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Abstract

Optical fibers are ubiquitous in today’s communication networks and are even becoming
more prevalent thanks to their promising features such as low loss, high-bandwidth, and high
security. Optical fiber has already done a lot to facilitate the fast transmission of information
across long distances. Such technology is different than communication systems of old and the
wireless network systems of today. For example, optical fiber affords a user more reliability and
security while RF systems retain a susceptibility to jamming and eavesdropping that must be
mitigated. In the last half-century, a revolution has occurred in the field of communication
systems. Subsequently, the facilitation of optical transmission has emerged in the domains of
time, wavelength, mode, and “code” among many others. Mode-division multiplexing (MDM)
is one way to improve optical throughput through fibers creating multiple channels of

communication.

This thesis addresses the detection and sorting of optically transmitted information that
makes use of a spatial MDM scheme but also combines it with a standard communications
model to create a spatiotemporal system. The challenge herein is to devise a scheme that
combines the temporal aspect of communication systems with the spatial profile of the electric
field that also carries the information. We take advantage of the fiber’s cross-section which
consequently allows us to model each mode profile as an “image” and sample it accordingly
using a photodetector array. This architecture makes use of a quasi-orthogonal mode model with
user coupling among each mode. In this way, we can create an integrative communication
architecture that incorporates the coupling between users. We also propose a robust way of
multiuser detection that recovers all user input bitstreams and optimizes the way in which users

are positioned for the best system performance.
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Chapter 1: Introduction

Transmission speed is already very fast with Ethernet 5 cable reaching information
transmission rates of between 108 and 10° bits/s. The record so far for a multicore fiber is
1.05 - 10*° bits/s [1]. Many fiber optic development methods and schemes are for the most part
directed toward what happens before the fiber or along the fiber, (e.g. precoding [2] or iterated
amplifiers). In this work, we are developing a multiuser mode-division multiplexing method for
the receiver at the end of a length of optical fiber, using a spatiotemporal mode-pulse profile of the
signal to examine what happens at the receiver at the end of a length of optical fiber, particularly
what happens with a spatiotemporal mode-pulse profile when it interacts with a photodetector

sensor grid.

Optical modes are forms taken by the guided waves that are allowed to propagate in a
waveguide under a certain set of conditions. These conditions have to do with the indices of
refraction of the core and cladding, which is a function of the materials of which they are
composed, the dimensions of the waveguide, and the wavelength being transmitted. Our model
deals with circular waveguides, or fibers. These modes propagate at different angles and velocities
as they reflect off the core-cladding interface throughout the fiber. We already know that single
mode fibers have no capacity for mode-division multiplexing (MDM). On the other hand,
however, we already know that using multimode fibers (MMFs) decreases the spectral width of
the output [3]. This is especially true in the context of multiuser mode-division multiplexing
(MDM) [4]. For the sake of finding a balance between these two extremes and for simplicity, our

model makes use of a few-mode fiber.



In optical fiber communication and contemporary communications in general we mostly
deal with temporal pulses as conduits for information transmission. In the same way that
digitization has facilitated the modernization of such communication systems, one can apply this
idea to spatial profiles of optical fields. Furthermore, two ongoing challenges in the field of optical
fiber communications are the issues of speed and reliability. High speed communications

applications exacerbate these issues indefinitely.

In this thesis we will take advantage of photodetection technologies in order to capture the
spatial profile mode. These sensors take the form of photodetector grids that function as spatial
samplers.  This will be combined with the temporally-based architecture of modern
communication systems. The mechanisms according to which our optical fiber system functions
are rather simple: a light source, optical fiber, detector element, and our decision maker. Moreover,
one can divide the types of fiber optic sensors into the type of modulation scheme that an optical
signal undergoes. In this way, optical detector systems are classified by property used for
multiplexing (e.g. intensity, temporal delay, spectrum, polarization, etc.) For this thesis, the
primary medium we will be exploring are intensity sensors for non-coherent (direct) detection, of

which more will be said later in this work.

1.1 Fiber Optic Modal Sampling

The model of photodetector grids that is considered in this work can be divided into two
parts. The first part deals with optical fiber modal sampling, i.e., spatial sampling. The second
part has to do with matched filters corresponding to mode-division multiplexing (MDM) encoding
schemes. Such grids have been crafted in order to maximize coupling efficiency for the optical
fiber. This is mainly done by integration with the waveguide or fiber and a quantum efficiency of

80% can be achieved [5]. But today this efficiency can be improved through signal enhancement



circuitry [6]. In the 1970s these photodiodes would have a response time of around 20
microseconds. Today ultrafast photodiodes have response times on the order of picoseconds
(1022 s), good enough for rigorous pulse-sampling [7]. Today’s optical fiber communication
systems work the same way as a temporal pulse-based system because information is encoded in
a series of sequential pulses and most systems use single mode fibers (SMFs). However, using the
fast temporal response of photodiodes and assembling them into a grid can create a new path
towards a hybrid system of space and time. That is, the integration of MDM and OOK for Gaussian

pulses.

Sptatio-temporal processing in optical systems already has precedent in adaptive optics
(AO) and astrophotonic systems. Such systems compensate for wavefront distortion that is likely
to occur in the context of atmospheric aberration in radio-astronomy applications [8]. This
aberration can be simulated in using rotating specular (rough) transmission lenses. However, the
wavefront correction apparatus is too slow for our means as it works the same way as a charge-
coupled device. Such devices integrate the “image” over an exposure time t, on the order of
milliseconds [8]. Such a time is not fast enough for our purposes here. What is necessary here is
a spatial receiver with an integrative element that allows for high temporal resolution pulse-
sampling [9,10]. The necessary sampling would be such that it finds observations in contemporary
high-speed time-division multiple access (TDMA) applications and can therefore accommodate a
large optical spectrum [11]. Additionally, our goal is to go from analog to digital in both space
and time. In this way, what is needed is a is an element that can function as a spatial analog-to-
digital converter (ADC). In this work, we use a grid of microphotodiodes as an optical sensing

and sampling apparatus. In this way, the spatial profile will undergo spatial digitization.



Advances in fiber optic detection technologies in the last thirty years have caused the prices
of such equipment to drop tremendously and so such devices are available for use in the near future
if not contemporary use [12]. The method proposed in this thesis would have to make use of
photodiodes for efficient sampling and space and time which can very well be achieved as response
time t is linearly proportional to diode capacitance, which is in turn linearly proportional to device
area [13]. Now the challenge stands to use these efficient technologies for the purpose of reliable

and fast data transmission.

1.2 The Role of the Optical Fiber

We first begin with coupling light into the fiber to stimulate the various modes, which is
especially important in the context of having multiple users. Parallel encoding schemes are a novel
and efficient way of increasing data transmission rates. Given that in this research we experiment
with spatially sampled modes, we will examine the role of a “high-resolution”—oversampled—

microphotodiode sensing grid.

The optical fiber allows for modes which propagate at different velocities and angles
throughout the fiber [14] due to the effects of dispersion. MMFs are also easier to work with
anyway, as splicing alignments and microfabrication errors are not as costly to the overall
performance. The thrust of MMFs in this regard is to exploit the benefits of informational
encoding as it relates to the various modes that are carried in a particular fiber. Optical traffic
demands are more easily met, at least in theory, where there is the assumption of perfect or
almost perfect orthogonality. However, that is never really the case. Not only is there modal
coupling, but the effects of dispersion cause the pulses to accrue delays and the bit streams to
overlap, leading to intersymbol interference (ISI). Illustrated in Figure 1.1 is a look at the

various stages of bit overlap over the course of an optical fiber.
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Figure 1.1: Dispersion over the length of an optical fiber pulse envelope in time, which causes
ISI [15].

The overall template that we use here is that of a typical analog transceiver model. The
first step is the information source, an external beam that converts information in to a series
pulses to be sent down the fiber. The information is principally encoded in the “variations” of a
particular property of the signal. This is known as optical modulation and it can take place in
several domains; the most common, however, phase shift-keying (PSK) and amplitude shift-
keying (ASK). The primary medium for modulation in this thesis will be ASK, particularly in
on-off keying (OOK), a scheme for binary amplitude modulation; however, such methods can be
generalized to more inclusive alphabets, i.e., M-ary modulation. Overall, the model we propose

is an optical realization of the block diagram represented in Figure 1.2,

Modulation
Information | B . Qutput
nput Transmitter Channel Receiver P
Source [ Transducer | Transducer
Sound picture speech  Infermation in Information in
data efc. electrical form Noise original form

Figure 1.2: A rough diagram of the structure of a typical transceiver communication system.



External modulation encodes information onto a beam source to be sent down a fiber.
The optical signal is subject to noise at the square-law detector receiver. The stimulation of
modes by a broadband (Gaussian) source means that encoding modulate the allowable modes to

varying degrees.

1.3 Review of Fiber Optic Mode Theory

We must first review fiber optic mode theory to understand how communication systems
can effectively take advantage of optical physics. Modes are the means by which we
communicate information in this system. These modes are the solutions to the Helmholtz wave
equation in cylindrical coordinates subject to the conditions of the fiber and they propagate in the

Z-direction [14]. Helmholtz’s equation is expressed as:

V2ZE(r, ¢) + kZn2E(r,¢) = 0 1.1

where k, is the wavenumber 21/A, E is the electric field, 7 is its radial component, ¢ is its

azimuthal component, and n is the index of refraction

Additionally, these modes are both guided (confined in the fiber) and radiative (not
confined in the fiber). For the purposes of our analysis, the effect of radiation modes, unguided
modes that do not have a discrete spectrum, will be neglected. User information will only be
attached to the stimulated guided modes of the fiber. What mainly distinguishes the various
modes that propagate in the fiber is the wavenumber in the z-direction, 5. However, sometimes
the guided modes can have the same (or approximately the same) S-value. In such a case these
modes come together to form a mode group. These mode groups become especially active in the
context of the weakly-guiding approximation, where the index of the core is only slightly higher

than that of the cladding. We can make this approximation to form linear combinations of



modes in the fiber. The degree to which an mode LP,,, is stimulated is shown in the equation

below:

c — fEi (T‘, d)) ' Evm(r' ¢)dA (1.2)
U [ Em(r, @) - Eym (1, ¢)|dA

where, E;(r, ¢) is the input field—a cylindrical Laguerre-Gaussian beam in this case—and
E,..(r, ¢) is the optical field profile for the LP,,,, v is the azimuthal index, m is the radial index,
and LP,,, is the linearly polarized eigenmode for the fiber. The modulated modes are thus

written as the following sum

M N (1.3)
E(r,¢,z=0,t) = Z z bpmcn En(r,¢,z =0,t —mTy, — 1)

m=1n=1

N is the number of different modes in the fiber, c,, is the excitation amplitude for the nth mode,
b,, is the mth bit of the bitstream, T}, is the bit period, t,, is the waveguide delay for mode n, and

M is number of bits in the bitstream.

