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High Capacity Short-reach Optical Transmission
System based on Fiber-eigenmode Multiplexing

ABSTRACT

The fast development of bandwidth-hungry services is catalyzing the explosion of
data in the current information and artificial intelligence (AI) era. Accordingly, the
meteoric-growth capacity requirement has brought out the need to continuously accel-
erate the transmission rate to keep pace with the rapid-increasing traffic flow. Mode-
division multiplexing (MDM), as an implementation of space-division multiplexing
(SDM) technologies, is regarded as a promising solution to cope with the capacity cri-
sis in fiber-based communication systems. Potentially, MDM can significantly increase
the capacity of optical systems by multiplying the capacity of a single-mode fiber by
the number of co-transmitted modes. Vector modes (VMs) are the full-vectorial eigen-
modes supported by circular-core fibers. As true fiber-eigenmodes, VM-based MDM
fiber transmission has captured much research interest recently. This thesis focuses on
the studies of VM-based MDM short-reach optical transmission.

The primary characteristic of fiber eigenmode is first investigated based on the high-
order Poincaré sphere model. Then, the propagation characteristic of VM through free
space and few-mode fiber (FMF) is studied. For free-space optical (FSO) transmission,
the travel behavior of four VMs multiplexing-based link is evaluated under three at-
mospheric turbulence conditions. For FMF transmission, VM characteristic along the
FMF transmission is simulated and presented.

Based on VMs, two types of MDM short-reach fiber links, including uni-directional
and bi-directional transmissions are demonstrated. For uni-directional transmission,
two MDM links over 5 km FMF, including two VMs of the same order multiplexing

transmission with 360 Gbit/s total capacity and two VMs of different orders multiplex-

1ii



Dissertation advisor: Professor Chao Lu Jianbo Zhang

ing transmission with 400 Gbit/s total capacity are demonstrated based on Kramers—
Kronig (KK) receiver, respectively. For bi-directional transmission, two MDM full-
duplex bi-directional architectures including symmetrical and asymmetrical transmis-
sions based on dual-VMs multiplexing over 3 km FMF are respectively implemented
based on coherent detection and 2 x 2 MIMO. Firstly, four VMs, each carrying 14
GBaud quadrature phase-shift keying (QPSK) signal, is simultaneously employed on
two terminals and a 224 Gbit/s homo-modal bi-directional transmission is demon-
strated. To strengthen the immunity against backscattering crosstalk, hetero-modal bi-
directional transmission is proposed, in which two VMs of [ = 0 and two VMs of [ = +2
are respectively utilized in the uplink and downlink and a 448 Gbit/s bi-directional
transmission with 28 GBaud 16-ary quadrature amplitude modulation (QAM) modu-
lation is realized. Furthermore, by combining with WDM technology, a 1.792 Thit/s
VM-based WDM-MDM full-duplex bi-directional transmission is also achieved.

Next, a versatile scheme of MG filter for mode-group division multiplexing (MGDM)
IM/DD transmission is proposed and experimentally demonstrated over 5 km FMF in
a 152 Gbit/s MIMO-free IM/DD MGDM dual-channel simultaneous transmission and
detection system. The bit error ratios (BERs) of each channel are below 7% hard-
decision forward error correction (HD-FEC) threshold under both static and dynamic
tests. Finally, unlike most MIMO-based SDM/MDM demonstrations without consid-
eration of singular problems, non-Singular MIMO DSP based on multi-user constant
modulus algorithm (MU-CMA) is implemented on the four-VMs-multiplexed KK re-
ception system with an aggregate rate of 448 Gbit/s. None of the singular phenomena

is observed under both static and dynamic performance evaluation.
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Introduction

In this chapter, the derivation and development of space-division multiplexing/mode-
division multiplexing (SDM/MDM) technique are first reviewed. Afterwards, the chal-
lenges of SDM/MDM-based fiber communication systems are illustrated. Then, the

research objectives and organization of this thesis are given.



1.1 Overview of SDM/MDM

Optical communication networks, which are unchallenged for global data transmission
with low cost and low latency, have been experiencing the ongoing revolution since
its introduction in the 1970s*°. Fueled by the relentless exponential growth of traffic
demand, numerous technological breakthrough and strategies including ultra-low-loss
optical fibers, erbium-doped fiber amplifiers (EDFA), multiplexing techniques in the
physical dimensions of time, frequency, polarization and phase, and digital coherent
receiver have been deployed to keep pace with the capacity trend. The evolution of key
optical communication technologies driving the ever-increasing capacity around tenfold

every 4 years is depicted in Fig.1.1.
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Figure 1.1: Evolution of communication capacity based on optical fibers as well as future forecast®.

According to the theoretical Shannon limit, the standard single-mode fiber (SMF)-
based traditional optical transmission systems are gradually approaching saturation —
100 Thit/s, which are enabled by fully utilizing C and L bands via optical amplifiers

at a spectral efficiency (SE) of approximate 10 bit/(s - Hz)*%. Undoubtedly, In the

2



5G and artificial intelligence (Al) era, a more reliable, efficient and significant upgrade
of the backbone network is needed to accommodate the high-throughput requirement.
However, enhancing the transmission speed beyond 100 Tbit/s by SMF-based archi-
tecture has been perceived to be extremely hard due to limited SE and limited incident
power density. Against this background, space division multiplexing (SDM) scheme,
which exploits the spatial granularity as parallel communication channels to carry in-
formation streams has been proposed to break the forthcoming capacity bottleneck”.
In fact, the first relatively obvious scheme for SDM could be dated back to 1979, when
optical fibers started to take over the function of coaxial cables in the long-haul com-

munication®

. However, it was only until recent years that substantial attention has
been paid to exploring the potential of SDM to upscale the per-fiber capacity, because
all other physical dimensions in the field of optical communication have been almost

exhausted? 2. SDM-based structures can be mainly categorized into three types:

(1) Fiber bundles with several physically independent SMF together. Fiber ribbon
is an early attempt at SDM and is already commercially available. On the one hand,
it is the most straightforward scheme for its compatibility and simplicity. On the
other hand, it receives little interest due to low spatial channel density and low-level

integration for SDM schemes.

(2) Few-mode fiber (FMF)/multimode fiber (MMF') with a single core supporting a
limited /multiple number of fiber modes at a certain wavelength. It is noted that there
are lots of specially designed FMF, such as elliptical core fiber %, trench-assisted fiber 4,
air-core fiber (ACF) and ring core fiber (RCF)'6. FMF/MMF-based transmission
links are generally classified as mode-division multiplexing (MDM), which utilizes mu-
tually orthogonal spatial modes as the individual information-carrying channels to
increase capacity density in proportion to the number of co-transmitted mode chan-
nels (Fig.1.2 (b)). To study the optimal performance of various basis sets of fiber
mode, there have been plenty of works on MDM systems based on linearly polarized
(LP) modes, orbital angular momentum (OAM) mode, Bessel modes and vector mode

(VM) up to now.



(3) Multicore-fiber (MCF) containing many cores incorporated in a single cladding,
where each core could be SMF or FMF (Fig.1.2 (c)). MCF is generally sorted into two
categories. One is the strong-coupled MCF with a higher core density that allows the
propagation of supermodes. Due to strong channel-to-channel coupling, equalization
by full multi-input multi-output (MIMO) process is essential to handle this impairment.
At the same time, the strong mode mixing following the random-walk process during
the propagation is beneficial to alleviate the impairment of mode-dependent loss/gain
(MDL/MDG) and differential group delay (DGD) to some extent, because MDL and
DGD are proportional to the square root of the transmission length instead of linearly.
Another type is weakly-coupled MCF with enough core pitches to suppress inter-core
crosstalk. Considering the limitation of the maximum fiber cladding diameter in prac-
tice, a variety of design schemes for weakly-coupled MCF have been proposed to realize
higher spatial density and further reduce crosstalk between neighboring cores, such as
hole-assisted MCFs, trench-assisted MCFs and heterogeneous MCFs. Compared with
multi-core single-mode fiber (MC-SMF), multi-core few-mode fiber (MC-FMF) could
achieve higher spatial efficiency and higher spatial channel count by the combination of
core and mode multiplexing, which can be a potential candidate for ultra-dense SDM

transmission.

Table 1.1 summarizes the representative SDM-based transmission systems from the
literature in recent works in both single-core FMF/MMF and multicore fiber. It can
be seen that SDM-based transmission has achieved a total capacity of 10.66 Pbit/s
over 13 km 38-core-3-mode fiber and a total capacity of 105.1 Thit/s over 14350 km
12-core-single-mode fiber, which indicates SDM is a promising scheme to provide a big

jump for both short reach and long-haul transmission in the near future.

In the SDM/MDM-based fiber-optic link, the transmission signal will be degraded by
the linear and nonlinear impairments, which absolutely necessitates the digital signal
process (DSP) dealing with these issues. Multiple input-multiple output (MIMO) pro-
cessing with multiple equalizers is commonly employed in the SDM/MDM networks

to dynamically address linear impairments including crosstalk and differential mode
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Figure 1.2: (a): Conventional optical transmission system based on SMF. (b) and (c): Two main types
of SDM systems based on FMF/MMF or MC-SMF/ MC-FMF, respectively. Tx: transmitter; Rx: receiver.

group delay (DMGD) among different spatial channels?™?*. According to the size of
MIMO, SDM/MDM architecture can be classified into three categories, including full-
MIMO, partial- MIMO and MIMO-free transmission, which are respectively illustrated
in Fig.1.3 (a), (b) and (c). Full-MIMO SDM scheme could realize high spectral ef-
ficiency, high spatial mode density and robust performance at the price of high cost,
high DSP complexity and high power consumption. The complexity of the time domain
MIMO DSP is governed by the number of transmitted modes and the number of taps in
the MIMO equalizer. The number of equalizers increases squarely with the number of
co-transmitting spatial channels and the number of taps (memory depth) per equalizer
is determined by the maximum differential mode/mode-group delay (DMD/DMGD)
which is increased with transmission distance. Table 1.2 lists some demonstrations
of fullMIMO SDM-based transmission systems. Core division multiplexing (CDM)
based on supermodes in coupled MC-SMF is a representative example, allowing large

mode effective area and high spatial density. Super-modes can be treated as a su-



perposition of modes of strongly-coupled cores and the mixed signals of super-modes
can be recovered by full-MIMO processing at the receiver side. In recent publications,
the MDM transmission with a mode multiplicity of 90 over 26.5 km MMF has been
demonstrated and 90 x 90 MIMO with more than 300 taps is utilized to compensate
for mode coupling and DMD among these mode channels. For the practicality and
commercialization of SDM link, however, such large-scale MIMO DSP is difficult to
realize and the number of taps is impractical for DSP processing. Thus, it is highly
significant to reduce the cost and DSP complexity of SDM links. To alleviate the bur-
den of MIMO processing, two opposite technical road maps including strong coupling
and weak coupling schemes are taken into account. For the former, low-DMD fiber
with enhanced coupling among different spatial channels is the most suitable choice
to reduce the impulse response width, thereby combating DMD accumulation during
the fiber propagation, especially long-haul transmission. However, the computational
load is still heavier compared to that in a weakly-coupling regime with partial-MIMO
or MIMO-free processing. Partial-MIMO is regarded as a tradeoff between full-MIMO
with optimal performance and MIMO-free at minimal cost, in which MIMO block is
only used for impairment equalization and channel demultiplexing among partial spa-
tial channels with severe crosstalk, thereby making SDM scenarios more applicable.
Some representative partial-MIMO SDM-based transmission systems are listed in Ta-
ble 1.3. Partial-MIMO mode group division multiplexing (MGDM) scheme is a typical
example of jointly reducing the MIMO size and increasing the spatial mode channels, in
which crosstalk between adjacent mode groups (MGs) is guaranteed a reasonable level
after transmission and MIMO block is only performed over degenerated modes within
one MGs, thereby reducing the DSP complexity. A MIMO-free SDM scheme is the
most cost-effective system with the simplest implementation. For such systems, negligi-
ble crosstalk among spatial channels is the most essential factor. To effectively suppress
modal crosstalk, specially-designed fiber such as air-core fiber, elliptical-core FMF, and
polarization-maintaining ring-core fiber (PM-RCF) are proposed to differ the effective

refractive index space which is the critical determinant for intermodal crosstalk among



spatial channels. Moreover, because modal crosstalk will accumulate during the fiber
transmission, MIMO-free SDM systems are generally realized in short-reach fiber links
with relatively fewer spatial channels. Table 1.4 lists some representative works of

MIMO-free SDM-based transmission systems in recent years.
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Figure 1.3: SDM-based (a) ful-MIMO, (b) partial-MIMO and (c) MIMO-free fiber transmission systems.




