. (1). 

𝜑𝑙,𝑝(𝑟, 𝜙) =
𝐶𝑙𝑝

𝜔0
(

𝑟√2

𝜔0
)

|𝑙|

𝐿𝑝
|𝑙|

(
2𝑟2

𝜔0
2 ) exp (−

𝑟2

𝜔0
2) exp(𝑖𝑙𝜙)   (1) 

where, Eq. (1) is a mathematical description of the Laguerre Gaussian (LG) beam. Here we can 

see 𝐶𝑙𝑝 which denotes a normalization constant, 𝜔0 denotes the beam waist, r denotes the 

distance from the center axis, 𝜙 denotes angle between r and the + x axis and  𝐿𝑝
|𝑙|

 denotes the 

Laguerre polynomials [3]. The most interesting component is exp(𝑖𝑙𝜙), in the kernel is the 

expression 𝑖𝑙𝜙. This indicates that the phase of the beam is rotating or orbiting around the center 

axis of the beam, and can be thought of as a helical type of propagation. This rotation is the 

second type of angular momentum, as the phase is spinning or “orbiting” around the center axis 

of the beam.  This is known as Orbital Angular Momentum or OAM. l indicates the number 2π 

spatial phase transitions in the direction of the propagation that are completed per the 360° 

rotation about the beam’s center axis. l is restricted to integer numbers, where positive and 

negative integers denote counter-clockwise and clockwise rotations about the beam’s center axis 

respectively. The higher the value of l the steeper the helix. This helix type propagation results in 

vortex like behavior, and a phase singularity at the center axis of the beam. It is this phase 

singularity and vortex behavior that results in orthogonality of the modes. This phase singularity 

also results in a donut shaped intensity distribution with a dark central region. The higher the 
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value of l, also intuitively results in a larger interior dark region. Fig. 1 shows the intensity 

distributions of various LG modes. 

 

Figure 1: Intensity patterns for LG equation found in Precision Interferometry a new shape [4] 

Note that LG modes can be fully described by l the azimuthal mode index, and the radial mode 

index p. Though l is the main focus and what is varied in these experiments is l as p is kept 

constant and assumes a value of 0 for all beams used. It is also worth noting that the values for p 

and l have no theoretical upper bound, meaning that there are theoretically infinite of these 

orthogonal modes.   

 

1.1.2 Methods of Generating OAM Modes 

In order to use OAM modes for communications, one must first be able to generate them. 

Fortunately, there are several ways to generate OAM modes from a single kind of input beam 

[5], [6]. The methods of generation include but are not limited to Spiral Phase Plates (SPPs) [5], 

[6], forked holograms, holograms on which an OAM mode was recorded using the input beam of 

choice [7], Q-plates [8], and astigmatic laser mode converters [6]. SPPs and forked holograms 

require an input of Gaussian beams of any polarization type. Whereas, Q-plates, which convert 

SAM to OAM, require an input of circularly polarized Gaussian beams, where the handedness 

dictate whether or not the LG mode will have a positive or negative l value.  Astigmatic beam 
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converters simply convert Hermite Gaussian (HG) modes into LG modes, and thusly require an 

input of a HG mode. Due to these input requirements the systems utilized in this thesis work 

were limited to forked holograms and volume holograms, as the input beams provided was 

always a linearly polarized beam. In this thesis study only SPPs, forked holograms and standard 

holography will be discussed in further detail in this section.  

One of the methods of generating an OAM mode is the spiral phase plate (SPP) [5]. An 

OAM mode as discussed in the previous section is a helical mode of light where the phase spirals 

around the center axis phase singularity. To create such a mode, one needs to create a phase 

modulation pattern in which the phase delay induced by the light is equal to the deviation angle 

from the + X axis multiplied by the mode number l [3].  Since phase is ambiguous after 2π, the 

phase delay is allowed to wrap back to zero if necessary when dealing with | l | > 1. This phase 

delay pattern forces the phase fonts of a standard plane wave to twist into helix, the steepness of 

which is set by the magnitude of the mode number l. For ease of understanding, Fig. 2 depicts an 

input Gaussian into a SPP resulting in an OAM mode. 

 

 

Figure 2: Gaussian to LG conversion using SPP [5] 
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 While SPPs are conceptually simple and intuitive, they can be difficult and expensive to 

fabricate, not to mention that they are fragile and are limited to producing one mode. One way to 

overcome these limitations is by using a Spatial Light Modulator (SLM), discussed in further 

detail in Chapter 2, to display a hologram to generate an OAM mode. Given that SLMs induce 

controlled phase delays in the light that hits them, one might think that directly modulating phase 

of SPP pattern by a SLM is feasible. However, SPP like phase modulation has another problem 

due to most SLMs being there will be an added specular reflection of an input Gaussian beam on 

top of the phase modulated beam. To overcome this, one should angularly shift the output OAM 

mode into a diffraction order, so it propagates separately in angle from the unmodulated specular 

reflection as well as from the 0 order diffraction. This is accomplished by adding a linear grating 

pattern on to the existing SPP pattern, this can be done because both the patterns are phase based 

so they reside within the kernel or ej term that defines the phase of the light. Now the OAM 

modes need to assume the positions of the nonzero detraction orders in far field which can be 

expressed as a convolution of the diffraction orders and the OAM modes. A convolution in the 

far field is equivalent to a multiplication of the terms in the near field. Since as stated before both 

of these terms are in the kernel the multiplication is as follows ej(SPP) * ej(grating) which is 

equivalent to ej(SPP + grating) or an addition of the two patterns. Due to the desire to have maximum 

diffraction efficiency, one typically uses adds a blazed grating to the SPP this is depicted in Fig. 

3. 
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Figure 3: SPP and blazed grating addition resulting in a blazed grating [3] 

 

The resulting pattern in Fig. 3 is a namely forked hologram of the fork shaped phase profile. One 

can determine the mode number produced by the forked hologram by counting the number of 

branches the fork has. The one above only has one so it represents a LG 10 mode. 

 The last method to generate OAM modes that will be discussed in this chapter, is a 

standard holographic approach [7]. Recall that holographic recording is a method in which a 

holographic medium is coherently exposed by two beams, a reference and an object beam, that 

interfere inside the holographic material to produce a hologram. Once the hologram is recorded 

either of the two beams (the reference) can be provided to the hologram, and the resulting output 

will be the other beam (the object). In this case an OAM mode will be recorded with a Gaussian 

beam. The recording and use of these holograms are discussed in further detail in Chapters 2 and 

3. 

 

1.2 OAM Based Communications 

Because OAM modes’ potentially stand to reign in a new era of communications there 

are many institutions and organizations investigating how to utilize OAM modes in 

communications [1], [2]. The state of the art work and systems implemented by peers in this area 

shall be investigated and analyzed in this section to gain an appreciation for what the current 

state of development in this area is, and what processes or elements stand to be improved, 
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worked on or developed entirely, as well as what problems have already been addressed and 

solved. 

 

1.2.1 Systems and Devices in State of the Art 

The benchmark to which this experiment will be compared to is provided by the article 

entitled “Optical communication beyond orbital angular momentum” [9]. This experiment was 

similar to this one in that an OAM communications system was constructed, and its functionality 

was demonstrated by sending images across the communications system. That also will be the 

goal of this experiment. The reference experiment differs from this one in that the OAM modes 

were multiplexed using several elements and in that there were more OAM modes used in this 

system, as well as other multiplexing strategies used in this study [9].  These systems though 

different have an associated BER which will be used as a comparison for the system produced in 

this experiment. 

 

1.2.2 Transmitter and Receiver 

Now existing methods of multiplexing and de-multiplexing OAM modes shall be 

examined. This examination will focus on methods of multiplexing and de-multiplexing OAM 

modes with a single element, as single element multiplexing and de-multiplexing of OAM modes 

is a major goal of this project.  

One of the methods of generating OAM modes simultaneously is addressed in the paper 

[10] : This is done by use of a pattern search assisted algorithm. This paper finds that it is 

possible to generate as many as 50 evenly spaced modes on a single phase element. This is 

promising as it means that it will be possible to make a phase profile for an SLM that can 
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generate several OAM modes at once. It also means that one should be able to use an SLM as an 

OAM multiplexer, albeit a slow multiplexer. 

Another approach to multiplexing and de-multiplexing OAM modes with a single 

element is the use of a Volume hologram [7]. This hologram would also work as a multiplexer if 

the beams that are reconstructed in this case were instead provided as a reference. An illustration 

of the approach taken by the author is shown in Fig. 4. 

 

Figure 4: De-multiplexing OAM modes via volume hologram [7] 

 

As depicted in Fig. 4 this method utilizes a volume hologram and a phase conjugator to 

reconstruct the angular reference beams that were written with each respective OAM mode. 

When the hologram is provided OAM beams it produces the angular beams that each respective 

OAM mode was written with. It also utilizes a random phase mask at the output of the fiber. This 

random phase plate acts to decouple a phase correlation that may develop in the OAM modes as 
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they transition from the fiber to the free space medium of the multiplexer, this was found to 

greatly reduce the error in the system.  

The last method of de-multiplexing OAM modes that will be investigated in this section 

is described in Simultaneous de-multiplexing and steering of multiple orbital angular momentum 

modes [11]. This method utilizes a multiplication approach to combine a grating pattern and a 

SPP, instead of the standard addition. This tiles the SPP and grating together in a way that is not 

interfered with when gratings of this type are added together allowing the stacking of a plethora 

of such forked holograms. If one varies the grating pitch of each forked hologram that they tie to 

each respective phase plate the OAM modes corresponding to those forked holograms will 

follow the diffraction angle of their associated forked holograms, and this can be used to separate 

out OAM modes. The operation is depicted in the Fig. 5. 

 

 

Figure 5: Multiplexing scheme dependent on multiplication grating profiles. From Simultaneous de-multiplexing and steering of 

multiple orbital angular momentum modes [11] 

 



20 

 

These are part of the methods that exist to multiplex and de-multiplex OAM modes with 

one element though not all of them were used in this experiment they do shed light on other 

potential ways to approach this problem and other ways to approach this problem if the chosen 

method fails. 

 

1.2.3 Challenges in OAM-based Communication System  

Currently OAM communications systems appear to utilize multiple elements to either 

multiplex or de-multiplex the OAM modes such as those outlined in the systems part of this 

system. There are systems that use single elements to either de-multiplex or multiplex OAM 

beams as discussed in the previous section, but little to no focus has been placed on building an 

entire system that aims to use a single element both to multiplex and de-multiplex OAM modes.  

It is important to focus on utilizing as few elements as possible because elements like phase 

plates require the use of beam splitter to merge in all the OAM modes being used in the 

communication system and every time a beam splitter is used to split in an OAM channel half 

the power is lost. With few OAM modes being utilized this waste may not be too serious of an 

issue, but what makes OAMs attractive for communications is the nearly infinite possibility for 

increasing data rates because of the number of orthogonal OAM modes. What is not an issue 

when a few modes are used like in the experiments analyzed in the early sections of this chapter 

suddenly becomes an issue when 10s or hundreds of modes are used. So, it is imperative that this 

issue be addressed in a system in both the multiplexing and de-multiplexing unit. In addition, the 

components like SPPs and other methods of producing OAM modes are expensive and since it is 

always desirable to reduce costs in a system, it is best to reduce the number of elements in an 

OAM communication system to attempt to keep costs low, but more importantly keep OAM 

communications scalable. 
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CHAPTER 2: System Design 

 

2.1 Overview System Layout 

The hardware of this system can be broken into two halves, the transmitter, and a 

receiver. The transmitter half will perform all the duties necessary to produce OAM and 

Gaussian signals that will propagate along common optical path. Those signals will then 

propagate in free space to the receiver. This channel can be thought of as an additional portion of 

this communication system, however since this is a free space system, not much needs to be 

considered about this component, except for beam spreading and perturbation by air [12] other 

than the physical space that it occupies. At the receiver, the signals will be separated back out to 

two separate signals propagating along separate paths and be collected individually by a detector. 

The transmitter and receiver can now be broken down into simpler components. This will be 

done in the following sections.  

 

2.1.1 Transmitter 

The Transmitter will contain all the individual components necessary to produce the two 

OAM signals traveling along the same optical path. This will include the laser source and 

associated polarizing and collimating optics, as well as the unit responsible for multiplexing the 

OAM modes, and its associated polarizing, and filtering optics, and any basic components like 

mirrors to bend the optical path (Fig. 6). Knowing this one can further subdivide both the laser 

source components and the multiplexing units as seen in Fig. 6. 
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Figure 6: 1st order design of the transmitter 

Fig. 7 depicts a schematic of the transmitter. The laser source used is a 532 nm Laser 

Diode (DJ532-40, Thorlabs) mounted on the thermos electric cooler (TCLDM9, Thorlabs). This 

laser diode provides diverging green laser light, and must be at the very least collimated for use 

in this system. The mount provides temperature stabilization, and if this temperature is set 

correctly the source is spatially coherent and single longitudinal -mode thus requires no spatial 

filtering to remove higher order Hermite Gaussians or other unwanted modes. For the sake of 

this experiment the temperature setting input on the temperature controller (TED200C, Thorlabs) 

and the temperature was set to 21.5° C. This temperature setting was used with a current setting 

of 250 mA applied via a laser driver (LDC 205C, Thorlabs) to produce a stable Gaussian beam 

that was radially symmetric with an average power of 15mW. 