The next and slightly more complicated step is use the parameters of the wavelength,
core radius, and refractive indices to calculate the V-number and use a function for calculating
the zeros of J, (x) to calculate how many modes of azimuthal order v can and will be stimulated.

We express the V-number as

_2m (1.4)

V=— [nZ—-n}

A

This number describes the range of allowed modes in an optical fiber. The largest value
for v, the azimuthal index number, is 2V /m [14]. More specifically, the mode allowed is

dependent on its value in relation to the nth zero of a Bessel function of the first kind of order v



as demonstrated in Figure 1.3 below. Figure 1.3 illustrates this principle in the larger context of
an N-mode MMF. This is more specifically related to the stimulation HE and EH hybrid modes
through the weakly-guiding approximation this concept can be extended to LP mode groups.
This becomes slightly more complicated given that—at least for short-haul fibers—we are using
LP modes for our units of modal stimulation. This method is used to create a filter bank of

modes for the optical correlation.
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Figure 1.3: The first three Bessel functions of the first kind are plotted with respect to where V
or ka intersects with their respective roots [14].

The cutoff conditions for the modes in the fiber are described thusly:

TEy, modes & V > mt" root of J,(V) (1.5)

TM,,, modes < V > m" root of J; (V) (1.6)

EH,,, modes & V > mt" root of J,,, (V) (1.7)

HE,,, modes © V > m!" root of (e z + 1)]v (V) = ]V(V) =0 (18)
c

In Figure 1.3 (a), we see the EH hybrid modes according to the conditions described in
equations (1.5), (1.6), and (1.7). On the right in Figure 1.3 (b) we see the HE hybrid modes
according to the conditions described in (1.8). However, because we are using LP modes as our

eigenchannels we will have an entirely new set of conditions.
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Figure 1.4: The proportional power of LP,,, modes carried in the core as a function of the
V-number [14].

Figure 1.4 describes the new conditions for the excitation and confinement of the LP modes in

optical fibers. The designation of the modes is thusly defined by [14]:

LP,, =HE, ;1 ;m +EH,_ 1 (2.12)

Consequently, this model carries a linear combination of variably stimulated eigenmodes
through the fiber in such a way as to create a rough approximation of the externally imposed
field. This is similar to the way that Fourier series coefficients are generated from an aperiodic
signal; in this case the modal decomposition yields something similar to a Fourier-Bessel series.
The only difference is that the Fourier modes are orthogonal whereas the fiber optic modes are

not, and in fact, oftentimes strongly coupled.

1.4 Optical Fiber as a Communication Apparatus

MMFs can function as robust communication channels as they share many of their
properties. For example, they effectively function as filters in radial k-space in that they allow a
maximum radial frequency of k.., = koNA [14], where k, and NA are the wavenumber 2 /A
and numerical aperture, respectively. Furthermore, the spatial spectrum is discretized into

9



guided modes, corresponding to a discrete set of radial frequencies within the core of the fiber.
For this reason, we can model the information externally encoded onto a Gaussian beam pulse as

a stimulation of multiple channels.

These “optical channels” propagate in the fiber at different speeds and thus accrue a delay
in the process. As is a constant in all practical communication systems, the received signal
contains additive noise. Noise contaminates the spatiotemporal amplitude elements of the signal
and the phase of the signal. In the fiber, this happens by way of successive wavefronts
contaminating the mode. From a spatial perspective, this is noise that contaminates the intensity
field of the optical mode. Additionally, dark current and shot noise enter the signal at the
receiver. The signal-contamination by these various noise sources will be modeled as additive

white Gaussian noise (AWGN).

Competency as a communication system does not just start and end with what happens
regarding the optical fiber. The receiver is also a major component of this system as it is the one
that is responsible for receiving the signals and appropriately demultiplexing them. This is
important to recognize because the thrust of this thesis concerns what happens regarding the
receiver, not the transmitter (Gaussian beam) or the communication medium (optical fiber). In
this way, we can and do propose an optical receiver system. Such a receiver must be able to
facilitate demultiplexing, be sensitive to relevant encoding, and have a rule-based scheme for

sorting signals.

10
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Figure 1.5: The coupling of a parabolically expanding Gaussian beam into a fiber.

Our transmitter will have a beam source at some arbitrary distance directly incident on
the fiber. Figure 1.5 is an illustration of how users’ input lasers and fiber core couplings, one
input beam source per user. We also assume a circularly symmetric beam source, meaning that
the modes generated will be various orders of Gaussian-Laguerre modes with curved wavefronts
and zero tilted angle. Gaussian-Laguerre fundamental mode of a beam of wavelength A take the

following form

E(r,¢,z) = EoCy§ (ﬂ)v e_(wzl(Z)-F%)rzUé ( 272 ) p-ilverhz—p() (1.4)

w(z) \w(z) w2(z)

where, E, is the electric field amplitude, k, is the wavenumber, w,, is the spot size out of the

2
fiber laser, w(z) is the beamwaist as a function of z given by w,, /1 + (Zi) , Zg IS the Rayleigh
R

range Tw¢ /A, the distance from the beam source where the cross sectional area doubles, R(z) is

2
the radius of curvature of the beam as a function of z given by z (1 + (i) ) Y(z) is the Guoy
ZR

phase shift as a function of z given by ¥(z) = (v + 1) tan™? (i) v is the azimuthal order of the
ZR

11



beam, LY, is the generalized Laguerre polynomial function, and CLS is the normalizing constant

to make the cylindrical inner product of the envelope function equal unity \/1/mv [16].

Higher order modes are generally avoided so for the purposes of this thesis the only
relevant Gaussian beam modes will be the radially fundamental modes, the TEM,,, modes, which
stimulate the relevant allowed modes in the fiber. Moreover, this is a few-mode fiber so the
azimuthal orders should not get beyond v = 2. Our purpose is to bypass the issue of azimuthal
orthogonality and allow for the LP modes to propagate. Recently, there have been developments
in the use of optical elements to generate such modes [17—20]. The problem with these
methods is that they do not generate a coherent superposition but rather an azimuthal
transformation of the fundamental TEMoo mode. Fortunately, methods to generate

superpositions of these azimuthal transformations do exist [21].

Figure 1.6: Experimental illustration of a Gaussian-Laguerre superposition up to v = 4 [21].

As shown in Figure 1.6 the superposition of Gaussian-Laguerre produces a “petal”
pattern. Additionally, Naidoo et al. in [21] were able to generate such beams with identical
losses through the cavity up to order v = 8. Using this method allows for one to generate LP
mode groups where the constitutive modes have equal strength. Here we can develop our own

linearly polarized “optical channels” with in the fiber. This would be analogous to the

12



generation of a channel’s own system antennas such is the purpose of these beams. This

analogy is illustrated in Figure 1.7 on the next page.

a(t) e \ ng,lL ng,ZL ng,sL
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n n n
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Figure 1.7: The antennas are fed by an information source function g(t) like a multichannel
receiver.

The only difference is that radio-frequency (RF) systems allow for the phases and
amplitudes to be chosen. Such is not the case for our application of fiber optic modes. The
phase information is made irrelevant by our use of direct detection. The amplitudes are functions
of the position of the users. On the other hand, the fiber acts as a linear system with an impulse
response. Consequently, this means that for some beam that stimulates K modes in a fiber of

length L, this impulse response in time takes the form

K (1.5)
hriver(®) = ) hie8(t = Tugil)
k=1

where 1,4, represents the waveguide dispersion for the kth mode and hy, represents the

stimulation amplitudes for the fiber which functions as a multipath channel. For our purposes in
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this thesis, we will assume a dispersion-compensated fiber where the integrity of the optical
pulses is preserved and ISI is thereby eliminated. If this looks familiar it is because it is very
similar to the form of the time-invariant multipath impulse response. Here we assume constant
amplitudes and the phase factors are absorbed into the coefficients. From here one can
characterize channels and come up with a multiplexing scheme that makes use of a source model
for single-input-single output (SISO), single-input-multiple output (SIMO), multiple-input-single

output (MISO), and multiple-input-multiple output (MIMO) schemes.

In the context of optical design for an optical communications receiver, denoising is an
important factor and finding a filter that can do such is important. In this case, the solution is a
matched filter. A matched filter works by taking “copies” of a known signal—a template
signal—and correlating it with an unknown input signal to measure its presence in a known

signal which is our challenge in this work.

1.5 Optimizing Fiber Optic Modal Detection

In the past fiber optic correlation and thus modal detection was done using the analog
means of an externally functioning apparatus. This technology was first made available to us in
the last half century in the form of the Van der Lugt filter [22]. In this thesis we take advantage

of a form of passive analog optical processing of the type described in Figure 1.8.

Figure 1.8: Recording the frequency-plane mask for a VVan der Lugt filter [22].
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The Van der Lugt correlating filter allows one to have a real-time analog optical
information processing apparatus for fiber optic modes. The only difference is that those
experiments were done with an optical mesh and these are done with photodetector grids. More
specifically, we have to find a way of separating the individual modes from the signal at the end
of the fiber. Our utilization of FMFs makes this problem much less formidable; indeed these
mode selective filters for FMFs have been achieved for two modes [23]. More recently, these
methods have been applied for FMFs through long period grating mode converters [24]. The
more recent method of modal decomposition makes use of optical prisms to separate modes,

allowing us to assess not only the system performance, but also the modal performances.