Table 1.2: Representative full-MIMO SDM-based transmission systems in recent works..

, Distance | Modulation | 2™ | Number of | MIMO | .. .
Fiber type capacity . Mode basis | Refs
(km) format .. _1y | spatial channels | DSP
(Thits™ )
RCF 1 16-QAM 1.12 10 10 x 10 LP mode Ref?”
MC-SMF | 6020 QPSK 6.144 8 §xg | Fundamental | popy
mode

FMF 3 16-QAM 0.448 4 4 x4 | Vector mode | Ref?!
i QPSK s

MMF 26.5 16-QAM 101 90 90 x 90 | LP mode | Ref
MMF 23 64-QAM 1010 30 30 x 30 LP mode Ref!?

Table 1.3: Representative partial-MIMO SDM-based transmission systems in recent works.
. Distance | Modulation TOtafl Number of MIMO .
Fiber type capacity . Mode basis | Refs
(km) format .. _1y | spatial channels | DSP
(Thits™)

RCF 100 QPSK 2.56 8 4 x4 | OAM mode | Ref?!
FMF 3 16-QAM 0.224 4 2 x 2 | Vector mode | Ref??
2x2 33

FMF 48 QPSK 257 20 44 LP mode Ref
2x2 17

FMF 48 PS-16QAM 402.7 20 44 LP mode | Ref
MC-RCF 34 QPSK 1223 80 4 x4 | OAM mode | Ref**




Table 1.4: Representative MIMO-free SDM-based transmission systems in recent works.

. Distance | Modulation Tota.l Number of MIMO
Fiber type (km) format capacity spatial channels basis Refs
(Gbits™) p
FMF 10 O0OK 40 4 LP mode | Ref?®
ACF 1.2 QPSK 14400 12 OAM mode | Ref?¢
RCF 50 OOK 15 2 OAM mode | Ref?”
ERCF 0.9 QPSK 384 6 LPV mode | Ref*®
MMF 2.6 QPSK 40 2 OAM mode | Ref?’

1.2 Scalar mode and Vector mode

For MDM fiber transmission systems, orthogonality of specific spatial modes effectively
assists multiplex multiple co-propagating signals. In general, all the eigenmodes that
a given fiber can support form a set of orthogonal bases. Arbitrary light fields existing
in this given fiber could be viewed as the linear superposition of this set of orthogonal
bases. Actually, various types of modal basis sets have been employed as orthogonal
channels in MDM systems, which could be divided into two main categories: vector
mode based on the exact analytic expression for the theory of optical fibers and scalar

mode based on the simplified analytic expression for the theory of optical fibers.

Vector modes can be regarded as the true waveguide modes of fiber, which are the
rigorous solutions for Maxwell’s equations. The typical feature of VMs is polarization
distribution, which is tailored in a unique way and such advanced polarization tailoring
provides a complete orthogonality. Here, the exact optical fiber theory based on vector

mode is first introduced. In cylindrical coordinate system, the electric E and magnetic
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H fields can be calculated as,

E = Eé + E,é,+ E.é.
(1.1)
H = H,é, + Hyé, + H.é.

where (E,, E,, E,) and (H,, H,, H,) denote the electric and magnetic fields in radial é,,

angular é, and axial é, directions, respectively. According to Maxwell’s equations®’,
the wave equations can be written as,

2 2
B T T k() — 87 B =0

(1.2)

2 2
G 1 G + Wn(r)? = B H. = 0

r

where k£ = 27” denotes the wave number and [ denotes the propagation constant for
the waveguide mode. n(r) represents the refractive index profile of the cross-section of

the fiber. Basically, transverse electrical and magnetic fields can be further calculated

as
[ &, ] <583Ef + uaﬁi)
) Ep = —omey— <§8a% - wuo%ﬁ%) (1.3)
H, = e (95 + =252
| Hy, = —W (é%ﬁz + wson(r)wa’%)

Here, ¢y and g respectively denote the permittivity and permeability of the vacuum.
w is the angular frequency. Since the structure of the optical fiber is generally circularly
symmetrical distribution, the optical field confined in the fiber also follows the circularly
symmetrical distribution. Accordingly, it is convenient to introduce cos(lp) and sin(lp)
to describe the optical field in the fiber ([ is the azimuthal order and ¢ is the azimuthal

angle on the traverse plane). The electrical and magnetic fields can be rewritten as,

cos(!
g | | s
sin(lp)
(1.4)
cos(l
iw=cty | U e
\ sin(lp)
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where F'(r) and G(r) respectively represent the radial field distribution of electric and
magnetic fields, which are related to the Bessel equation. Specifically, the forms of
the optical field are slightly different for different structures of fiber. Next, the step-
index fiber, as a typical optical fiber, is taken as an example to illustrate the basic
characteristics of light waves in the fiber. The index profile of a step-index fiber with

core diameter 2a can be described as follows,

n(r) = (1.5)

where n; and ny respectively denote the refractive index of core and cladding. Based on
Eq.(1.2), Eq.(1.5) and the boundary condition in the fiber, the longitudinal electric

and magnetic field components can be given,

.

AJy (Y7) cos(lp) (0<r<a)
E. = (1.6)
A J<EU)) K (%r) cos(lp)  (r > a)
\
BJ, (Yr) sin(ly) (0<r<a)
H, = (1.7)
BI‘QE% K, (%r)sin(lp)  (r > a)

Substituting Eq.(1.6) and Eq.(1.7) into Eq.(1.3), the transverse electric and mag-

netic field components can be obtained by Bessel-type functions,

g | () AR () + Bl (50)]costp R RS

J (LW)2 [ABY K] (L) + Bupol Ky (%r)] I‘(IEE(V]V)) cos(lp) (r > a)

3 (3" [-ALA (4r) - B2, (4

r)] sin(ly) (0<r<a)
3 ()" [2ABLE () = Bopo T ()] gy sintl) (> a)
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—j (2)? [Aweomd L (Lr) + BBLJ ()] sin(iy) (0<r<a)

H, =
J (LW)2 [Awegn3t K, (Xr) + BSY K] (%r)] ig% sin(lo) (r > a)
(1.10)
—j (%)2 [Aweon%%Jl’ (%7") + BA%J, (%r)} cos(ly) (0<r<a)
H, =
j (45)" [Aweon3¥ K] (Wr) + BB K, (Wr)] 724 cos(le) (> a)

(1.11)

Here, J;(z) and K;(x) are the first Bessel function and the second Bessel function, re-
spectively. The constant parameters U and W of transverse optical fields are calculated

using the following equations,

U = ay/k*n? — 32 (1.12)
W = ay/5? — k*n3 (1.13)

where U and W respectively represent the lateral oscillation frequency in the core region
and the attenuation speed of the optical field in the cladding region. In addition,
normalized frequency V' determining the number of supported modes in the fiber is

related to parameters U and W, which can be obtained as follows,
V2=U?+W?=a’k*(n] —nj). (1.14)

A and B are constants and obey the following relation,

B m(g+ )
w JL(U) K,w) |’
o [UJm(U) + WKm(WJ

B=—

(1.15)

For a given fiber of specific parameters, a series of propagation constants 31, £2, 83...0n

can be obtained based on the above derivation. Each propagation constant [3; corre-
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sponds to a specific electromagnetic field distribution (except for even and odd modes
of hybrid modes, which is defined as fiber eigenmode. According to the distribution
characteristic, the electromagnetic fields are divided into four types: TE, TM, HE and
EH modes. TE mode is the transverse electric mode with no electric field (E, = 0)
along the direction of propagation. TM mode is the transverse magnetic mode with no
magnetic field (H, = 0) along the direction of propagation. When E, # 0 and H, # 0,
both electric and magnetic fields have the component along the propagation direction
and the electromagnetic fields are viewed as hybrid modes, denoted as EH and HE
modes. Each EH/HE mode also includes even mode and odd mode with a 7 azimuthal
rotation. Since all four types of optical fields manifest polarization distribution, such

fiber eigenmodes are also called vector mode.

Compare to vector modes, scalar modes are derived by the weakly guiding approxi-
mation in the optical fiber, where the refractive index difference between the core and
the cladding is extremely small and can be neglected. Namely, the refractive index of

the core and cladding need to satisfy the following condition:

n%—n%Nm—nQ ny — N9

T (1.16)
1

A =

Here, the full vectorial wave equation could be further simplified to a scalar wave
equation and the guiding wave in the fiber is very close to the form of TEM mode
where neither electric nor magnetic field has a component under such weakly guiding
condition. Accordingly, the scalar mode in the fiber can be uniformly described as
the linearly polarized (LP) mode which is the most commonly used. Different from
vector mode with spatial variant state of polarization (SoP), LP mode only has two
orthogonal linear SoPs. In the Cartesian coordinate system, the transverse electric
field can be written as,

E. = E.é, + E,é,. (1.17)

When an appropriate coordinate is chosen, only one component of the electric field

14



exists, which can be described as follows,

E, = E,é,. (1.18)

Substituting this expression into the wave equation, the electric and magnetic fields

corresponding to X-polarization can be respectively obtained as follows,

(
cos(lp)
E, = 575 (57) 0<r<a
sin(ly)
(1.19)
cos(ly)
A
Ea: = WKI (%T) r>a
sin(ly)
\
.
cos(lp)
€ An1
Hw:—«’u—ﬂjl(U)Jl(%T) 0<r<a
sin(ly)
! (1.20)
cos(lp)
£ ATL2
Hx:—du—gKZ(W)Kl (%r) r>a
sin(ly)

\

Likewise, when E; = E,¢é,, another set of solutions corresponding to Y-polarization
can be obtained and 3, U and W for each scalar mode also needs to be solved based
on the same derivation. In the weakly guiding regime, there is a certain relationship
between vector mode and LP mode according to the propagation constant § of each
mode, which is listed in Table 1.5 (I and m represent azimuthal and radial order of

modes, respectively).