The slightly diverging beam coming out of the laser diode is collimated. For recording on 

the material, an Fe-LiNbO3 (POP12, Optitel) crystal, the power should be as high as possible to 

avoid smearing of fringe by reducing write time of holograms. This means that during the 

collimations step one would preferably shrink down the size of the incoming beam to achieve a 

higher power density. This was done using a Keplarian telescope configuration, with the first 

lens being a positive lens (Rolyn Optics 30mm Ø 120mm EFL lens, 10.0280), and the second 
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positive lens (Rolyn Optics 30 mm Ø 50 mm, 10.0145) providing a demagnification of 2.4. The 

distance between the two lenses was first set at approximately 170mm and finely adjusted with a 

sheer plate to achieve collimation, note that this distance is expected to be different than 170mm 

as the incoming light is not collimated, see Fig. 7. 

For the optics, the preferred type of polarization desired is an s type, as this type does not 

change upon reflections off metal surfaces where the rotation of the metal surface is in Fig. 7 the 

plane of the optical table. The output of the laser is slightly elliptical with high preference given 

to P type polarization. PBS was placed in the beam path allowing the p type light to pass through 

and filtering out s type light. Now that the light was linearly polarized a half wave plate was used 

to set the polarization to s type. This completes the laser source component of the transmitter. 

The other major component of the transmitter is the phase modulating element. This 

consisted of polarization optics, a Spatial Light Modulator (SLM), and an iris. The polarization 

optics consist of two more half wave plates. One wave plate set the polarization to the preferred 

type for the SLM, this is discussed in depth in Chapter 3. The second wave plate sets the 

polarization type coming from the SLM back to S type. The SLM is the main component of the 

Multiplexing unit, it is capable of creating the modes individually and superposition of the 

modes, as well as no modes at all. The SLM and how it is used in this context is discussed in the 

materials section of this chapter. The final element of this system is the Iris. The Iris is used to 

filter out the unwanted diffraction orders by the SLM and not allowing any of these to reach the 

receiver section of the communication system. 

These components complete the transmitter portion of the communication. Fig. 7 is a 

labeled diagram of the transmitter portion that is provided for completeness and visual aid.   
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Figure 7: Transmitter arm of the communication system 

 

2.1.2 Receiver 

The second part of the communications system is the receiver. The receiver must handle 

the remaining tasks, de-multiplexing the OAM modes into two separate signals traveling on 

separate optical paths and capturing those two signals using some type of detector. The receiver 

half then has two major components the de-multiplexer and the detector component. 

Figure 7 schematically depicts de-multiplexer. The de-multiplexing component consists 

of attenuators or ND filter. The two ND filters used in this experiment were rated at 5% 

transmission and 1% transmission respectively to reduce the power of the incoming signals and a 

volume hologram to separate out the Gaussian and LG 10 mode. The attenuators are needed 

because of the nature of the Fe-LiNbO3 crystal used to create the volume hologram. Fe-LiNbO3 is 
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rewritable and erased by 532nm illumination, which is the same way in which it is written, and 

in this case read as well. When the crystal is exposed to 532 nm light the carriers are 

redistributed in the material, changing its optical properties, when two beams intersect with in 

the crystal an interference pattern is created a hologram is written. However, the same is true for 

when the hologram is read with 532 nm light, but during reading there is no second beam to 

create interference, so the carriers are allowed distribute evenly in the crystal slowly erasing the 

hologram, which is what is happening in this case. Therefore, the power must be very low to 

slow the process of erasing the hologram to maximize the amount of time this hologram can be 

used in this experiment. This is accomplished using attenuators, and not turning down the laser 

source as the beam shape provided by the laser diode is very sensitive to both the current driving 

the laser diode and the temperature that the diode is set to, as these both affect the length and 

shape of the laser cavity. The other portion of the de-multiplexer is the volume hologram written 

in Fe-LiNbO3 (Optitel-P0P12) This hologram produces a Gaussian beam at normal incidence 

when a LG 10 beam is provided, and a Gaussian beam at 5.71° off normal incidence when a 

Gaussian beam is provided (Fig. 9). The process of writing the hologram is discussed in further 

details in the materials section of this chapter. These two beams now propagate to the detector 

portion where the signals are captured and sent to the computer. 

The detector section of this communication system is depicted in Fig. 8 it consists of a 

lens to shrink down and converge the diverging signal beams coming out of the Fe-LiNbO3 

crystal, and a Thorlabs CMOS camera (Thorlabs DCCM1545M). The lens used in this 

experiment was a Rolyn Optics 31.5mm Ø 40mm EFL lens (10.0120). The Camera was then 

placed at approximately 40 mm after the lens and was finely adjusted for best focus. The 
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Camera’s settings were adjusted in software to ensure the signal spots were at no points 

saturated. 

This forms the entirety of the receiver section of the communications system. Fig. 8, a 

diagram of the receiver section and all of its components is provided for completeness and visual 

aid. 

 

Figure 8: Receiver arm of the communication system 

 

2.2 Special Materials for Multiplexer and De- multiplexer Unit  



27 

 

In this section the functionality and set up of the major devices for both the transmitter 

and receiver shall be discussed in further detail. These major devices are the SLM and the Fe-

LiNbO3 based volume hologram, that perform all or most of the multiplexing and de-

multiplexing responsibilities respectively. How these components work and why they are 

qualified to perform the functions they do are discussed in detail in this section.  

2.2.1 Spatial Light Modulator (SLM) 

A Spatial Light Modulator (SLM) was used both to provide the object beam when writing 

holograms on an iron doped Lithium niobate crystal, as well as for the actual transmitter in the 

communication system. Spatial Light Modulators work by delaying the phase of light to a 

desired value in a relatively small portion of the EM field (~10.8µm x 10.8µm). This modulation 

affects the wave front’s intensity and phase distributions at the far field, and can be used to 

generate a desired wave front in the far field. An SLM can generate any desired wave front from 

an input Gaussian as long as the SLM has enough spatial resolution to generate the desired 

output wave front’s highest significant spatial frequency.  

Given that the required phase patterns to generate OAM modes and Gaussians at a 

desired diffraction angle are widely known an SLM is a relatively straight forward way to at the 

very least generate the object beams needed to write the holograms on the Iron Doped Lithium 

Niobate. In addition, during the course of this experiment a phase pattern that can generate a 

wave front with Gaussian and OAM components was deduced. When the three aforementioned 

patterns are combined with a flat phase pattern that generates no intensity at the used diffraction 

angles, one has all the patterns necessary to use an SLM as transmitter. Since the SLM is not 

locked into a single pattern and can switch to a requested pattern it is very much capable of being 

a useful multiplexing unit. 
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2.2.2 Iron Doped LiNbO3 

A crystal of 0.015% Fe doped LiNbO3 with a volume hologram written on it was used as 

demodulator in this experimental setup. LiNbO3 is a crystal that has photorefractive properties in 

that it can be used to record a phase grating or interference pattern within its molecular structure. 

The band gap of the LiNbO3 is at the energy level of green and blue light such that when the 

crystal is exposed to light with a wavelength of 532nm the electrons are able to jump the band 

gap and redistribute within the structure. In regions in which the LiNbO3 is illuminated by light 

distribution of carriers will change, this causes changes in index of refraction properties of the 

LiNbO3 via space charge field [13]  Since this change is limited to where the Fe-LiNbO3 is 

illuminated a grating pattern can be recorded as a phase hologram by illuminating it with two 

interfering beams in a Mach-Zhender setup. This allows holograms to be written using this 

crystal. However, because the hologram is written by redistributing the charges within the crystal 

using the illumination of green light, this hologram is also erased via illumination by the green 

light. This means that the act of reading the hologram will actively erase the hologram over time. 

This is why it is important to use as low power as possible to read the hologram to extend the 

useful life of the hologram.   

The Fe-LiNbO3 crystal can also be used for volume holography. Volume holography 

enables multiplexing of holograms via Bragg selectivity: two holograms are written in the same 

physical location of the hologram, but are distinguishable by Bragg selectivity, either the 

holograms are written via different modes, phase pattern, wavelength or written at different 

angles of reference beam. In this case since modes are being recorded within the e- LiNbO3 

already, the method of multiplexing employed was angular based. In this experiment a Gaussian 
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beam was recorded with using Gaussian reference beam at 5.71° off normal incidence and a LG 

10 mode was recorded using a Gaussian reference beam at normal incidence. Fig. 9 shows the 

writing and reading configurations of this hologram. 

 

Figure 9: Writing and Reading Volume Holographic OAM De-multiplexer 

In order to write these holograms a special writing set up was utilized (Fig. 10). This writing 

setup was essentially a Mach Zhender interferometer where the second beam splitter was 

replaced with an Fe-LiNbO3 crystal, and one of the mirrors replaced with an SLM, that provides 

the mode that will be recorded in the Fe-LiNbO3. Fortunately, the C axis of the particular Fe-

LiNbO3 was 45° so the angle between the two beams interfering at the crystal would be 90° 

which makes the building of such a setup on the optical table easier. Fig. 10 shows the 

configuration used for the writing set up: 
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Figure 10: Writing set up for de-multiplexer hologram on LiNbO3. 

 

In Fig. 10 the half wave plate before the polarized beam splitter is used in conjugation 

with the polarized beam splitter to set the beam ratio between the two arms.  The best diffraction 

efficiency (DE) is achieved when the power incident on the two sides of the LiNbO3 are equal, so 

the half  wave plate is set accordingly. The other two wave plates are used to set the polarization 

coming in and out of the SLM.  For clarification see the transmitter section of this chapter. The 

iris is used to filter out unwanted diffraction orders and prevent them from entering the Fe-

LiNbO3. On the bottom arm there is a telescope consisting of a Rolyn Optics 30mm Ø 50mm 

EFL (10.0145) and a RolynOptics 30 mm Ø 100 mm EFL (10.0250) that magnifies the beam by 

a factor of 2. This telescope is used because LG 01 is physically larger than a standard Gaussian 

beam, so the angular based Gaussian is expanded to ensure that the LG 10 mode is not clipped 
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inside the crystal. The experimental LG beam was 1.5 times larger than the Gaussian that it was 

generated from, so a magnification of 2x ensures the LG 10 mode is not clipped and allows for 

some margin for error in the alignment of the 2 beams. Lastly there are two mirrors on the 

angular Gaussian beam path. The flip mirror is used to provide a beam at normal incidence to 

record the LG 10 mode, then is flipped down to provide the second path to the Fe-LiNbO3 

crystal. The second path is used to provide a beam at 5.71° off incidence to record the Gaussian 

mode. All of this can be seen in Fig. 10. The LG01 mode is written first over the course of 7 

minutes, with a power of 0.82kW/m2 provided by each beam path. Then the Gaussian mode is 

written over the course of 3 minute with both beams providing the same power density as before. 

This completes the writing process. 

After the recording of the holograms inside the Fe-LiNbO3 is complete, the hologram can 

work as either a multiplexer or de-multiplexer of OAM modes, depending on what beams are 

provided to the Fe-LiNbO3 due to the properties of a hologram. If one or both of the angular 

beams are provided to the hologram the corresponding OAM mode(s) will be reconstructed, 

allowing the crystal to act as a multiplexer. However, if one or both of the OAM modes are 

provided the corresponding angular beam(s) will be reconstructed allowing the hologram to act 

as a de-multiplexer. In this case the hologram is being used as a de-multiplexer, so the OAM 

modes are provided, and the angular beams are reconstructed.    
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CHAPTER 3: Experimentation 

 

3.1 Transmitter SLM 

As mentioned in the previous chapter a SLM was used as the transmitter due to its ability 

to be set in real time to generate the four different desired wave fronts. The one caveat is that 

SLMs are expensive, with cheap SLM units costing upwards of $3k. In this experiment a work 

around was attempted in which a SLM was created by modifying a projector to create a phase 

SLM. Since a used projector can be found for as little as $50 this practically eliminates the cost 

of entry as a barrier for such experiment.  

 The specific projector used was a Canon Realis SX50 [14], [ 15].  This projector is 

useful for this type of modification because it utilizes Liquid Crystal on Silicon (LCoS) chips to 

form the projected image. LCoS is capable of being used both as an amplitude SLM and a phase 

SLM due to its twisting pneumatic properties [14], [15].  Clearly, this SLM is used in amplitude 

modulation mode in the projector by default, but by simply adjusting polarization of the input 

light one can change this to phase SLM, this is discussed in more detail in a later section.  

The modification of the projector started by taking off the plastic case of the projector to 

get to the internal circuitry and hardware. This is done by unscrewing the screws as depicted in 

Fig. 11. 
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Figure 11: Opening the projector 

 

When the case is removed one can clearly see the main circuit board where the LCoS chips 

connect to the main circuit board via the copper colored ribbon cables as seen in Fig. 12. These 

cables are circled in red in Fig. 12 for clarity. 

 

  

Figure 12: Projector’s main circuit board with SLM ribbon cables circled in red 
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Now the first major modification takes place. The lamp generates unneeded extra light that can 

interfere with the writing of the holograms and the communication system itself. So, the wires 

providing power and checking the status of the Lamp are cut as shown in Fig. 13. 

 

  

Figure 13: Cutting signal wires for Lamp error detection circuitry 

 

There are signal wires that report if the Lamp has failed. These signals report an error by 

returning a high signal, and by simply tying these wires to ground the error checking circuitry 

can be fooled. This is accomplished by connecting the two signal wires to the ground cable and 

leaving the power wire isolated as shown in Fig. 14. 
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Figure 14: Error detection signals shorted to ground 

 

Now the circuit board is unscrewed and disconnected from the main body of the projector to 

access the hardware below as shown in Fig. 15. Note the same copper colored ribbon cables 

indicating the location of the LCoS chips in body of the projector. 