Fiber Input light

Figure 1.9: Prism attached to side-polished fiber to couple individual modes at different angles,
depending on the effective index of the fiber mode [24].

The prism coupler requires a lot of precision to place and can be a source of insertion loss
(IL) but it is nevertheless useful for modal separation. The condition to be satisfied here is that

the modal separation occurs optimally in the presence of a material where (n’;;nc) ~0(1071),
17

where n,, is the index of the prism and n. is the index of the core.

15



1.6 Thesis Outline
The rest of this thesis is divided into three parts: Chapter 2 will deal with the system

model and design that | have proposed, the way it is meant to represent specific conditions of an
optical fiber, and an explanation of the how the components are programmatically represented.
Chapter 3 will cover the signal processing architecture and various methods involved. Chapter 4
will cover the results of the whole system architecture and make comparisons between various

ways of implementing the system.

1.7 Chapter Summary

As of now, typical communication systems are primarily characterized by informational
encodings onto variation in signal properties (e.g. frequency, amplitude, phase, etc.); this is
known as modulation. Furthermore, this modulation is done with a keying scheme, a scheme
that establishes different types of modulation by which this can take place. We provide the
necessary context for understanding how multiuser fiber optic systems can function using an
FMF and how the current technologies that allow for the success of such a system perform
optical correlations in space and time. Also implicated in this work is a few-user model that
allows for the generation of user symbols for the nt" bit in a bitstream by way of a carefully
calculated and optimized detection threshold. This will be further explained in the fourth

chapter.
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Chapter 2: Optical System Layout

In this chapter we divide our model in to its various components. We first start with our
input beam waves from our users that we use to generate the LP mode groups onto which the
information is attached. Secondly, the optical fiber is our medium for information transmission.
The fiber is the container of the channels and paths that are stimulated therein. Because the users
stimulate the same optical channels, there is bit-alignment among users for each channel. There
are three ways in which we will test the system performance. One of the ways in which we
evaluate the performance of the system is that at the receiver we use a prism for the modal
demultiplexing of optical signals. Each of those modes has its own photodiode array for spatial
sampling. After which a decision is made among the modes to ascertain the optical symbol

generated by the users’ bit-alignment.

Transmitters Receivers
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Figure 2.1: An I/O schematic representation of an FMF whose allowable modes are externally
stimulated by the users’ beams.

The purpose of Figure 2.1 is to provide a more visual intuition as to how the system is
mean to operate. For an optical fiber of radius a, we optimize the spot size for the stimulated
mode; this standard will change in the next chapters. What we have is an FMF that is stimulated

by Gaussian beams which, in turn, stimulate the allowable modes in the fiber.
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2.1 Optical Transmission Components

We first start with the “petal beams” generated by our users’ fiber lasers to stimulate the
allowable modes inside the fiber. This is done through the use of an intra-cavity stop that is
meant to generate modes [21]. Additionally, the lasers are differentially positioned at the
entrance to the fiber. More will be said about how to optimally position the users for best
performance. Suffice it to say that the positioning of the lasers is what defines a user. We take
advantage of the channel state information (CSI) to come up with ways to optimize user
positions at the entrance of the fiber. This is our linear precoding method wherein our
knowledge of the channel’s properties allows us to exploit a diversity gain among the users for

the minimization of receiver errors.

2.2 Fiber and Channel Components

Starting with the optical fiber, we understand this as a communication channel that
carries the channels (modes). We assume that we have the CSI as ascertained by pilot signals.

This will be done in single-core and multicore contexts.

We assume a fiber laser operating at a relatively low-intensity, around 1 mW.
Additionally, we include the effects of dispersion but not chromatic dispersion. In this way we
assume a dispersion-shifted fiber where low attenuation and low-dispersion intersect. In this
way, there is delay between the various modes, but the integrity of the pulses is preserved. Such
was the case with Cohen et al. using germanium oxide (GeO) dopant impurities to make shifts
in the refractive indices [26]. This makes our fiber function as a linear system of which we can

take the impulse and frequency responses.
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2.3 Receiver Components

At the end of the fiber, a prism is used for coupling the modes out of the fiber,
demultiplexing them, and sending them into the grid of photodiodes tailored to each mode. For
our multicore and single-core contexts there is one prism per core. When placed as close as
possible to the fiber core cladding interface(s), such prisms function as low-loss demultiplexers
for the modes. Now our spatial sampling apparatus, the microphotodiode array, follows. For
simplicity, we will assume that each photodiode has an external quantum efficiency of n,,, = 1.

Figure 2.4 shows an approximation of what the sensing array would look like.

4-Pixel Array

n-type [§ 88| i @ Y- Photodiode
Photodiode CCC 1 HERE|RERY|

Shift Register \
Light insulating :
hy
W" = p-type

Figure 2.2: The array of semiconductor microphotodiodes how we model spatial sampling [27].

This semiconductor sampling apparatus displayed in Figure 2.2 senses the output signal,
then its individual elements perform opto-electronic conversion, inducing a current
representation of the signal in each element. For the case of amplitude-shift keying, we use a
binary encoding in the form of 1’s and 0’s. The use of ASK will be relevant for the coding of the

amplitude—and thus intensity—of a mode.

Temporally, the small areal dimension of the elements will allow for a fast response time.

Experiments specifically with nanophotodiodes have demonstrated a transit time through the
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depletion layer on the order of picoseconds, evincing a theoretical bandwidth of up to 100 GHz
via surface plasmon resonance [28]. These such speeds allow for efficient sampling of each
pulse. The intensity of each pixel is detected and an optical “raster image” is created. Each

“pixel” entry of the N X N matrix of the digital mode is described by the equations below:

2(i+21)_Nds 2(j+21)_Nds (2.1)
1
Eii=—= E(x,y)dxdy ,fori,j € [1,N
=y || Eewaxayserijemnm
ZlZ—NdS ZJZ_NdS

where ds is the side-length dimension of a grid square.

Likewise, the intensity matrix is similarly written

2(i+21)—1vdS 2(j+21)_Nds (2.2)
Ccngg
i =——— E(x,y)|?dxdy, fori,j € [1,N
icaayE || IEGoPdayerijeny
Zl;NdS ZJZ_NdS

where c is the speed of light, &, is permittivity of free-space, and

n_{nc, x*+y?<a
Nney, else

where n. and n; are the respective core and cladding indices.

At the end a type of decision algorithm is used to match the information to its respective
mode. This model will become more complex as we progress through this work but suffice it to

say that this is only a rough sketch.

20



4 €11b1n

lan
4 P, 1
i ) g
" Gﬂzy . 4 A CrabonE1(x,y) |
~ 4 C13bap
“ [
(Gaussian pulses) - #| Few-mode fiber (FMF] . i - "X1
by, € (0,1} N M e by ~_ |Intensity —~
- \\ . ~
o) *,/ * ConbonEr(x,y) ¥ detection X2
2o y ~
e el C23bgy on=1
i Pt / -~
/ X5
WY C. b /’,
NN Nxy)
\ Y Ca2banEa(x,y) |
\ €33bay

Figure 2.3: The elementary fiber system model.

In Figure 2.3, b,,,,, is the n bit of the m" user, ¢, is the excitation of mode | by user m,
N(x, y) is the two-dimensional AWGN component, and X,,, is the decision of the m mode. In
this there are two ways in which this thesis will model noise. The purpose of a matched filter is
to maximize the SNR of a signal in the presence of AWGN. We rely on linear systems to
ascertain the matched filter. One should keep in mind that is this the temporal one-dimensional
case. Our examination of the two-dimensional case is further ahead. In this case our goal is to
come up with an impulse response meant to maximize the value of x(t) = h(t) at an arbitrary
time. Our temporal pulses in this case are Gaussian pulses centered at t = T, /2, where T, is the
bit period. Because our pulses symmetric about t = T}, /2 the temporal “integrate and dump”

correlator is a close approximation a matched filter [29].

The system works by using maximum-likelihood (ML) estimation to measure the
correlations of the spatially sampled optical LP modes with mode templates. The method works
by first a using a spatially sampled representation of one of the modes stimulated by the
Gaussian input beam and loading up the bits (1 and 0) where both are equiprobable. In the
context of direct detection, it is not sufficient to use the sign of the bit decision. Instead, we take
a weighted sum of the users according to their respective excitation amplitudes. The correlation

between the LP modes is not only supposed to function a modal classifier, but also used to give
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us a symbol energy for the particular user-symbol sent. This is something that is done while

each pulse is temporally sampled.

2.4 Optical Modal Correlation and Filtering

In applying optical detectors for spatial matched filtering, one must still apply the
mathematical methods used for a temporal matched filter. After spatial sampling and temporal
correlation, the modal energies are calculated compared to a theoretical value in a bank of
spatially sampled representations of modes. Our purpose here is finding the relative
correlation—covariance more precisely—between each mode, choosing the highest, and using

ML estimation on those values.

In this model, we propose a stream of Gaussian pulses in time of the form

—41In 2(%)2 (2'3)

p(t) = Pye

where 7, is the FWHM pulse duration and P, is the power of the pulse at t = 0. Since we are

using noncoherent detection, we will be using power pulses rather than field pulses. The

frequency spectrum of p(t) is expressed as

vt} (2.4)
ﬁ(a)) X e 16In2

Using the FWHM rule on the frequency spectrum, we get that the 3 dB frequency and 3 dB

bandwidth are

In 4 2In4  0.88 2.
BW = =— (23)

3dB = € =
Ty Ty Tp

Using the Nyquist-Shannon sampling theorem for which f; > 2BW, we conclude that the

required sampling rate must be at least 1.767,*, corresponding to a minimum of two samples per
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pulse—within the FWHM pulse duration. In this way, the model has the bitstream essentially
“interleaved with itself”—creating double copies of each bit—in order to capture the double
sampling aspect of the model. However, this is not enough to robustly capture the temporal
aspect that requires the “integrate and dump” calculation process or a robust temporal correlation
process. In short, we need a more rigorous definition of our signal bandwidth, one that matches

how we define the pulse duration in the time domain.