Table 1.5: The relationship between LP and vector mode.

EzO,mZ 1 LPQm HEfnw HEfm
(= 1,m >1 LPl,m TMO,ma TEO,ma HE;,mJ HEg,m
{> 1,m Z 1 LPK,m HE(elJrl)’ma HEE)ZJA),m? EH(c}fl),m? EH(olfl),m

Actually, as the eigenmode of fiber, VM with spatially inhomogeneous SoP has

lately attracted much attention for its intrinsic characteristics. Any other type of
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basis sets of fiber modes could be identified as the coherent superposition of a set of
vector eigenmodes. Besides, to further suppress mode crosstalk between /among MGs,
specially-designed fibers that can stably guide eigenmodes have been widely investi-

4442 Integrated optical vortex

gated, such as ring-core fibers with circular symmetry
emitter, mode converter and mode multiplexer/de-multiplexer for fiber eigenmodes
have also attracted lots of attention lately****. Thus, fiber eigenmode-based MDM

transmission deserves more investigation and consideration.

1.3 Challenges to SDM/MDM optical fiber Short-Haul Trans-

missions

Short-reach optical interconnects, such as data center interconnect (DCI), are impor-
tant components in the infrastructure to support massive Internet applications based
on data centers. In order to enable optical interconnects to develop into economically
feasible solutions in practical short-distance transmission, both the cost and opera-
tional complexity of the transmission link need to be minimized while better and faster
performance is guaranteed. SDM/MDM scheme, as an appealing technology to consid-
erably upsurge the capacity of optical transmission system, has enormous potential to
break the capacity crunch of SMF-based systems and further alleviate the bandwidth
requirement. Moreover, from the point of view of communication networks, when as-
sessing the viability of SDM/MDM-based systems, a wide array of key factors need
to be considered, including the cost per bit, power consumption, compatibility with
the mainstream communication technologies, reliability of systems and computational
complexity of DSP. However, several current constraints limit the use of SDM/MDM
techniques in practical short-reach systems to meet the ever-increasing traffic demand.
Here, the main challenges for SDM/MDM short-haul fiber systems are discussed as
follows:

A: How to increase the transmission data rate per fiber?

Theoretically, the transmission capacity is determined by density in an amount pro-

portional to the number of co-transmitted channels. SDM scheme indeed offers a new
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Figure 1.4: Different physical dimensions for modulation and multiplexing.

degree of freedom (DoF) to stretch the capacity of communication links in addition
to time, wavelength, polarization and phase dimensions which have been successfully
carried out in commercial systems. To keep pace with the actual traffic demand in
the near future, SDM scheme needs to be compatible with the existing mature tech-
nologies, such as wavelength division multiplexing (WDM), time division multiplexing
(TDM) and advanced modulation format, because hybrid network architectures are
most likely to fully upgrade optical communication transmission. Accordingly, opti-
mizing the allocation of these physical dimension resources (shown in Fig.1.4) is of

great importance.
B: How to decrease the cost and increase the efficiency of the transmission system?

Potentially, SDM/MDM scheme can remarkably enlarge the capacity of optical sys-
tems in an amount proportional to the number of co-transmitted spatial channels
without extra bandwidth resources. Compared to WDM scheme, SDM/MDM might
be deemed more suitable for short-reach links in terms of size and cost of the sys-
tem. However, modal crosstalk caused by mode-coupling in fiber transmission is a
major barrier to infinitely increasing mode channel counts*’. To address this concern,
coherent detection in conjunction with MIMO DSP is frequently resorted to compen-

sate the signal impairment, which will definitely induce prohibitive costs, high power
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46,47 For short-reach transmission

consumption and huge computational complexity
systems, low cost, energy efficiency, and simple implementation are critical consider-
ations. SDM/MDM scenarios must not only scale up the capacity but also minimize
the cost- and energy-per-bit when involved in short-reach links. Thus, achieving a
high-capacity as well as low-cost SDM/MDM system is still a long-standing challenge.
C: How to guarantee the reliability and robustness of SDM/MDM-based systems?
The dependability and stability of SDM/MDM structure are of great significance
as well, especially when it is applied in field experiments and commercial networks,
which requires that SDM/MDM-based system possesses the good capability of anti-
jamming. Whenever and wherever stable polarization- /mode-independent performance
is highly pursued. Up to now, most experimental demonstrations of SDM/MDM links
are implemented in labs with a stable environment and the performance of SDM/MDM

links in the practical deployment deserves further testing and evaluation. After all,

future communication networks are expected to be more reliable and robust.

1.4 Research Objectives and Organization of the Thesis

1.4.1 Research Objectives

The research aims and objectives conducted in the thesis are to develop short-reach
MDM fiber links based on direct vector eigenmodes and extend the available trade-
off between transmission performance and the size of such systems, so as to improve
the resilience and usability of VM-based MDM systems. More particularly, the thesis
focuses on the following main issues:

A: Only vector modes strictly obey Maxwell’s equations when traveling through the
optical fiber, which indicates that vector mode is the one and only direct, orthogonal
and comprehensive modal set for fiber transmission. The characteristic features and
implications of using true vector eigenmodes in fiber transmission is first investigated
and analyzed based on the higher-order Poincaré sphere framework.

B: Based on direct fiber vector eigenmodes multiplexing technology, two main types
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of short-reach transmissions, including uni-directional and bi- directional links are ex-
perimentally investigated, demonstrated and evaluated. In addition, multi-dimensional
hybrid WDM-PDM-MDM systems are also conducted for capacity boost.

C: Practical usage of proposed VM-based MDM scenarios is investigated. For prac-
tical or commercial applications, apart from total capacity and cost per bit, robust
and reliable performance is equally important. The research shall focus on minimizing
the performance fluctuation of such MDM systems during the dynamic performance

evaluation.

1.4.2 Organization of the Thesis

There are 5 chapters in this thesis.

In Chapter 1, the thesis starts with the background and the development of SDM /MDM
technology. Next, two typical modal sets including scalar mode and vector mode for
MDM fiber transmission scenarios are elaborated in detail. Though the capacity boost
of the communication systems could be realized by this technology, this research field
still encounters serious challenges, especially for practical applications of SDM/MDM
technology. In the end, the research objectives and organization of this thesis are listed.

In Chapter 2, the transmission performance of vector mode through free-space optical
transmission is investigated and discussed, including the degree of divergence and the
impact of atmospheric turbulence. Based on the higher-order Poincare sphere frame-
work, the typical features of vector mode are presented. Moreover, the relationship
between SoPs including homogeneous and non-homogeneous SoPs and optical angular
momentum including spin angular momentum and orbital angular momentum is also
established and is further demonstrated and analyzed by experimental studies.

In Chapter 3, in order to characterize the potential of fiber eigenmode-based MDM
systems, two types of short-reach fiber links: uni-directional and bi- directional trans-
mission systems are studied. For uni-directional link, MIMO-free MDM transmission
over anti-resonant hollow core fiber and step-index FMF are respectively demonstrated

and analyzed. For bi-directional link, two full-duplex structures including homo-modal
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and hetero-modal transmissions based on dual-VMs multiplexing over 3 km FMF' are
proposed and implemented. In tandem with WDM technology, A total capacity of
1.792 Thit/s link with 28 GBaud 16-quadrature amplitude modulation (16-QAM) sig-
nal over each channel is successfully realized over the 3 km FMF.

Chapter 4 extends to focus on the practicality and robustness of the short-reach
MDM systems. First, a simple but versatile scheme of MG filter for mode-group-
division multiplexing intensity-modulated direct-detection transmission is proposed
and experimentally demonstrated. This scheme applies to any mode basis in the fiber,
and it also satisfies the needs of low complexity, low power consumption, and high
system performance. By employing the proposed MG filter scheme, a 152 Gbit/s
MIMO-free IM/DD co-channel simultaneous transmit and receive system based on two
orbital angular momentum (OAM) MGs, each carrying 38-GBaud four-level pulse am-
plitude modulation (PAM-4) signal, is experimentally demonstrated over 5 km FMF.
Both static and dynamic performance evaluation confirm the practicality and stability
of this proposed MGDM scheme. Next, based on Kramers—Kronig Reception and 4
X 4 non-Singular MIMO DSP, a 448 Gbit/s four-VMs-multiplexing link, each mode
carrying 28-GBaud 16-QAM signal is experimentally demonstrated over 3 km FMF.
To confirm the real availability of this system, 7408 signal sets including 598 static sets
and 13-hour 6,810 dynamic sets are tested and none of the singularities is observed.
The experimental results fully highlight that this VM-based MDM scheme could find
great scope for development in high-speed short-reach networks.

Finally, Chapter 5 summarizes the research contributions contained in the thesis and

then discusses potential future works of this research field.
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Vector mode characterization in

FSO and FMF propagation

In this chapter, the transmission performance of VM-based MDM free space optical
link under atmospheric turbulence is evaluated and discussed. Then, the main char-
acterizations of vector mode based on the high-order Poincaré sphere are introduced.
Finally, the performance of VMs propagated in FMF is characterized based on high-

order Poincaré sphere analysis.
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2.1 Performance of CVB-based MDM FSO Link under Atmo-

spheric Turbulence using 4 x 4 Non-Singular MIMO

2.1.1 Introduction

In recent years, free space optical (FSO) communications where free space is a transport
medium between transmitter and receiver have drawn great attention due to its advan-
tages of the unlicensed broad optical spectrum, large bandwidth potential, low power
consumption and flexibility in setting up the communication link. The ever-increasing
bandwidth demands have also urged more complex modulation formats to be deployed
in FSO communication systems. However, the performance of FSO transmission link
is inevitably affected by the atmospheric turbulence (AT) in the air’®. When the beam
travels in the atmosphere, Refractive index fluctuations caused by AT can destroy the
coherence of the light field and lead to random changes in the transmitted light field,
thereby affecting the transmission quality of the beam. In FSO communication link,
the fluctuations caused by AT will influence the intensity and phase of the light sig-
nal, which definitely degrades the link performance, especially in long-distance FSO
transmission and high AT conditions. Moreover, some other factors will also affect the
transmission performance of FSO link. First, due to optical diffraction in free space,
the transmission distance will be limited to some extent. In addition, beam diffraction
can cause signal attenuation at the receiver, which may affect the performance of the
transmission. The beam size is also a key factor because it is related to the Rayleigh
range within which the performance of FSO transmission is relatively good.

To keep up with the exponentially growing demand for high-capacity transmission,
multiplexing technologies by employing different physical dimensions including wave-
length, polarization, amplitude and phase have been implemented in FSO link. Cur-
rently, MDM schemes have also been implemented in FSO link as well***. According
to the existing reports, the influence of AT on vector beams is relatively weak com-
pared with its effect on scalar beams. This indicates that cylindrical vector beams

(CVBs) with spatially variant SoP distribution have enormous potential in FSO com-
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munication link and deserve more investigation®' . On the other hand, compared to
the fundamental mode, the divergence of CVBs with doughnut-like intensity is more
serious. Thus, it is worth investigating which type of beam is more suitable for FSO
system.

In this chapter, by using Kramers—Kronig (KK) reception and 4 X 4 non-singular
MIMO algorithm (4 x 4 multi-user constant modulus algorithm (MU-CMA)), VM-
based MDM FSO link under different atmospheric turbulence conditions is experimen-
tally demonstrated. Performance of averaged bit error rate (BER) of four VMs, each

carrying 28-GBaud 16-QAM signals, is evaluated and discussed.