  

Figure 15: Projector main body and optical hard ware modules 
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Finally, the hardware components of the projector can be accessed. The LCoS chips can be 

found in the sub unit behind the projection lamp. After removing the sub unit, you can see all the 

LCoS units attached on the side of their housing as shown in Fig. 16. 

 

  

Figure 16: LCoS housing sub-unit 

 

Now one simply has to remove the LCoS units from their housing and reattach the circuit board. 

Finally, one reattaches the ribbon cable coming from the LCoS units to the appropriate spots in 

the projector to complete the hardware portion of the modification.  

Since the projector has a few fans in it and generates vibrations that are harmful to 

writing holograms, the projector was hung from the ceiling using 24-gauge steel wire, and 

cardboard to form a brace and stabilize the projector as well as isolate the steel wire from the 
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projector as is shown in Fig. 17.  In addition to the mounting of the LCoS chip is shown in Fig. 

17. 

 

 

Figure 17: Assembly of a modified SLM projector completed 

 

Finally, the physical modifications to the projector to make an SLM at least on the 

hardware side is complete. In addition, the SLM is mounted and ready for the final process that 

will make it a phase SLM as is depicted Fig. 17. 

 

3.1.1 Forked Hologram 

The method used for generating the LG 10 mode was a binary and phase forked 

hologram. Forked Holograms which create a LG 10 mode on the + 1st order, are described in the 

methods of generation section of Chapter 1. The forked hologram is used for two main reasons, 

the SLM is only capable of generating a maximum phase differential of π, and it shifts the 

diffraction pattern off the first order.  
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In order to use a SPP pattern which is the simplest way to generate a LG mode one must 

be able to produce a minimum phase differential of 2π, as this is the point at which the phase 

wraps. Only possessing a maximum phase differential of π, means that an SPP pattern is not an 

option, as the unique phases between π and 2π are not generatable. If one tries to binarize this 

pattern they end up with a half π half 0 delay pattern which creates HG modes. While HG modes 

can be converted to LG modes via an astigmatic mode converter, this adds complexity to the 

system and will mean the SLM will only be useful for generating OAM modes while the 

astigmatic mode converter is present.  This would make the SLM an inappropriate choice for use 

as a multiplexer unit. However forked holograms can be binarized without losing the ability to 

create OAM modes. The only compromise is that the DE of the hologram drops as its DE 

matches that of a binary grating which is 40.5% in the +/- 1st order. 

Shifting the power from the zero order is important for two reasons. One of which is it 

separates the OAM mode from the unmodulated reflection that propagates along the 0 order, 

making the mode purer. It also allows one to use SLM as a multiplexer unit. For the multiplexer 

to work it is not only important that it can provide both modes. But also, that it can provide no 

modes, the no mode case is simply all the light propagating on the 0th order path and being 

blocked by the iris. 

A binary forked hologram was both used to produce the OAM mode for writing the de-  

multiplexing hologram in the Fe-LiNbO3 but also as the pattern loaded on the SLM to generate 

the LG mode when the SLM is functioning as a multiplexer unit. It was generated using program 

written for this experiment that can be found in the appendix of this thesis. 
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3.1.2 Binary Grating 

In order to generate the Gaussian beam traveling on the same optical path as the OAM 

mode one must use a grating whose pitch matches that of the forked hologram. Since the 

modified projector SLM is limited to a π phase shift, there is no option to use a blazed grating 

which produces the maximum diffraction efficiency in the 1st order, though not 100% as would 

be expected in theory due to the stair step shape of an approximated blazed grating on a 

discretized device like that of an SLM. Instead a binary phase grating was used to generate the 

Gaussian traveling along the 1st order. This in theory has a 40.5% DE in the +/- 1st order. 

However, in practice the DE is slightly lower at 38.6%, how this was measured and why this is 

the case is discussed in a following section. 

This binary grating was used to write the hologram for the Gaussian Channel on the 

receiver. It was also used to send the Gaussian signal from the SLM when the SLM acts as a 

transmitter during communications. This binary grating was generated using a simple MATLAB 

program that is available in the appendix. 

 

3.1.3 Simultaneous OAM and Gaussian Generation 

In order to use the SLM as Multiplexer unit it must be able to produce all the 

combinations of signals one is going to see across 2 channel communications, no modes, the 

Gaussian mode only, the OAM mode only and both modes simultaneously. Producing both 

modes independently is not an issue and the pattern used to generate pure modes has already 

been discussed in the previous two sections. Also since the patterns used to generate the 

independent modes are grating based they send the desired modes along the +1st order, and the 

other orders are filtered out using an iris. This means that to produce no modes all the light 

should simply be propagated along the 0 order and thus will be filtered out by the iris, which can 
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be accomplished by simply using a flat phase delay pattern on the SLM. This means that 3 of the 

four cases are easy to generate with the SLM, leaving only the simultaneous generation of OAM 

and Gaussian modes requirement to be filled in order for the SLM to be appropriately used as an 

SLM. 

Simultaneous generation of OAM and Gaussian modes is a fairly difficult task, to which 

one can take numerous approaches [10]. The typical approach and the one followed by [10] is to 

use an algorithm to search for phase profiles that generate a superposition of LG modes that are 

of high merit over the largest possible range of propagation distances. However, this is for a 

considerable number of modes > 10 and aims to produce optimal power distribution between all 

the modes with minimal power wasted. In this case only a superposition of two modes is needed 

which makes equal power distribution between the two modes considerably easier. In addition, 

since this hologram is not used for writing holograms it is not necessary that this hologram have 

the highest achievable efficiency. Power waste while never optimal is acceptable here. This 

means that one simply needs to use a hologram that generates an output with OAM and Gaussian 

components and not necessarily a beam that produces a perfect superposition of an OAM and a 

Gaussian beam. 

The task of creating a hologram that produces a beam with both Gaussian and OAM 

components that is allowed to waste some power is much easier than the task of creating a 

perfect superposition. Since the output need to only have Gaussian and OAM components, one is 

allowed to create regions with in the beam that cater primarily to Gaussian generation and others 

that cater primarily to OAM generation. When the beam is observed as a whole it will have parts 

that resemble an OAM beam and others that resemble and OAM creating a beam that will 

register as both to a de-multiplexing hologram. Now since the boundaries between the two 
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regions are going to induce diffraction and cause distortion in the beam and wastes some power, 

it is best to limit the number of regions to as few as possible. In this case the fewest possible is 2. 

One for the OAM mode and the other for the Gaussian mode. Now all that is left to decide is 

where and how to place these regions. Since these modes are radially symmetric one cannot 

simply divide available area in half creating an OAM right half and a Gaussian right half. 

However, one can divide the available area in a way that respects the radial symmetry of these 

modes. This can be done by having the Gaussian region occupy a circular area within the center 

of the hologram and the OAM region can occupy the reaming area outside of the center radius as 

depicted in Fig. 18 

 

 

Figure 18: Regions of a combination hologram 

 

This creates a beam that has an interior that resembles a Gaussian and an exterior that resembles 

an OAM mode. By dividing the beam into regions like this it possible to create a beam that 

wastes some power but is still capable of producing an output beam that has both OAM and 

Gaussian components, and will trigger both an output indicating presence of an OAM and 

Gaussian beam on the de-multiplexing hologram. The real hologram that is a combination of a 

forked hologram and binary hologram looks like what is depicted in Fig. 19. 
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Figure 19: Binary combination hologram used in system 

 

The last step of this process is verifying that this type of pattern actually does produce a beam 

with both OAM and Gaussian components.  This was done experimentally by uploading this 

pattern to the SLM and testing it with the volume hologram that will be used as the de-

multiplexer. By adjusting the radius of the circle that defines the boundary between the Gaussian 

region and the OAM region, one should be able to adjust the ratio between the amount of power 

in the Gaussian and OAM components. This in turn will adjust the amount of power seen in the 

output beams of the hologram representing the two channels. If the hologram works, one would 

expect to see the power in the out channel corresponding to the Gaussian increase and the one 

corresponding to the OAM decrease as the radius of the circle defining the boundary is increased 

and the inverse to happen when the circles radius is decreased. This indeed was the case with the 

actual pattern. Using this method, it was determined that 35 pixels is the optimal radius to ensure 

equal power distribution between the OAM and Gaussian components. This proves 

experimentally that the hologram in question is producing a beam that is creating a beam that at 

least hologram registers as producing a beam with both OAM and Gaussian components. 
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 With this hologram that seems to produce a beam with both OAM and Gaussian 

components, in combination with the other previously discussed patterns one has all the 

components they need to turn the SLM into a LG multiplexer for an OAM communications 

system. 

 

3.1.4  Phase Modulation Axis of SLM 

As discussed earlier this SLM is a modified projector. Since the projector was not 

intended to be used as a phase SLM its phase modulation performance must be characterized.  

Specifically, the phase modulation axis must be found, and the phase shift the SLM is capable of 

producing must also be assessed. 

The first thing found during the course of this experiment was the phase shift the SLM is 

capable of generating. Once the max phase shift is found, finding the phase axis can be done in 

following ways. To find the maximum phase shift the LCoS SLM is capable of, an 

interferometric test set up was utilized. Interferometry is useful here because it provides the 

residual phase differences between two wave fronts. Recall that a dark fringe corresponds to a π 

phase shift where as a bright fringe corresponds to no phase shift. If we apply a phase shift on 

one of the wave fronts we will see a shift in the fringes corresponding to the phase shift applied. 

If a Mach-Zhender set up is used where one mirrored surface is replaced with the LCoS unit, the 

phase shift can be assessed. It is important to note that an additional beam splitter was used in 

this set up to keep the SLM at normal incidence with respect to the optical path.  Fig. 20 depicts 

a diagram of this set up. 
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Figure 20: Test set up for finding max phase shift SLM can produce 

One now needs to apply a simple pattern to the SLM where half of the image is the 

minimum gray scale value (0, or black) and the other half is the maximum gray scale value (255, 

white). What this does is apply the maximum differential in modulation that the LCoS chip is 

capable of generating across the center of the fringe pattern. If the LCoS chip is illuminated by a 

beam that is at least partially aligned with the phase modulation axis, one should see fringes shift 

at the boundary between the maximum and minimum gray level regions on the SLM. This 

pattern can be recorded with a camera and will be easier to observe in this way. The camera used 

for the purposes of this experiment was a DCC1545M. If done correctly one should be able to 

see images like those in Fig. 21. 

0 
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Figure 21: Phase shift in fringes as generated by 0 pi phase pattern 

 

Now in order to find the maximum phase shift one must turn the half wave plate in front 

of the LCoS SLM, and also its complimentary wave plate after the SLM (Fig. 20) to keep S type 

light at the combining beam splitter.  By adjusting this first wave plate one changes the 

polarization that the SLM sees. As that polarization changes the degree to which it is aligned to 

the SLM’s phase axis also changes. When the polarization is aligned to the SLM’s phase axis the 

maximum phase shift is observed. However, a single fringe pattern in and of itself cannot not 

identify this phase shift, as there is ambiguity between phase shifts that are 2π apart. One still has 

the ability to deduce the maximum phase shift that the SLM can generate by rotating the wave 

plate around and watching the fringes. As the polarization comes closer to matching a phase only 

axis on the SLM the phase shift will approach the maximum generated by the SLM, and the 

fringes on one half of the fringe pattern will move in a particular direction. When the 

polarization moves past the SLM’s phase axis, the phase difference between the two regions will 

decrease and the fringes will start to move in the opposite direction accordingly. At this point 

one should start to take note and start counting the number of times the fringes cross, each time 

they do, the phase difference has changed by 2π. One should count this until the fringes start to 
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reverse the direction of travel again. This reveals how many 2π transitions the SLM is capable of. 

For the SLM in this experiment ten fringes started to move in the opposite direction after they 

had reached about half way to a full cycle. This means the projector is capable of roughly a π 

phase shift. 

To get a more accurate value for the maximum phase shift the SLM generated, the wave 

plate was moved to where there was contrast reversal on the fringes and if moved any further the 

fringes would start moving in the opposite direction. Then an image that is similar to one shown 

above was taken. Using a program, it was cropped to have just the center section closest to the 

phase shift. Then using the program, the two regions on pixel values on opposite sides of the 

phase shift were averaged in to one column of values. The results of the data are shown in Fig. 

22. 

 

Figure 22: Phase shift from SLM quantified in chart 

 

From this data especially in the center of the Fig. 22 it is clear that the phase shift is π. The 

program that creates this data from the image is provided in the appendix.  
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The SLM will not be used in a normal incidence configuration as this type of 

configuration wastes 75% of the light because of the beam splitter. The SLM is off normal 

incidence by 1.5° to eliminate the beam splitter entirely. This means that the setting on the wave 

plate found to cause the maximum phase shift earlier might not necessarily correspond to the 

phase axis when the SLM is used in the experiment. Fortunately, this phase axis can be found 

easily now that the maximum phase shift the SLM can generate is known.   

The projector was intended for use as an amplitude SLM that varies the intensity of the 

light that is then imaged on to the screen. However, as a LCoS device it processes both 

amplitude and phase modulation polarization axis.  The amplitude only axis is along the x and y 

axes or p and s type polarization respectively. Note that this makes its use as a projector much 

easier as p and s type polarizations are more easily maintained when dealing with reflections off 

metal surfaces. The phase modulation axis is at some intermediate axis that is not necessarily the 

45° - 225°or 135°-315° axes. These two sets of modulation axes are perhaps more easily 

understood by consulting the Fig. 23 where green represents the phase axis and red the amplitude 

axis. 

