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Abstract

Today’s optical fiber communication systems employ time division multiplexing (TDM),
wavelength division multiplexing (WDM), and polarization division multiplexing (PDM)
to carry as much traffic as possible. Due to the rapid spread of Internet services, de-
mand for large transmission capacity has been increasing exponentially. It is imperative
to resort to other physical dimensions to fulfill the greedy capacity demand.

Optical multiple-input multiple-output (MIMO) exploits the space domain, it al-
lows simultaneous transmission of multiple channels, therefore enhances the network
capacity. Utilizing multicore fiber is so called space division multiplexing (SDM). Tak-
ing advantage of the inherent modes of few-mode or multimode fiber can be defined
as mode division multiplexing (MDM). They have the potential of higher transport
capacity limit than single mode fibers (SMF).

However, there are formidable technical challenges in high capacity SDM.

Optical MIMO with coherent detection needs local oscillators at the receiver side to
keep a linear down conversion process of the optical fields. The cost would be prohibitive
for low cost systems. Direct detection is eminently practical and cost-effective.

An MDM transmission scheme called subcarrier multiplexing with spread spectrum
(SCM-SS) is proposed. SCM is to produce a modulated single sideband with an optical

carrier, which can be self-heterodyned through square-law detection. Moreover it is
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able to relieve the impairment of chromatic dispersion. Spread spectrum technique
is to spread the spectrum of the optical field created by SCM. SCM is realized by
using dual-drive Mach-Zehnder modulator (MZM) and 90° hybrid coupler. Spectrum
is broadened by direct sequencing (DS).

Its feasibility and performance are confirmed theoretically, numerically and experi-
mentally. Up to 2000 m transmission with multiple spans of fibers was demonstrated.

Detailed comparisons are made between SCM-SS, SCM and IMDD-SS.
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Chapter 1

Introduction

1.1 Background

Since its debut, optical communications have played an important role in transporting
worldwide data and voice traffic in volume. Data-centric cloud services may accelerate
the growth rate. The explosive traffic growth has sparked the development of a number
of important technologies. Conventional time division multiplexing (TDM), wavelength
division multiplexing (WDM), code division multiplexing (CDM), and polarization di-
vision multiplexing (PDM) have increased the capacity of a lightwave system drasti-
cally, though, the greedy capacity demands still frustrate the industry [1]. Inasmuch
as aforementioned multiplexing schemes are striving to achieve their scalability limits,

it is imperative to resort to other physical dimensions.

1.2 Optical MIMO

Optical MIMO is devoted to exploiting the space domain. Although it seems daunting

and challenging, the great potential of capacity and telling prospects have generated
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(b) Schematic of optical MIMO.

Figure 1.1 Wireless MIMO versus optical MIMO.

much interest among researchers. Transmission over multicore fibers is coined as space
division multiplexing (SDM), on the other hand, mode division multiplexing (MDM)
takes advantage of few-mode or multimode fibers. The concept of MIMO was first in-
troduced in wireless communications since the seminal paper of Foschini and Gans [2].
Dramatic increases in capacity and reliability of wireless links are achieved by using
multiple antennas at transmitter and/or receiver ends, as shown in Figure 1.1(a). The
benefit of MIMO is profound. MIMO technology is a promising tool for enabling
spectrally efficient future applications, and can combat severe channel fading and dis-

tortions. Optical MIMO is based on the analogy between multipath fading in wireless



CHAPTER 1

channels and multiple light propagation paths within optical fibers, which allows trans-
mission of multiple data channels simultaneously through a single fiber, as shown in
Figure 1.1(b). Nevertheless, the distinguishments between optical and wireless MIMO
are pronounced. Wireless MIMO supplies a growing capacity by exploiting the mul-
tipath nature of wireless channels. In wireless MIMO, the output voltage or current
from each receive antenna is proportional to the received field amplitude. However,
in the optical case, the photocurrent is rather proportional to the square of the field
envelope. Because of the quadratic nature of photo detection, MIMO techniques in
wireless communication may not be applied to optical transmission directly, leaving us

much challenging work to do.

1.2.1 Space division multiplexing (SDM)

Space division multiplexing is one of the candidate technologies to cope with the in-
creasing traffic, which takes advantage of multicore fibers. Multicore fiber consists of
multiple cores arranged in a hexagonal array and is fabricated using the stack and draw
process.

Recently, various new types of multicore fiber and transmission results based on
SDM have been reported [3]-[17]. Multicore fiber links require great precision in mul-
tiplexing and demultiplexing based on free-space optical configuration [16], [17], or spe-
cially designed tapered multicore fiber connector [18]. There are formidable technical
challenges in coupling signals into and out of each core in multicore fiber because the
cores are closely spaced. Successful development of multicore fiber as a competing
technology to existing systems requires dealing with a number of technical obstacles,
including crosstalk [15]. It is very difficult to design and manufacture high-core-count,

low-loss, and low-crosstalk multicore fiber. Random perturbations play a crucial role in
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determining the crosstalk in multicore transmission fibers [19]. To transmit signals in-
dependently on each core, suppression of intercore crosstalk has been a primary concern

in multicore fiber research for high-capacity long-distance transmissions.

1.2.2 Mode division multiplexing (MDM)

Mode division multiplexing takes advantage of few-mode or multimode fibers. Inside
few-mode or multimode fibers, multiple modes can exist at the operating wavelength,

as is pictorially illustrated in Figure 1.2.
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Figure 1.2 Multiple modes exist inside few-mode or multimode fibers at the operating

wavelength.

The modes are field distributions that are solutions of Maxwell’s equations. Each
mode is associated with a particular group delay. There are no crucial distinctions
between few-mode fiber and multimode fiber. It is merely that only a few modes can
be supported in few-mode fiber, whereas there are hundreds of in multimode fiber.
Few-mode fibers are demonstrated as a good compromise, since they are sufficiently
resistant to mode coupling compared to standard multimode fibers, but they still can
have large core diameters compared to single mode fibers. Mode division multiplexing is
currently attracting much interest among researchers [4], [8], [13], [20]-[30]. Compared
to space division multiplexing, mode division multiplexing would relax the requirement
of fiber manufacturing. Moreover, mode division multiplexing has higher space utility

efficiency. Therefore, it is much more cost-effective.
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1.3 Detection methods for optical MIMO

From a practical point of view, either coherent detection or direct detection can be
employed in optical MIMO system. A main differentiating aspect of optical commu-
nication systems is the receiver type, be it direct detection, or homodyne/heterodyne
coherent detection. There are distinctive features between coherent detection system

and direct detection system.

1.3.1 Coherent detection

Coherent detection requires local oscillators at the receiver side to keep a linear down
conversion process, exacerbating complexity and cost significantly. Coherent detection
results in photocurrent components directly proportional to the quadrature compo-
nents of the optical field complex amplitude, rendering coherent optical system formally
equivalent to wireless MIMO. A number of mode division multiplexing proposals have

been reported based on coherent detection [21], [22], [31].

1.3.2 Direct detection

Direct detection obviates the need to set local oscillators at the receiver side, hence
simplifies the system configuration. Optical MIMO with direct detection is quite dif-
ferent from that with coherent detection. MDM implementations based on direct de-
tection have been reported extensively [32]. Direct detection is preferable concerning
the practical realization and cost. However, due to fiber imperfections, bends, pertur-
bations, [33], mode coupling would happen within the fiber, incurring harmful cross
terms upon square-law detection. A variety of countermeasures have been presented to
deal with the impairment induced by mode coupling. An optical method called mode-

selective spatial filtering was proposed in [34] to reduce the spatial overlap among the
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fields of detected mode groups. A few-mode transmission fiber with low mode cou-
pling was reported in [35], which can be used as a key component for mode division

multiplexing.

1.4 Outline of the thesis

Optical MIMO is an attractive way to improve the capacity of fiber-optic links by
exploiting the space domain. Mode division multiplexing is the main concern of this
research. The purpose is to reach practical solution that enable the efficient design
and applicability of a mode division multiplexing system. There are obstacles for
utilizing the modes inside fibers, such as mode coupling, laser phase noise, etc. In
order to overcome these problems, a direct detection implementation called subcarrier
multiplexing with spread spectrum (SCM-SS) scheme for optical MIMO transmission
is proposed.

Chapter 2 is concerned with the theoretical principle of SCM-SS scheme. Communi-
cation channels of this system are first investigated. Existing solutions for mode division
multiplexing are briefly reviewed, their main characteristics, especially drawbacks are
analyzed. To tackle mode coupling induced impairments, spread spectrum techniques
are incorporated in the system. Signal propagation in narrowband scenario and wide-
band scenario are elucidated in detail. MIMO digital signal processing algorithms are
done offline to retrieve original transmitted data.