2.5 Chapter Summary

In this chapter we have broken down the computational system components to get a more
programmatic picture of how this system will be realized. We described this entire 1/0 model
system from start to end. From the transmitter we have demonstrated the ability to stimulate
modal superposition of Gaussian-Laguerre modes without a cumbersome integration of optical
elements [21]. We also have a mathematical channel model for the fiber in terms of how it there
are multiple paths with different delays over the course of the component. We have ignored the
effects of chromatic dispersion, having demonstrated they can be accounted for through doping
while simultaneously exhibiting low fiber attenuation [26]. Our prism coupler is our
demultiplexer, allowing for a separation of modes for an individual correlation to the noiseless
eigenmodes. These modes are pre-stored as matrices, “stored” in the detector for all intents and
purposes. The temporal component enters as relevant sampler samples at least twice—most
likely more—per bit. Altogether we will have a representation of the matched filter correlator in

the x, y, and t domains.

Integrating in time is how bits are temporally separated; the bits are correlated with a
“high” Gaussian pulse. In essence, we basically have an optical multipath receiver for a selected

ensemble of users in the context of an OOK modulation scheme. Information is fed through the
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eigenchannels (modes), giving us a point of connection with a typical electrical communication
system. The communication channel allows for us to build a matched filter for each channel. As
the users stimulate the same modes, the modes thus carry the same information. However, the

question remains as to how to optimally extract this information.
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Chapter 3: Signal Processing for Fiber Model

In this chapter, we discuss how signal processing is done at the level of the receiver. We
take from A.P.T. Lau’s model in [22] and use direct detection for the microphotodiode grid

receiver. In this way the bit stream conglomerate is modeled as

& ' (3.1)
E(r,8,z=0,t) = e/ z z b, () Eny (1,0, t — mTy, — T,,) e~ IPm?
m

=1n=1

where, b,,(t) € {0,1} is the OOK bit stream of the kth bit, j3,,, is the wavevector for the mth
mode, w is the optical frequency, t,, is the waveguide delay for the mth mode, and T}, is the bit
period. In this scheme, noise is added to the intensity of the received mode such that the signal

received in a fiber of length L is expressed as

K K (3.2)
G, O = D bRl &, OF +2 ) bibyihi(r,, 0%, (r,6,0) cos(B — )L
k=1

i#j

cross—terms

+ N(r,¢,t)

noise

In the previous chapter, we noted how operations of integration were reduced to
operations of addition through spatial sampling. While this is good for the direct terms of the
mode intensity when one is trying to make correlations with modally matched filter banks, this
sort of process becomes more difficult in the realm of cross terms. These cross terms come from
the differences in the g for certain modes. However, in our model, they will arise from the phase
differences of the excitation amplitudes for the few LP modes generated by the Gaussian beam.
Under the weakly-guiding approximation, the value of S takes the form described by Davis in [2]

and A. Juarez [31] as
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3.3)

2v2A
ﬁvm=nck0\/1— Qv+2m+1)

n.koa

where, n. is the core index, k, is the k-vector, a is the fiber radius, A is the relative index

difference, and v and m are the azimuthal and radial indices, respectively.

Additionally, these beams are assigned to each of the few users. The square power law
makes it such that a cross term also become carriers of information. This problem becomes more
difficult in the context of a large mode fiber [32], which is why our model only deals with FMFs.
This mixing, which is often very high can often make it hard to distinguish one cross term from
another; this is one of the consequences of user interference. This is especially true if the modes
being used are linearly polarized approximations to hybrid modes stimulated in the fiber. Since
LP modes are really superpositions of two—sometimes three—hybrid modes, the cross terms
could contain four—or even eight—cross-terms. However, the length of fiber we use for our
model is more short-haul and so the effects of this sort of dispersion can be ignored. The effects
of extreme delay that would cause the modal separation will not play a major role this model.
The model proposed is one that attempts to solve issues related to user interference in the
presence of noise by proposing ways of implementing this system in already existing

communications schemes.

3.1 Optimizing Receiver Architecture

One would think that an advantage is offered by a concentric array which not only
matches the geometric structure of the fiber, but also consequently allows for fewer samples to
be taken as the only the radial component is important due to the azimuthal symmetry. The same

cannot be said of higher order axial modes.
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The lack of an azimuthal sensor means that polar sampling—sampling in r and ¢—
cannot take place in an FMF. Additionally, this means that the spatial spectrum of modes cannot
be holistically examined. Additionally, since we are encoding the information onto LP mode
groups then the same information would be time shifted by temporal samples. This would lead
to information mixing and a different information that would effectively come from a different

user.

<10°
6
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Figure 3.1: A cross-sectional model of the LP12 mode field in an optical fiber.

The LP12 mode field shown in Figure 3.1 is plotted as a superposition of TEo2, TMo2, and
HE>> modes, which are degenerate as they travel roughly at the same speed. The reliability of
our ability to collapse the modes into one is ensured by the fact that a 632.8nm wavelength with
an NA of 0.0548 has an intramodal time-shift of only 188 ps for every 1000 km. Because the
modes have two different azimuthal components—components in the ¢-direction—they are
essentially orthogonal but nevertheless degenerate. Consequently, looking at their Hankel
transforms will not be effective because their azimuthal numbers are not the same. Spectral

analysis is not an option for us with an FMF as concentric rings cannot capture the azimuthal
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component beyond the fundamental mode. It is for this reason that we must use grid Cartesian
rectangular photodiode arrays because they are compatible with a more holistic sampling of a
mode’s cross-section. This is especially true when existence of user interference comes into
play. A cross term of'a “1” on both the LP1» and the fundamental radial mode is demonstrated in

Figure 3.2.
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Figure 3.2: The LP12> and LPo1 mode field are plotted together as a cross-term.

Taking the modes as one stream and incorporating it into a fiber would be difficult in
terms of algorithmic demultiplexing. For this reason, our model bypasses the modal cross-terms

such as those that would appear in Figure 3.2.

We further demonstrate that such a system can be extrapolated from theoretical
conditions as we make a variation of a channel segmentation model formulated by Juarez et al in
[31] that was used to model fiber bending. Instead, our variation models index perturbations in

both the core and cladding wherein the velocity of each mode varies according to its fiber
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segment. We use a variant of Juarez’s channel model, also used by Davis used in [2], with a

Gaussian distributed in index variation where both n; and n;;,—which are the respective new

indices of the core and cladding—were distributed as n.~N (n., An?/100) and as

ng,~N(ng, An?/100), where An = n, — n,;. Figure 3.3 below shows the delay of the

constitutive modes of the LP1> mode group as a function of the number of divisions.

-
=
T

s

max. delay - for 1000km
o

1.7

167

s
w
T

x10°10

=
48]
—

A
i

11

10 20 30 40 50 60 70 80 a0 100
N - divisions

Figure 3.3: The total delay the among the constitutive modes of the LP1> mode group over the
course of 1000 km.

In Figure 3.3 we observe that the delay remains on the order of 10~1° seconds for
1000km which represents a phenomenally small delay between the already degenerate radial
modes—TEop2 and TMo>—and the HE2> axial mode. The delay 7 in Figure 3.3 reaches a
minimum low of .10 ns for 2000km when there are 100 segments, 10 km per segment. Overall,
the value of t decreases as the number of segments increases. This can likely be attributed to a
form of the law of large numbers where a mean of some sort is approached as the number of
iterations increases. We our system makes use of a short link of only 25 km, making our delay

on the order of .1% of our bit rate, on the order of picoseconds (10712 seconds), a time scale too
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short to affect diode temporal sampling. With a bit rate of 1 Gbps, our system does not suffer

from the long-haul intramodal delay.

There is one purpose served by the taking the Hankel transforms, the radial spectra, of the
modes and that is to come up with an idea of the sampling frequency in space. This is done
through the Hankel transform [33] expressed in (3.4) as

a ° (3.4)
E,(k)=A f]v(}cr)]v(kr)r -dr + Cf K,(yr)], (kr)r-dr
0

a

where v is the azimuthal number and A and C are the boundary coefficients for the core and

cladding, respectively. The corresponding transforms is plotted for the radial component of HE>;

mode intensity.
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Figure 3.4: The power spectral density (PSD) of the HE21 mode intensity field in radial k-space.

For our sensing applications, there is not much to be gleaned from the Hankel transform
in Figure 3.4 except for an understanding of what the approximate radial bandwidth would be.—

BW, ~ 3.455 - 10° rad - m™1; the bandwidth is 1.7275 - 107® rad - m~? in positive k-space but
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we double it as E, (k) is even with respect to k. Because k is the angular spatial frequency in

radial k-space, we can express k as k = \/kZ + k2 where min k = 2BW,, and

mink = 6.911-10° rad - m~*. Consequently, both k, and k, must have a minimum of 2BW to
account for the whole circle. After dividing by 2m to get min ¢, and min &,, we take their
reciprocals to give us A, = 4, = 0.91 um. Our appeal to cylindrical transforms is for an

illustrative understanding of how to use Nyquist’s theorem in cylindrical space and then

subsequently apply it to Cartesian microphotodiode sampling.