 

Figure 23: Phase modulation axis (green) and amplitude modulation axis (red) for LCoS chip 
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To find the phase axes, one can take following approaches. Now that the maximum phase shift of 

the SLM is known to be π, one can redo what was done for the approach used to find the 

maximum phase shift, but due to the tedious nature of having to adjust both wave plates when 

searching for the phase axis this approach was not followed. Instead a very simple approach was 

taken. A binary grating was displayed on the SLM with the value corresponding to a 𝜋 phase 

shift being 255 and the value corresponding to no phase shift being 0. Now it is known that the 

SLM is capable of a π phase shift at maximum which would correspond to the highest gray scale 

value of 255, and it is also known that using a binary grating the highest diffraction efficiency in 

the +/- 1st orders is achieved by setting the phase difference in the grating to π. This means that if 

the power in the first order from the grating is observed as the wave plate that controls the input 

polarization to the SLM is rotated one will align the polarization to the phase axis of the SLM 

when the power in the 1st is observed to be maximum. This was the approach taken to find the 

setting on the wave plate necessary to align the polarization to SLM’s phase axis with a 1.5°off 

incidence beam.  

 

3.1.5 Effect of Grating Pitch 

All of the patterns used to generate modes or combinations of modes were composed of 

gratings at least in part.  As discussed previously the SLM used was only capable of generating a 

max phase shift of 𝜋 and as such the only real grating option available was a binary phase 

grating.  

When using a binary grating there are only two factors which can be modulated; the 

phase difference between high and low sections of the grating, and the pitch of the grating. The 

phase difference was set as close to π as possible in order to maximize diffraction efficiency. The 
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grating pitch should be something that can be set much more arbitrarily, as the only thing that it 

influences is the diffraction angle from the grating; the smaller the grating the larger the 

diffraction angle. In this case one would want the grating pitch to be small as possible because 

this would mean the diffracted orders would diverge faster and the propagation distance needed 

to separate orders would be smaller.  

However unexpectedly the effect of grating pitch on the SLM is much more significant. 

The grating pitch does affect the DE, even though the DE should be unaffected by this, the 

reason for this effect is discussed in the next section. The grating pitch also has an effect on the 

quality of the OAM modes quality, as the pitch in this case is defined in pixels. The number of 

pixels per half pitch ultimately ends up sampling the forked hologram pattern. This effect is also 

discussed in the following sections.   

 

3.1.5.1 Diffraction Efficiency 

When displaying a binary phase grating on the modified projector based SLM, the grating 

pitch had a very real effect on the DE. However, the DE in binary phase gratings are not affected 

by pitch.  The reason for this discrepancy is quite simple, even though a binary grating pattern 

was uploaded on to the SLM, this exact pattern is not the one the SLM expressed. The effective 

grating on the SLM must deviate from a traditional binary phase grating. The proposed reasoning 

for the deviation is that the LCoS LCD used is incapable of generating a strict π phase shift 

between neighboring pixels. Instead this π phase shift most likely takes 1 or more pixels to 

manifest over. If this were the case the grating would have more of a trapezoidal phase profile 

instead of a square one; as the grating pitch is increased the DE will approach that of a binary 

phase grating as the phase profile approaches the square shape of binary phase grating. 
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This experiment did not verify the aforementioned theory by directly observing the phase 

profile of the grating; however, this has been confirmed by GuangHao Chen another member of 

the Takashima group in a separate experiment [16]. However, for the sake of selecting the 

optimal grating pitch, the relationship between grating pitch and DE was evaluated via an 

experimental method. 

The relationship between grating pitch and DE was evaluated, by first displaying a flat 

phase pattern on the SLM and recording the laser output power using a Newport Power Meter 

1918-R coming from the SLM.  This output power was taken to be the total output power of the 

system coming from the projector. The output power from the 1st order will be divided by this 

measured total power to find the DE. Next a binary phase grating pattern with a pitch of 2 pixels 

was displayed on the SLM.  Then the power at the 1st order was measured. This value was then 

divided by the total power to generate the DE. This process was repeated increasing the pitch 

from 2 to 30 pixels in steps of 2 pixels. The resulting data gathered using this methodology is 

displayed in Fig. 24. 

 

Figure 24: Diffraction efficiency versus grating pitch (in pixels) 
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  From here it is possible to make an educated decision about what the optimum grating 

pitch should be set to. The grating pitch should be as small as possible so that the diffraction 

orders diverge quickly, but large enough so that the DE is as high as possible. Given this a 

grating pitch of 14 pixels was chosen preliminarily, because it is the smallest grating pitch in the 

region of the graph where the DE values begin to plateau. If the quality of an OAM mode 

produced by a forked hologram with a grating pitch of 14 pixels is acceptable, this value will be 

used for the grating pitch.    

 

3.1.5.2 Quality of OAM Modes 

Less surprisingly the grating pitch also has effect on the quality of the OAMs produced. 

The reason for this is because the grating pitch has been specified in pixels for this experiment. 

The number of pixels in the grating half pitch effectively act like a sampling function in the 

forked hologram. The more pixels allotted for the grating pitch the smoother the pattern applied 

to the hologram is. This in turn improves the general quality of the OAM mode. To illustrate 

more clearly how a larger grating pitch creates a smother hologram consider the Fig. 25 that 

shows a forked hologram with a grating pitch of 6 on the left and 20 on the right. 

 

 

Figure 25: Comparison of forked hologram with a pitch of 6 pixels versus a pitch of 20 pixels 
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By looking at the above images we can notice both that the pattern with a small pitch 

both has harder corners and that these hard corners form line pattern coming radially out ward 

from the center of the hologram. This line pattern also has an effect on the OAM modes created 

by the hologram. To see how the quality of the OAM modes were affected by the grating pitch, a 

picture of the modes produced holograms with pitches between and including 2 and 30 pixels 

were taken. The result of this procedure is shown in Table 1.  

 

 
Table 1:Effect of grating pitch in pixels and quality of OAM modes 
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The main take away from the above figure is that as the grating pitch increases the quality 

of the OAM mode generally improves. If one inspects the figure more closely, they will notice 

that the OAM modes have somewhat of a polygonal shape. The number of sides on that polygon 
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correspond interestingly to the grating pitch. This is most evident for pitches 2- 8 pixels. After 

pitch 8 the polygonal nature is still there but is less severe. For pitches 12 and above the quality 

of the OAM is adequate. This means 14 pixels is appropriate for use as the pixel pitch of the 

OAM mode as was the conclusion reached earlier. 

 

3.2 Receiver Unit by Volume Hologram Based De-multiplexer 

 In this this chapter the performance of the Fe- LiNbO3 hologram used for this experiment 

is discussed. The key performance indicators for such a hologram are the cross talk between the 

two holograms and the DE of the hologram. The more important metric is the cross talk, which 

will provide an idea of how well the system will perform in general, how difficult it will be to 

threshold the communication system and how high the bit error might be. The lower the crosstalk 

the easier the system will be to threshold and the lower the bit error rate can be expected to be. 

The other indicator DE will provide how much energy the hologram will need to receive in order 

to produce an acceptable output. This is crucial because with Fe-LiNbO3 the holograms are 

slowly erased when they are illuminated with wavelength in which they were written. The higher 

the DE the lower the input power needs to be in order for the hologram to produce an output 

detectable by the CMOS camera (Thorlabs DCCM1545M). These key indicators were evaluated 

first for single holograms, ones that only contained either the gauss or the LG 10 mode, but not 

both to confirm that the goal of creating a volume hologram was feasible, and for general 

completeness. Then these values were evaluated for the Volume hologram.   

 

3.2.1 Single Volume Cross-talk and Mode Profiles 

First a single hologram was written on the LiNbO3, to test single hologram performance 

and single hologram cross talk. This was done by finding a region on the Fe-LiNbO3 with no 
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holograms on it, by illuminating the Fe-LiNO3 with the normal and 5.71° off normal off 

incidence beams and check for any reconstruction. If there were no reconstructions found then a 

hologram was written at that spot for time period of 3 – 7 minutes checking the DE of the 

hologram of the hologram every 30 seconds by blocking the provided angular Gaussian beam 

before it reaches the crystal with a black piece of anodized metal, and checking the strength of 

the angular beam’s reconstruction. When the strength was found to be plateauing the recording 

process was ended. This process was followed for the LG 01 mode which was recorded with a 

normal incidence Gaussian beam. The results of this writing process were first reviewed by 

providing OAM modes and measuring the response on the angular Gauss output. The results of 

this test can be seen in Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



55 

 

Table 2:using OAM modes to reconstruct reference on a LG 01 hologram. 

OAM Hologram LG 10 (Reference) normal incidence (Object) 

Input Output normal incidence Output 5.71° off normal 

incidence 

LG 10mode from projector 

Pin 2.6mw 

LG10 

 
Pout  35.6 uw 

DE 1.33% 

Pout ~15nw 

DE 0% 

 
Pin 2.6mw 

Gauss 

 
Pout  9.1 uw 

DE 0.35% 

XTALK 26.9% 
 

Pout  ~ 15nw 

DE 0% 

 
Pin 3.6 mw 

Combo 

Pout  21.8 uw 

DE .84% 
 

Pout ~15nw 

DE 0% 
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As can be see seen in Table 2 the DE values of this hologram are very low, and the crosstalk 

value is very high at 26.9%. This high cross talk is suspected to be partially due to the physical 

vibrations from fans of the SLM, as well as the long write times used to record these holograms. 

These results are not optimal but are still useable, the OAM mode still does return the highest 

output value for this system meaning if the thresholds were known one could still use this 

hologram to detect the presence of OAM modes. 

Next the Hologram was illuminated with the angular Gaussian beam to evaluate the performance 

of this holograms ability to recreate the OAM mode. The result of this test is shown in Table 3.  

Table 3:using angular reference beams to reconstruct OAM modes on a LG 01 hologram 

OAM Hologram LG 10 (Object) normal incidence (reference) 

Input Output 

 
Pin 2.6 mw 

Normal incidence 

 
Pout  40.6uw 

DE 1.56% 

 
Pin 2.6mw 

5.71° Off normal incidence 

 
Pout  ~ 15nw 

DE  0% 
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The results from Table 3 again show low DE values. However, what is promising is that the 

reconstruction of the OAM qualitatively looks accurate. The suspected reason for these high 

cross talk values is the vibrations induced by the SLM and the low power density used to record 

these holograms. The Process performed for writing the LG 10 mode hologram was repeated for 

the Gaussian beam. Table 4 displays the results from illuminating the hologram with the LG 10 

mode and the Gaussian mode.  
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Table 4:using OAM modes to reconstruct reference on a Gaussian hologram 

OAM Hologram Gaussian (Reference) normal incidence (Object) 

Input Output normal incidence Output 5,71° off normal 

incidence 

Pin 2.6 mw 

OAM 

 
Pout ~15nw 

DE 0%  

Pout  25uw 

DE 0.96% 

XTALK 40.33% 

 
Pin 2.6mw 

Gauss 

Pout ~15nw 

DE 0% 

 

Pout 62uw 

DE 2.38% 

 
Pin 2.6 mw 

Combo 

 
Pout ~15nw 

DE 0% 

Pout 43uw 

DE 1.653% 
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Table 4 reveals crosstalk that is worse than that seen on the OAM hologram. However again 

these results are still useable one could still use this hologram to detect Gaussian modes if given 

the proper thresholds. 

Now the Gaussian hologram was illuminated with the angular Gaussian beams. The power and 

beam profiles of this test were recorded and can be viewed in Table 5.  

 

Table 5:using angular reference beams to reconstruct OAM modes on a Gaussian hologram 

OAM Hologram Gaussian (Object) 5° off normal incidence (reference) 

Input Output 

  
Pin 2.6 mw 

Normal incidence 

  
Pout ~15nw 

DE 0% 

 
Pin 2.6 mw 

5.71° Off normal incidence 

 
Pout 65.4uw 

DE 2.52% 

 

Table 5 show the expected low DE values however the preconstruction of the Gaussian mode 

qualitatively looks good and faithful to the profile of the input Guassian. 
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3.2.2 Multiplexed Hologram Cross Talk and Mode Profiles 

Now that the single hologram analysis has performed the multiplexed Hologram analysis 

can once again be performed. This analysis will reveal whether or not this hologram will be 

useable as a de-multiplexer unit. Based on the on the results from the last section one can 

probably assume that the hologram will be just barely useable if the hologram does work. 

Again, virtually the same process was performed to write this hologram as was followed 

to write the single hologram. Again, an empty region of the LiNbO3 with no holograms was 

found and this region was chosen for the location of the hologram, and again this process started 

with the writing of the LG10 mode, with the strength of the hologram checked every 30 seconds 

following the same methodology as before. After this hologram was recorded a second the 

Gaussian beam was then recorded in the same spot using the 5.71° off incidence Gaussian 

reference beam. This hologram was recorded in the same way as the other one and the progress 

also was checked every 30 seconds. This process was ended when the output power was 

recorded to be roughly 75% of what was recorded as the maximum strength of the first beam. 