More specifically, Chapter 3 numerically investigates the transmission over nondis-
persive channel and over dispersive channel respectively. Both simulated transmission
and experimental transmission have been demonstrated.

In Chapter 4, experimental transmissions of SCM-SS scheme over multimode fiber

links are demonstrated. Practical realization of SCM-SS scheme is verified. 2x2, 2x4,
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4x4 transmission are demonstrated.
In Chapter 5, conclusions are drawn, outlooks and perspectives are given. Achieve-
ments of this research are summarized, and the promises and challenges of such systems

are explored.
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Chapter 2

SCM-SS scheme

As discussed in the preceding chapter, mode division multiplexing with direct detection
is a promising solution for cost-effective optical MIMO transmission. However, there
are numerous problems need to be coped with. In this chapter, SCM-SS scheme is
introduced. The characteristics of the communication channels are analyzed. Spread
spectrum techniques are introduced and the application in energy density reduction
is emphasized. For wideband channels, self-interference would degrade the system

drastically. MIMO digital signal processing algorithms are demonstrated.

2.1 Communication channels

2.1.1 Issues related to fiber channels
Choice of fiber types

The communication channels for mode division multiplexing are few-mode or multi-
mode fibers. Multimode fibers are widely used in current high-speed, low-cost local

area networks (LANs). Compared to space division multiplexing that using multicore
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fibers, mode division multiplexing is emerging as an attractive solution for the required
capacity increase with potential cost, space, and energy savings. LANSs are traditionally
based on multimode fibers because of looser alignment tolerances compared to single

mode fibers. Because few-mode or multimode fibers.

Fiber modes

The concept of the mode is a general concept in optics occurring also, for example,
in the theory of lasers. A mode refers to a specific solution of the wave equation that
satisfies the appropriate boundary conditions and has the property that its spatial
distribution does not change with propagation. The fiber modes can be classified as
guided modes, leaky modes, and radiation modes. Signal transmission in fiber-optic
communication systems takes place through the guided modes only.

A specific spectral component at the frequency w would arrive at the output end of
the unit length fiber after a time delay 7 = 1/v,, where vy is the group velocity, defined

vy = (dB/dw)™" (2.1)

where (3 is the propagation constant. Each mode is associated with its particular prop-
agation constant. Different modes propagate with different group velocities, inducing
a phenomenon called modal dispersion. Multimode fiber features that multiple modes

exist inside the fiber at the operating wavelength.

Wave propagation

The mode power distribution (MPD) determines the modes propagating along the
fiber. The MPD can be controlled by the launching conditions. The coupling efficiency

& represents how the mode of the incident light “couples” or is “accepted” into a fiber.

10
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It is the fraction of the power of the incident optical field mode that is coupled into the
propagation mode of the fiber, and is computed by overlap integrals

B | [] Bz, y)Ej, (2, y)dzdy |
[ [Ei(z,y)[Pdedy [[ [Ey(x,y)[Pdedy

Eip (2.2)

A field distribution at the beginning of the fiber will mainly excite mode with a similar
mode field distribution. Center launching with a single mode fiber will almost excite
the fundamental mode, while offset launching will distribute the power mainly within

higher order modes.

Degradation

Multimode fiber links suffer from a variety of impairments that would degrade the
system performance. Although different modes have the potential of carrying multi-
channels, the coupling of different modes always occurs in multimode fiber, and is
inevitable during transmission. Intermodal coupling should be taken into consideration
in transmission system design. When multiple channels involved, they will interfere
with each other, and because of the quadratic nature of photo detection, cross-product
terms would emerge in the received electrical signals besides the information-bearing
RF components, making it difficult to divide each channel. Fiber losses depend on
the wavelength of transmitted light. Spatial mode filtering increase modal noise and

degrade channel performance.

2.1.2 Fast fading and slow fading channels

Channel varying in time is said to be fading, also known as scintillation, which severely
degrades the link performance. The channel variations or fades are due to physical
changes in the propagation medium. According to the duration of codeword relative

to the channel variations, fast fading and slow fading are defined. Channel coherence

11
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time is a useful measure to characterize the behavior of fading channels. In short,
the coherence time is the time duration before a channel varies significantly. In a
fast fading channel, the coding delay is much larger than the coherence time. The
channel varies very fast so that the coding horizon spans many channel fades. In a slow
fading channel, the coding delay is much smaller than the coherence time. Therefore,
the channel is assumed to remain constant over the duration of a codeword. It is
important to understand the difference between a fast fading channel and a slow fading
channel, for which the treatments are quite distinct. Due to a number of factors such
as inhomogeneity in the pressure and temperature fluctuations, it is unlikely for fiber
channels to keep stable. The variation rate of fiber channel is much smaller than the

data rate, which is hence categorized into slow fading channel.

2.1.3 Narrowband and wideband channels

For multipath fading channels, multipath components arriving at different delay times
correspond to various routes between the transmitter and receiver. These different
routes have different lengths and therefore the signal components are expected to arrive
at the receiver with different delays. Narrowband and wideband are relative notions.
A narrowband channel is that all the multipath components arrive with delays that are
very close to each other relative to symbol duration. A wideband channel is that the
temporal extent of the multipath components is comparable to the symbol duration,
the effect of previously transmitted symbols would superimpose on the current symbol
because of delayed copies, which is known as intersymbol interference (ISI). Narrowband
channel is also referred to as frequency flat channel, and wideband channel is called
frequency selective channel.

The metric of delay spread in multimode fiber is differential mode delay (DMD).

12
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DMD measurements are used to calculate the effective modal bandwidth (EMBc),

which is an alternative method for characterizing fiber performance.

2.2 Existing solutions for MDM

An overall understanding on the communication channels of mode division multiplexing
laid the foundation of exploiting them. We have seen a number of important develop-
ments in the context of mode division multiplexing. The main goal of this thesis is to
conceive a direct detection implementation for mode division multiplexing, therefore

solutions with coherent detection are out of the scope of concerning.

2.2.1 Baseband signaling

The simplest signaling scheme for optical MIMO is intensity modulation direct detec-
tion (IMDD). Solutions in baseband signaling scenario have been reported by some
researchers [22],[36]. The basic idea behind IMDD is a linear input-output relation-
ship with respect to intensity. Techniques such as mode group division multiplexing
(MGDM) claimed that a linear relation was held between input and output with respect
to the optical intensity by assuming negligible intermodal coupling [37]. By considering
low mode coupling, mode groups propagate nearly independently and can be separated
by spatially resolved receivers. However, independent propagation of mode groups in-
side fiber seems to be rather challenging in praxis [38]. MGDM claims linear real-valued
transmission matrix with respect to the optical intensity by assuming negligible inter-
modal coupling, therefore the channel matrix should be diagonally dominant. In other
words, real-valued channel matrix requires the diagonal elements have larger values
than rest of the elements, in order to keep in small condition number. When multiple

fields from different channels overlap, cross product terms would surely arise.

13
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2.2.2 Passband signaling

Passband signaling strategies include subcarrier multiplexing (SCM) [39], orthogonal
frequency division multiplexing (OFDM) [20], [23], [24], [40], etc. These schemes port
known techniques from wireless communication to multimode fiber transmission, over-
coming modal dispersion by signaling in parallel over multiple frequency disjoint or-
thogonal channels. Unfortunately, in optical transmission, one has to contend with

mitigating the second-order intermodulation between the subcarriers.

2.3 Spread spectrum techniques

The initial application of spread spectrum techniques was in the development of mili-
tary guidance and communication systems, and during subsequent years, there emerged
an assortment of other applications in such areas as energy density reduction, high-
resolution ranging, and multiple access. It is called spread spectrum because the trans-
mission bandwidth employed is much greater than the minimum bandwidth required to
transmit the information. Spreading is accomplished by means of a spreading signal, of-
ten called a code signal, which is independent of the data. In digital communications, a
chip is a pulse of a direct-sequence spread spectrum (DSSS) code, such as a pseudo-noise
code sequence used in direct-sequence code division multiple access (CDMA) channel
access techniques. The chip rate of a code is the number of pulses per second (chips
per second) at which the code is transmitted (or received). The chip rate is larger than
the symbol rate, meaning that one symbol is represented by multiple chips. signature
If we define T, = 1/R to be the duration of a rectangular pulse corresponding to the

transmission time of an information bit, the ratio of the chip rate to the information

14
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bit rate may be expressed as

B, is called spreading factor, bandwidth expansion factor or processing gain.
Resolvable multipath components resulting from time-dispersive propagation through

a channel may be viewed as a form of self-interference. results in a reduction of by a
factor of across the spread spectrum. The generators generate which is impressed on
the transmitted signal at the modulator and removed from the received signal at the
demodulator. After time synchronization of the generators is established, the transmis-
sion of information may commence. Interference is introduced in the transmission of the
information-bearing signal through the channel. The characteristics of the interference
depend to a large extent on its origin. It may be categorized as being either narrow-
band or wideband relative to the bandwidth of the information-bearing signal. The PN
sequence generated at the modulator is used in conjunction with the PSK modulation
to shift the phase of the PSK signal pseudorandomly. The resulting modulated signal
is called a direct sequence (DS) or a pseudo-noise (PN) spread spectrum signal. When
used in conjunction with binary or M-ary (M > 2) FSK, the pseudorandom sequence
selects the frequency of the transmitted signal pseudorandomly. The resulting signal
is called a frequency hopped (FH) spread spectrum signal. The two common spread

spectrum techniques are direct sequence (DS) and frequency hopping (FH).