3.2 Temporal Processing

In the previous section we discussed intramodal separation in the context of long-haul
fibers. Our spatiotemporal hybrid correlator can ameliorate this problem. The orthogonality in
space can be rectified by taking advantage of the connection these pulses have in time. The
robust temporal sampling allows us to incorporate the pulse delay between two degenerate
modes into our spatiotemporal correlator such that there is effectively zero delay. The temporal
processing component works as a corrective to the degradation of LP modes over long distances.
More precisely put, an LP mode is modulated with a single Gaussian pulse is mathematically

expressed by

—21n z(t_M)z (3.5)

Tp

—21n2<i>2
El(x' Y, t) = Ela(x'y)e r + Elb(x' y)e

where E; (x, y) is the optical field of the LP mode, E;,(x,y) and E;;, (x, y) are the two
degenerate components, and At is the time delay between the modes. Robust temporal sampling
allows for the connection in time to be seized upon in order to skirt the problem of degeneracy

degradation over long distances for LP modes.
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The mathematics of the temporal processing of the bit stream was described in the
previous chapter but is important to note that the sampling of Gaussian pulses will also occur.
Fortunately for us, the Gaussian pulse only acts as a temporal coefficient for the spatial profile.
Altogether, the bitstream can and does function as such a coefficient, varying in time as it
modulates the spatial profile of the mode such that E;(x, y,t) = Xi ;b (t) - ¥;(x,y). This
means that we will repeatedly sample the incoming beam in order to fully capture a bit. The

form that the Gaussian pulse at the end of the fiber takes is

t)2 3.6
P(O) = Pye-ate™ (5 &0

where ais the attenuation coefficient for the fiber and L is the length of the fiber. Integrating the

L
Poe a Tp

. Most of the signal—98

pulse over all time gives us a pulse energy of £, = > =

percent—will be captured in the interval [, 7,]. If we sample at a rate T, then we can take
basic Riemann sums of the pulse in time as effective integration. However, given that we are
making use of a spatial-temporal paradigm, we use a temporal correlator. For our purposes this
takes the form of a Gaussian “dummy pulse” that is matched to the specifications that constitute
one “high” bit. The Nyquist requirement approximated in the previous chapter is a mere
benchmark for how real-time temporal sampling should take place. This would involve
allocating a certain number of samples per pulse or bit which would then work in combination
with spatial correlator in that it would integrate the power received of the mode’s spatial profile
in time and then then scale that power according to which portion of the Gaussian pulse was

simultaneously sampled.
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We showed in Chapter 2 that 98 percent of the Gaussian pulse energy is captured from

2
_4mn2(L
[—rp,rp] as the pulse takes the form p(t) « e ! nz(fp) . We made 7, = 0.4T}, for the purposes

of approximating an ideal model with some ISI, which was the larger motivating factor in

approximating the Gaussian bandwidth in a different way. In order to capture the equivalent

*22

amount of energy in the frequency spectrum we would have to make (1”6 l;’; =4In2. We come
up with a bandwidth of BW = 2w* = 16;—“2 and a necessary condition that
P
32In2 16In2 3.7
W = o fo = 37
’l'p T[Tp

In a pulse range of length 2z, there must be at least [321In 2 /x|, or 9, samples per pulse
necessary for rigorous sampling within this range, where [-] is the ceiling function. For good
measure, our sampling rate was f; = 10T, where T,, our Gaussian pulse length in the context of

our Gaussian pulse amplitude modulation (PAM) scheme.

The spatial-temporal architecture provides two—or three if you include cross-terms—
degrees of confirmation for what is being sent and received. So far what has been done here is
single-input-single-output (SISO). This is to say that we have been dealing with only one mode
at a time and encoding formation onto said mode and looking at the end result; we have not yet

sampled a pulse train of bits.

This architecture can be generalized to a multiple-input-multiple-output (MIMO) system
but complexity sharply increases in doing so and our work here is with an FMF. Accordingly,

we can compromise and instead work with a FIFO (few-input-few-output) system, not to be
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confused with the “first-in, first-out” method from network and computing theory. With this
compromise we can have a more complex challenge regarding how this system would work for
multiple users instead of one. But we are additionally challenged out to optimize user settings
for information recovery. However, comparisons will later be made to multicore system with

multiple SMF cores.
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Figure 3.5: The block diagram above shows the basic FIFO architecture with two inputs that are
spatially demultiplexed by the same number of outputs [34].

We consider the architecture in Figure 3.5 with a few exceptions. Here we will be
matching photodetectors arrays to “store” the noiseless pulsed modes “reference modal pulses”
much similar to how the Van der Lugt filter used a reference in its analog application of the same

process.

To reiterate, our model was built and tested in chunks: first working correlator and then
the grid array for the reference mode. However, noise is inevitably added in this system by way
of the detector; this is what will constitute the spatial and temporal noise. This is to say that
E(x,y,t) = E(x,y,t) + N(x,y,t), where E(x, y, t) is the bitstream-modulated electric field and

N(x,y,t) is the added noise.
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Figure 3.6: The profiles are modeled as a succession of grid arrays that evenly sample the
electric field and intensity.

Figure 3.6 is a representation of the spatiotemporal bitstream. The rows, columns, and
pages represent the X, y, and t axes. This programmatic representation is how our information is

represented in the MATLAB simulation.

3.3 Realizing FIFO

Multiple-input-multiple-output (MIMO) only complicates things for our model as the
number of correlating filters needed rapidly multiplies and the amount of modal mixing increases
as well and the demultiplexing process becomes more complex. For now, this problem can
simply be reduced by use of FIFO in the context of a short-haul fiber. However, similar issues
with multiplexing still arise as the same modes are stimulated with different bit-streams. From
few-user input comes few-level detection as one can recall from Section 1.3 that the modes are
stimulated by a Gaussian-Laguerre beam. In the context of direct detection this means that the
power of a mode stimulated by a user will be proportional to |c,,,|2. In the context of OOK
modulation, this gives a few levels by which one can distinguish a few users. Additionally,
using differential modal stimulation allows us to perform an analysis of the systems proficiency

as seen by the users instead of the modes.
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These levels arise from the alignment-dependent excitation amplitudes that give us a
certain detection threshold for each user. In this model we assume the lasers are touching the
fiber core entrance. Since we are dealing with FMFs, our predominant focus will be the
excitation of lower order LP and hybrid modes with regards to user-specific offsets as described
in [35]. In the application of the full system, the modes propagate simultaneously, but they are

also superpositions of the bitstreams.

We first go about this under the assumption of coupled users in an SCF. For example, if
a given mode ,,, has an intensity stimulation amplitude of c,, and there are M users and thus M

bitstreams, then the value energy for the nth bit is described by

M
Z bm,ncm
m=1

Furthermore, if we are using simple binary ASK, then the number of decision levels to

2 (3.10)
h [nTb] =

distinguish becomes 2™. Therein lies the main problem with implementing massive MIMO
communication on a relatively simple and accurate method for SDM and MDM. What is worse
is when certain sums of c¢,, become almost indistinguishable, the susceptibility to errors

increases massively such that a very high SNR is required to get remotely accurate processing.
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INCIDENT BEAM

Figure 3.7: A geometric configuration of the beam profile at the fiber input where s is the beam
waist at the entrance to the fiber and p is the beam offset [35].

The stimulation is something that varies with the offset described in Figure 3.7. The
lasers of each user all have certain stimulation coefficients. This is one of two models for how
the user will be represented at the beginning of the fiber. The other model will involve a
multicore fiber (MCF) wherein there is one user per core. Here, there is one input laser per user
and one matched filter per mode. Additionally, the matched filters are temporally matched to the

relative delay of a mode.

Our next step is to optimize the spot-size of the laser for each mode in fiber. Here we
choose the spot-size w, to minimize the amount of insertion loss (IL) for each of the stimulate

modes of the fiber.
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Figure 3.8: A plot of the modal IL in our FMF as a function of the spot-size w, of our input
Gaussian-Laguerre beam.

Our test case in this regard is detailed in Figure 3.8 in that we hypothesize a Gaussian-
Laguerre beam and its ability to stimulate modes with zero radial offset. Here we neglect the
effects of reflection for the air-SiO; interface. We use a spot-size of wy = 4.6 um. In this way
the two higher order modes, the LPo1 and the LPo2, have the same level of stimulation at the fiber
origin which corresponds to an IL of 12.9 dB. At this spot-size the IL for the LP11 mode is 0.904

dB at the same point.

3.4 Multiuser System Optimization

Because the LPo2 and LPo1 both have the same level of stimulation, the two modes
become the limiting modes. The peak of stimulation occurs at the center, p = 0 pum, where p is
beam-offset, which is our test case for Figure 3.8. However, a calculus of sort needs to be done
on the proper user arrangement that ensures that enough stimulation is occurring for user
distinctions in the presence of noise and that the users have different excitation coefficients to

avoid getting functionally degenerate user-symbols. At the receiver there must be a multiuser
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sorting algorithm for the energies of the symbols received. The sorting is done by use of user-
symbols that combine the nth bit of all the users into one single code, a symbol corresponding to
the nth bit of the different users. In this way all the gain values c,, must be different to avoid
degenerate symbols that are indistinguishable. One could fix this problem by establishing an
operational SNR around which we can expect the system to operate, a design SNR—SNR ;.
However, we can actually bypass the creation of a design parameter altogether as our purpose is
to maximize the smallest energy ratio between user-symbols. This helps us maximize the

minimum distance between constellation points.

The purpose here is to ensure that there is little to no room for noise corruption to create
symbol degeneracy. In trying to diagnose our errors with this method, we eventually learned that
symbol errors were likely due to weak-stimulation offsets that resulted in a form of suppression
wherein the strength of a user in the system was less than that of other users. Additionally, this
helps because the energy/power ratios that are represented in dB allow one to optimize for the

highest noise-energy buffer zone among all possible users.

In our model we will use three users. Consequently, there are three users we know that
there will exist eight possible codes as per the previous section. An energy threshold is matched
to each code combination of the bit streams. The users excite the same modes in the fiber and
thus create bit alignment for each mode. Upon being received we can sum these modes together
to give us an energy received by the photodetector grid. We then use our look-up table (LUT)
for minimum-distance estimation to mathematically calculate the bit codes. The different
degrees of modal excitation allow for distinctions to be made between user symbols, thus

simplifying the operation of users.