After this writing process was completed the same test were performed on this multiplexed 

hologram as were performed on the single holograms. The result of the test in which the 

hologram was illuminated by the OAM modes in order to produce reconstructions of the angular 

Gaussian beam are provided in Table 6 
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Table 6 : Using OAM modes to reconstruct reference on a Gaussian and LG10 multiplexed hologram 

Multiplexed Hologram – LG10 with normal incidence and Gaussian with 5.71° off normal 

incidence 

Input Output normal incidence Output 5.71° off normal 

incidence 

Pin 2.6 mw 

LG10 

 
Pout 28uw 

DE 1.08% 

 
Pout 10uw 

DE 0.38% 

XTALK 35.2 % 

 
Pin 2.6 mw 

Gauss 

Pout 12uw 

DE 0.46% 

XTALK 42.85% 

Pout 28uw 

DE 1.08% 

 
Pin 2.6 mw 

Combo 
Pout 20uw 

DE 0.77% 

 
Pout 17uw 

DE 0.65% 
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Table 6 shows the same problems with low DE and high cross talk that was seen in the single 

hologram. While this is not an optimal scenario the hologram is still usable as a de-multiplexer 

as with a set of thresholds one can use it to discriminate between OAM and Gaussian beam. 

However, the system may be harder to threshold and is expected to produce a high BER. 

 Now the last test is performed using the angular Gaussian beams as references, which 

will produce the OAM modes as output to get a mostly qualitative understanding of how this 

system will perform as multiplexer even though this is not how this hologram is used in this 

particular experiment. The results from these tests are displayed below in Table 7.   
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Table 7:using angular reference beams to reconstruct OAM modes on a LG10 Gaussian multiplexed hologram 

Multiplexed Hologram – LG10 with normal incidence and Gaussian with 5.71° off normal 

incidence 

Input Output 

 
Pin 2.6 mw 

Normal incidence 

 
Pout 33uw 

DE 1.27% 

 

 
Pin 2.6 mw 

5.71° Off normal incidence 

 
Pout 42uw 

DE 1.62% 

 

 Table 7 we see the same low DE values, but again the recreated OAM modes are both in good 

quality and appear to have no residual components of the other mode recorded at this angle. 

 Now that the Holograms are verified to work albeit not in an optimal manner and the 

method of multiplexing the modes has been determined and fully fleshed out the system can now 

be evaluated. However, in order to do this software must be developed to control the 

communications system and derive meaning from the output. 
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CHAPTER 4: Communication Experiment 

Setup 

 

4.1 Encoding and Decoding Algorithm 

  The main objective of this project was to demonstrate this type of system in some very 

practical and tangible way. This was achieved by transmitting images across the communication 

system or rather a data stream that represented an image, and re-interpolating the data stream on 

the receiving end back into an image. The data stream representing this image was chosen to be 

simply a binary string composed of the 8-bit pixel intensity values (0-255) listed down the 

columns and then across the rows without any delimiter to save time during transmission. The 

process of converting the initial image into a data stream, and transforming that data stream back 

into an image is covered in depth in this chapter. 

 

4.1.1 Use of Separate Halves Instead of Adjacent Bits 

We utilized two channels to transmit one image at a time. This means all transmissions 

contain two independent bits of information pertaining to two separate parts of the same image. 

The approach that would seem to be the most logical is to send the data stream with one channel 

containing the bits with an even position number in the data stream and the other channel 

containing the bits with an odd position number in the data stream. Or expressed more simply the 

channels sending adjacent bits in the data stream (adjacent bit method). The afore mentioned 

method would probably normally be considered before the method settled upon in this project, 

which was to use the channels represent separate halves of this image, in this case the top and 

bottom halves of the image (separate halves method). These two choices are equivalent, but the 
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separate halves method ends making the visual inspection of the image more informative as to 

where the communication system is failing when dealing with grey scale images.  

As mentioned earlier these images are sent as long binary streams of information. With 

the adjacent bit method, the bits from each channel are mixed in an interchanging pattern, 

whereas the bits from the two channels in the separate halves method are segregated from each 

other entirely. To illustrate how the separate halves method is superior consider the following 

thought experiment. Say the decimal numbers 1 and 11 need to be sent across the 

communications system. Represented in 4-bit binary these numbers are 0001 and 1011 

respectively (converting in and out of binary and the specific method used in this experiment will 

be discussed in more detail later in this chapter).  Combining those numbers into a binary string 

with no delimiter results in something similar to Fig. 26.  

 

0 0 0 1 1 0 1 1 

Figure 26: Combined arbitrary binary string 

 

Now one must designate what bits would go into each data string in the two different modes of 

representation. Channel one is represented with white while channel two is represented with 

grey. Shown in Fig. 27 and Fig. 28 are the corresponding data stream with the adjacent bit 

method shown in Fig. 27 followed by separate halves method shown in Fig. 28 

 

0 0 0 1  1 0 1 1 

Figure 27: Adjacent bits binary string 
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0 0 0 1 1 0 1 1 

Figure 28: Separate halves binary string 

 

Now imagine that channel 1 has a 50% error rate while channel 2 has no error rate. This can be 

demonstrated by inverting the first and third bits of channel 1. This is demonstrated in Fig. 29 

and Fig. 30 showing the error bits with *: 

 

1* 0 0 1  0* 0 1 1 

Figure 29: Adjacent bits binary string with 50% bit error in channel 1 

 

1* 0 1* 1 1 0 1 1 

Figure 30: Separate halves binary string with 50% bit error in channel 1 

 

Now these data streams can be thought as what is on the receiving end of this communication 

system. So, breaking the received data strings back into their two corresponding 4-bit binary 

numbers one would see 1001 and 0011 for the adjacent bit case and 1011 and 1011 for separate 

halves case. Converting back to decimal the two numbers for the adjacent bits case are 9 and 3 

respectively while the numbers for the separate halves case are 11 and 11 respectively. Recall 

that the intended numbers were 1 and 11 in decimal. For the adjacent bits case not only is either 

result 9 or 3 correct but it is also not directly evident by simply observing the numbers that the 

error is associated only with channel 1. However, with the separate halves method since both 

numbers were sent on independent channels, form just observing the numbers it is known that 

error is associated with channel one, which sent the first number. 
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4.1.2 Image Manipulation to and from Data Stream 

 Now that it has been decided what parts of the data stream will go into each 

corresponding channel. Consider how the data stream is constructed from the images themselves. 

To aid in this consideration, start with the Fig. 31 an arbitrary 4x4 grey scale image. 

 

    

    

    

    

Figure 31: Arbitrary gray scale image 

  

This image could be thought of as a 2d array with numbers representing the intensity or 

brightness of each pixel, this is how images are typically represented and manipulated in 

programming languages such as MATLAB or python. Taking this approach Fig. 32 can be 

thought of as a 2d array of decimal numbers like that in Fig. 32 

 

0 128 128 0 

128 255 255 128 

128 255 255 128 

0 128 128 8 

Figure 32: Arbitrary gray scale image as an array of intensity values 

 

As discussed in the previous section this image or rather 2d array of numbers is divided 

into its top and bottom halves, and each half is sent on the two separate channels. For illustration 
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purposes channel one’s information will be denoted in white and channel twos information will 

be denoted in gray in Fig. 33. 

 

0 128 128 0 

128 255 255 128 

128 255 255 128 

0 128 128 8 

Figure 33: Arbitrary gray scale image as an array subdivide into sections 

 

Now that it is clear what information will be transmitted in which channel, it will be 

illustrated how this 2d array is translated into two 1d arrays, one for each data channel.  The data 

is converted into 1d array format by copying the elements from the 2d array, down the columns 

then across the rows, into a 1d array. For clarity this is shown using grey arrows for channel 1 

and black arrows for channel 2, two designate how the data is transferred to a 1d array in Fig. 34. 

 

0 128 128 0 

128 255 255 128 

128 255 255 128 

0 128 128 0 

Figure 34: Image array with arrows denoting how image is turned into 1d array 

 

Following this approach, we end up with two 1d arrays, one for channel 1 shown in Fig. 

35 and one for channel 2 shown in Fig. 36. 

0 128 128 255 128 255 0 128 

Figure 35: Data for channel 1 
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128 0 255 128 255 128 128 0 

Figure 36: Data for channel 2 

 

This data would then be converted into binary bit stream and after the transmission is 

received the binary bit stream would be converted back into a decimal array (both of those 

processes will be described in detail in the following sections). Once the two decimal 1d arrays 

are reconstructed on the receiving end, the process to deconstruct the image is simply run in 

reverse. The 1d array is converted into two 2d arrays by filling in the arrays down the columns 

and then across the rows. These two 2d arrays one from channel 1 and the other from channel 2 

are simply concatenated to produce a 2d array with the decimal numbers representing intensity 

values for pixels in an image. From there its simply converting that 2d array into an image using 

the particular command of the programming language being used.    

 

4.1.2.1 Conversion to Binary by Successive Division 

 Now consider the final step in going from an image to a binary data string, the conversion 

of a decimal array into binary bit stream. Now the binary bit stream has no delimiters to separate 

out adjacent 8-bit binary numbers. This is to minimize the number of bits needed in the 

transmission as the communication system operates very slowly (1bps). This means that all that 

needs to be discussed is decimal to binary conversion, as there are no other pieces to this step. 

The first decimal number in the array is simply converted into an 8-bit binary number and its 8 

bits are stored as separate elements in an array, then the second number is converted into 8 bits 

and stored immediately adjacent to the first number in the array and so on. For example, consider 
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the Fig. 37 an arbitrary decimal array with every other element shown in gray for ease of later 

illustration. 

0 1 2 3 

Figure 37: Arbitrary decimal array 

 

This array converted into a 2 binary bit stream or array would be Fig. 38. 

 

0 0 0 1 1 0 1 1 

Figure 38: Arbitrary digital array converted to a binary array 

 

Note how there are no delimiters in this data string. 

  Now in order to discuss how the decimal to binary conversion is performed it would be 

helpful to review how numerical representation works and step forward from there.  Decimal 

simply means base 10, while binary base 2, hexadecimal 16 and so on. The base designates the 

number of unique digits that are used in the particular numbering system, decimal consists of 10, 

0-9; while binary consists of 2, 0 and 1. In decimal the number 931 it’s the equivalent to 9*100 + 

3*10 + 1*1. Or perhaps more usefully 931 is equal to Eq. 2. 

 

9 ∗ 102 + 3 ∗ 101 + 1 ∗ 100      (2) 

 

Note that the digit is multiplied by base raised to the position of the digit counted from right to 

left starting from 0. This is true for any base and can be represented generically as Eq. 3. 

 

𝐴𝑛 ∗ 𝐵𝑛 + 𝐴𝑛−1 ∗ 𝐵𝑛−1 + ⋯ 𝐴1 ∗ 𝐵1 + 𝐴0 ∗ 𝐵0  (3) 
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Where A represents the value of the digit and B represents the value of the base. Using this 

knowledge, we can ascertain that 1101 in binary is equal to 13 in decimal by Eq. 4. 

 

1 ∗ 23 + 1 ∗ 22 + 0 ∗ 21 + 1 ∗ 20 = 13   (4) 

 

This clearly illustrates how one can go from a different base to decimal but does not clearly 

demonstrate how one would step from decimal to binary. To understand this, once again consider 

the number 931, but this time figure out a way to know what digit would go into which location 

within the number. This can be done by simply dividing by the base and looking keeping track of 

the remainder. Remember Eq. 2 stated again below for convenience: 

931 = 9 ∗ 102 + 3 ∗ 101 + 1 ∗ 100    (2) 

By dividing by 10 we have the result of 93 with a remainder 1. 1 therefore belongs in the units 

position, continuing this on we find that 3 belongs in the tens position and 9 belongs in the 

hundreds position. Note that the order in which this information is received is inverse of the 

order in which the number is written (the digits are received in the order 1, 3, 9). To reconstruct 

the number 931 we need simply write the digits in in the inverse order of our list of remainders 

(1, 3, 9). This method of successive division by the base will work to convert to any base. This 

works because of the way the numbers are represented, with each digit being the multiplier of the 

base raised to the power of its position. Dividing the initial number by the base strips out the 

multiples of the base and leaves the remainder which will be the value of the ones digit. 

Continuing this pattern reveals digits for increasingly significant positions. 
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 Now consider the number 13 and use the method of successive division to discover its 

corresponding 4-bit binary number as applied in Eq. 5 

13

2
= 6               𝑟𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟 1 

6

2
= 3                  𝑟𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟 0 

3

2
= 1                  𝑟𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟 1 

1

2
= 1                  𝑟𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟 1 

 Simply by reversing our list of remainders (1,0,1,1) we end up with 1101 which is the binary 

number that corresponds to the decimal number 13. Note to achieve a desired number of bits or 

digits, say n, one simply needs to perform the n divisions in this process of successive divisions. 

If a number is too small to have digits in positions of higher significance, this process will simply 

result in leading zeros which will not affect the value of the number. In this experiment the 

binary numbers were 8-bit so the divisions were performed 8 times. 

 Note that in this experiment the last step of numerical reconstruction where the order of 

the remainders is inversed was not performed. The reasoning for this is explained in the next 

section. 

 

4.1.2.2 Back Conversion Binary to Decimal 

After a binary bit stream has been sent and received, the 8-bit binary numbers must be 

turned back into decimal values.  Recall that in the last section it was mentioned that the last step 

of inversing the order of the array of remainders to produce the true binary number was not 

followed, and simply the array of remainder was sent in its original order. This not only reduces 

a step in converting the data from decimal to a binary data stream, but also makes reinterpreting 

(5) 
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the binary data string back into a decimal number slightly easier. Usually a number is expressed 

with its most significant digit on the left and its least significant on the right. This means that as 

an entity, man or machine, reads the number it sees the most significant digit first and the least 

significant last. However, if a machine is looking at the numbers backwards as it converts the 

bits from the binary string to a decimal number it can convert the bits by simply multiplying the 

current bit by an increasing power term 𝐵𝑛  and add that to running total for the 8-bit number, 

where B is the base in this case 2 and n is the position in the 8-bit number. This in contrast to the 

slightly more complicated scheme of multiplying the current bit by 𝐵(7−𝑛) if the bits were 

expressed in standard order.  