2.4 Principle of SCM-SS scheme

In the previous discussion, we get to know that the problem is intractable when mode
coupling occurs, be it baseband signaling, or passband signaling. Notwithstanding,

the energy density reduction ability of spread spectrum techniques sparked the possi-

15
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ble application in mode division multiplexed optical MIMO systems. Hereof, a direct
detection implementation called SCM-SS scheme for optical MIMO transmission is pro-
posed. The basic idea of SCM-SS scheme is to overcome intermodal coupling incurred
impairment in direct detection regime.

2.4.1 Architecture

The architecture of SCM-SS scheme is depicted in Figure 2.1. Transmitter of each

Tt U B
0

optical fiber

SCM—SS—/ \—Z&—»

Figure 2.1 Architecture of SCM-SS scheme.

SCM [ SS |

MUX
DEMUX
MIMO DSP

channel consists of subcarrier multiplexing (SCM) and spread spectrum (SS) modula-
tion, denoted as SCM-SS. The motivation of SCM is to produce a modulated single
sideband with an optical carrier, which can be self-heterodyned through square-law
detection, moreover it is able to relieve the impairment of chromatic dispersion. The
optical spectrum created by SCM is conceptually shown in Figure 2.2. Spread spectrum
modulation is to phase modulate the optical field created by SCM with a sequence of
spectrum-spreading code, herein each channel is assigned a unique signature. In the
following discussions, narrowband scenario and wideband scenario are dealt with dis-

tinctively.

16
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/ Carrier

Sideband

74

o

Figure 2.2 Optical spectrum created by SCM. wy is the optical carrier frequency.

2.4.2 Narrowband scenario

Narrowband scenario is when optical waves undergo modal dispersion within one chip
duration. Assume a MIMO system consisting of V; transmitters and N, receivers. The

optical field of each channel at the multimode fiber input side can be expressed as

Bj(t) = exp <z‘w0t g (t) + icj(t)) {AO + Ay exp (mmt +ip; (t)> } (2.4)

where j = 1,2,..., N;. wp is the optical carrier, wy, is the RF subcarrier, ¢;(t) is the
laser phase noise, ¢;(t) is the spreading code induced phase changing, ¢;(t) is the phase
shift keyed (PSK) data, Ap and A,, are amplitude of optical carrier and that of the
sideband respectively.

Since different modal power distributions are excited by different channels at the
fiber input facet, each channel will experience a different propagation procedure, that
is, carried by different set of modes with different fractions of power, until arriving at
the receiver side. At the receiver side, every detector receives a collection of optical

fields from different channels, attempts of decomposing channels in optical domain are

17
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not needed. Optical field impinged on the ith photo detector can be expressed as

N
= Z E;(t) * gij

Nt
—ZE Zaljkét_n«‘
7=1
= Zzam Ej(t — ) (2.5)
j=1k=1
where i = 1,2,..., N,. *x means convolution, g;; is the impulse response associated with

ith receiver and jth transmitter, P is the number of modes supported by multimode
fiber channel, a;;; is a multiplicative factor, the subscript ¢jk means from the jth
transmitter, via the kth mode, to the ith receiver, and 73 is the group delay for the kth
mode. The square-law-detected photo current, exclusive of dc component and additive
noise, is described as

Nt
t) = Z Ajj cos (wmt +p;(t) + 9@) + s.i. (2.6)
j=1

where A;; is the resultant amplitude of RF signal from the jth transmitter to the ith
receiver, 6;; is the resultant phase in RF subcarrier. Since each channel experienced a
different propagation procedure, time delay 75 was translated into a phase delay wy, 7%,
0;; is apt to be different for each transmitter/receiver pair, in other words, we may take
benefit from the multipath scattering environment provided by multimode fiber [31],
and s.i. represents suppressed impairment. Look back at Equation (2.4), the phase noise
¢;(t) in optical carrier of each channel using individual laser behaves independently.
Providing optical fields of different channels coupled together, see Figure 2.3, upon
square-law detection, the interaction of phase noises would also appear in RF band,
along with the information-bearing RF signals, see Figure 2.4(a). The impairment
from laser phase noises may totally corrupt the transmission. By employing the spread

spectrum technique, the phase noise induced impairment is spectrally broadened, so

18



CHAPTER 2

intermodal coupling

Figure 2.3 Two channels coupled together.

the power of phase noise containing terms in-band are dramatically suppressed, see

Figure 2.4(b).

S

\/

(a) (b)

Figure 2.4 W Signal from Channel 1. I Signal from Channel 2. B Impairment. w,, is the
RF subcarrier frequency. (a) Electrical spectrum without spread spectrum technique. (b)

Electrical spectrum with spread spectrum technique.

In the context of IMDD implementation, spatial overlap among fields of different
channels should be reduced as much as possible in order to keep a linear relation
with respect to optical intensity, otherwise with the advent of cross terms, it is unable
to compensate for interferences among channels by MIMO signal processing. Spread
spectrum techniques can be incorporated in IMDD to suppress cross terms, though,

phase modulated constellations are not supported in the absence of subcarrier.

19



CHAPTER 2

2.4.3 Wideband scenario

Wideband scenario is when optical waves undergo modal dispersion beyond one chip
duration. Consider a DS BPSK communication system operating over a multipath
channel that has more than one path from the transmitter to the receiver. The differ-
ent paths consist of several discrete paths each with a different attenuation and time
delay. Figure 2.4(b) illustrates a communication link with two discrete paths. The
multipath wave is delayed by some time 7, compared with the direct wave. Under
extreme conditions, such signals may cause complete loss of synchronization.

In a direct-sequence spread spectrum system, if we assume that the receiver is
synchronized to the time delay and RF phase of the direct path, the received signal

can be expressed as

r(t) = Az(t)g(t) coswot + aAx(t — 7)g(t — 7) cos(wot + 0) + n(t) (2.7)

where z(t) is the data signal, ¢g(t) is the code signal, n(t) is a zero-mean Gaussian noise
process, and 7 is the differential time delay between the two paths, assumed to be in the
interval 0 < 7 < T. The angle 6 is a random phase, assumed to be uniformly distributed
in the range (0,27), and « is the attenuation of the multipath signal relative to the
direct path signal. For the receiver, synchronized to the direct path signal, the output
of the correlator can be written as where g?(t) = 1. Also, for 7 > T., g(t)g(t — 7) ~ 0
(for codes with long periods), where T, is the chip duration. Therefore, if T, is less than
the differential time delay between the multipath and direct path signals, we can write
where no(T") is a zero-mean Gaussian random variable. We can see that the spread-
spectrum system, similar to the case of CDMA, effectively eliminates the multipath

interference by virtue of its code-correlation receiver.

20
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2.5 MIMO digital signal processing

MIMO digital signal processing is done offline to retrieve the transmitted data. The

flow chart of MIMO digital signal processing is depicted in Figure 2.5.

911(15) le (t)
% L] L] - L] %
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e—iwmt e—iwmt
Frame sync.

LPF| ===+ |LPF

Matched filter
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A

A

Channel
estimator

Equalization

= = omowm
A y

X1 TN,

Figure 2.5 Flow chart of MIMO digital signal processing.

2.5.1 Lowpass equivalent

The ubiquitous rule is to work with the lowpass equivalents of bandpass signals instead

of directly working with them. That is so because applying signal processing algorithms

21
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to lowpass signals is much easier. The real-valued bandpass signal in Equation (2.6) is

turned to complex lowpass equivalent through Hilbert transform
yi(t) = (r(0) +i7i(1) et (2.8)

where 7;(t) = r;(t) * (1/7t) is the Hilbert transform of r;(t). r;(t) + i7;(t) is called the
analytic signal or pre-envelope of r;(t). y;(t) is the lowpass equivalent of r;(t). Hereby

the RF subcarrier is removed.