39



For each mode, the received data can be sorted according to the corresponding binary
code to which the energy level matches. These are called user symbols. In the case of 3 users at

the n bit, if user 1 has a ‘1°, user 2 a *1’, and user 3 a ‘0’ the corresponding user symbol is x =

(110)T. Itisalso worth noting that the system is order-sensitive; that is, it can detect the
difference between x = (11 0)” and x = (0 1 1)7 as different bit positions have different

weights due to the stimulation coefficients. For a particular LP mode, the users are bit-aligned
and the overall system is a few-input-single-output (FISO) system with respect to the users
attached to a certain mode. This user symbol is received as energy corresponding to its value in
in a look-up table (LUT). The value in the LUT is then stored as a binary value as its
components are split up into three parts, each bit corresponding to the output for each user. The
purpose is to find the which arrangement’s smallest symbol energy ratio is the largest among all
the possible look-up tables that will be generated for multiuser detection. More generally, we

express this as

max
(o, pjo i) = i, j k minfum(pi, pj, i) @ um(pis pj, pic)| for i # j # k, ¥m (3.11)

where p,, represents the kth slot (offset) for a particular user, um(pi,pj,pk) is the LUT for the

mth mode, and @ denotes the element-wise division of the LUT.

For our purposes, in our simulations there were 21 radial offset positions per user; these
are input laser offsets for the users to stimulate the modes in varying degrees. They are separated
by a/20 or 0.5 um, giving us 213, or 9261 possible combinations. We run through every single
user’s arrangements by making a base-21 numbering system for each the users. Our results are

shown in the following table:
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Table 3.1: Optimized User Offsets for System Performance

User Offset (um)
1 2.5
2 155
3 185

3.5 Chapter Summary

The signal processing done here is one that considers the spatial aspect of the signals and
how to exploit signal properties for faster transmission. Additionally, the signal processing
methods we use when exploiting these properties of the signal are less computationally taxing.
Much more will be said about this in the next chapter. In this chapter, we presented a method of
optimal matched filtering and correlation, diagnosed the errors that would occur in a case of
multiuser detection, and found a way to optimize the user-offsets for best all-around
performance. The next chapter will present the results of this multiuser system according to our

established parameters and make comparisons across different ways of informational encoding.
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Chapter 4: Results and Conclusions

Now that we have the various modules in place, we can come up with an ideal few-user
model with specific parameters. Here we used the typical standard wavelength of A = 1550 nm
for all three users as it has the lowest fiber absorption over long distances. In the context of an
FMF, we use the weakly-guided mode approximation where the relative index difference A is
very small, where A = (n. — n.;)/n.. The fiber core radius a is 10um and consequently the
normalized propagation frequency number V is small enough as to accomodate only a few

modes; in this case three.

With our model, the users are randomly assigned various radial offsets in the y-direction
denoted as p,,. We first evaluate an independent uniform assignment were each spot is
distributed as p~U (0, a)—a stochastic assignment of users. In the previous section we already
ascertained the optimal combination of users. However, we explore further how sensitive the
results are to the initial offset conditions of the users. On the receiver side we will investigate
the effect of spatial sampling on the BER, specifically where the BER goes into diminishing
returns with increasing grid size. As our square grid has dimension of 3a X 3a, where a =
10 um, and we will deal with a 33 x 33 grid with a linear grid dimension of ds = 0.91 um..
These will be done in parallel with the temporal sampler that builds its own array of bits based

on the sampling of Gaussian pulses.

4.1 Spatiotemporal On-off keying (OOK)

Figure 4.1 illustrates the constellation diagram of the spatiotemporal OOK modulation, at
the output of match filter introduced in for the LP12> mode by a helium-neon beam given the

aforementioned core radius where A = 632.8 nm and NA = 0.122.
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Figure 4.1: The OOK constellation diagrams for various SNR levels where the SNR is 4 dB in
(@), 12 dB in (b), and 20 dB in (c) for the LP12 mode.

By increasing the SNR, the output of the match filter for different experiments are more
concentrated around 0 and 1, which serves to verify the functionality of the proposed system.
Figure 4.1 is to serve as a confirmation for the functionality of our system and its increasing
accuracy in response to decreasing relative noise levels. The formulation of this sort can be
extended for our ML detection algorithm to create an 2V -dimensional constellation diagram
where N is the number of modes. Additionally, we can scale down inside to see how the

performance of the modes is affected by the worsening of sampling resolution.
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Figure 4.2: BER with decreasing spatial sampling frequency for an LP1> mode according to the
parameters aforementioned parameters.

When the photodetector array grid sizes progressively decreases, it affects the
performance of the system as shown in Figure 4.2. As we mentioned in Chapter 1, having a
sensor low sampling rate can be a problem. Additionally, sampling too much the cladding can
also be a problem due to extreme sensitivity to perturbation given the almost nonexistent optical
energy in the cladding region. Here we only measured the ability to spatially correlate NRZ-
OOK in optical field profiles; these pulses were simply square, not Gaussian. Our focus here is
the successful transmission and correlation of optical spatial profiles. Each pulse would be
represented by only one “page” in the time axis of Figure 3.6. An optical ‘1’ would be the
spatial profile in question and the optical ‘0’ would simply be a noisy signal. In a sense, we
would have a NRZ-OOK spatially correlating optical system. This section mainly talks about
the results of this project as done in stages. We first start with spatial correlation with regard to
perfectly square pulse where T; = T,,. As most communications sample in time, it is important

to first establish a basis for spatial correlation and reconstruction.
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4.2 Application of Modal Analysis

The parameters mentioned at the introduction of this chapter yield the HE21, TEo1, and TMo1
modes, which are themselves degenerate, giving us the fundamental LP;; mode. They also yield
the HE;; mode, which gives us the LPy; mode, and the HE1> mode is stimulated, giving us the
LPo2 mode. These three LP modes all have different group delays as given by the equation for
the weakly-guided approximation for the group delay for LR, modes:

. =&<1+A(2m+v+1)2> 4.1)

c negkoa

where N, is the group index, n; is the index of the cladding, k, is the wavenumber, a is the

radius of the core, c is the speed of light, A is the relative index difference, and v and m are the

azimuthal and radial orders, respectively [2,31].

When we evaluate our results, we evaluate the system performance when we integrate the
temporal coefficient in time—which is the Gaussian pulse—into the system. In testing this
system in our total evaluation of the signal, the drive was to feasibly reject Lau’s assumption in
[30] that the bit delays are integer multiples of bits. The way this was done was by using a
matched filter to bypass the problem of modal path differentials. This will be explained in more
detailed in a later section of this chapter. However, it important to note that the context of few-
mode fibers and the weakly-guiding approximation allows for a small delay spread that preserves
an effective temporal alignment for modes but is still integrable and manageable in the context

our proposed architecture.

4.3 Modal Decomposition Method

In order to implement this system successfully we had to understand the principles of

multiuser detection. Additionally, we divided the system into three methods. The first was in

45



the context of an single core-fiber (SCF), the second was in the context of a multicore fiber
(MCF), two were related to spatiotemporal OOK described in in Section 4.1 with emphasis on
the mode profile and signal decomposition; the third was based on taking the signal as a whole.
In this section we rely on a method of using an optical prism to use principles of geometric optics
to split the signal into its modal components as demonstrated in Figure 1.9. What we do with our
model is a typical MDM system combined with a typical temporally based communication
system architecture. For one mode, we have a collection of users; consequently, it would take

the following form:
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Figure 4.3: Model of a fiber optic multiuser system and the detection apparatus using a “integrate
and dump” method in time.

Figure 4.3 represents multiple users over a single channel with different gains determined
by their respective input offsets. Additionally, I, (x, y, t) represents the kth spatiotemporal
modal correlator that would be used to correlate the pulses as they come through. Furthermore,
we can generalize this to multiuser systems in MMFs to handle modal mixing, but such a task is

beyond the scope of this thesis. For K bitstreams and N modes (channels), the users’ nth bit
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functions as a single vector of bits. For classic multiuser detection the output bit matrix is

expressed as

5’)nm = Cpby, + _>nm (43)

where C,, is the user matrix denoting the stimulation coefficients for the nth mode, b is the bit

vector per user for the mth bit, and N is the corresponding noise vector. We design Cy as our

channel matrix, a diagonal matrix with deliberately distinct entries such that

i1 0 .. 0 (4.4)
Cn= 0 Cr.lz . 0
0 0 .. cux

Here we would typically include a cross-correlation matrix Rn that measures the cross correlation
of the pulse-shapes between users. However, such a matrix is not necessary since we assign the
same Gaussian pulse-shape to each user so that pulse overlaps over the relevant bit periods have
the same values. We achieve a quasi-orthogonality between the pulse-shapes such that R,, « I,,.
In this case, we do not need multiuser detection as the bit streams do not mix. We successfully
optimize for the users of this system in Table 3.1 and the results of that optimization are

displayed in later figures.

4.4 System Architecture

Our first result is for measuring the proficiency of the spatial matched filters in how they
correlate modal profiles. Then our second step was to integrate this into a temporal “integrate

and dump” correlating receiver. Now our step is to map out the architecture of our multiuser
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detection system. For the SCF we have user coupling for each mode. In this paradigm the ideal

energy of a particular user-symbol for user n matched to mode LP,,,, is approximately defined by

Tp T 2 (4.5)
Es,vm ~ ? m |b1C1,vm + bzcz,vm + b3c3,vm| PO

The c,,.,., Values are the coupling coefficients for the n'™ user given a particular radial offset, the
value(s) by, is the bit for the k™ user. These coupling values are computed by measuring the
coupling of a Gaussian beam from a user’s laser into the fiber. In the earlier experiments and
trials with purely spatial matched filters, we used a purely SISO scheme. This method relied on
a binary way of detecting bits—Dby a spatial correlation or a sufficient lack thereof (Figure 4.1).
There are, however, two ways in which this multi-user system can be tested. One is through user
reliability, i.e., the BER measured for a particular user. The other is the matched filter
proficiency, which measures the symbol-error rate (SER) of a modally matched filter correlator.
Our results measured both simultaneously. In order to bridge the two methods, we created an
optical look-up table (LUT) for this model wherein the energy received was matched to a certain
value of the user bit combinations. The decomposition of the signal into its constituent modes
allows for an independent analysis of the “performance” of each mode by a sensor grid. Each
sensor grid is to be placed at precisely calculated points outside the prism based on the index of

refraction of the mode in the prism and its consequent trajectory therein.
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4.5 System Performance Analysis
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Figure 4.4: The performance of the system for different user settings showing the sensitivity of
performance to user conditions.