Consider the decimal number 11, this is 1011 in binary, expressed backwards this is 1101 

to convert this to decimal we can simply following Eq. 6, 

 

1 ∗ 20 + 1 ∗ 21 + 0 ∗ 22 + 1 ∗ 23 = 11  (6). 

 

Note that the powers increase as the process is followed from left to right which is just slightly 

simpler to implement in programing. This process that is followed to produce the digital stream, 

the bits are multiplied by an increasing power term and added to a running total until all 8 bits 

have been cycled through and then the process is repeated for the next number. 

 

4.2 Implementing Algorithm to LabVIEW Program 

For the purposes of this experiment a LabVIEW program was utilized to run the run the 

actual communication system. Put very simply the program would decide which hologram to 

display on the SLM to creating the OAM modes propagating to the receiver, the LabVIEW 
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would then acquire an image from a CMOS camera (Thorlabs DCCM1545M) to capture the 

output signal. The two spots in the image where the signals are expected would be integrated 

over and the results of the integrals would be added to a file of such integrated values. This 

process is repeated until all the information has been sent. LabVIEW was utilized for this task 

due to its unique ability to easily interface with and control external devices in this case the 

camera. The basic flow of the LabVIEW program is illustrated in the Fig. 39. 

 

 
Figure 39: Basic flow of LabVIEW program 

 

4.2.1 Image Display 

There are four holograms that can be chosen to be displayed on the SLM, one that 

conveys a 0 on both gauss and OAM channels (0), one that conveys a 0 on the gauss and a 1 on 

the OAM channel (1), one that conveys a 1 on the gauss and a 0 on the OAM channel (2), and 

one that conveys a 1 on both the gauss and OAM channels (3). This can be thought of a 

quaternary system with cases 0 through 3 each case representing a different hologram. When 

converting a binary data string to a sequence of holograms each representing two bits one 

intuitively ends up with a sequence of holograms with half the number of elements as were in the 

binary string.  Now consider Fig. 40 arbitrary binary data string with half the data highlighted it 

gray to represent channel 2. 

 

0 1 0 1 0 0 1 1 

Figure 40:  Arbitrary binary data string with channel 2 in gray 

. 

Read in 

Hologram 

case number 

Display 

Hologram 
Image 

Acquisition 
Integrate 

signal spots 

Save results 

in text file 
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To convert this data string in a case number for holograms one simply needs to covert binary to 

quaternary. This can be done by simply multiplying one channel’s bits by 2 and then adding the 

other the other bits channels to the first, in array or matrix terms: [𝑨] + 𝟐[𝑩]. For the 

information in our earlier example this process would look like Fig. 41. 

 

0 1 0 1 

 

2*0 2*0 2*1 2*1 

 

0 1 2 3 

Figure 41: Illustration of a binary to quaternary conversion 

. 

 

The above example sequence would represent running the four holograms in order 0 – 3. 

The main LabVIEW program simply steps through this quaternary array and uses a case 

structure to decide which hologram to display on the SLM according to the cases discussed 

earlier. Since the SLM is simply a modified projector, it is controlled by what is on the PCs 

display at the time. So, the LabVIEW program simply sets the hologram by simply displaying 

the hologram on the computer screen. This ends up looking like Fig. 42. 

+ 
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Figure 42: Front panel of LabVIEW program 

 

4.2.2 Camera Image Acquisition and Spot Integration 

After the hologram is displayed on the PC screen and by extension the SLM, the selected 

modes are now propagating to the crystal and being holographically de-multiplexed. The output 

of this system are two spots corresponding to each of the two channels. These two spots coming 

from the communication system represent the two channels. They then pass through a lens and 

are captured on a Thorlabs CMOS camera (Model). This image acquisition is controlled through 

the LabVIEW program. 

After the image is displayed on the SLM, there is a 100ms delay just to ensure the 

hologram is definitively on the SLM before an image is acquired. The image is then acquired 

using a modified subVI from Thorlabs. The necessary variables of exposure time (.07ms), gain 

(10), pixel clock (5), and frame rate (100 fps) are set to constants that were, experimentally 

determined not to produce a saturated image or a rolling shutter affect. Since these images 

contain both signals they can be easily processed. 
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 The images capture from the camera are not saved however as this would result in 

thousands of files and it would be tedious to perform processing in post. These images are 

processed via the LabVIEW program in real time as they are acquired. This was done by 

integrating over the spots in the image to deduce their relative intensities. Integration in this case 

is just a summation of the pixel values to the respective spots.  This was accomplished using 

LabVIEW’s matrix subset, and add array elements functions. The spots were isolated by using 

the array subset function and integrated over via the add array elements functions. All that is 

needed for this is where the spots start in x and y and their length in those directions. The spots 

are in stationary locations throughout the duration of the experiment as is the CCD and lens. 

Since this is the case the locations of the spots need only we found once. This was done by takin 

preliminary images of the spots, and using a python program that draws lines in x and y on 

images at a user set pixel location, to manually locate the starting and ending positions of these 

spots. 

 The found integration values were saved into a text file as a 2 column list with results 

from the Gaussian channel integration stored in the left most column the values from the LG 10 

mode stored in the right most column. This 2 column list could then be read into another 

program for thresholding and interpolation back into an image. 

 

4.3 Thresholding and Image Reconstruction 

Now that the raw integration values from the signal spots are stored in a text file provided 

by the LabVIEW program, the data transfer across the communications system is complete. All 

that needs to be done none is convert the integration values into 1s and 0s and back convert the 

resulting data string into an image file. The image reconstruction from a binary data string is 

essentially the inverse process of converting an image into a binary string, and was covered 
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briefly in previous sections of this chapter, so thresholding to yield a binary data string will be 

the main focus of this section. 

In an ideal system one would be able to consider the channels independently and simply 

worry about having a single threshold for each channel. The integral values for a single channel’s 

signal spots would be analyzed from a data set and from that two populations can be found those 

corresponding to a zero, a lower range of integration values and one corresponding to a 1, at a 

higher range of integration values. Ideally there will be a large gap in integration values between 

the two populations and the threshold would be placed here.   The raw data for that channel 

would be compared to this threshold and be assigned a binary value accordingly.  

However unfortunately the ideal approach cannot be taken. The holograms used on the 

SLM generates all three non 0, 0 signal wave fronts at a maximum and equal intensity. Since the 

hologram responsible for generating 1 on both channels must split the available power on the 

+1st diffraction order between the two channels evenly, the resulting power for each channel ends 

up being lower than what is generated for the respective channels when a binary or forked 

hologram is used. This combined with the fact that the combination hologram wastes some 

power that ends up not serving either desired mode and high cross talk between signals, makes 

integration values from a 1, 1 hard to distinguish from cross talk on a 0, 1 or 1, 0 signal.  

This makes for a more complicated but still possible multiplexing scheme. To see how 

this can be done one must look at the two channels together. Since there are two channels in this 

communications channel that are strictly binary, there are four output total output possibilities; 0s 

on both channels (0,0), a 0 on the first channel and a 1 on the second channel (0,1), a 1 on the 

first channel and a 0 on the second channel (1,0), and 1s on both channels (1,1).  In order to 

successfully turn the raw data into a binary data stream one must be able to disambiguate these 4 
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cases. So, now one must examine the 4 output cases more closely. The raw images from a typical 

hologram for each of the four cases cropped down to only the relevant portions are shown in 

Fig.43, Fig. 44, Fig. 45, and Fig. 46. 

 

 

Figure 43: 0 on Gauss, 0 on LG 10 

 

 

Figure 44: 0 on Gauss, 1 on LG 10 

 

 

Figure 45: 1 on Gauss, 0 on LG 10 

 

 

Figure 46: 1 on Gauss, 1 on LG 10 

 

Since it is hard to deduce much from these images, one must look at the sum of the pixel values 

in each column. This is show in Fig. 47 through Fig.50.  
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Figure 47: Cross section 0 on Gauss, and 0 on OAM 

 

 

Figure 48: Cross section 0 on Gauss, and 1 on OAM 
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Figure 49: Cross section 1 on Gauss, and 0 on OAM 

 

 

Figure 50: Cross section 1 on Gauss, and 1 on OAM 

 

Now the trends are much easier to observe, and how one should threshold this data is more 

evident. As state before the integration values when both signals are high are hard to distinguish 

if not impossible to distinguish from the cross talk when only one signal is intended to be high. 
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However, the four cases are still distinct and differentiable. From the charts above, one can tell 

that if both signals are low then the integration values will be very low and easily distinguishable 

from the three other cases. It also evident when only one signal is high because it will be, much 

higher than the other signal and above a substantial threshold. Given we can distinguish three of 

the four cases, by the afore mentioned methods the fourth case can be deduced by process of 

elimination. Putting all these criteria together, one ends up with the following logical flow as 

expressed in pseudo code: 

 

If  LG10 and GAUSS  > low threshold: 

OAM and Gauss are high 

If  LG10 > high threshold: 

  LG10 is high and Gauss are low 

 If Gauss > high threshold: 

  Gauss high and LG10 is low 

Else LG10 and Gauss are both low 

 

 Now that one knows how to threshold the system. The only remaining task is figuring out 

what the numbers to use to threshold this system. In this experiment, this was done be running a 

pilot data set first that contained several iterations of the four different signal combinations. 

Thresholds were chosen via human inspection of this data set, and setting thresholds that would 

accurately reconstruct the pilot data set. If the image fidelity of the resulting images created 

using these thresholds was low the thresholds were manually adjusted until the best image 

fidelity was achieved. After thresholding is completed the image is reconstruct by simply 
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converting the resulting binary data string back into an image following the processes outlined 

earlier in this chapter.   
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CHAPTER 5: Experimental Results 

 

5.1 Methodology 

Now that the communications system has been designed, built verified to produce 

differentiable signals, and the supporting software has been written to produced input data strings 

physically run the system and process the output data to produce a meaningful data, it is now 

time to run a sizeable test to see if the system can actually function in practice. 

First 4 input images were selected to be transmitted on the communications system each 

of which were sent 3 times to ensure repeatability except for the fourth image which was sent 4 

times. 3 of the images were small images to verify that the system was at the very least 

producing results and the last was a larger image to see how the system performs over a longer 

amount of time. The first 3 of the images were 30 x 30 black and white images, which 

corresponded to 900 bits or 450 transitions over the 2 channel system, these each took roughly 

20 minutes to send across the communications system. One was an image of the University of 

Arizona logo to see how the system performs with recognizable data. The second was a checker 

board pattern to see how well and consistently the system was able to produce differentiable 1, 0 

and 0, 1 cases. The final image was a random pattern to see if the system had errors that leaned 

one way or another over short transmissions. 

These small images were generated and converted to data string entirely within 

MATLAB for the checkerboard and random image. However, for the UA logo a black and white 

image was pulled from the web and compressed to a 30 x 30 size using paint. This file was then 

processed in python for the first transmission and MATLAB for the last 2 images to produce a 

final black and white image and binary data string.  This is why the sent data for the first 
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transmission and the last 2 transmissions look different, because they were produced using two 

different schemes in two different languages. 

The longer trial was performed with standard test image of Lena. This image was an 8-bit 

gray scale image. It was pulled off the web with an original resolution of 256 x 256 pixels and 

compressed down to a 50 x 50 grey scale image using paint. This 50x50 pixel image corresponds 

to a 2500 individual pixels, that each are represented by a decimal number that ranges from 0 – 

255 (8-bit) these pixels are then converted from decimal to binary values resulting in 2500 8bit 

binary numbers or 20,000 bits. That corresponds to 10,000 transmissions over the 

communication system, which took roughly 5.5 hours each to send over the communications 

system. This image was converted into and out of a binary string using python 2.7. The image 

itself was sent 4 times. 

Note that for ease of viewing the images in the next section are not shown at the 30 x 30 

or 50 x 50 resolution at which they were originally received from the output of the 

communication system. They are magnified programmatically using a program written in python 

2.7 to ensure that the images have fidelity to the original images received. The pictures are blown 

up by an integer scaling value to ensure that the only thing changing is the raw number of pixels 

and not the bit error rate or content of the image in any way.      

 

5.2 Reconstruction Results 

The first image to be sent was the UA logo. As can be seen below the first sent image 

does not match the last two sent images. This is because the first image was handled in python 

while the other two were handled in MATLAB, and each were processed by the gray scale image 

produced by paint marginally differently. This image was sent 3 times. The resulting data from 
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the transmissions look promising as the BER is 0% for all trials. These trials are seen in Fig.51 to 

Fig. 53 presented in the order sent, sent received, subtracted: 

   

Figure 51: UA logo trial 1 sent received subtracted 

 

   

Figure 52: UA logo trial 2 sent received subtracted 

 

   

Figure 53: UA logo trial 2 sent received subtracted 

 

The second image to be sent was a checker board pattern. This image was sent 3 times. 

The resulting data from the transmissions look incredibly promising as the BER is 0% for all the 
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images. These trials are seen in Fig. 54 thorough Fig. 56 presented again in the order sent, sent 

received, subtracted. 