2.5.2 Frame synchronization

All digital communication systems require some degree of synchronization to incoming
signals by the receivers. Almost all digital data streams have some sort of frame
structure. This is to say that the data stream is organized into uniformly sized groups
of bits. For a receiver to make sense of the incoming data stream, the receiver needs
to be synchronized with the frame structure of data stream. Frame synchronization
is accomplished with the aid of frame marker. The frame marker is a short pattern
of bits that the transmitter injects periodically into the data stream. Detection of the
frame marker would indicate a known position (typically the beginning) in the data
frame. One frame consists of training sequence and the following data, as shown in

Figure 2.6. All the channels are frame synchronized, and each channel is allocated

training data
Chi[ | | |

ch2 [l ] |

—

frame

Figure 2.6 Frame structure.

with a unique training sequence. The training sequence can suffice as a frame marker.
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The frame structure is known by both the transmitter and receiver. Receiver generates

frame marker replica, which is correlated with the incoming data stream
C(r) = [Blz(t)y*(t+ )| (2.9)

where z(t) is the generated frame marker replica, y*(¢+ 7) is the conjugate of the time-
shifted version of y(t), and C(7) is the cross correlation between frame marker and
data stream. When the receiver comes into frame synchronization, each data stream is

passed through a lowpass filter to eliminate broadband additive noises.

2.5.3 Matched filter

The matched filter assumes that perfect or nearly perfect symbol synchronization has
been achieved. And this requirement is fulfilled by the previous step of frame synchro-
nization. The lowpass equivalent of each received data stream is applied to a matched
filter. And the output of matched filter is sampled at the end of each symbol interval.
As a result, the sampled (at symbol rate) lowpass equivalent corresponding to the ith

receiver can be expressed as a linear combination of transmitted symbols
Ny
j=1

where «;; is the sampled amplitude, z; is the symbol from the jth transmitter, n; is
the additive noise. For mathematical convenience, Equation (2.10) can be represented

in matrix form as
y=Hx+n (2.11)

T x =[xy 29 ... zn,]7, H is channel matrix with complex

where y = [y1 y2 ... YN, |
entries of h;j, and n accounts for noises. The variation rate of fiber channel is much

smaller than the data rate, which is hence categorized into slow fading channel. The
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perception of H relies on channel estimation algorithms, which are introduced in the

following.

2.5.4 Channel estimation

The information available about the channel is called channel state information (CSI).
There are basically two levels of CSI, namely instantaneous CSI and statistical CSI. In
slow fading systems instantaneous CSI can be estimated with reasonable accuracy. On
the other hand, in fast fading systems where channel conditions vary rapidly under the
transmission of a single information symbol, only statistical CSI is reasonable, which
is outside the scope of this topic. Since the channel conditions vary, instantaneous
CSI needs to be estimated on a short-term basis using the combined knowledge of
the transmitted and received signals. Channel estimation can be performed through

reorganizing the system model equation as follows

y1(1) hi1
y1(2) s O --- (0] h12
o s --- o :
= +n (2.12)
o o S
yn, (1) S b, N,
Written in a closed form
y=Sh+n (2.13)
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Each s is the following matrix

31(1) SNt(l)
a 31F2) SNt.(z) o
si(l) - sn(D)

and o is [ x N; zero matrix. In other words, S is a bolck diagonal matrix with block size
of N, x N,., and each nonzero block is matrix s that represents the training symbols. The
element size of the matrix S is thus [N, x NyN,.. Equation (2.12) is an overdetermined
system of linear equations that has an infinite number of solutions for h. One of the

most useful solutions is the least square solution
h = (sfs)"1sfly (2.15)
where h is an estimation of h, S# is the conjugate transpose of S.

2.5.5 Equalization

Equalization can mitigate interchannel interferences and allow recovery of individual
channels. If there are more equations than unknowns and if the channel matrix has
full column rank, this system can be inverted to determine the unknowns. Transmitted

symbols are recovered by zero forcing algorithm
x = HIH) '\ y (2.16)

where % is an estimation of x, H is the conjugate transpose of H.
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Basic investigations

This chapter focuses on SCM-SS scheme over nondispersive and dispersive channel.
Condition number is introduced as a useful metric that determines the performance of
MIMO communication systems. Noise enhancement mechanism is analyzed by singular
value decomposition (SVD). Generation of single sideband optical field through Mach-
Zehnder modulator (MZM) is given. Parameter dependences such as driving voltage

of phase modulator, laser phase noise are discussed.

3.1 Transmission over nondispersive channel

Optical MIMO communications exhibit different characteristics and performance ac-
cording to the propagation environment. Those characteristics have to be carefully

taken into account. A nondispersive channel introduces no dispersion.

3.1.1 Nondispersive fiber link model

The channel impulse response between the ith receiver and the jth transmitter is de-

noted as g;j. The channel is characterized by G(7; t). Assume an optical MIMO system
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with N; = 2 and N,, = 2. The mathematical description of a nondispersive channel is

U (t) | cos 06(t) cos(0+m/2)8(t) Eq(t) 3.1)
Us(t) sin@é(t) sin (6 +7/2)8(t) Es(t)

where * represents convolution. Refer to Equation (2.4) for the meaning of Ej(t). For

brevity, Equation (3.1) can be written as
U(t) = G(7; t) * E(t) (3.2)

The coefficients of G(7; t) satisfy the requirement of power conservation, that is, the

total power of each column is equal to one. Rewrite Equation (3.1) into equation group

Uy (t) = cos 0 Ey(t) + cos (0 + 7/2) Ex(t) 33
Us(t) =sin6 Eq(t) + sin (6 + 7/2) Ea(t)

Upon square-law detection, the photo currents can be expressed as

r1(t) o cos? 6 cos (wmt + cpl(t)> + cos? (9 + 77/2) cos <wmt + gpg(t))
(3.4)
ro(t) o< sin” 6 cos (wmt + cpl(t)> + sin? (9 + 77/2) cos <wmt + gpg(t))

Turn Equation (3.4) to lowpass equivalent, and rewrite in matrix form

y1 (k) cos® 6 cos? (0 + 7/2) x1(k) ny (k)
= + (3.5)
ya(k) sin?§  sin? (6 + 7/2) xo(k) na(k)

Parameters for simulated transmission over nondispersive channel are shown in Ta-

ble 3.1.
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Table 3.1 Parameters for simulated transmission over nondispersive channel

Parameter Value
number of Tx (INy) 2
number of Rx (N,) 2

frame size 127
training sequence 16
signature length 511

bit rate 1 Gbps
subcarrier frequency 4GHz
chip rate 64 Geps
sampling rate 256 GHz
halfwave voltage (V) 4.6V
laser linewidth (Av) 2MHz

3.1.2 Condition number

Condition number is a metric that reflects the performance of MIMO communication
system. To understand the meaning of condition number, Equation (2.11) is recalled.

The condition number of H is defined as
R(H) = H ||| H" | (3.6)

where || H || represents the norm of H. Condition number can be calculated from a

variety of matrix norms. For instance, Frobenius norm of H is defined as

| H|[F= (3.7)

k(H) > 1 and when H is singular, that is, has no inverse matrix, x(H) = 4+o00. The

smaller the value of x(H), the more robust the solution of the system.
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3.5

Figure 3.1 Spatial angle 6 (rad) versus condition number.

Figure 3.1 shows the changing of condition number with respect to 6 described in
Equation (3.1). As # approaches m/4, a pronounced peak was observed. Because of
the additive noise, this inversion cannot give perfect estimates of the input symbols. In
particular, when the channel matrix is ill-conditioned, estimation performance becomes

poor because the channel inversion also enhances the noise.

3.1.3 Singular value decomposition

A singular value of the square or rectangular matrix H is a nonnegative scalar o, and

the pair of singular vectors u and v are two nonzero vectors so that

Hu = ov (3.8)
Written in matrix form, the defining equations for singular values and vectors are

HV =UX

HYU = vzl (3.9)
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where U = [uy, ug, ..., uy], V = [v1,02,...,0,|, X = diag(o1,09,...,00), 01 > 09 > ... >
on, 271 =diag(1/01,1/09,...,1/0,). The matrices U and V are unitary, which satisfy

UMU =1 and VIV = 1. Consequently,
H=UxVH? (3.10)

This is known as singular value decomposition (SVD). Condition number can also be

expressed by the ratio between the largest and smallest singular values
r(H) = H ||| B [|= 01/0n (3.11)

We will see that, the solution of a linear system can be analyzed by singular value

decomposition

£ =HYb—-n)
=VETlUH (b —n)
viuH viull
= el By 7
Rt
= X + error (3.12)

where X means the estimation of x. The discussion above is also called principal
component analysis (PCA), which approximates a general matrix by a sum of a few
simple matrices. As seen clearly from Equation (3.12), the error terms have a strong
dependence on the singular values. Singular value decomposition unveils the noise en-
hancement mechanism of large condition number. As visualized in Figure 3.2, let 6 vary
in the range [0,90°]. o2 is minimum when 6 = 45°. Use the relation in Equation (3.11),

we can see that this result is in correspondence with that of Figure 3.1.
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Figure 3.2 Singular values of channel matrix H.