2.1.2 Experimental setups

1
i |
coL LP i

VWP | ccb

Figure 2.1: Experimental setup for evaluating the divergence of VM. COL: collimator; LP: linear polarizer;
VWP: vortex wave plate; CCD: charge-coupled device camera.

In order to properly implement VM-based MDM FSO link, the divergence of VM
is first evaluated, shown in Fig.2.1. The continuous wave (CW) light-wave from the
optical laser (1550.12 nm) is collimated first. After passing through a linear polarizer
and vortex wave plate (VWP), linearly polarized fundamental mode/vector mode is
generated. Then, the patterns of these two kinds of modes are captured by charge-
coupled device camera (CCD) at different propagated distances, which are shown in
Fig.2.2 and Fig.2.3, respectively. For the demonstration, the radius of the collimated
beam of the collimator used is approximated 1.05 mm which is regarded as the initial
beam size. Finally, the beam sizes of these two kinds of modes are estimated according
to the captured profiles, which is illustrated in Fig.2.4. As can be seen from these
figures, the estimated beam size of both modes becomes larger with a longer transmis-

sion distance. Furthermore, compared to the linearly polarized fundamental mode, the
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donut-shaped vector mode obviously diverges faster.

ocM 5CM 40CM

60CM 80CM 100CM 120CM 140CM

Figure 2.2: The captured intensity profiles of fundamental mode propagated at different distances.
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Figure 2.3: The captured intensity profiles of vector mode propagated at different distances.

To properly detect and demultiplex the vector mode, which becomes prohibitively
larger with increased link distance, a matching receive aperture is needed at the re-
ceiver. Moreover, according to Ref®*, eigenmode based MDM FSO transmission is
relatively viable only when the distance is within the Rayleigh range dgr, which is

determined by the radius of the beam waist and the wavelength,

dp = 0 (2.1)

where the wy corresponds to the radius of the vector mode at beam waist and the

A corresponds to the wavelength of the optical carrier. Thus, the Rayleigh range in
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Figure 2.4: The estimated beam size of two kinds of modes propagated at different distances.

our experiment is 2.2 m (dg = 7 x (1.05 mm x 1.05 mm)/1.55um ~ 2.2 m). It can
be deduced that the beam size is an impact factor for the transmission distance of
FSO link and the transmission distance can be extended when a larger-size beam is
adopted. In view of the Rayleigh range and the experimental conditions in the lab, the

transmission distance is set to 80 cm in the following FSO transmission experiment.

Figure 2.5 illustrates the experimental setup of four CV modes of |I| = 2 multiplexing-
based FSO link under three experimental conditions of atmospheric turbulence. At the
transmitter, the lightwave from the external cavity laser (ECL, 1550.12 nm) is launched
into the in-phase/quadrature modulator (I/Q modulator) and modulated with 28-
GBaud 16-QAM signals. Then, polarization-division multiplexing (PDM) is emulated
by a polarization beam splitter (PBS) and polarization beam combiner (PBC). Af-
terwards, the dual-polarization (DP) signals are amplified by an EDFA and divided
into two branches. At the CVB-based MDM FSO transmission part, one branch is

converted to CV mode of [ = +2 by a VWP and another is converted to CV mode
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Figure 2.5: Experimental setup of four CV modes of |I| = 2 multiplexing-based FSO link under different
experimental conditions of atmospheric turbulence. AWG: Arbitrary waveform generator; EA: Electrical
amplifier; I/Q Mod.: In-phase/Quadrature modulator; ECL: External cavity laser; PBS: Polarization beam
splitter; PMF: Polarization maintaining fiber; PM-VOA: Polarization maintaining variable optical attenu-
ator; PBC: Polarization beam combiner; EDFA: Erbium-doped fiber amplifier; OC: Optical coupler; VOA:
Variable optical attenuator; Col: Collimator; VWP: Vortex wave plate; HWP: Half-wave plate; NPBS:
Non-polarizing beam splitter; OBPF: Optical bandpass filter; ASE: Amplified spontaneous emission source;
PMC: Polarization maintaining coupler; PD: Photodetector; OSC: Oscilloscope.

of | = =2 by a VWP cascaded with a half-wave plate (HWP). These four modes are
combined by a non-polarizing beam splitter (NPBS). During 80 cm FSO transmission
(assuming transmission path of light beams along Z direction), three AT conditions
including normal lab environment without any air disturbance (Case 1), hot air flow
from X direction (surface temperature of heater: 300°C) (Case 2), hot air flow from
X (surface temperature of heater: 300°C) and Y direction (surface temperature of
heater: 200°C) (Case 3) are respectively prepared for this experiment. After FSO link,
the light beam is divided into two branches by NPBS. One branch passes through a
VWP and only CV modes of | = +2 are demodulated, while only CV modes of [ = —2
of another branch are converted to fundamental modes after HWP and VWP. Then,
these two branches are respectively coupled into SMF for KK receiver. The local oscil-
lator (LO) whose polarization is the same as the received signal has a frequency offset
of 28-GHzx (140.1)/2 compared to the lightwave at the transmitter and the carrier-
to-signal power ratio (CSPR) is set to 12 dB to fulfill the requirement of KK reception.
Finally, the signals are detected by four photodetectors (PDs) and then sampled by
a real-time oscilloscope (OSC) and processed by offline DSP (including KK reception
and equalization of 4 x 4 MU-CMA and RDE).
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2.1.3 Experimental results

‘l( ~4-Case |

._X_ _______________ =7 Case 2

NN Case 3
' --38x10°

22 24 26 28 30 32 34 36
OSNR (dB)
Figure 2.6: Averaged BERs of four CV modes versus OSNR under three AT conditions including normal

lab environment without any air disturb (case ), hot air flow from X direction (case I) and hot air flow
from X and Y direction (case Ill).

The averaged BERs for all four modes under different optical signal-to-noise ratio
(OSNR) of all three AT cases are shown in Fig.2.6. With existing AT, the used || = 2
mode group can be transferred to other mode groups and then the crosstalks from other
mode groups are induced. It can be seen that BERs of Case 2 and Case 3 fluctuate
and degrade. Besides, AT can affect the mode coupling within one mode group. Here
the absolute value of weights over all 16 filters of 4 x 4 MIMO after equalization are
used as the evaluation of mode coupling™. The large value of w;; represents the large
mode coupling from mode j to i. The weights of all results from Fig.2.6 are depicted
in Fig.2.7 (a), (b), and (c), representing Case 1, 2, and 3, respectively.

It’s observed that without AT, the mode coupling mainly occurs between signal over
polarizations (wj;|; j=1,2, Or wjj|; j=34) within one CV mode (I = +2 or [ = —2) since
each CV mode is converted to fundamental mode and coupled into SMF before K-K
reception, where there is random polarization rotation existed in the SMF. With the
existing AT for two cases (Case 2 and Case 3), the mode coupling could occur between
different CV modes, namely the larger value of weights observed in Fig.2.7 (b) and (c)
compared to it in Fig.2.7 (a). Especially in Fig.2.7 (c), it’s observed that the maximum
values of wyy and w3y are near 1 and it’s possibly resulted by the more complex AT

condition.
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Figure 2.7: Absolute value of weights under (a) Case 1; (b) Case 2; (c) Case 3.
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2.2 High-order Poincaré sphere analysis of vector vortex beams

2.2.1 High-order Poincaré sphere model

Structured light field is determined by intrinsic multiple degrees of freedom (DoFs),
such as temporal amplitude, state of polarization (SoP), spatial mode, optical phase,
wave vector and wavelength®®. In general, structured light fields can be categorized

into two types: separable and nonseparable states®’, see Fig.2.8.

(a)% . ﬂ (b)

Polarization
Wave J\f/ector
—
- u'
A

Temporal

Wavelength
envelope \ /

P =A(t)-&-u(r)- el#(®) . gilkztoD) P =uy(r)ég + uy(r)e,
Separable Nonseparable

Figure 2.8: (a) Separable and (b) nonseparable light fields.

For the separable state of light, arbitrary DoF can behave independently, see Fig.2.8

(a). This type of light field can be described as,

U = A(t) - &-u(r) - %) . gilkztewt) (2.2)

where A(t), &, u(r), €™ k and w denote temporal envelope, polarization, spatial
mode, phase, wave vector and wavelength, respectively. As can be seen, each parameter
can be factorized as independent factor in the Eq.(2.2). In mathematics, the function is
separable if it can be expressed as a product of the certain amount of independent terms,
such as the function F(z,y) = Ag(z)p1(y)+ Bg(x)p2(y) = [g()] [Ap1(y) + Bp2(y)] (A
and B are constants).

On the contrary, nonseparability indicates that two or more DoFs cannot separately
behave in the optical system if and only if it is a whole joint state that can abso-

lutely determine the DoF-dependent characterization. Mathematically, the function
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F(z,y) = Agi(z)p1(y) + Bga(x)pa2(y) is nonseparable, where g; and g> (p1 and p»)
are mutual orthogonal functions, A and B are constants. Moreover, a generalized

nonseparable state is expressed as®’,

=3 @)
i=1  j=1

o [ ) [0 - [ + o [dP ) a2 - [a2) (2.3)
e a A [d§) -l
Here, the parameters «;(i = 1,2,...,n) are non-zero constant terms, the substate

dg-i)> (j = 1,2,...,m) represents the jth DoF (nonseparable in total m DoFs) and

each substate

dg-i)> can no longer be factorized. Vector beam with nonuniform SoP
is a typical nonseparable state of light as its polarization and space DoFs are non-

separable, shown in Fig.2.8 (b) and can be expressed as,

U = Jaug(r)ér + /(1 — a)ug(r)ér (2.4)

where the spatial mode dimension is mapped onto a two-dimensional subspace {ug(r),
ur(r)H(ugr(r) and ug(r) are mutual orthogonal). The constant a determines the ratio
between fields of ug(r) and ur(r) that obey the relation [ |ugp|”rdrd¢ = 1. éz and

e, corresponds to left- and right-circular polarizations.

Scalar mode e

-
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Polarizer
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N

Figure 2.9: Scalar mode and vector mode.

The polarization distribution is an intrinsic property of the electromagnetic field and
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Figure 2.10: Four typical states of polarization on (a) the fundamental Poincaré sphere (I = 0), (b) the
first-order Poincaré sphere and (c) the second-order Poincaré sphere, respectively.

is also a significant character of light. Compared with spatially uniform polarization
of scalar mode, vector modes have the unique characteristic of cylindrical symmetric
polarization, as depicted in Fig.2.9. For scalar mode, the spatial pattern will not be
changed after passing through the linear polarizer. For vector modes, However, the
spatial pattern will change with the rotated polarizer. For example, the donut-shaped
vector mode in Fig.2.9 is converted to two petals orientated along the horizontal axis

after the polarizer with the transmission orientation of the horizontal axis.