 

   

Figure 54: Checker board trial 1 sent received subtracted 

 

   

Figure 55: Checker board trial 2 sent received subtracted 

 

   

Figure 56: Checker board trial 3 sent received subtracted 
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The third image to be sent was a random pattern. This image was sent 3 times. The 

resulting data from the transmissions just like the checker board looks incredibly promising as 

the BER is 0% for all the images. These trials are seen in Fig. 57 through Fig. 59 presented again 

in the order sent, sent received, subtracted. 

 

             

Figure 57: Random pattern trial 1 sent received subtracted 

 

             

Figure 58: Random pattern trial 2 sent received subtracted 
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Figure 59: Random pattern trial 3 sent received subtracted 

Now that it has been proven that the system is capable of transmitting at least small 

amounts of data with very high fidelity, and the bit error rate in most of the cases is unresolvable, 

a larger transmission is needed to qualify the system. This was done use a 50 x 50 8-bit grey 

scale image of Lena, the standard test image. This image was sent 4 times. This image was sent 

an extra time because the first image was sent using a poorly written hologram that had high 

cross talk and the data set was difficult to threshold, and it is not an adequate indicator of the 

system’s true performance. After the first transmission was completed the de-multiplexer 

hologram was written again on a fresh piece of Fe-LiNbO3 and Lena was sent 3 more times 

using this new and representative hologram. Even the first trial is not indicative of the 

performance of the system it is included below for completeness. The first transmission had a 

BER of 1.39% which while higher than any BER that has been seen before is no cause for 

concern because the reason discussed previously. The second and third transmissions are both 

perfect with BER 0%. However, the last transmission has a non -zero BER of 0.94%. As 

discussed earlier holograms written in LiNbO3 will be slowly degrade o and be erased over time 

when reconstructed with the wave length with which they were written. At the point of the 

beginning of this third transmission with this hologram, the hologram has been exposed to 

532nm light for over 11 hours and is starting to degrade. This manifest itself in a higher BER as 
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the hologram and as a result the de-multiplexer are starting to degrade. This is an expected result 

and illustrates the limited life time of this type of system.  

These trials are seen in Fig. 60 through Fig. 63 presented in the order sent, sent received, 

subtracted     

 

   

Figure 60: Lena trial 1 sent received subtracted 

 

 

   

Figure 61: Lena trial 2 sent received subtracted 
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Figure 62: Lena trial 2 sent received subtracted 

 

   

Figure 63: Lena trial 3 sent received subtracted 
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CHAPTER 6: Discussions 

 

6.1 Quality of System Compared to State of the Art 

This system performed relatively poorly compared to the state of the art in terms of data 

rate and number of OAM channels multiplexed. Terabit free-space data transmission 

employing orbital angular momentum multiplexing, illustrated data rates at 4 Tbps, with 4 

channels [9]. This system demonstrated 1 bps with 2 channels. However, the goal of this 

project was not to challenge data rates demonstrated by other systems. Surprisingly the BER 

of this system at less than 0.5% is substantially lower than the 4% bit error rate seen on 

Optical communication beyond orbital angular momentum. 

This system was mainly built to demonstrate that a system that utilizes single element 

multiplexers and de-multiplexers are possible to produce and will work. As an added bonus it 

functions better than the current state of the art in terms of BER, though is not a very fair 

comparison as these systems utilize far more OAM communication channels. The system also 

successfully demonstrated that it is possible to use low cost element to make an OAM 

communication system, albeit by compromising a great deal of performance.  

 

6.2 Limitations of System 

Even though the system was able to send and receive images somewhat successfully, the 

system as it was implemented in this case is severely limited by following factors.  The most 

important and obvious factors, are the high crosstalk, low frame rate of the SLM, convoluted 

thresholding algorithm, vibrations from the fans of the modified projector SLM, and degradation 

of the hologram over time. 
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The greatest limitation of the system by far and the largest obstacle preventing the system 

from advancing further without some major revisions is the systems incredibly high cross talk. 

The typical cross talk was around 21% but could be as high as 45% in some of the holograms. 

This high cross talk is harmful to multiple facets of the communication system. This high cross 

talk will make it harder to determine the difference between signals leading to harder 

thresholding and a higher bit error rate. In addition cross talk limits the scalability of the system. 

In a system with more OAM signals than just two, given the higher number of signals the 

relative cross talk will be higher and the signals will be increasingly difficult to differentiate. The 

entire goal of utilizing OAM modes in communications is increasing the bandwidth of optical 

networks.  Without being able to provide a large enough number of channels, this system will not 

be worth implementing. This cross talk is likely caused by the long write times used for writing 

the hologram on the LiNbO3, causing smearing of fringes in the hologram, as well as the 

vibrations induced from the fans from the SLM inducing vibrations. Also recall Table 1 from 

section 3.1.5.2. In that table it can be seen that the quality of the OAM mode increases as the 

number of pixels used in the forked hologram pitch increases, 14 was chosen strictly on a 

qualitative basis but it may not be a large enough pitch to create an OAM mode of sufficient 

quality. These factors can be improved by reducing vibrations from the fan through better 

mountings, reducing write times and increasing forked hologram grating pitch.   

Another key limitation of this system is the low frame rate of the SLM. The SLM being 

made from a LCoS panel from a class room projector is only capable of modulating at 30 fps. 

This means that if a faster detector were utilized than a camera, the maximum data rate of this 

two-channel system is 60bps. This while faster than the 1 bps achieved over the course of this 

experiment, it pales in comparison to other commercially available SLMs like the TI DMD that 
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is capable of 23kfps, which increase the data rate to 46kbps. However, this does not change the 

fact that SLMs are in general to slow to be utilized as a modulating element in optical 

communications. As even 46kbps is much slower than the current optical communications 

systems that are capable of transmitting at 10Gbps. 

Another issue is the convoluted thresholding algorithm used to turn the optical signal 

received into a binary digital signal. This algorithm while quite effective and not 

overwhelmingly complicated when there are only two channels becomes much more ridiculous 

as the number of channels increases.  At some larger number of channels there may even be no 

way to reliably convert the optical signal into a digital one. This however is one of the issues that 

can be addressed and is discussed in the next section. 

Another issue is that the SLM is incredibly unstable in two ways. The SLM which was 

made from a projector opts to use fans for heat dissipation instead of heatsinks. These fans 

induce a large amount of vibrations. The fans unfortunately are necessary as the device will over 

heat without them. While the main body of the projector can be isolated from the optical table by 

means of hanging it from the ceiling, the LCoS chip still must be connected to the main body of 

the projector via a ribbon cable which will to some extent carry the vibrations from the projector 

body to the LCoS chip which is being used as the SLM. In addition, the LCoS driver, which is 

connected between the projector and the LCoS chip via ribbon cable, itself needs a dedicated fan. 

Operation with the use of a heat sink instead of a fan was attempted, with the result of 

overheating and thusly destroying a LCoS driver chip. Fortunately, the projector has 3 such 

driver chips that are all interchangeable.  These vibrations which are impossible to entirely 

eliminate can interfere with the writing of holograms in the Fe-LiNbO3 increasing crosstalk and 

decreasing DE, which have ill effects that have already been identified earlier. 



95 

 

The last major limitation of this system lies in its reliance on Fe-LiNbO3 as the medium 

in which the volume holograms are written. Recall from earlier that a hologram written in Fe-

LiNbO3 is slowly erased as it is being read. This means that these holograms have a limited use 

time, one can utilize an adjustable thresholding scheme to extend this useful life, but the 

hologram will eventually fade to a point where it is unusable. In this experiment the useful life 

time of a Fe-LiNbO3 based holograms appeared to be approximately 12hrs when using an input 

beam strength of 300nW.  In any case this not acceptable for use in a practical communication 

system which should have a life span of years or decades, not several hours. This limitation 

however has several remedies that are discussed in the next section. 

 

6.3 Potential System Improvements 

The System can be improved in several ways. The potential system improvements 

include but are not limited to reducing the DE of the forked hologram and binary gratings when 

transmitting data across the channel, reducing the vibrations present in the system, using a longer 

wavelength for data transmission, using polymer or non-volatile LiNbO3 hologram [17] as the 

holographic medium instead of volatile Fe-LiNbO3, using a second volume hologram as the 

multiplexer instead of an SLM, and using static phase plate so record holograms on the 

holographic medium. 

One of the simplest improvements to the system is decreasing the DE of forked hologram 

and binary grating, when using the system in communications mode. One of the things discussed 

in depth in chapter 4 and the last section of this chapter was the convoluted nature of 

thresholding the raw data. This was because when a 1 is sent on both the Gaussian and OAM 

channels the corresponding output seen on the detector are values for both signals that are not or 

are just barely elevated from the cross talk in a 1, 0 or 0, 1 transmission. This is because the 
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combination hologram is splitting the available power between the two channels as well as 

wasting some power, and there is in general high cross talk in the system. This however is very 

easy to overcome. Instead of being concerned about how low the output of the 1, 1 in the system 

is, one can instead lower the power of the 1, 0 and 0, 1 transmissions, this will put these 

transmissions at equal level with the 1, 1 transmission and sin the response of the hologram is 

linear, will also lower the raw crosstalk value, though not the percentage. In doing so the high 

values on 1, 1 signal and a 1, 0 or 0, 1 signal are about at same level and all clearly differentiable 

from the cross talk in the system. Lowering the input power of the 1, 0 and 0, 1 signals can be 

accomplished by lowering the DE of the holograms that produce these signals. Since both of 

these signals are based on binary gratings, all one needs to do is reduce the phase differential 

between the high and low portions of the phase grating to reduce the DE. 

   Further Improvements in performance of the system can be made by reducing the 

amount of vibrations in the system, which as discussed in the last section increases cross talk and 

lowers DE. A lot was done to reduce the vibrations in the system originating from the projector 

in this system already the, the projector was hung from the ceiling to isolate it from the optical 

table and the ribbon cable connecting the SLM to the projector was held taught close to the SLM 

but given considerable slack close to the projector. However, there are probably was to reduce 

this vibration even further which would subsequently improve the performance of the system. 

Using a longer wavelength for the communications in this system, using a non-volatile 

LiNbO3 crystal [17] or using polymer address the same issues within the system, that being that 

the hologram in LiNbO3 is slowly erased as it is read with 532nm light. This can be solved by 

reading the hologram at a longer wavelength as this will not erase the hologram as these photons 

do not have the energy necessary to redistribute the carriers with in the LiNO3. In addition, 
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communications are often performed in 1550nm anyways so switching to this longer wavelength 

would make this system more applicable to current communications work. 1550nm is 

approximately 3x longer in wavelength than 532nm so a switch to 1550nm would have to take 

this into account by delaying the light by 3x more than one would for 532nm. This can be 

accomplished by multiplying the mode numbers used for 532nm light by 3, so that when 1550nm 

light illuminates the hologram it creates OAM modes that are valid or of integer numbers.  

Switching to polymer also solves this problem, holograms written on polymer are not erasable, 

so a hologram of this type is not going to degrade as quickly as one on LiNO3 when illuminating 

with 532nm. In addition, polymer tends to be cheaper with holographic polymers available for as 

low as $40 for 10 4 x 5cm holographic slides [18]. Lastly one could use a form of LiNO3 that 

does not have the volatility issues that the crystal used in this experiment had, this is type of 

material is discussed in greater detail in an article about doubly doped LiNbO3 [17]. 

 A more major modification would be the use of a second identical hologram as the 

multiplexer. This second hologram would simply flip what is used as the reference and object 

beams, receiving Gaussian beams at normal incidence and 5.71° off normal incidence and will 

produce OAM and Gaussian beam, making it act as and LG mode multiplexer. The reason this is 

beneficial is that the speed of the current communication system is limited by the frame rate of 

the SLM, even fast Magneto Optical - Spatial Light Modulator (MO – SLMs) at up to 100 Mfps   

are still slower than speed of optical networks which operate at 10G bps, which is 2 orders of 

magnitude different that the data rate that a fast MO-SLM can provide [19]. A MO – SLM 

multiplexed system would require 100 OAM channels to provide a comparable data rate to 

modern systems. A two hologram system would only be limited by the current limitations facing 

state of the art optical systems. If this approach were taken it might also be prudent to invest in 
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static SPPs to generate the needed OAM modes as OAMs produced in this manner will have be 

purer than those produced by an SLM that will have phase drift and phase distortion in the 

hologram that is created via the hologram. 
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CHAPTER 7: Conclusions 

 

In this thesis a communication system that utilized single elements to multiplex as well as 

de-multiplex OAM modes was designed built and tested. To create such a system a SLM was 

used as the multiplexer and a volume hologram was used as the de-multiplexer. The SLM was 

useable as multiplexer by utilizing a flat phase profile, a binary phase grating a forked hologram 

and a combination pattern that produce no power on the +1st order, a Gaussian beam on the +1st 

order, a LG 10 mode on the +1st order, and a combination of Gaussian and LG 10 beam 

components on the first order respectively. To the best of the authors knowledge the combination 

hologram has not been used in any other systems and invites peers to review this method of 

generation of OAM and Gaussian modes simultaneously. In addition, the SLM used in this 

project was made by modifying an old classroom projector to illustrate that experiments like 

these can be performed in labs with funding limitations and expand the accessibility of this type 

of research. The de-multiplexing elements of this system was an angularly multiplexed hologram 

written in LiNbO3. It worked using the OAM modes as the reference beam and the angular 

beams as the object beam, meaning that when an OAM mode was provided the corresponding 

angular mode was produced. These multiplexer and de-multiplexers elements were constructed, 

qualified and combined along with a few other elements to make a complete communication 

system. This communications system was then demonstrated using 4 different types of images. 