3.1.4 Impact of phase offset in subcarrier

In Equation (3.4), the subcarrier phase offset of each channel is identical at the trans-
mitter side. To investigate the impact of phase offset in subcarrier, a phase difference

¢q was intentionally introduced between the two channels, see Figure 3.3. Now the

Figure 3.3 Introduce a phase difference between subcarrier offsets of the two channels.

transmitted optical fields can be written as

Ei(t) = exp <iw0t +ig(t) + icl(t)) {AO + Ay, exp (iwmt + itﬂl(t)) } (3.13)

Ey(t) = exp <iwot +iga(t) + iCQ(t)) {Ao + A, exp (iwmt +ipa(t) + qﬁd) }
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where F(t) and Es(t) are the input optical field of channel 1 and channel 2 respectively.
The resultant photo currents can be written as

r1(t) o< cos® 0 cos <wmt I <p1(t)) + cos? (6 +7/2) cos (wmt + pa(t) + ¢d> (3.14)

ro(t) o sin’ 6 cos (wmt + o1 (t)) + sin® (6 + 7/2) cos (wmt + @a(t) + ¢d>
The sampled (at symbol rate) lowpass equivalent of Equation (3.14) can be expressed

in matrix form

y1(k cos?0  cos? (0 + 7/2) ei¥a x1(k) ny (k)

W - ( ) + (3.15)
ya(k) sin?f  sin? (6 + 7/2) e’ xa(k) na(k)

Let 6 vary in the range [0,90°], and ¢4 vary in the range [0, 180°], the resultant con-

dition number is illustrated in Figure 3.4. Compare Figure 3.4 to Figure 3.1, condition

Figure 3.4 Condition number depends not only on amplitude, but also on phase.

number peaks are still observed, however, the peak values show a tendency of reducing
by introducing an offset difference, especially under ¢; = 90°, a minimum peak value

was achieved.
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3.1.5 Experimental transmission over nondispersive channel

Transmission over nondispersive channel is experimentally investigated.

Experimental setup

The experimental setup is illustrated in Figure 3.5. Experimental parameters are listed

Data 0 90° Code

Laser F—222— MzM PM Filter
EDFA

MIMO
DSP

Figure 3.5 Experimental setup for 2x2 transmission over nondispersive channel.

in Table 3.2.

As mentioned in Section 2.4.1, SCM is to produce a modulated single sideband
with an optical carrier. Optical SSB generation aims at compensating for the penal-
ties brought by chromatic dispersion, as well as enhancing spectral efficiency. Multiple
techniques are capable of implementing this type of optical field, such as optical het-
erodyning techniques, filtering methods and optical SSB modulators. In contrast to
filters, OSSB modulators provide wavelength independent operation. SSB optical field
is generated by using a dual-drive Mach-Zehnder modulator (MZM). The structure of

Mach-Zehnder modulator is shown in Figure 3.6. RF subcarrier that carrying binary
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Table 3.2 Parameters for experimental transmission over nondispersive channel

Parameter Value

number of Tx (IN;) 2

number of Rx (N;) 2

frame size 127

training sequence 16

signature length 511

bit rate 212.4834 Mbps

subcarrier frequency 3.069 GHz

chip rate 10 GHz

sampling rate 40 GHz

wavelength 1550 nm
Vi(t)

Waveguide —

in out

e

Va(t)

LiNbO,

Figure 3.6 Structure of Mach-Zehnder modulator.

phase shift keyed (BPSK) data is split to two orthogonal arms by a 90° hybrid coupler.
MZM is biased at quadrature point, and its two arms are modulated by the two orthog-
onal RF signals respectively. The dual-drive is biased at quadrature point, and the two
arms are modulated by the two orthogonal electrical signals respectively. The resultant
optical field forms a single sideband signal. The optical spectrum is broadened by direct

sequencing, that is, optical field is phase modulated by spectrum-spreading code. The
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optical field can be expressed as

E;(t) = exp (iwot +ip;(t) + z'cj(t)> { exp <i,87T + iam cos [wnt + ¢; (t)])
+ exp <z'om cos [wint + ¢;(t) + 9]) } (3.16)
where = (Vy4./Vy), Vi is the DC bias voltage, V; is the halfwave voltage of the MZM,
o = (Vae/Vz), Vae is the amplitude of the RF signal, € is the phase difference between

the two arms of RF signals. Let f = 1/2 and § = 7/2. Expanding Equation (3.16)

according to Jacobi-Anger expansion and ignoring higher order harmonics yields
E;(t) = exp (iwot +i¢;(t) + icj(t)> {\/i]o(om)
-exp (im/4) — 2Jy (ar) exp <iwmt + ip; (t)) } (3.17)

where Jy and .J; are the zeroth and first order Bessel functions of the first kind respec-

tively, as can be seen from Figure 3.7. Equation (3.17) is the practical realization of

1

09r

081

0771

0.6

0571

04r

0371

02r

0.1r

0 1 2 3 4 5 6 7
Figure 3.7 Bessel function of the first kind.
Equation (2.4).

An erbium-doped fiber amplifier (EDFA) is followed by a filter to eliminate the

amplified spontaneous emission (ASE) noise. The optical field is split into two branches,
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in order to generate two channels of signals. One of the branches is delayed by 1km
single mode fiber. Two channels are coupled to orthogonal polarizations of the PBS

by adjusting polarization controllers, see Figure 3.8(a). Propagating through the single

A
)
|
|
|
|
|

Ch2

P-polarization
P-polarization

Ch2

Ch1

A
1
1
1
I
1
1
1
I
1
1
1
I
I
1
1
I
I
1
1

Ch1

S-polarization S-polarization
(a) (b)

Figure 3.8 (a) Two channels coupled to orthogonal polarizations of PBS. (b) Change the

spatial angle 6, two channels overlapped on orthogonal polarizations of PBS.

mode fiber, which is a kind of nondispersive channel, the optical fields are projected to
another PBS. Adjusting the polarization controller, equivalently to set the spatial angle
0, the two channels overlap on orthogonal polarizations of PBS, see Figure 3.8(b). Find
the mathematical description in Equation (3.3). Coupled optical fields of two channels
impinge on two photo detectors, one detector receives signals from S-polarization, and
the other detector from P-polarization. Upon square-law detection, the electrical signals

are sampled by A/D converter for off-line MIMO digital signal processing.

Experimental results

The recovered eye diagrams of two channels are shown in Figure 3.9. The spatial angle

0 is approximately 30°.
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(a) Ch1 (b) Ch2

Figure 3.9 Eye diagrams of experimental transmission over nondispersive channel.

3.2 Transmission over dispersive channel

In Section 3.1, transmission over nondispersive channel has been investigated. In this
section, few-mode fiber and multimode fiber link models are deduced. Physical char-
acteristics of fiber channels are more involved. Dispersive channels manifest distinct
behavior compared to nondispersive channels. Simulation of few-mode and multimode

fiber links confirms the influence of modal dispersion.

3.2.1 Few-mode fiber link model

Few-mode fiber supports a few modes, generally two mode and four mode fibers are
commercially available types. Assume the few-mode fiber link supports simultaneous
transmission of four modes, namely, LPg;, LP19, LP13 and LPs;. Of which LPg; is also
called the fundamental mode. The fiber deployed is step index fiber with r = 25 yum,
A = 1310 nm, nq = 1.480, ny = 1.465. The mode power distribution of each mode seen
from cross section of fiber core is shown in Figure 3.10. Propagation constants and
corresponding mode delays of each mode are listed in Table 3.3. See Section 2.1.1 for

their mathematical descriptions. A 2x2 MIMO transmission system is modeled as
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- 25 = - 25 = - 25 -
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(a) LPO1 (b) LP12 (c) LP13 (d) LP21

Figure 3.10 Fiber modes.