The results in Figure 4.4 are explained by trials of different users and thus different laser
input offset conditions with each trial. The figure shows an interesting dilemma in evaluating the
matched filter performance which is the problem of the ‘unlucky user(s)’. This corresponds to
user settings where the optical LUT generated is more susceptible to corruption at different
levels. While the overall trend for the BER would be downward for increasing SNR, the
negative curvature of the BER-SNR measurement is a function of the initial conditions of the
users. This is especially true if the system has a different set of users over different SNRs. In

contrast, Figure 4.5 shows the results over the same set of arbitrarily positioned users.
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Figure 4.5: The modal results for the matched filter correlators over a single user set.

Figure 4.5 describes a set of users with radial offsets of p; = 3.5 um, p, = 4.8 um,
and p; = 2.7 um for users 1, 2, and 3, respectively. The performance differs with each mode but
it is nevertheless superior to the Lau’s result, reproduced in Figure 4.6 for the reader’s

convenience with the grid array.
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Figure 4.6: Lau’s BER vs. SNR result for a series of detection apparatuses [30].
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In Figure 4.6 there is a relevant comparison with the ZF grid array, where multiuser
interference is nulled, denoted by the X’s. It expresses a barely downward trend with increasing
SNR before hitting a limit. As was previously demonstrated, one of the problems that
confronted us was the inconsistency in performance when testing for the reliability for each
mode. As a result, we crafted a way to reduce the probability of symbol errors by maximizing
the minimum energy differences in our optical LUT over all possible users as done in Section
3.5. This led to a user-friendly preset that we named our optimal user-preset enumerated in

Table 3.1.

However, it should be noted that how one optimizes can also depend on how one chooses
to multiplex. If one wants to compensate for the intermodal path delays to have the modes arrive
at the simultaneously, then the corresponding LUT for multiuser detection will be different and

the user-preset for performance optimization would also be different.

It would be necessary to find a way to get the modes on as much of a comparable level of
stimulation as possible. Given the offset-dependent modal stimulation illustrated on the next
page in Figure 4.7, such a way would have the modes stimulated by placing the users close to

each other and towards to the edge of the fiber core near the cladding.
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Figure 4.7: The excitation coefficients |c,,,|? for the LPvm modes as a function of radial offsets
in the y-direction for the LP11, LPo1, and LPo2 modes in dB (a) and normalized units (b).

These “cladding presets” were based on a system where

d|Cvm|2

is high and the values of

lc,m(p)|? is also fairly comparable. However, what most important here is that the values are

sufficiently different for each mode. With his multiuser detection method the values of |c,,,|?

do not have to be large enough, but rather comparable for user-symbol distinguishability.
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Figure 4.8: The results for the matched filter correlators for modes LP11, LPo1, and LPg> for an
attempted optimization of user settings.
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The cladding presets in Figure 4.8 are p; = 9 um, p, = 9.5 um, and p; = 10 um for
users 1, 2, and 3, respectively. With these offesets, there were better results, however, the
excitation efficiencies for various modes can be manipulated to come up with an optimal
coupling. The corresponding user excitation coefficients for each user is given in Table 4.1.
Returning to the temporal domain we see that the temporal frequency response for this fiber

optic channel is
(I = [err (pr)e 72 Toask + ¢y, (pr)e 2 ool + cyy (py)e 2T taeat [ (46)

as presented in Figure 4.9.
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Figure 4.9: The channel frequency repsonses for each user according to the system offsets
enumerated in Table 4.1.
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Table 4.1: User-specific Modal Insertion Losses for Optimized System Parameters

User y-offset-p (um) | LP11 |cq4/? LPoz |€oq |2 LPo2 ¢y |2
User 1 +25 0.6779 0.0436 0.0347
User 2 +55 0.3712 0.0263 0.0102
User 3 +85 0.1505 0.0111 0.0033

4.6 System Results—Single-core Fiber (User Interference)

In the previous system evaluation, we optimized for our single-core few-mode fiber
scenario. In this section we test that optimization. In the employment of SCFs, we will have
user-interference, which is mathematically signified the instance of cross-terms which basically
function as a form of interference. Moreover, these terms generate two types of interference:
intermodal interference and inter-user interference. Our analysis deepens in this iteration of
performance-evaluation. While operating under the assumption of quasi-orthogonality between
LP modes we additionally use a prism to separate modes at the end of the fiber. In this way, only
inter-user interference at each mode is evaluated. We can express the kth bit and their

corresponding modal excitation coefficients as matrices of the form

ber O 0 Com1 O 0 4.7)
Bk = O bk,Z 0 g Cvm = O CVm,Z 0 ,
0 0 bys 0 0 Cym,3

respectively. In this respect we can express field “weight” of the kth bit in time as Tr(ByC,,,),
where Tr(-) denotes a matrix’s trace, i.e., the sum of the diagonals. In forcibly quelling modal
interference, we instead use the user cross-terms at the square law detector. Ignoring noise, the

total electric field transmitted is defined as
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N (48)
Et(rl (p; Z; t) = z Tr(BkCn)Ell(r, ¢, t - ka - ng’llL)e_jﬁllz
k=1

+ Tr(BkC01)E01(T, ¢, t — kT, — ng’()lL)e_jBOlZ
+ Tr(ByCoz2) Eo2 (7‘; ¢,t — kT, — ng’ozL)e—fﬁozZ

Then we solve for the intensity for our square-law detector for the modal matched filter for the

modes. The intensity of the modes is taken into consideration for the cross-terms between users.

(4.9)

n¢

K
Eoc 2 2
I(r, ¢,2,t) = z Tr(ByCua)?|Eva (v, b, t — KTy — Typg11L))|

2
k=1
+ TI‘(BkCO1)2|Eo1(T: ¢, t —kTp — ng,o1L)|2
+ Tr(BkC02)2|E02(r, ¢, t —kTp — ng,ozL)l2

In setting the energy weights we get the following intensity for each of the respective matched

filters, the modal delays being considered. Our new threshold is

" (4.10)

EnC
L1 (r,¢,2,t) = ° |E11 (7, @, 2, t)|2 Z (lbk,1c11,1|2 + |bk,2C11,2|2 + |bk,3C11,3|2)

K
2
k=1
K
+2 Z bi,1bj,2|C11,1C11,2| C05(‘911,1 - 911,2)
i#j

+ bi,1bj,3|C11,1C11,3| C05(911,1 - 911,3)

+ bi,zbj,3|C11,2C11,3| C05(911,2 - 911,3)
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n (4.11)

K
SOC 2 2
Iy (r,¢,2,t) = |Eo1 (1, @, 2, t)|? Z (lbk,1Co1,1| + |bk,2C01,2|

2
k=1

+ |bk,3co1,3|2)
K

+ 2 z bi,lbj,2|C01,1C01,2| C05(901,1 - 901,2)
i#j

+ bi,1bj,3|C01,1C01,3| C05(901,1 - 901,3)

+ bi,zbj,3|Co1,zco1,3| C05(901,2 - 901,3)

n (4.12)

K
Eoc 2 2
> |Eo2(r, ¢, 2, 8)|? Z(lbk,lcoz,1| +|bk,2C02,2|
k=1

102(7", ¢: Z, t) =
+ |bk,3Coz,3|2)

K
+ 2 Z bi,1bj,2|001,1co1,2| C05(‘901,1 - 6’01,2)

i#j

+ bi,1bj,3|Co1,1Co1,3| C05(901,1 - 901,3)

+ bi,zbj,3|Co1,zco1,3| C05(901,2 - 901,3)

The cos(-) components come from the fact that the excitation amplitudes are complex
numbers due to the complex spatial profile of the Laguerre-Gaussian beam that stimulates them.
However, for our purposes we have each laser touching the entrance of the fiber so that the
radius of curvature R(z) goes to infinity and there is no imaginary component to the electric field

profile as described in Equation 1.4. This does not fix everything as the field signal is still a
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complex bandpass signal so we additionally assume that the users function as branches of the
same laser so that the relative phase coming into the fiber is also zero. Consequently, the cos(-)
components of the cross-terms all possess a value of unity. Additionally, we approximate the
index of refraction to be n. everywhere due to the weakly-guiding approximation. For each

mode detector the energy received is described thusly:

o , (4.13)
Ep x ? m |bn1c1ﬂ/m + anCZ,vm + bn3C13vm| Py

Our first testing of this system the isngle-user excitation of one mode where the pulse
was purely rectangular. The prismatically-mediated modal orthogonalization of the signal makes
user-interference intrinsic to the spatiotemporal correlator for each mode. It subsequently brings
the allocation of beam-offsets for the users into focus to distinguish between various levels for
certain user symbols. Our experiment for the SCF builds on the aforementioned tests and results
in dealing with the complexities of user interference, its effect on performance, and optimization

within that paradigm.

In Figure 4.8 we ran the system according to a guess of which settings would yield the
best results based on where the modal IL changed the most rapidly with beam-offest. However,
when we optimized for the cross-terms in Table 3.1 in Section 3.5, we got the optimal offset
parameters of p;, = £2.5 um, p, = +5.5 um, and p; = £8.5 um. Figure 4.10 figures below

show the results of that optimization.
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Figure 4.10: The optimized modal (a) (SER) and system (b) performances (BER) of the matched
filters in the context of an SCF.

We additionally were able to generate a user-specific assessment of the system. Here we
measure the BER by demultiplexing the user-symbols. Here we get a picture of the system

performance as perceived by the individual modes.
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m{‘E 10°

& —— User2
e

P User 3
| \ 1071
10

e

0 2 4 6 8 10 12 14 16 18
0 5 10 15 20 25
SNR (dB) SNR (dB)

(@) (b)

Figure 4.11: The optimized user (a) and system (b) BER performances of the matched filters in
the context of an SCF.

In considering the cross terms that arise between users for a particular matched filter, we
saw that there was still good performance. However, this is clearly not as good as the MCF
performance where the BER reached 10~* when the SNR was at 14.75 dB. In the SCF the BER

reaches the same point when the SNR is at 20.58 dB. The non-degeneracy of user symbols was
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also implicated not only because of the aforementioned offsets, but also because of what 1 or 0
means for each user-symbol, which includes inter-user interference. In order to get a more
holistic picture of the system, more work needs to be done with intermodal coupling, where
differences in arrival time must be considered due to modal dispersion. However, we can

synchronize these modes using an a priori accounting for the delay between modes.