The homogeneous SoP is generally characterized based on two-dimensional Jones
vector E = (E,, E,), which only represents completely polarized light. E, and E,

respectively describe the oscillation amplitude of electric field in the x and y direc-

ERr 1 i E,
tions. For the orthogonal circular basis, = and Er and

Ey, 1 —i E,
E, respectively stand for the amplitude of electric field in the right- and left-circular

directions. According to stereographic projection Ep/ERr = tan(6/2)exp(ig), Poincaré
sphere in three-dimensional Stokes space can be obtained, where # and ¢ are respec-
tively the colatitude and azimuth spherical angles (0 < § < 7 and 0 < ¢ < 27).
Compared to Jones vector, Poincaré sphere is another powerful prescription to de-
scribe SoP, which can represent both completely and partially polarized light. Here,
only completely polarized light corresponding to the spherical surface is considered.
An arbitrary homogeneous SoP 1 can be geometrically projected as a certain point

on the surface of the sphere (Fig.2.10 (a).), which is constructed by the Stokes vector
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S = (51,5,,53). These normalized Stokes parameters satisfy Sy = S? + 52 + 52 = 1
and Sy, S, S3 correspond to X-, Y- and Z-axis, respectively. Here, the normalized

Stokes parameters are defined as,

I B + B, |Er|* + |EL|”

g — L |E$|2 - |Ey|2 _ 2Re(EREL) 2.6
YT T BPIE BB (2:6)
|Ea|” + Byl Bl + |Ey]

S . ]450 - ]1350 . E;Ey +E;EE; o 2]m(EEEL) (2 7)
y = = = .

I B>+ By[*  |Ea* +|E,|
In—1 i (E*E, — E,E* Eg* — |EL)?
53: R L:_ ( Y y) _| R’ ‘ L‘ (2.8)

I B+ |By* |Egl®+ Bl

where I stands for the total intensity of the beam, I. stands for the intensity of the
beam after passing through the polarizer with the transmission axis of ¢ (Ir/I} de-
notes right/left-circular polarizations. According to Fig.2.10 (a) and Eq.(2.8), linear
polarization corresponds to the equator; right- and left-circular polarizations with a
spin angular momentum (SAM, ok, 0 = £1) correspond to north and south poles,
respectively. Except for the equator and two poles, all other points on the spherical
surface correspond to elliptical polarizations. Apart from SAM, light beam can also
possess higher dimensional angular momentum (AM): OAM, (h, | = +1, £2, £3,...)
with the topological charge [ of helical phase, described by Hilbert factor exp(ilyp). ¢
= arctan(y/x) is referred as the azimuthal angle. Thus, the total optical AM of the
light beam is J = (o + [)h. Just as the light beam can carry higher dimensional
AM, Poincaré sphere can also be extended to the higher-order Poincaré sphere, which
fully elucidates the relationship between polarization and optical AM for optical light

beams®®%9,

In addition, due to the feature of visualization, Higher-order Poincaré
sphere can also simplify the procedure of investigation of such light beams. The nor-

malized higher-order Stokes parameters with respect to the higher-order circular basis
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|R;) and |L;) can be summarized as,

[(Bel¥)[* + [(Lel)[* _

S = = (2.9)
[(Rel)|” + (L) |

gt _ 2Re ((Rely)” (L)) (2.10)

L KRAP + (L)

Sé _ 21m(<R§W>* <L€‘¢>2> (2.11)
[(Rel D) " + [{Lel)]

5t _ WO = (L)l 212)
[(Bel )" + [(Le|9h)]|
where the circular basis {|R;), |L;)} can be written as,

Ry = (& +1i)e /2, (2.13)

Ly = (& —ig)e'? /2. (2.14)

Here, /¢ is the unit vector in the x/y direction. Then, an arbitrary point (6, ¢) on

the higher-order Poincaré sphere of [-order can stand for the SoP 1|0, ¢) as follows,

|0, @) = cos (g) |R;) €% + sin (g) | L) e (2.15)

For example, Fig.2.10(b) and (c) depict the first-order and the second-order Poincaré

spheres, respectively. The SoP of E point (3,0) on the equator of the first-order

Poincaré sphere can be expressed as,

Vi

g, 0> = €08 T + sin Yy (2.16)

which corresponds to the normalized Jones vector [cos¢ sin cp]T. The SoP of I point

(3,0) on the second-order Poincaré sphere can be expressed as,

Y2

g, ()> = €08 2T + sin 2¢y (2.17)
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which corresponds to the normalized Jones vector [cos2¢p 2sin gp]T. According to
Eq.(2.15), it can be deduced that higher-order Poincaré sphere can intuitively de-
scribe the SoP of general vector beams which are all projected onto the equator of
each higher-order Poincaré sphere of [-order. Thus, the SoP of vector beams can be

expressed based on Jones vector,

b ‘g¢> = {cos (% — lgp) — sin (% —~ lgo)r. (2.18)

Two poles of the higher-order Poincaré sphere represent the vector vortex beams with
both SAM oh and OAM [h. respectively. Except for two poles and an equator, all
other intermediate points on the spherical surface correspond to elliptically polarized

vector beams.

According to the above analysis, the fundamental Poincaré sphere can characterize
the homogeneous SoP distribution and the higher-order Poincaré sphere can charac-
terize the non-homogeneous SoP distribution. In addition, when a in Eq.(2.4) is 0 or
1, namely # = 0 or m, Eq.(2.4)/Eq.(2.15) can be regarded as the separable state (a
product state), which represents the light beam is purely scalar. whereas a in Eq.(2.4)
is %, namely 0 = 7, the light field is viewed as purely vector (the maximally entangled
state). Except for purely scalar and purely vector, the light field could also be partially
vector which is an intermediate state between scalar and vector fields. Since vector
mode is generally regarded as the entangled state in its spatial mode and polarization
dimensions, the degree of entanglement C' is employed to characterize the vector qual-

ity factor (VQF), ranging from 0 (purely scalar field) to 1 (pure vector field)®"¢!. The

VQF can be presented based on the parameter C,
VQF = Re(C) = Re (\/1 - 52) — |sin(6)]. (2.19)

Here, s can be viewed as the degree of polarization of the averaged SoP and can be
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expressed as follows,

1/2
s = (Z <0i)2> (2.20)

i
where o, is the expectation value of each Pauli operator (i = 1, 2 and 3) and can be

calculated from 12 normalized intensity Ip;/I;; as,

(o1) = (Ips + I13) — (Ips + I15) , (2.21)
(02) = (Ips + I1a) — (Ine + I16) , (2.22)
(03) = (Ip1 + I11) — (Ip2 + I12) - (2.23)

Here, the circular basis {|R;), |L;)} is employed as the measurement basis and the in-
tensity /p/r; is normalized to the total intensity. For each basis state |R;)/|L;), right-
and left-circular polarizations with associated OAM and four superposition states,
|R;) + exp(i©)|L;)/|L;) + exp(iO)|R;) (© = 0,7/2,7,37/2) are marked by Ig;/I;,

which are listed in Table 2.1. In this way, the VQF can be effectively evaluated.

Table 2.1: 12 normalized Intensity measurements based on the circular basis.

Basis state ¢ —¢ ©=0 O=7/2 O=71 ©O=3n/2
| Ry) Ipi Ipz  Igs T4 Ips Irg
| Ly) Iy Ip Ips Irq Ips Ire

2.2.2 Theoretical model for generation and transformation of

VM

For circular-core shaped fiber, vector eigenmodes are the direct solutions to vector
wave equation and nonuniform distribution in polarization dimension is a main feature,

which could be characterized by parameters [ and ~,

1,7) = [cos(lp +7) sin(lp + 7)]7. (2.24)
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Here, [ denotes the azimuthal order number and v is 0 or 5, which determines the initial
polarization angle. ¢ = arctan(y/x) is referred as the azimuthal angle on the transverse
plane. For example, [1,0) and |1,7) represents the radial vector mode (TMy;) and
azimuthal vector mode (TEq;), respectively. Similar to the Poincaré sphere method,
Jones matrix theory can be used to characterize generation and transformation of the

vector mode, which can be derived with,

Eout = Js:Ein- (225)

Here, Jg denotes the operator of the used optical element which acts on the input light
beam and E;j, /Eqyt represents the SoP of input/output light beam. For the generation
of vector mode, passive generation methods based on VWPs or Q-plates are commonly
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used in free space Here, take Q-plate as an example. Q-plate is a liquid optical

device which is able to regulate the SoP of incident light field and the local optical axis

x of Q-plate is written as®,

x(r, ) = qp + Xo (2.26)

where ¢ in this expression stands for the topological charge and yo stands for the
constant offset angle with reference to the x axis. As can be seen, the optical axis
orientation is assumed as specified by the angle ¢. Thus, the Jones matrix of such

Q-plate to be acted on the incident light field at each point of can be expressed as,

1 0 cos2y  sin2y
Q= R(=x) R(x) = : (2.27)
0 —1 sin2y —cos2y
In this equation, R(y) is the standard 2 x 2 rotation matrix. When Eq.(2.26) is

substituted into Eq.(2.27), the Q can be written as,

cos 2 (qp + sin 2 (qp +
Q= (g% + Xo) (g% + Xo) ‘ (2.28)

sin2 (g + xo0) —cos2(gp + Xo)
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Thus, when the incident light is the fundamental mode with homogeneous linear SoPs
[cos ¢ sin]" (¢ represents the azimuth spherical angle.) which correspond to the equa-
tor of fundamental Poincaré sphere, Q-plate can modify it into vector mode according

to Eq.(2.24) and Eq.(2.29), which can be written as,

cos2 (qp + x0) sin2(ge + xo) oS ¢
Eout = QEin =
sin2 (qp +xo) —cos2(gp+xo)| |sing

_ cos(2qp + 2x0 + @) (2.29)

sin(2qp + 2x0 + @)

With regard to the higher-order Poincaré sphere model and Jones calculus, the gener-

ation of vector mode based on Q-plate can be given by (assuming yo = 0),

QP (xo=

(& ’g, ¢> — ! Y(2q-1) ‘g, —¢> . (2.30)

Some typical transformations about vector mode generation by Q-plate based on
higher-order Poincaré sphere model are illustrated in Fig.2.11. In addition, HWP
is a common type of retarder plate and is usually employed to rotate linear polarized
light traveling through it. HWP can also be applied to the transformation of vector
mode and the Jones matrix of HWP with the fast axis at angle a to the z axis is given

by,

cosa —sina exp(im/2) 0 cosa  sina
P = (2.31)

sina cos 0 exp(im/2) —sina  cos«

Similar to the above derivation, the function of HWP acting on vector mode corre-
sponding to the equator of high-order Poincaré sphere (|I| > 1) can be summarized as

(Eout = PEin)a

HWP

wl‘g,@ o w,,‘g,—(¢+4a)> (2.32)
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in which the order of vector mode is transformed from [-order to —[-order after traveling
through HWP. Some typical transformations about vector mode by HWP based on
higher-order Poincaré sphere model are also illustrated in Fig.2.11. Based on the
above analysis, the SoP mapped onto a Poincaré sphere of m-order can be transformed
to another sphere of n-order with the help of Q-plate and HWP. Here, take three SoPs
of labeled points (A, C and E points) in Fig.2.11 to illustrate this transformation,

which can be exemplified as follows,

T QP(g=1/2, x0=0) . - HWP(a=m/2) ‘ o
(1,0) S (cos @, sin @) = (cos @, —sin @) (2.33)
——— ~———— ~ ~ v
A point C point E point

QP (q=1/2,%=0)

1“ €

QP (@ =6 %0=0) H ” HWP :: 7/2) “

Figure 2.11: Generation and transformation of VM based on high-order Poincaré sphere model. (1):
Fundamental Poincaré sphere of I = 0; (II) Poincaré sphere of I = 1; (IIl) Poincaré sphere of I = —1; QP:
Q-plate; HWP: half-wave plate.