Table 3.3 Propagation constants and mode delays

Mode B (pm~1) 7 (ns/m)
LPo1 7.0377 4.8944
LPi2 7.0452 4.8996
LPi3 7.0587 4.9090
LPo; 7.0381 4.8947
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Ui (t) cos08(t —711) cos (04 7/2) 8(t — T12) Eq(t)

Ug(t) Sinaé(t—Tgl) sin (9+7T/2) 5(t—T22) Eg(t)

Rewrite Equation (3.18) into equation group

Ul(t) = COSHEl(t — T11) + cos (9 +7T/2) Eg(t — T12)

(3.19)
Ug(t) = sin@El(t — T21) + sin (9 + 7'('/2) Eg(t — 7'22)
The photo currents
r1(t) o cos? 6 cos (wmt +¢1 (t)) + cos? (0 + 7/2) cos <wmt + pa(t) + ¢d>
(3.20)
r9(t) o sin” 6 cos (wmt + S01(75)> + sin? (6 +7/2) cos <wmt + pa(t) + ¢d>
Sampled lowpass equivalent
y1 (k) cos?f  cos? (0 4 7/2) ¥4 x1(k) ny (k)
= ( ) + (3.21)
ya(k) sin? @ sin? (6 + 7/2) e’ xa(k) na(k)

Parameters for simulated transmission over dispersive channel are listed in Table 3.4.
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Table 3.4 Parameters for simulated transmission over dispersive channel

Parameter Value
number of Tx (INy) 2
number of Rx (N,) 2

frame size 127
training sequence 16
signature length 511

bit rate 1 Gbps
subcarrier frequency 4GHz
chip rate 64 Geps
sampling rate 256 GHz
halfwave voltage (V) 4.6V
laser linewidth (Av) 2MHz

3.2.2 Diversity to improve communication reliability

The prerequisite for MIMO to work is diversity. Diversity techniques have several
benefits, such as more stable link quality, improved average performance, and in general
these benefits are referred to as diversity gain. To illustrate the excess benefit of
dispersive propagation environment that a single mode fiber cannot supply, back to
back and different link distance transmissions are simulated.

Each channel couples fraction of the power to different modes, which propagate
with different propagation constants, thus different group delays. Each photo detector
collects different combination of optical power from different channels. Inter-modal
coupling is allowable. Figure 3.11 demonstrate constellations of received and recovered
signals under severe inter-modal coupling situation, to be specific, 0 is set to 45° in

Equation (3.18). Figure 3.11(a) shows the back to back transmission, obviously there
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Rx 1 Rx 2 Ch1 Ch2

(a) Simulated back to back transmission (SCM-SS).

Rx 1

Rx2

Chl

Ch2

(b) Simulated transmission over 8 m four-mode fiber (SCM-SS).

Figure 3.11 Constellation diagrams of simulated transmission over dispersive channel.

Rx 1

Rx2

Ch1

Ch2

(c) Simulated transmission over 8 m four-mode fiber (SCM).

Amplitude (AU)

Figure 3.12 Eye diagrams of simulated transmission over 8 m four-mode fiber.
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is no dispersion in this case. Figure 3.11(b) shows that after 8 m transmission, the
transmitted data is successfully recovered. Figure 3.11(c) is the constellations of SCM

scheme. No clear clusters can be identified. Figure 3.12 are corresponding eye diagrams

of Figure 3.11(b).

3.2.3 Impact of laser phase noise

Laser phase noise is caused by spontaneous emission, and can be modeled as a Wiener
process. It changes in a fast and random manner, and accumulates with the elapse of

time.

var [¢(t) — ¢(t — 7)] = 27 AvT (3.22)

The linewidth of laser source can represent the strength of laser phase noise. Phase
noises from different laser sources are preserved and converted to electrical domain. The
influence of phase noise will corrupt the useful information bearing signal parts, making
it difficult to track the channel. Impact of laser phase noise is explored numerically.

The simulation configuration is visualized in Figure 3.13. The light sources of two

MMF Receivers
x—
MIMO
@ DSP
pm

H

K —

H

Figure 3.13 Decorrelated light source.

channels are derived from a single laser, which exhibits 2 MHz linewidth. The two
light souces are decorrelated by a fiber delay line, beyond coherence length, they would
become mutually incoherent light sources. The EVM performance of SCM and SCM-

SS is illustrated in Figure 3.14. In Figure 3.14(a), the performance of SCM scheme
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(a) SCM scheme.

1.8 Ch1 b
Ch2

EVM

08 b

0.6 [ b

04 b

021

0 L L L L L L L L L
0 50 100 150 200 250 300 350 400 450 500

Decorrelation (AU)

(b) SCM-SS scheme.

Figure 3.14 EVM performance versus decorrelation of light source.
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degrades as the fiber delay line extends. On the contrary, in Figure 3.14(b), SCM-SS
scheme is immune to laser phase noise. As mentioned before, the in-band phase noise
terms are harmful, and the proposed scheme can spread the spectrum of phase noise

containing terms, as a result, the residual in-band impairment is suppressed.

3.2.4 Statistical properties

Statistical properties are investigated by Monte Carlo simulation. For Monte Carlo
simulation, under each € in Equation (3.18), 10000 channel realizations are generated,
that is, 10000 combinations of 6(t — 7;;). Probability density function (PDF) and
cumulative distribution function (CDF) of condition number are calculated based on

the generated samples. The results are shown in Figure 3.15.
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(a) Probability density function.
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(b) Cumulative distribution function.

Figure 3.15 Condition number statistics.
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3.2.5 Multimode fiber link model

Modeling of multimode fiber link is explored hereof. In a multimode fiber, the light
propagates in a number of mode groups that travel in the fiber with different velocities,
giving rise to intermodal dispersion. The modal bandwidth of the fiber, resulting from
the intermodal dispersion, depends on launch conditions. Those conditions determine
the amount of power launched into each of the mode groups, and, together with mode
delays, determine the transfer function of the fiber. The mode delays can be calculated
for a known fiber profile using the scalar wave equation. Similarly, one can compute
the coupling coefficients (the fraction of total optical power launched into mode group)
using the overlap integral. Without loss of generality, and to gain better insight into
the problem, we assume that the mode attenuation is absent. Based on the discussion
above, multimode fiber link can be described by impulse responses. The input facet of
the fiber link is selective launched by each transmitter, and the output facet is selectively
detected by each receiver, therefore spark off different impulse responses between each
transmitter /receiver pair. Output optical field excited by the jth transmitter can be

expressed as

Eoj(t) = Ej(t) * g
P
= Ej;(t) * Zajk ot — k)
k=1

P
= ap Bj(t —7%) (3.23)
k=1

where F;(t) is the input optical field from the jth transmitter, * means convolution,
g;j is the impulse response associated with the jth transmitter, P is the total number
of modes supported by multimode fiber channel, a;; is a multiplicative factor, the

subscript jk means from the jth transmitter, via the kth mode, and 7, is the group
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delay for the kth mode. {a;.} exhibits a Gaussian profile. Gaussian pulse in time

domain can be expressed as

1 7(71@*"'5-))2

ap=——e 2% 3.24
ik O’t\/ﬂ ( )

where 77 is the group delay of the center mode for the jth transmitter, oy is the standard

deviation in time domain. In frequency domain

H(f)=e 2moif? (3.25)
For half power, we have

e 2N = 1/V/2 (3.26)

Hence,

wp =27fp =VIn2/oy = oy = VIn2/wy, (3.27)

Substituting o, = vIn2/wy, to Equation (3.24) yields

Wy _wBme=))?
a/_]k — 7271— 1n2 e 2In2 (328)
Ignoring the coefficient, we have
,(Tk;;}")Q R
a]k = e 9 = e 21In2 (329)

Assume the group delay of P modes supported by multimode fiber channel shows a

linear dependence on the modal index k € N(1, P)
T = kAT (3.30)

where AT is the delay increment between adjacent modes.
At the link end, the photo detectors perform selective detection of each channel.
Each detector aims at collecting certain groups of modes. In other words, each detector

has its own sensitivity or transfer function to each mode, which can be described as
_(e=m)?

bp=c (3:31)
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where 77 represents the time delay of the center mode for the ith receiver. When 77
equals 77, it is the case that the ith receiver is perfectly matched to the jth transmitter.
The impulse response between the ith receiver and the jth transmitter can be expressed

as
P

9ij = Z bik ajk 6(t — Tk) (3.32)
k=1

Parameters for simulated transmission over multimode fiber link are shown in Table 3.5.

Figure 3.16 demonstrates the EVM performance versus A7. Figure 3.17 exemplarily

Table 3.5 Parameters for simulated transmission over multimode fiber link

Parameter Value
number of Tx (Ny) 4
number of Rx (N,) 4

frame size 127
training sequence 16
signature length 511

bit rate 100 Mbps
subcarrier frequency 3.2GHz
chip rate 12.8 Geps
sampling rate 25.6 GHz
laser linewidth (Av) 4 MHz
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1.5

EVM
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Figure 3.16 EVM performance versus Ar.
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Figure 3.17 Constellations when At is around 15~20 ps.
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3.2.6 Experimental transmission over dispersive channel

Transmission over dispersive channel is verified experimentally based on translation

stage.