This experiment demonstrates that it is possible to construct an OAM communications system 

utilizing only single elements as the multiplexing and de-multiplexing units, and does so in such 

a way that is approachable to those in labs where funding is tight while still producing and 

creating a system with a BER typically lower than .1%.  
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APENDIX A: Table of Pattern Generation 

Programs 

 

Title Functionality Parameters Language Link 

BINARY_PHASE_GRATING.m Generates a 

binary grating of 

a desired pitch. 

For Gaussian 

generation on a 

desired 

diffraction angle 

Period: grating 

period 

Size: bitmap 

will be size x 

size 

MATLAB 

2014a 

https://arizona.app.box.com/

file/255388673835 

 

COMBINATION_HOLOGRAM.m Generates a 

hologram profile 

that will create a 

beam with both 

Gaussian and 

OAM 

components. 

Period: grating 

period 

Size: bitmap 

will be size x 

size 

Mode_number: 

OAM mode 

number 

Radius: radius 

in pixels of 

Gaussian 

region 

MATLAB 

2014a 

https://arizona.app.box.com/

file/255387893009 

 

FLAT_PHASE_PATTERN.m Generates 

uniform bitmap, 

use this when 

you want to 

generate no 

intensity along a 

desired 

diffraction 

angle. 

Size: bitmap 

will be size x 

size 

UserNumber: 

grey scale 

value 0-255 

that will define 

the flat phase 

 

MATLAB 

2014a 

https://arizona.app.box.com/

file/255389419911 

 

FORKED_HOLOGRAM.m Creates a binary 

forked hologram 

that will 

generate OAM 

modes with a 

desired mode 

number along a 

desired 

diffraction 

angle. 

Period: grating 

period 

Size: bitmap 

will be size x 

size 

Mode_number: 

OAM mode 

number 

MATLAB 

2014a 

https://arizona.app.box.com/

file/255388949719 

 

LOCATE_MOUSE.py Use this to find 

the mouse 

location useful 

for figuring out 

where the center 

of OAM patterns 

should be. 

N/A Python 2.7 https://arizona.app.box.com/

file/255388630542 

 

https://arizona.app.box.com/file/255388673835
https://arizona.app.box.com/file/255388673835
https://arizona.app.box.com/file/255387893009
https://arizona.app.box.com/file/255387893009
https://arizona.app.box.com/file/255389419911
https://arizona.app.box.com/file/255389419911
https://arizona.app.box.com/file/255388949719
https://arizona.app.box.com/file/255388949719
https://arizona.app.box.com/file/255388630542
https://arizona.app.box.com/file/255388630542
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APENDIX B: Table of Communication 

System Programs 

 

Title Functionality Parameters Language Link 

BIN_TO_QUAT.vi Takes the two binary files 

(one for each channel) and 

merges them into a 

quaternary file the comm 

system program can use 

Paths to Binary 

data files for 

the wo 

channels 

LabVIEW https://arizona.app.box

.com/file/255388678539  

DISP_IMAGE_STREAM_

ONLY.vi 

Displays patterns as 

requested by quaternary 

file, no image acquisition 

Path to 

Quaternary 

data file 

LabVIEW https://arizona.app.box

.com/file/255389219670 

IMAGE_FROM_TEXT.py Generates a image file 

from a text file of intensity 

values like that produced 

by the comm system 

program. Uncomment line 

to  draw lines on image, 

can help find limits for 

integration limits 

Path to text file 

containing 

image intensity 

values 

Python 2.7 https://arizona.app.box

.com/file/255388668123  

THE_COMM_SYST.vi Displays patterns as 

requested by quaternary 

file, Takes a picture from 

thorcam and integrates 

over signal spots and saves 

results to txt file  

Path to 

Quaternary 

data file 

Variables for 

integration 

Gaussian: 

Xstart, 

Xlength, 

Ystart, Ylength 

Variables for 

integration 

OAM: Xstart, 

Xlength, 

Ystart, Ylength 

Csmera 

variables: 

exposure time 

(.07ms), gain 

(10), pixel 

clock (5), and 

frame rate (100 

fps) 

LabVIEW https://arizona.app.box

.com/file/255388657126 

 

 

  

https://arizona.app.box.com/file/255388678539
https://arizona.app.box.com/file/255388678539
https://arizona.app.box.com/file/255389219670
https://arizona.app.box.com/file/255389219670
https://arizona.app.box.com/file/255388668123
https://arizona.app.box.com/file/255388668123
https://arizona.app.box.com/file/255388657126
https://arizona.app.box.com/file/255388657126
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APENDIX C: Table of Image to Binary 

Programs 

 

Title Functionality Parameters Language Link 

 
CREATE_CHECHER_BOARD.m Create a PNG 

file of a 

checkerboard 

pattern 

N/A MATLAB 

2014a 

https://arizona.ap

p.box.com/file/255

388880749  

CREATE_RANDOM.m Create a PNG 

file of a 

random pattern 

N/A MATLAB 

2014a 

https://arizona.ap

p.box.com/file/255

387201197  

IMAGE_TO_DATA_STREAM.m Turn PNG files 

into two binary 

data strings 

(one for each 

channel) 

File path of 

image that 

will become 

data string 

MATLAB 

2014a 

https://arizona.ap

p.box.com/file/255

389036517  

LENA_TO_BINARY.py Turn gray scale 

Lena image file 

into two binary 

data strings 

(one for each 

channel)  

File path of 

image that 

will become 

data string 

Python 2.7 https://arizona.ap

p.box.com/file/255

387513951  

PYTHON_UA_LOGO_TOBINARY

.py 

Turn UA logo 

image file into 

two binary data 

strings (one for 

each channel) 

File path of 

image that 

will become 

data string 

Python 2.7 https://arizona.ap

p.box.com/file/255

389602668  

 

 

 

 

 

 

 

 

 

https://arizona.app.box.com/file/255388880749
https://arizona.app.box.com/file/255388880749
https://arizona.app.box.com/file/255388880749
https://arizona.app.box.com/file/255387201197
https://arizona.app.box.com/file/255387201197
https://arizona.app.box.com/file/255387201197
https://arizona.app.box.com/file/255389036517
https://arizona.app.box.com/file/255389036517
https://arizona.app.box.com/file/255389036517
https://arizona.app.box.com/file/255387513951
https://arizona.app.box.com/file/255387513951
https://arizona.app.box.com/file/255387513951
https://arizona.app.box.com/file/255389602668
https://arizona.app.box.com/file/255389602668
https://arizona.app.box.com/file/255389602668
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APENDIX D: Table of Image Reconstruction 

Programs 

 

Title Functionality Parameters Language Link 

 
IMAGE_SUBTRA

CTION.m 

Subtracts 2 selected 

Image file and saves a 

BMP of the absolute 

value of the resulting 

image file 

Original image file path 

Received image file path 

Destination path  

MATLAB 

2014a 

https://arizona.a

pp.box.com/file/

255386986064  

LENA_REBUILD.

py 

Reconstructs Lena from 

raw integration values 

using set thresholding 

parameters 

Path quaternary data file 

Path to raw data file 

Thresholding if 

statement block, used to 

reconstruct image 

Python 2.7 https://arizona.a

pp.box.com/file/

255387321108  

MAGNIFY_IMAG

E.py 

Increases the size of the 

image by a user specified 

integer value to make the 

image easier to see. 

Path to image file that is 

to be magnified 

Scale_factor: by what 

integer value the image 

is to be magnified 

Python 2.7 https://arizona.a

pp.box.com/file/

255387358442  

ORIGINAL_REC

ONSTUCT.m 

Reconstructs original 

image file from the 

quaternary data used to 

transmit the image across 

the communication 

channel 

Path quaternary data file MATLAB 

2014a 

https://arizona.a

pp.box.com/file/

255388428347  

PYTHON_UA_LO

GO_REBUILD.py 

Reconstructs UA Logo 

from raw integration 

values using set 

thresholding parameters 

Path quaternary data file 

Path to raw data file 

Thresholding if 

statement block, used to 

reconstruct image 

Python 2.7 https://arizona.a

pp.box.com/file/

255389599688  

RAW_DATA_TO_

IMAGE.m 

Reconstructs an image 

file from raw integration 

values using set 

thresholding parameters 

Path quaternary data file 

Path to raw data file 

Thresholding if 

statement block, used to 

reconstruct image 

MATLAB 

2014a 

https://arizona.a

pp.box.com/file/

255389024019  

 

 

 

 

 

https://arizona.app.box.com/file/255386986064
https://arizona.app.box.com/file/255386986064
https://arizona.app.box.com/file/255386986064
https://arizona.app.box.com/file/255387321108
https://arizona.app.box.com/file/255387321108
https://arizona.app.box.com/file/255387321108
https://arizona.app.box.com/file/255387358442
https://arizona.app.box.com/file/255387358442
https://arizona.app.box.com/file/255387358442
https://arizona.app.box.com/file/255388428347
https://arizona.app.box.com/file/255388428347
https://arizona.app.box.com/file/255388428347
https://arizona.app.box.com/file/255389599688
https://arizona.app.box.com/file/255389599688
https://arizona.app.box.com/file/255389599688
https://arizona.app.box.com/file/255389024019
https://arizona.app.box.com/file/255389024019
https://arizona.app.box.com/file/255389024019
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APENDIX E: Table of Links to Raw Data 

Files and Associated Thresholding Blocks 

 

Trial Name Link to Raw Data File Link to Thresholding Code block 

 
UA Logo Trial 1 https://arizona.app.box.com/

file/255399894846 

https://arizona.app.box.com/file/255405013

601 

UA Logo Trial 2 https://arizona.app.box.com/

file/255401330925 

https://arizona.app.box.com/file/255407054

962 

UA Logo Trial 3 https://arizona.app.box.com/

file/255398483612 

https://arizona.app.box.com/file/255404630

121 

Checker Board Trial 1 https://arizona.app.box.com/

file/255401082956 

https://arizona.app.box.com/file/255404591

813 

Checker Board Trial 2 https://arizona.app.box.com/

file/255400767729 

https://arizona.app.box.com/file/255407052

364 

Checker Board Trial 3 https://arizona.app.box.com/

file/255399272168 

https://arizona.app.box.com/file/255407041

282 

Random Pattern Trial 1 https://arizona.app.box.com/

file/255398308410 

https://arizona.app.box.com/file/255405124

726 

Random Pattern Trial 2 https://arizona.app.box.com/

file/255399793522 

https://arizona.app.box.com/file/255406040

331 

Random Pattern Trial 3 https://arizona.app.box.com/

file/255399548304 

https://arizona.app.box.com/file/255407014

345 

Lena Trial 1 https://arizona.app.box.com/

file/255399137042 

https://arizona.app.box.com/file/255404504

695 

Lena Trial 2 https://arizona.app.box.com/

file/255401366314 

https://arizona.app.box.com/file/255407064

008 

Lena Trial 3 https://arizona.app.box.com/

file/255399136178 

https://arizona.app.box.com/file/255407037

418 

Lena Trial 4 https://arizona.app.box.com/

file/255401523035 

https://arizona.app.box.com/file/255404805

842 

  

 

https://arizona.app.box.com/file/255399894846
https://arizona.app.box.com/file/255399894846
https://arizona.app.box.com/file/255405013601
https://arizona.app.box.com/file/255405013601
https://arizona.app.box.com/file/255401330925
https://arizona.app.box.com/file/255401330925
https://arizona.app.box.com/file/255407054962
https://arizona.app.box.com/file/255407054962
https://arizona.app.box.com/file/255398483612
https://arizona.app.box.com/file/255398483612
https://arizona.app.box.com/file/255404630121
https://arizona.app.box.com/file/255404630121
https://arizona.app.box.com/file/255401082956
https://arizona.app.box.com/file/255401082956
https://arizona.app.box.com/file/255404591813
https://arizona.app.box.com/file/255404591813
https://arizona.app.box.com/file/255400767729
https://arizona.app.box.com/file/255400767729
https://arizona.app.box.com/file/255407052364
https://arizona.app.box.com/file/255407052364
https://arizona.app.box.com/file/255399272168
https://arizona.app.box.com/file/255399272168
https://arizona.app.box.com/file/255407041282
https://arizona.app.box.com/file/255407041282
https://arizona.app.box.com/file/255398308410
https://arizona.app.box.com/file/255398308410
https://arizona.app.box.com/file/255405124726
https://arizona.app.box.com/file/255405124726
https://arizona.app.box.com/file/255399793522
https://arizona.app.box.com/file/255399793522
https://arizona.app.box.com/file/255406040331
https://arizona.app.box.com/file/255406040331
https://arizona.app.box.com/file/255399548304
https://arizona.app.box.com/file/255399548304
https://arizona.app.box.com/file/255407014345
https://arizona.app.box.com/file/255407014345
https://arizona.app.box.com/file/255399137042
https://arizona.app.box.com/file/255399137042
https://arizona.app.box.com/file/255404504695
https://arizona.app.box.com/file/255404504695
https://arizona.app.box.com/file/255401366314
https://arizona.app.box.com/file/255401366314
https://arizona.app.box.com/file/255407064008
https://arizona.app.box.com/file/255407064008
https://arizona.app.box.com/file/255399136178
https://arizona.app.box.com/file/255399136178
https://arizona.app.box.com/file/255407037418
https://arizona.app.box.com/file/255407037418
https://arizona.app.box.com/file/255401523035
https://arizona.app.box.com/file/255401523035
https://arizona.app.box.com/file/255404805842
https://arizona.app.box.com/file/255404805842