This method of procedure can also be extended to the generation of vector vor-
tex beam with SAM (|R;) /|Li)) and OAM (exp(—ily)/exp(ily)) based on Q-plate.

According to Jones calculus, this transformation obeys the following rules,

QP

wl ‘l, R> = wl+2q ‘l + 2q, L> y (234)
QP

¢l |l7 L> = 77Z)l—2q |l - QQ7 R> ) (235)
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as exemplified in Fig.2.12. It can be noted that right- /left- circular polarization located
on the north/south pole of the fundamental Poincaré sphere is converted to left- /right
circular polarization coupled with OAM of [ = 1/l = —1 located on the south/north

pole of the Poincaré sphere of [ = 1 by the Q-plate (¢ = 1/2).

[ %]

(b)

QP (q=1/2,%,=0) T
Figure 2.12: Generation of OAM mode based on high-order Poincaré sphere model. (a): Fundamental
Poincaré sphere of | = 0; (b): Poincaré sphere of [ = 1; QP: Q-plate.
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2.3 Fiber eigenmode characterization in FMF

2.3.1 Mode calculation in FMF

To characterize the performance of vector mode transmission in the fiber, mode cal-
culation of the FMF used in the study is first carried out based on the full-vector
finite-element mode solver. Figure 2.13 (a) shows the index profile of the used FMF.
Here, the step-index FMF with 5 x 1072 refractive index difference between the core
(ny = 1.449) and the cladding (n; = 1.444) is utilized. The core diameter and the
cladding diameter of the FMF are respectively 19 um (2a) and 125 pum (2b). Mode
calculation for this FMF is performed by COMSOL multi-physics simulation tool. For
wavelength of 1550 nm, seven fiber eigenmodes including HE;, TEq;, HEs;, TMgy,
EH;;, HE3; and HE;5, namely four LP modes including LPy;, LP;;, LPy; and LPgs

are supported by the given FMF, which are respectively illustrated in Fig.2.13 (c¢) and
(b).
(@) (b)

LPy; LPy,

HE,, TMy, EH,, HE;;

TEy

Figure 2.13: (a) Refractive index profile of the used FMF. (b) LP modes and (c) vector modes supported
by the used FMF, respectively.

In addition, the effective refractive indices (n.ss) of each supported mode is also
obtained from the wavelength of 1250 nm to 1650 nm, shown in Fig.2.14. According
to the propagation constants 8 (8 = 2mn.sr/A) of these modes, they are put into mode

groups (MG) of four, shown in Fig.2.15. The modes belonging to the same MG share
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the same or very similar propagation constant.

1.449 —@—HE11l -—@—TEO1, HE21, TM01 EH11, HE31 HE12
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Effective refractive index (neff)
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1.444
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Wavelength (nm)

Figure 2.14: Effective refractive index of each VM versus wavelength in the used FMF.

2.3.2 Different mode bases and their relationships

In the first chapter, vector and scalar modes are introduced and it can be deduced that
LP modes are actually pseudo modes composed of vector modes with the identical
or very similar propagation constant for weakly-guiding fibers. For SMF, only the
fundamental mode composed of HE], and HEY, is allowed to transmit and arbitrary
electric field can be regarded as a linear superposition of these two basis states. For
FMF or MMF, the fundamental mode and several higher-order modes are all allowed
to transmit. Specifically, these modes can be defined by different orders according to [
and m. Here, [ and m respectively denote azimuthal and radial order of modes. When

the polarization of LP mode is also considered, the relationship between LP and VM
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Figure 2.15: Four mode groups in the used FMF.
in a certain order can be given by,
#/gLPS,, =HEYS.  1=0,m>1
3
jjLPle,m = HE?H—I),m - EH((el—l),rm
Z)LPle,m = HE(()Z—i—l),m + EH?l—l),ma

(2.36)

(2.37)

It is noted that when [ = 1, EH{,_,,,/EH{,_,),, is replaced with TMy,,/TEq, in

Eq.(2.37). Thus, when [ > 1, the LP and vector modes both have four basis states in

each order and the relationship can be further written as,

FLPS,, 1 =10 0
FLPY,, 0 0 1 -1
JLP;,, 0 0 1 1
gLPy 1 1 0 0

HE?l—s—l),m

EHS, .
(=), I>1,m>1.

HE?Z—&-l),m

EH(()lfl),m ]

(2.38)

The relationship of OAM with a phase singularity (scalar) and VM with a polar-

ization singularity (vector) could be established based on the higher-order Poincaré
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Figure 2.16: Circular polarizations with OAM on the Poincaré sphere of | = +1.
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Figure 2.17: Basic superposition mechanism of vector modes.
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sphere framework. For example, Fig.2.16 sketches four states all having signs of SAM
and OAM on the north/south poles of Poincaré sphere of [ = +1, which can be viewed

as four basis states OAM™9

1,m>

OAMZY,,, OAMI{ =~ and OAMZ], for |I| = 1. Ac-
cording to Eq.(2.13) and Eq.(2.14), the states on the north and south poles are
regarded as separable, since these states can be expressed as the product of a heli-
cal phase state and right-/left- circular SoPs. Algebraically, based on the Eq.(2.15),
the standard vector modes: transverse magnetic TMg;, transverse electric TEqg;, hy-
brid electric even HES; and hybrid electric odd HES,, corresponding to A, B, E and
F points in Fig.2.17 respectively, can be generated from combinations of four OAM

basis states (OAMT{

1,m>

OAM;7 ., OAMT{ ,OAMZ{, ) and this superposition mech-
anism is shown in Fig.2.17. As can be seen, TMy; or TEq /HES;, or HES, is generated
by the superstition of OAM*{ = and OAMI{ /OAMI{ = and OAMZY,  with zero or
7 phase offset. Furthermore, this superposition mechanism can also be extended to
arbitrary order. Here, standard vector modes mapped on the (7, 0) and (7, ) points

on the higher-order Poincaré sphere of +/ and —I (I > 1) which respectively correspond

to EH?

I_1m and EHY ,/HE;,, and EHP, . modes are taken into account. These

four VMs are specified by the following Jones vectors (I > 1, m > 1. When [ = 1,

EH{_y),,/EH{ 1), is replaced with TMg,,/TEqm.),

cos(ly)
¢+l‘2 > EHS . /TMg . (2.39)
sin(lp)
T —sin(ly)
T w> EH ./ TEom. (2.40)
cos(ly)
s cos(ly)
" ‘5 0) = HES, ;0. (2.41)
—sin(lyp)
P sin(lp)
v 5,7r> - HE, 1 . (2.42)
cos(lp)
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Thus, based on Eq.(2.13), Eq.(2.14), Eq.(2.24) and Eq.(2.15), the generalized rela-

tionships between OAM associated with right-/left-circular polarization and standard

VMs for each order can be summarized as (I > 1, m > 1),

EH; ,,, = (OAMfﬁm + OAM7,
EH?—l,m
HE} 1, = (OAM:Zm + OAMIZm

HEY,,,, =i (OAMZ],, — OAM17

+Il,m

OAMjg;{m =HE},, ,,, £ HE} |, = wm(r)(Z £ i) exp(Lily),
OAMIZm =EH]_,,, £iEH} |, =, (r)(T Fiy) exp(Filp).

) = i (r)[cos(lp)d + sin(lp)g),
= (OAM;Zm - OAMJ_er) = Uy (1) [ sin(le)Z + cos(lp)

) = wm(r)[cos(lp)z — sin(lp)7],

Y

) = (r)[sin(lp) @ + cos(lp)].

)l

> (2.43)

(2.44)

Here, u,, (r) represents the radial electric field distribution. The transformation matrix

can be further written as (I > 1, m > 1),

OAM*?

+I,m

OAM™*?

—l,m

OAM,,

OAM—7

01
01
10

2.3.3 Experimental setups

0
0

—1

—1

0

HE?I-&-l),m
EH(el—l),m
HE?Z+1),m

EH(()l—l),m i

(2.45)

The versatile higher-order Poincaré sphere integrates angular momentum and polar-

ization into a unified theoretical framework. It builds the relationship between vector

and OAM modes as well, which could be utilized to analyze the performance of vector

mode traveling in the fiber. Figure 2.18 illustrates the experimental setup to detect

the vector mode after FMF transmission. The CW lightwave at 1550 nm from an ex-

ternal cavity laser (ECL) is divided into two branches by an optical coupler (OC). One

branch acted as the reference light for the following interference experiment. Another

branch is first converted to the linear polarized light after passing through the linear

polarizer. The polarization controller (PC) in this branch is employed to maximize the
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output power from LP. Next, the linear polarized light is converted to TMg; mode by
the Q-plate of ¢ = 1/2 and is fed into the FMF. During the fiber propagation, a FMF-
PC modeled according to a single-mode PC is utilized to properly adjust the output
pattern. Then, the output beam from FMF passes through the polarization grating
(PG), which is able to split orthogonal circular polarization. Finally, two separated

beams are interfered with the reference light, respectively.

L CCD
F PC—FMF
:_‘u_n;n
IL.
COL

200, e |
PC VOA SMF coL i |

Figure 2.18: Experimental setup of characterizing VM performance over FMF transmission. ECL:
external cavity laser; OC: optical coupler; PC: polarization controller; SMF: single-mode fiber; COL: col-
limator; LP: linear polarizer; QP: g-plate; FMF: few-mode fiber; PC-FMF: polarization controller based
on four-mode fiber; PG: polarization grating; CCD: charged-coupled device camera; VOA: variable optical
attenuator; L: lens; NPBS: non-polarizing beam splitter. Inset (A) depicts the intensity pattern of the
generated vector mode.

2.3.4 Experimental results

To evaluate the performance of VM traveling in the FMF, the intensity profiles and SoP
distributions before and after FMF transmission are first captured by CCD camera,
which is the most intuitive judgment. Insets (A;) and (As) in Fig.2.19 (a) depicts
the intensity patterns before and after FMF transmission. Compared to the input
pattern with a standard doughnut shape, the output pattern is not perfect. Then, the
SoP distribution is confirmed when LP rotates before CCD camera, which is shown
in insets (a;) and (ag) in Fig.2.19 (a). As can be seen, the output SoP still matches
with the input although the output beam rotates a certain angle compared to the
input beam. Based on Eq.(2.15), the standard VM is composed of two OAM modes
with opposite helical phases and opposite SAM. Theoretically, the power of these two

branches of OAM modes is equivalent no matter in free space or fiber. Thus, the output
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beam from FMF is decomposed by PG in the above experiment and the power of two
separate parts is measured by an optical power meter for free space, 5 m FMF and
100 m FMF transmission, respectively. According to the normalized results listed in
Fig.2.19 (b), compared to free space transmission, the weight of two separate parts
becomes further imbalanced after FMF transmission, which indicates the performance
is degraded to a certain degree. There are some possible reasons that lead to this
result such as immature optical components, imperfect structure of used fiber and
random mode mixing during the fiber transmission. Finally, two branches split by
PG after 5 m FMF transmission (insets (B;) and (C;) in Fig.2.19 (c) are respectively
interfered with the reference beam of a spherical/plane wave. The interference patterns
are respectively shown in insets (By)/(Bj3) and (Cs)/(C3) in Fig.2.19 (c), which agree

with the theoretical analysis.