Experimental setup

Few-mode fiber link model is experimentally realized. The experimental setup is demon-

strated in Figure 3.18. Dispersive propagation environment is implemented by con-

Data > 0 90° Code
\ 4
Laser Osg MZM PM Filter
EDFA
OO0
— X — e
MIMO Translation
DSP stage PC
4_*_ Q00
d b

Figure 3.18 Experimental setup for 2x2 transmission over dispersive channel.

structing a translation stage. The detail of the translation stage is shown in Figure 3.19.
Key components include polarization beam splitter, half mirror and collimator. The
polarization beam splitter is a transparent cube consisting of two triangular prisms
glued to each other, constructed to transmit horizontally polarized light, but reflect
vertically polarized light. Beam splitter cubes and half mirrors are placed on the stage
to form light paths with different lengths, which is a mimic of few-mode fiber. Differ-

ential path delay is introduced during propagation. Beam splitter cube splits incident
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Figure 3.19 Configuration of translation stage.

optical field to p-polarization and s-polarization, half mirror is used to combine optical
fields from different channels. Collimator will collect the combine optical fields, and

feed to photo detector. Experimental parameters are tabulated in Table 3.6.

Table 3.6 Parameters for experimental transmission over dispersive channel

Parameter Value
number of Tx (INV¢) 2
number of Rx (NV,) 2

frame size 127
training sequence 16
signature length 2047

bit rate 100 Mbps
subcarrier frequency 2 GHz
chip rate 10 Geps
sampling rate 20 GHz
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Optimum phase modulator operating conditions

SCM-SS scheme utilizes spread spectrum technique to combat intermodal coupling in-
duced impairment. As indicated in Equation (2.4), ¢;(t) is spreading code induced
phase changing, phase modulator relies on Pockels effect to produce the phase chang-
ing, hence the applied driving voltage is vitally relevant to system performance, the
influence is investigated numerically and experimentally. Figure 3.20(a) unveils the sim-
ulated results, and experimental results are shown in Figure 3.20(b). In Figure 3.20(a),
the driving voltage is normalized by V;, In order to verify the phase noise suppres-
sion ability further, the driving voltage of the phase modulator that modulated by the
spreading code is controlled from 0 to 2V, and the corresponding performance is eval-
uated by error vector magnitude (EVM). The horizontal axis represents driving voltage
normalized by V. It is observed that in the region around V,, the system achieved

best performance.
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Figure 3.20 EVM performance versus driving voltage.
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Experimental results

The measured path power are P,. = —19.28dBm, P4 = —17.563dBm, Py, = —16.57 dBm,

Ppa = —20.96 dBm. Figure 3.21 shows the constellation diagrams of 2x2 transmission
n
UID g s )
O ' - :
m 4

““““““

SCM

RxI Rx2 Chl Ch?

Figure 3.21 Constellation diagrams of 2x2 transmission over translation stage.

over translation stage. Figure 3.22 shows the eye diagrams of 2x2 transmission over

translation stage. Condition number x(H) = 2.7836, EVM1 = 0.1865, EVM2 = 0.1661.
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Figure 3.22 Eye diagrams of 2x2 transmission over translation stage.

o6



Chapter 4

Transmission over multimode

fiber links

As seen from Chapter 3, the feasibility and advantages of SCM-SS scheme have been
confirmed numerically and experimentally. This chapter is dedicated to the experimen-

tal transmission over multimode fiber links.

4.1 2x2 transmission

2% 2 transmission over multimode fiber links is conducted in this section.

Experimental setup

The experimental setup is shown in Figure 4.1. Corresponding parameters are shown
in Table 4.1. A 1550 nm continuous wave DFB laser operates as the light source. SSB
optical field is generated by using a dual-drive Mach-Zehnder modulator (MZM). RF
subcarrier that carrying binary phase shift keyed (BPSK) data is split to two orthogonal

arms by a 7/2 hybrid coupler. MZM is biased at quadrature point, and its two arms are
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MIMO
DSP

Offset connector

GI-MMF

Figure 4.1 Experimental setup for 2x2 transmission over multimode fiber links.

Table 4.1 Parameters for 2x2 transmission over multimode fiber links

Parameter

Value

number of Tx (Ny)
number of Rx (NV,)
frame size

training sequence
signature length

bit rate

subcarrier frequency
chip rate

sampling rate

wavelength

127

16

2047

100 Mbps
2GHz

10 GHz
20 GHz

1550 nm
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modulated by the two orthogonal RF signals respectively. Such an optical field is then
phase modulated by spectrum-spreading code. Erbium doped fiber amplifier (EDFA)
is inserted to boost the power, and AWG filter eliminates the ASE noise. 3dB coupler
splits the light into two branches to form two channels. One of the branches is delayed
by 2km single mode fiber so as to decorrelate the two channels. The two channels
carried by single mode fibers are coupled to the input ports of a fused multimode
coupler through connectors. Of which one channel excites lower order modes by center
launching, the other channel excites higher order modes by using an offset connector.
The offset connector is equipped with a single mode fiber pigtail, with possible angular
tilt and radial offset, the initial field of the multimode fiber input facet can be selectively
excited. The fibers used are 50 um core diameter graded index multimode fibers (GI-
MMEF). Different link lengths are constituted by 500m and 1000 m fiber reels, which
are connected by optical connectors. The output optical fields are directed to two
photo detectors by another fused multimode coupler. Each detector receives a mixing
of signals from both channels. The electrical signals are sampled by an A/D converter

for off-line MIMO signal processing.

Experimental results

To confirm the advantages of the proposed SCM-SS scheme further, the experiments of
SCM scheme that uses no spread spectrum technique are also conducted. Correspond-
ing received and recovered constellations of 500 m transmission under both schemes are
shown exemplarily in Figure 4.2. Figure 4.3 depicts eye diagrams of 500 m transmission
under SCM-SS and SCM schemes for comparison. The widest eye opening was observed
under SCM-SS scheme. Deterioration in eye opening of SCM scheme is attributed to

in-band phase noise containing terms. 2x2 transmission experiments have been suc-
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Figure 4.2 Constellation diagrams of 2x2 500 m transmission.
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Figure 4.3 Eye diagrams of 2x2 500 m transmission
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cessfully transmitted. However, the transmission performance is affected by the power
distribution for each channel. Transmission over even longer distances is difficult, it is
attributed to the self-interference phenomenon when too many higher order modes are

excited, as analyed in Section 2.4.3.

4.2 2x4 transmission

From a statistical viewpoint, 2x4 MIMO can achieve higher diversity gain than 2x2
MIMO, which is thought to improve communication reliability. In all the following
transmission experiments, offset connector is not used, because exciting of too many

modes is not expected. Two groups of experiments are conducted.

4.2.1 Group 1
Experimental setup

The experimental setup is shown in Figure 4.4. Corresponding parameters are shown

Delay GI-MMF Receivers

’—-j r—
@ EéS—» MIMO
i—’

Fil
1lter DSP

Figure 4.4 Experimental setup for 2x4 transmission over multimode fiber links.

in Table 4.2. A 1550 nm continuous wave DFB laser operates as the light source. SSB
optical field is generated by using a dual-drive Mach-Zehnder modulator (MZM). RF
subcarrier that carrying binary phase shift keyed (BPSK) data is split to two orthogonal
arms by a 7/2 hybrid coupler. MZM is biased at quadrature point, and its two arms are

modulated by the two orthogonal RF signals respectively. Such an optical field is then
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Table 4.2 Parameters for 2x4 transmission over multimode fiber links (Group I)

Parameter Value
number of Tx (N;) 2
number of Rx (N;) 4

frame size 127
training sequence 16
signature length 2047
bit rate 100 Mbps
subcarrier frequency 2GHz
chip rate 10 GHz
sampling rate 20 GHz
wavelength 1550 nm

phase modulated by spectrum-spreading code. Erbium doped fiber amplifier (EDFA)
is inserted to boost the power, and AWG filter eliminates the ASE noise. 3dB coupler
splits the light into two branches to form two channels. One of the branches is delayed
by 2km single mode fiber so as to decorrelate the two channels. The two channels
carried by single mode fibers are coupled to the input ports of a fused multimode
coupler through connectors, which excite lower order modes of 50 um core diameter
graded index multimode fiber (GI-MMF) link. Different link lengths are constituted by
500 m and 1000 m fiber reels, which are connected by optical connectors. The output
optical fields are directed to 4 photo detectors by another fused multimode coupler.
Each detector receives a mixing of signals from both channels. The electrical signals

are sampled by an A/D converter for off-line MIMO signal processing.
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Experimental results

Figure 4.5 shows constellations diagrams for 2000m transmission of SCM and SCM-SS

schemes. The eye diagrams are demonstrated in Figure 4.6. These cases are recovered

‘ &
@ *
2 # &
@ % #
O H
2]

Rx1 Rx2 Rx3 Rx4 Chl Ch2

Figure 4.5 Constellation diagrams of 2x4 2000 m transmission (Group I).