Unlike Lau in [40], we did not use correlators for the modal cross terms, which would
have surely increased complexity more. We only took into account the performance of the

directly stimulated modes and did this through externally mediated decomposition.

In this implementation of the system, we demonstrate the working principles of an
integrative architecture for doing optical communication by multiplexing in the spatial and
temporal regimes, spatially correlating the optical mode profiles and temporally integrating
Gaussian pulses. Both systems create a simultaneous bit-checking algorithm that measures
spatiotemporal correlations. The performance is a success because it makes user-interference
caused by our directly detecting square-law photodetector grids a part of an optical look up table.
It is worth noting also that the users and the modal matched filter correlators have roughly the
same performance, showing robustness on the individual modal and user level and on a broader

systemic level.

4.7 System Results—Multicore Fiber (User Orthogonality)

We achieve user orthogonality here in a multicore fiber. We have three cores as this
model includes three users. Here we make use of a multicore fiber (MCF) where each core is an
single-mode fiber (SMF) core. This work exists in the context of crafting novel techniques for
the facilitation of SDM. This combination of users and modes leads to a total of three orthogonal
spatial channels. In this way there would be no need for multiuser detection. The values for our
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mode specific LUT here would be described by the coupling of the Gaussian beam to the
fundamental mode. In this scheme one need not optimize for the user-preset. The fundamental

mode can be stimulated in all three modes with the same offset.

Figure 4.12: Model of multicore fiber, one and mode core per user.

Figure 4.12 shows a model of a multicore fiber (MCF) with optimal core spacing for low
crosstalk. When we work in the ‘absence’ of user coupling we assume that we have the users in

separate channels—i.e. no crosstalk between users.

User 1
—s+— User 2
User 3

o

T 02 \

10°

104k

SNR (dB)

Figure 4.13: The user performances (BER) of the system in the context of an MCF.
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The result in Figure 4.13 is what it would mean for the system to work in a multicore
fiber with one user per fiber core at zero offset. The figure assesses the performances of all
among the users of the MCF system. The comprehensive system performance is determined
through averaging the performances of the users. The performance of the system makes sense
given the independence of the users and the fact that they each excite the fundamental mode of
the fiber. All conditions remain the same except the index refraction of the cladding n.;, which
has been changed from 1.497 to 1.498, thereby decreasing the numerical aperture NA from .0948
to .0774. The MCF system employs the lowest order of detection, binary detection. However,
things change when we scale up to put multiple users through the same fiber channel and hence
the comparatively worse performance. Comparing the two methods—as we do in Figure 4.14—

shows a clear advantage in using an MCF.

10°

MCF

107 ¢

BER

102

109}

0 é A é é 1b 1é 1& 1E {8
SNR (dB)
Figure 4.14: Comparison of optimized multiuser system for MCF and SCF.

As shown in Figure 4.14, the MCF reaches a BER of 1073 at around 10.75 dB whereas

the SCF reaches the same point at around 18 dB.
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4.8 System Results—Intermodal Convolution

The first test used a receiver prism to act as a decomposition system that decomposed the
individual path (mode) components of the system. The second test was an implementation of the
system in way that the users are independent. Our final test is to take the entire system as a
whole. This means including the cross-terms that arise from the differences in §-values for the
LP modes using a PD array without the prism. When we combined the whole system with

regards to the square-law detector we get

2
negc (4.14)

mT o)

Z Tr(C,By,)E, (1, ¢, t — T,L)e IPnL
n

where C,, is the matrix describing the user-specific excitation amplitudes of the nth mode and B
is the diagonal matrix that denotes the mth set of bits among the users. This gives us a total

symbol energy of

N EGCT 3 i i (4.15)
Esz\/mﬂ ZTr(CnB)En(r.qb,t—rnL)e‘fﬁnL rdrdé
n
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Figure 4.15: A diagram of an n-user multiuser system with K eigenchannels, or modes, where
Aty is the relative delay for a particular mode.

Figure 4.15 shows the implementation of the system where all the relative time delay
differences are summed together as one single signal. As we previously said, we can treat the
fiber channel system as a multipath channel in that it contains its own echoes. Furthermore, we
can use channel estimation to estimate the values of our time delays t,,. In this way we can
dynamically process our data stream with its modal echoes. This is done by understanding at
which points the echoes overlap with each other. In a fiber with N path delays one can identify
2N — 1 zones where the detection algorithm will have to be adjusted. Given N path delays, there
will be N — 1 adjustments for the paths as they begin being received one-by-one, one adjustment
for when they are all simultaneous, and N — 1 for when their individual streams end. This yields

2N — 1 adjustments, or 5 since we are dealing with multipath channel of N = 3.
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In incorporating the temporal delay of the pulses over our fiber length of L = 25 km,
we found that the LPo> mode has the shortest duration through the fiber of 74, = 124.64862 ps,
the LPo1 mode has a duration through the fiber of 7y, = 124.64775 ps, the LP11 mode has a
duration through the fiber of 7;; = 124.940650 ps. The problem becomes seemingly difficult
when we reject the idea that the delays are integer numbers of bits. However, this is not
necessarily so. The LUT generated is a product of the noiseless signal passing through the fiber.
Whatever form this signal takes will generate a certain amount of unique values to which we can

compare our signal when sampling over the bit interval of length 27,,.
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Figure 4.16: The BER vs. SNR for the non-decomposed fiber channel bit-stream.

Figure 4.16 shows that compared to our previous to systems, this implementation of the
system where no decomposition takes place has the worst performance as it reaches a BER of
1073 at an SNR of approximately 26.4 dB. We have tested the system in both multicore and
single-core contexts. However, both of methods of testing relied on some sort of signal

decomposition. In order to do this at high performance, more channel information must be
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gleaned to understand how much of a particular mode is present and when it should be expected

in the signal.

There are a few ways to treat the multiuser mode-specific optical multichannel
transmitter described in Figure 4.15. We could sum the whole system together as one and as the
Gaussian beams that are input excite multipath responses in the fiber. We can thus treat the
modal channels as roughly orthogonal in this respect. We do this in the context of a single core

fiber so there will be user coupling. Our spatial temporal matched filter takes the form

t\2 N (4.16)
—1n4(—)
E*(r,0,t) = E,,(r,0)e ™p Z Cnby, —T, <t <71,
n=1
2
—2]n4<L)2 (417)
I"(r,0,t) = I,,,(r,0)e ™p Cnbn| -1, <t<T,

n=1

where N is the number of users and c¢,, and b,, are the stimulation coefficients and the relevant
bit-codes, respectively. The summations effectively function as modulation codes for the

spatiotemporal signal templates.

In this new test, this is analogous to correlating a noisy video with the original. This
matched filter would take the form of the three-dimensional matrix arrangement shown in the
Figure 3.8 of the previous chapter. The same “pages” that denote the t-axis in Figure 3.8 would
be scaled according to the requirements outlined in Chapter 2 regarding how much sampling per

pulse is necessary according to an approximation of the Nyquist theorem.

4.9 Chapter Summary

In this chapter we have presented the results of our method of spatiotemporal correlation
establishing benchmarks along the way that bolster the plausibility of combining space and time
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for communication. A method of turning a problem more associated with fiber optic imaging
into one that is associated with communications is proposed. We demonstrate the working
principles of an integrative architecture for doing optical communication by multiplexing in the
spatial and temporal regimes, spatially correlating the optical mode profiles and temporally
integrating Gaussian pulses. Both systems create a simultaneous bit-checking algorithm that
measures spatiotemporal correlations. The photodetector grids take advantage of the detecting
the intensity at properly sampled intervals. Additionally, we can reconfigure the information
encoded onto the modes with this approach and this can occur with or without modal

decomposition.

We assembled this architecture in three configuration stages. The first was in the
presence of user coupling and prismatically induced modal orthogonality. The second was in the
context of an MCF to deal with the physical constrains that would likely arise from a single-core
fiber with multiple lasers competing for space. The orthogonality in this approach was beneficial
for the performance of our system with a 3.25 dB SNR advantage when performing at a BER of
1073, We saw that our performances for the modes were selective based on the optimizing
method described in Section 3.8 and that this optimization method worked as demonstrated in
Figure 4.4. However, in both instances we were able to demultiplex the user-symbols to get the
performances even though the splitting occurred at the level of the individual modes. The third
method had the worst performance as it was more difficult to split the signal into its proper
components given modal and user coupling. This is consistent with what we expected. Such a
method is inefficient as well because it would require one matched filter for each of the modes
stimulated per user. The second method shows more promise as the users are together in

multiple cores with little to no cross talk.
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The matched filter correlator is purely spatial. It is an addendum to more temporally
based communication systems used today. Both this stage and the former make use of the
“integrate and dump” method. This method wastes a lot of energy as it requires the filter
correlator to be recreated for every bit. The third stage was a successful synthesis in the spatial
and temporal domains in creating the matched filter without decomposing the signal even though
more work needs to be done with that method. This approach used an appropriate matched filter
correlator in space and time. The difference in the last method was a dynamic change in how
detection occurred at different parts of the bitstream. This dynamically changing detection
algorithm was a robust result of the channel estimation for our model. The correlation was done
with a bit-stream modulating a particular mode in time; this bit-stream also matched the original
bit-stream of the users in length. The correlation is still pulse-by-pulse but it is an entire pulse
train that does the correlation. This method allows the spatial and temporal domains to feed off
each other in determining user symbols. The incorporation of the delay time in this method
allows for an analog delay for the expected time of propagation. In this way, the delay does not

necessarily have to be an integer number of bit lengths.

With a robust performance validated in this system overall, we demonstrate a way
forward for fiber optic communication systems by exploiting the spatial aspect of fiber optic
signals, building upon existing communication architectures, providing a basic foundation for an
“intelligent” optical communication system, and thus bridging the gap between imaging and

communication for a more efficient system.
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