Input @ @45 @90 ®135 Output @ ®45 @90 ®'35

(b)
IL: IR
Free-space 1:1.023
After 5-m FMF 1:1.071
After 100-m FMF 1:1.125

Figure 2.19: (a) Insets (A1) and (Az) are respectively the intensity distributions before and after FMF
transmission. Insets (a;) and (az) respectively depict the SoP of input and output patterns. (b) Measured
power ratios after free space, 5 m FMF and 100 m FMF transmission. (c): Insets (B;) and (C;) show
the separated left- and right-handed polarization intensity profiles after 5 m FMF transmission. Insets
(B2) and (Cs) depict the interference patterns of the clockwise spiral and the counter clockwise spiral
with the fundamental mode of a spherical wave, respectively. Insets (B3) and (C3) depict the interference
patterns of the clockwise spiral and the counter clockwise spiral with the fundamental mode of a plane
wave, respectively.
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2.4 Summary

In this chapter, CVB-based MDM FSO link (80 cm) under three atmospheric turbu-
lence conditions by using Kramers—Kronig reception and 4 x 4 non-singular MIMO is
first experimentally evaluated. Moreover, the performance of averaged BER proper-
ties of four used CV mode channels is analyzed. The results show that atmospheric
turbulence will lead to the fluctuation of BER performance and the fluctuation of
crosstalk within or among mode groups to some extent. Then, similar to the uniform
state of polarization mapped on Poincaré sphere, the main feature of VM is presented
and analyzed by high-order Poincaré sphere model. Finally, the performance of VMs

propagated in FMF is also investigated based on Poincaré sphere.
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High-capacity VM-based MDM

FMF systems

In this chapter, based on fiber eigenmodes, two MDM scenarios aimed at developing
short-reach fiber-optic communication systems are proposed and demonstrated, which
provides the possibility of future high-capacity SDM/MDM transmission with high SE

and low cost.
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3.1 Fiber Vector Eigenmode Multiplexing Based Transmission

with Kramers-Kronig receiver

3.1.1 Kramers-Kronig Receiver

Short-reach optical interconnect, such as data center interconnect (DCI), is an impor-
tant component in the infrastructure to support massive Internet applications based
on data centers. In the big-data and Al era, the fast-increasing capacity require-
ment has created the need to constantly improve the transmission data rate to meet
the ever-increasing traffic demand. Optical interconnect, as a promising solution for
up to 400 Gbit/s signal transmission in short-reach links, still faces various barriers
and challenges. For fiber-optic communication systems, thanks to the digital coherent
detection with DSP technique at the transceiver side, advanced multi-level and multi-
dimensional modulation formats with high SE and high sensitivity can be successfully
deployed, which enables high bit rate as well as long-haul transmission. Specifically,
coherent detection can maximize the SNR of each optical communication channel. The
high-spectral efficiency of signal modulation formats such as QAM relied on the high
SNR. Thus, the signal can be transmitted in both intensity and phase of the optical
wave. However, the SNR is hard to be further increased because of the limitation
of transmission optical power by optical nonlinearity. In the meanwhile, the cost of
the coherent receiver is a main barrier in the case of short-reach links, whose part
in many fields of becomes more and more important. Actually, the coherent receiver
utilized today is based on the intradyne scheme, which needs two optical hybrids and
four pairs of balanced PDs, making its overall cost unacceptably high for short-reach
links. Accordingly, I/Q modulation and coherent detection are generally abandoned
in short-reach transmission. Compared to coherent detection, intensity modulation
and direct detection (IM/DD) solutions have the advantages of low cost, low power
consumption and simple optical hardware structure, which occupy the main market
position of short-reach interconnects. In IM/DD systems, the information is encoded

onto the amplitude of the optical wave and only real-valued signals could be transmit-



ted. With the increasing demand for data rates, short-reach IM-DD transmission will

be undoubtedly stretched to its limit.

Recently, I/Q modulation and Kramers-Kronig (KK) receiver which takes advantage
of both complex modulation and direct detection are introduced in optical communi-
cation systems?. It is low-cost and can reconstruct the complex electrical field carried
over optical light simply via PD by DD of the optical signal along with another same
polarization optical tone shifted to the verge of the optical signal, where the ampli-
tude information is directly obtained after detection and the phase information can be
well-extracted by Hilbert transformation of amplitude information with enough optical
carrier signal power ratio (CSPR) before PD. In the meanwhile, KK receiver can fully
reconstruct optical phase information which is compatible with DSP for compensat-
ing the impairments. In detail, KK receiver requires two conditions: first, the optical
signal is a single side band (SSB). Second, the high-power carrier should satisfy min-
imum phase condition, namely high carrier-to-signal power ratio (CSPR). Here, F(t)
represents the complex envelope of the electric field and is assumed to be contained
within a finite optical bandwidth represented by B. The LO with the amplitude of
Ey is a CW signal whose frequency coincides with the left edge of the information-

carrying signal spectrum. Therefore, the complex envelope of the field impinging upon
the PD is E(t) = Es(t) + Epexp(imBt). The photocurrent I produced by the PD
is proportional to the field intensity I = |E(t)*, where the proportionality coeffi-
cient can be set as 1. Assuming that FEj is large enough to ensure that the signal
E(t)exp(—inBt) = Ey + E4(t)exp(—imBt) is minimum phase. The signal F(t) could

be reconstructed as follows:
B, (t) = {\/I ()exp lidw ()] — EO} exp (in Bt) (3.1)

op (1) :%p.v. /OO dt’% (3.2)

—0o0

Figure 3.1 illustrates two schemes of KK receiver. In the first line, the carrier is elec-

trically added along with the electrical signals, with half of the bandwidth frequency
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shift, while in the second line, the carrier is added optically with half of the bandwidth
frequency shift. KK receiver scheme allows digital post-compensation of linear prop-
agation impairments. In addition, compared to other existing solutions, KK receiver
is more efficient in terms of spectral occupancy and energy consumption, making it
a potential candidate for next-generation short-reach optical interconnects. In this
section, to realize the VMDM-based short-reach transmission with large capacity and
high performance, I/Q modulation and KK receiver are introduced. In the following
experiment, the second scheme in Fig.3.1 is adopted, where each wavelength channel
carries 16-QAM signal and the LO is accordingly shifted to the edge of the spectrum
of each WDM signal-light.

Figure 3.1: KK receiver with (a) digital carrier; (b) optical carrier?.

3.1.2 Experimental setups and results of VM-based KK-receiver

transmission over FMF link

Figure 3.2 shows the experimental setup for the generation and propagation of eigen-
modes through the FMF described in the previous chapter. Firstly, the light beam is
transformed to a homogeneous linearly polarized beam via PBS. After passing through
the VWP, the light is converted to the VMs of [ = +2 accordingly. After FMF prop-
agation, another VWP is employed to convert the VM to the fundamental mode.
Here, the step-index FMF which supports the vector modes of HE11, TEO1, HE21,

TMO1, HE31, EH11 and HE12 at 1550 nm is utilized for eigenmodes multiplexing

52



Delay PC

SMF
A coL
il @ 50/50
ECL
200 o PBS
PC  SMF
- \/\\/P
@ co
IR R :
coL

CCD

Figure 3.2: Generation and propagation of VM over 5 km FMF. ECL: external cavity laser; PC: polar-
ization controller; SMF: single-mode fiber; COL: collimator; PBS: polarization beam splitter; VWP: vortex
wave plate; FMF: few-mode fiber; CCD: charge-coupled device camera.

transmission as introduced in Chapter 2.3.1 in detail. n.sy of VMs of [ = 0 and | = +2
(EH11 and HE11 modes) of the FMF at 1550 nm wavelength are illustrated in Fig.3.3
(a). As we can see, the effective refractive index difference An.sr between VMs of [ = 0
and [ = +2 is about 3x 1073, Such relatively large An.; indicates that low distributed
mode coupling exists between the VMs of [ = 0 and | = +2, when they are multiplexed
and transmitted in the FMF. In order to characterize the propagation performance
of these eigenmodes based on the VWP and FMF, we measure the crosstalk among
four VMs after 5 km FMF transmission. The normalized mode crosstalk matrix is
illustrated in Fig.3.3 (b). As we can see, the maximum mode isolation (MI) of VM
channels between [ = 0 and [ = 42 is about 23.6 dB. For the VMs of [ = 42, the MI
larger than 21.1 dB can be obtained between odd and even modes. Accordingly, this

large MI based on the FMF can be used to implement VMDM transmission.

The experiments of VMDM-based transmission over FMF link include three parts
that respectively demonstrate two VMs of the same order (I = +2, EH11o and EH11e

modes), two VMs of different orders (I = 0 and | = +2, HE1lo and EH1le modes)

23



Transmitter
(b) Chl Ch2 Ch3 Ch4
EH1lo EHlle HEllo HElle

Simulation E

1
0 -21.9 |-20.8 | -22.7

—~~ m
S [-)::
e =
N o
4 m
Tl2t1| O |231 | -213 5 QX
= = S
2 ° @
AN I
51205 |-236 | 0 |-254 mQ >
[B) 5® =
©
= = 2 247 0 Mo
=0 n, =1.4480994 S |-228 | -208 | -24. ng

Figure 3.3: (a) Effective refractive index of the used vector modes of the FMF at 1550nm wavelength.
(b) The normalized mode crosstalk matrix for four VM channels.

and two-VMs five-wavelength multiplexed signal transmissions over 5 km FMF. In the
first experiment, EH11o and EH11e modes are employed as multiplexed channels and
the experimental setup is shown in Fig.3.4. At the transmitter, the CW lightwave
from the ECL (1550.12 nm) with 100 kHz linewidth is launched into an I/Q modulator
(FUJITSU FTM7962EP) and modulated with 45 GBaud 16-QAM signal. This signal
is shaped spectrally with a 0.02 roll-off factor (RF) raised-cosine (RC) filter and gen-
erated by an AWG (Keysight M8196A) with a 90 GSa/s sampling rate. The generated
optical signal is then amplified by a low-noise EDFA to control the input power for
the next multiplexing parts. In the VMDM part, the optical signal is divided into four
branches via an OC. The PC in each branch is utilized to maximize the output power
of horizontal and vertical light from PBS. Chl and Ch2 in Fig.3.4 are combined by a
PBS as orthogonally polarized channels and are subsequently converted to EH11o and
EH11le modes by VWP with [ = +2. In the meantime, the collimated light beams of
Ch3 and Ch4 in Fig.3.4 are directly converted to HE11o and HE11e modes via another

PBS. Then, four branches are combined together by a NPBS.