SCM-SS

SCM

5 2 2 5 L5
Time (UI Time (UI)

Ch1 Ch2

Figure 4.6 Eye diagrams of 2x4 2000 m transmission (Group I).

with SCM-SS while SCM scheme not. These results also indicate the advantage of
proposed scheme. Figure 4.7 shows the error vector magnitude (EVM) for both schemes
with different fiber length. The fiber lengths of 1500 m and 2000 m are consisted of

10004500 m and 100045004500 m fibers, respectively. SCM-SS schemes achieve error
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Figure 4.7 EVM of 2x4 transmission (Group I).

free operation and superior performance compared with SCM scheme is apparently
exhibited through much lower EVM. When switching to different link lengths, fiber
reels and connectors should be reorganized accordingly, though, stringent adjustments
are not exercised, the requirements in alignment are shown to be loose.
Eigenvalue decomposition
Correlation matrix is defined as

G = E[H"H] (4.1)

where E[-] stands for expectation over all channel realizations. G is Hermitian and can

be decomposed into product of three matrices by eigenvalue decomposition
G = UAUA (4.2)

where U is eigenvector matrix with orthonormal columns, and A = diag (A, A2) is

a diagonal matrix with real-valued, non-negative eigenvalues on the main diagonal.
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eigenvalues are related to the channel capacity, which is calculated by

B 500m
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sl [ ]1500m| |
1 2000m
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4+ . |
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1 2

Count

Figure 4.8 Eigenvalue decomposition (Group I).

CH)=B-E [log2

1
I+ —HRH" H (4.3)
o
where B is the bandwidth in Hertz, o2 is the variance of the noise elements. The
covariance matrix R can also be chosen to maximize this capacity. [41]
4.2.2 Group II
Experimental setup

The experimental setup is shown in Figure 4.4. Corresponding parameters are shown
in Table 4.3. In experiments 32 symbols of 2° — 1 pseudo-random binary sequence
(PRBS) are taken as training symbols, and 2° — 1 symbols constitute one frame for

each channel.
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Table 4.3 Parameters for 2x4 transmission over multimode fiber links (Group IT)

Parameter Value
number of Tx (N;) 2
number of Rx (N;) 4

frame size 511
training sequence 16
signature length 32767
bit rate 100 Mbps
subcarrier frequency 2GHz
chip rate 10 GHz
sampling rate 20 GHz

Experimental results

Up to 2000 m transmissions have been achieved via SCM-SS scheme. To confirm the ad-
vantages of the proposed SCM-SS scheme further, the experiments of SCM scheme that
using no spread spectrum technique and IMDD-SS scheme are also conducted. Cor-
responding received and recovered constellations of 2000 m transmission under both
schemes are shown exemplarily in Figure 4.9. Quantitative comparisons among them
are given. The points of the SCM-SS scheme cluster closely, indicating good quality of
signals, four clusters of points in the constellation diagram correspond to transmitted
symbol pairs {1,1}, {1,-1}, {-1,1}, and {-1,-1}, meanwhile different styles of received
constellations in SCM-SS scheme manifest modal-coupling diversity present at the out-
put end of multimode fiber. Whereas the trajectories on the constellations of SCM
scheme clearly reveal the influence of phase noises. Fig. 4.10 illustrates the error vec-

tor magnitude (EVM) of both schemes under different link lengths. Of which 1500 m
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Figure 4.9 Constellation diagrams of 2x4 2000 m transmission (Group II).
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Figure 4.10 EVM of 2x4 transmission (Group II).
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and 2000 m transmissions are comprised of 1000+500 m and 1000+500+500 m fibers
respectively. Error free demodulation of SCM-SS scheme was verified, and superior
performance compared with SCM scheme is apparently exhibited through much lower
EVM. When switching to different link lengths, fiber reels and connectors should be
reorganized accordingly, though, stringent adjustments were not exercised, manifesting
the tolerances to channel fluctuations to some extent. To evaluate the performance fur-
ther, the statistics of multimode fiber channel should also be taken into account [42].

Figure 4.11 depicts eye diagrams of 2000 m transmission under SCM-SS, SCM and

Time (U)

Time (UD) Time (UI)

SCM-SS SCM IMDD-SS

Figure 4.11 Eye diagrams of 2x4 2000m transmission (Group II).

IMDD-SS schemes for comparison. The widest eye opening was observed under SCM-
SS scheme. Deterioration in eye opening of SCM scheme is attributed to in-band phase
noise containing terms. Slight eye opening can be observed in IMDD-SS scheme ow-
ing to the suppression of cross terms, though, inferior baseband environment and less
degrees of freedom in channel matrix inhibit the further improvement in performance.

Eigenvalue decomposition can be visualized in Fig. 4.12.
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Figure 4.12 Eigenvalue decomposition (Group II).

4.3 4x4 transmission

As the number of channels increases, the required output power of light source also
increases, which is challenging in practice. Also to couple the power of multiple channels
with diversity,

Experimental setup

The experimental setup of 4x4 transmission is shown in Figure 4.13. Corresponding

Delay

MIMO
DSP

Figure 4.13 Experimental setup for 4x4 transmission over multimode fiber links.

parameters are shown in Table 4.4.
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Table 4.4 Parameters for 4x4 transmission over multimode fiber links

Parameter

Value

number of Tx (Ny)
number of Rx (N;)
frame size

training sequence
signature length

bit rate

subcarrier frequency
chip rate

sampling rate

511

16

32767
100 Mbps
2GHz

10 GHz

20 GHz

Experimental results

Figure 4.14 shows constellation diagrams for 2000 m transmission of SCM-SS scheme.

2000 bits corresponding to less than 5 x 10~ bit error rate is demonstrated. The

Received

Recovered

Figure 4.14 Constellation diagrams of 4x4 2000 m transmission.

results are affected by fiber transmission condition which is the power distribution for

each modes and each receivers.
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Conclusions

5.1 Summary

SCM-SS scheme was proposed. Transmission over nondispersive and dispersive chan-
nel has been investigated. Condition number is introduced as a useful metric that
determines the performance of MIMO communication systems. Noise enhancement
mechanism is analyzed by singular value decomposition (SVD). Generation of single
sideband optical field through Mach-Zehnder modulator (MZM) is given. 2x2, 2x4
and 4x4 transmissions have been experimental implemented over graded-index mul-
timode fiber links. Satisfactory performance of optical MIMO using SCM-SS scheme
is demonstrated in the presence of intermodal coupling, showing its applicability of

capacity enhancement in multimode fiber links.

5.2 Outlooks

The group delay distribution are used to investigate differential mode delay (DMD) and

EMBc. Mitigation of intersymbol interferences in wideband systems where the group
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delay spread is comparable to the symbol period will be further studied. Intramodal
dispersion such as chromatic dispersion, may also induce impairments to the transmis-
sion, although not a main concerning in multimode fiber channel. Compensation of
these impairments leave us work to do.

To improve the data rate further, optical CDMA (OCDMA) is considered. To our
knowledge, OCDMA using CW laser sources is encoded in electrical domain, optical
domain implementation uses pulsed laser sources, the viability of incorporating in SCM-
SS scheme remains to be convinced.

To evaluate the performance further, the statistics of multimode fiber channel should
also be taken into account. Transmission performance over other types of fibers, such

as few mode fiber, plastic optical fiber, etc., leaves us work to do.
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Appendix A

Jacobi-Anger expansion

In mathematics, the Jacobi-Anger expansion (or Jacobi-Anger identity) is an expansion
of exponentials of trigonometric functions in the basis of their harmonics. It is useful
in physics (for example, to convert between plane waves and cylindrical waves), and in
signal processing (to describe FM signals). This identity is named after the 19th-century
mathematicians Carl Jacobi and Carl Theodor Anger. The most general identity is
given by

o0

eizcos@ _ Z Zan(Z)eme (Al)

n=—oo

and

zzsm& Z J zn@ (AQ)

n=—oo

where J,,(2) is the nth Bessel function of the first kind. Using the relation J_,(z) =

(—=1)"J,(2), valid for integer n, the expansion becomes
€% — Jo(2) + 2 Z i"Jp(z) cos(nd) (A.3)

This expansion represents an expansion of plane waves into a series of cylindrical waves.

The derivation of Equation (3.17) takes advantage of Jacobi-Anger expansion.
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Appendix B

Helmholtz equation

Multimode optical fiber is a type of optical fiber mostly used for communication over
short distances, such as within a building or on a campus. The electric field in optical

waveguides can be approximately described by the Helmholtz equation
VZE 4+ n?(W)kiE =0 (B.1)
where the free-space wave number kg is defined as
ko =w/c=2m/\ (B.2)

and A is the vacuum wavelength of the optical field oscillating at the frequency w.
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