Here, for the first demonstration, only Chl and Ch2 are used as multiplexed modes
with Ch3 and Ch4 switched off. After generation and multiplexing, the light beam
containing two VMs (I = 42) is aligned coaxially and a five-dimensional translational

stage is used to adjust the position of the FMF to confirm the optimized angle when
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Figure 3.4: The experimental setup of the VM-based KK-receiver transmission over FMF link. AWG:
arbitrary waveform generator; ECL: external cavity laser; EDFA: erbium-doped fiber amplifier; TOF: tunable
optical fiber; OC: optical coupler; PC: polarization controller; COL: collimator; SMF: single-mode fiber;
PBS: polarization beam splitter; VWP: vortex wave plate; NPBS: non-polarizing beam splitter; FMF: few-
mode fiber; FMF-PC: FMF-based PC; ATT: attenuator; WSS: wavelength selective switch; PD: photo-
detector; OSC: oscilloscope; DSP: digital signal processing, B2B: back-to-back.

incident modes are coupling into the FMF. In this link, just as common SMF-PC, an
FMF-PC is used to adjust the polarization and intensity distribution of the output’s
beams®. When the FMF coupling parts are properly aligned, the FMF-PC is slightly
adjusted until the mode crosstalk is minimized. After 5 km FMF transmission, VMDM
signal is separated into two branches by another NPBS. One branch passing through
another VWP is converted VMs back to the orthogonal fundamental modes before
being collimated into the single-mode fiber. Subsequently, by rotating PC, the mutually
orthogonal SOP can be separated via PBS. Another branch is coupled into the SMF
directly to detect the VMs of [ = 0 of the output beams. This branch is also prepared
for de-multiplexing Ch3 and Ch4 for the second experiment.

At the receiver, the optical signal is attenuated by an ATT to change the ROP and
then is amplified by the second EDFA operating at constant power output mode. After
being filtered by a WSS, the received signal is coupled by an OC with a wavelength-
tunable local carrier whose polarization is the same as the received signal controlled
by PC and wavelength is set to around 1550.12 nm + 45 x (140.02)/2 GHz for KK
reception. Before direct detection, the power of the local carrier is about 8 dBm and the
power of the filtered optical signal is about 4 dBm adjusted by the second EDFA. This
operation guarantees the coupled light with 12 dB CSPR which is practically sufficient

to ensure the minimum phase property of KK relation. Finally, the electrical signal is

detected by a 43 GHz PD and then sampled by a real-time OSC (Keysight DSAZ594A)
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at 160 GSa/s sampling rate and further processed by the offline DSP which includes
the complex field reconstruction via KK relation, constant modulus algorithm (CMA)
pre-equalization, radius directed equalization (RDE), frequency offset compensation,
carrier phase recovery and BER decision. The aggregate raw bit rate of this system is
360 Gbit/s (45 x 4 x 2 = 360 Gbit/s). In the second experiment, EH11le mode of Ch2
and HE11o mode of Ch3 are employed in the VMDM transmission. Due to the largest
mode isolation of these two modes, 50 GBaud 16-QAM signal with 0.02 RF RC filter
is modulated on the used VMs. In the multiplexed parts, Ch2 in Fig.3.4 is converted
to EH11le mode after passing through PBS and VWP. Ch3 is directly converted to
the HE11lo mode by another PBS. Subsequently, two branches are multiplexed by a
NPBS and coupled into the same 5 km FMF. After transmission, the output beams
are divided into two parts by a NPBS. One part is fed into the SMF directly to filter
higher-order VMs and HE11lo mode can be detected. In another part, EHl11le mode
is demodulated by the second VWP. Meanwhile, HE11o mode is transformed into
higher-order VM which cannot be coupled into SMF. In this way, Ch2 and Ch3 can be
separated successfully. And these two detected signals are respectively sent to the KK
receiver part for sampling and offline DSP. The total raw bit rate of this transmission

scenario is 400 Gbit/s (50 x 4 x 2 = 400 Gbit/s).

Figure 3.5 illustrates the intensity patterns of the VMs (I = 0 and [ = +2) of labeled
points in Fig.3.4 captured by the CCD camera. According to Eq.(2.15), the Jones
vector of EH11 modes can be expressed as: (cos2¢p sin2¢)T and (sin2¢ —cos2p)™. Thus,
when EH11 modes pass through a linear polarizer which only allows one linear SoP
to pass, four lobes will be observed. In addition, by rotating the polarizer in front of
CCD, the polarization distribution of each vector mode channel is observed. Fig.3.5
(a), (b), (m) and (n) illustrate the four input VM channels and Fig.3.5 (c), (d), (o)
and (p) show the four output VM channels after 5 km FMF link. Fig.3.5 (e), (f),
(q) and (r) depict the patterns of these output VM channels after passing through the
second VWP. Fig.3.5 (g-1) show the SOP of the corresponding channels. As we can

see, there are slight differences between the captured patterns before and after 5 km
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FMF propagation.

Ch1(B)

Ch2(B)

Ch1(C)

Ch2(C)

Ch3(D)

Ch4(D)

Figure 3.5: The intensity profiles of four channels of labeled points in Fig. 3.4 captured by CCD camera.
The arrows indicate the orientations of the transmission axis of the polarizer.

To further evaluate the transmission performance for the above two experiments,
the BER property versus ROP is evaluated for both single VM and multiplexed VMs
scenarios. The experimental results are respectively shown in Fig.3.6 and Fig.3.7.
When two channels of EH11o and EH11e are transmitted, 6.2 dB and 5.4 dB power
penalties are induced between the B2B channel and VM channels respectively under
the FEC threshold at 3.8 x 1072. In B2B transmission, the optical signal is directly
injected into the receiver without propagating through the multiplexing system. Insets
(I) and (II) of Fig.3.6 illustrate the constellations of the demodulated 16-QAM signal
of EH11o and EH11e channels simultaneously propagating over FMF at the ROP of
—16 dBm, respectively. In the second demonstration, both power penalties of HE11o
and EH11le channels are 5.4 dB when the HE11lo and EH11le modes are transmitted
simultaneously. The constellations for HE11lo and EH11le channels at the ROP of
—~16dBm are shown in the Insets (I) and (II) of Fig.3.7, respectively.

In the final experiment, WDM is introduced into the VM DM system to further boost
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the transmission capacity. The experiment system of two-dimensional VMDM-WDM

is illustrated in Fig. 3.8.
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Figure 3.8: The experimental setup of VMDM-WDM transmission system based on KK-receiver over 5
km FMF link.

At the transmitter, five optical carriers (ranging from 1549.32 nm to 1550.92 nm, ;-
As) from ECLs (100 kHz linewidth) with a wavelength interval of 0.4 nm are adopted as
the WDM channels. The odd carriers (A1, A3 and \5) and even carriers (A and)\y) are
respectively modulated by two I/Q modulators, which are driven by two independent
28 GBaud 16-QAM sequences using a raised-cosine filter with a roll-off factor of 0.1
from an AWG (Keysight M8196A) at 84 GSa/s sampling rate. Then, five optical
channels are combined by a polarization-maintaining fiber coupler (PMC), amplified
by an EDFA | and then split into two branches with an OC. One branch is converted to
HE11 mode after passing through a linear polarizer. By employing the VWP, another
branch of these carriers is converted to EH11 mode. Two PCs are used to maximize
output power of both branches. Subsequently, two branches are multiplexed by a NPBS
and coupled into the 5 km FMF link. After transmission, the output beams are divided
into two parts by another NPBS. One part is fed into the SMF directly to filter EH11
mode. In the other part, EH11 mode is transformed back into the fundamental mode
after passing through the second VWP. Meanwhile, HE11 mode is converted to higher-
order VM which cannot be coupled into SMF. Consequently, two VM channels can be
separated successfully by this method. The PBS is used to further reduce the mode

crosstalk. Fig.3.9 shows the intensity profiles of two VMs captured by the CCD camera

29



before ((A) and (B)) and after ((C) and (D)) 5 km FMF transmission, respectively.
By rotating the polarizer after the EH11 mode, observe the polarization distribution
of EH11 mode channel can be observed, which are shown in the Fig.3.9 (a)(A;)/(Cy).
The measured crosstalk of two VMs is shown in Fig.3.10 (c). As can be seen that the

minimum isolation is approximately 21.7 dB between the two mode channels.

(@) TV N N Mode crosstalk (dB)
Input (Ao | D RX X1 HEn | EHR
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aw? 2 e EH11 | -22.9 0

Output ; ,

Figure 3.9: The intensity profiles of multiplexed VMs before ((A) and (B)) and after ((C) and (D))
transmission over 5 km FMF, respectively. Insets (A;) and (C1): The polarization distribution of EH11
channel with the polarizer. (c) Measured crosstalk matrix for two VM channels over 5 km FMF.

At the receiver, \;, one of the five WDM channels, is selected by WSS to evaluate
its transmission performance. The subsequent optical ATT is used to adjust the ROP.
After being amplified by an EDFA and filtered by a 0.4 nm optical filter, the received
optical signal is then coupled by an OC with the local carrier (frequency shift of \;
approximate 15 GHz) for KK reception. Before direct detection, the CSPR is set to
12.5 dB which is sufficient to ensure the minimum phase property of KK relation. After
being detected by a 43 GHz PD, the electrical waveform is sampled by a real-time OSC
at 160 GSa/s sampling rate and then processed by offline DSP.

The measured transmission performance of VMDM-WDM is shown in Fig.3.10. As
illustrated in Fig.3.10 (a), the measured BER performance of 10 channels (two vector
modes x five wavelengths) are below the 7% FEC limit of 3.8 x 1072 at the ROP of
-20 dBm. The inset (I) of Fig.3.10 (a) depicts the optical spectrum of the five WDM
channels. Then, without loss of the generality, the BER performance versus ROP of
one wavelength channel at 1550.12 nm is measured, plotted in Fig.3.10 (b). The per-
formance of the fundamental HE11 mode is better than the higher-order EH11 mode

due to the lower mode crosstalk. There are 4 dB and 6.4 dB power penalties between
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the B2B and vector mode channels respectively under the FEC limit. Insets (I) and
(IT) of Fig.3.10 (b) show the constellations of HE11 and EH11 channels (1550.12 nm)
respectively at -20 dBm ROP after 5 km FMF transmission. To the best of our knowl-
edge, this is the highest data rate of vector mode division multiplexing demonstration
over several kilometers FMF (10 parallel channels with a total data rate of 1.12 Thit/s
(28 x 4 x 2 x 5 = 1.12 Thit/s)). This realization would pave the way for high-speed
large-capacity short-reach optical interconnect, such as next-generation 800 G or 1 T

and beyond DCI.
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Figure 3.10: BER performance of all 10 channels (ROP = -20 dBm). (b) BER performance versus ROP
at 1550.12 nm.

3.2 Fiber Vector Eigenmode multiplexing Based Bi-directional

full-duplex transmission

3.2.1 Bi-directional passive optical network

Over the past few decades, the advent of Internet of things (IoT), the evolution of
bandwidth-hungry applications and the surge of global IP traffic have fueled the de-
mands for high-speed high-capacity optical communication. Such a fast-changing envi-
ronment needs advanced optical access networks which keep pace with the ever rapid-
growing bandwidth demand. Currently, practical passive optical network (PON) which
adopts a point-to-multipoint framework is widely viewed as a suitable scheme for optical

access networks. Due to technological and commercial maturity, protocol transparency
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and high security, WDM-based PON is generally regarded as the most promising so-
lution for the next generation access network®>% . where every optical network unit
(ONU) is allocated certain wavelength. However, the scalability of WDM-based PON
is subject to the limited bandwidth resource. On the other hand, it is worth noting
that, PON is a typical bi-directional communication system case, in which Rayleigh
back scattering (RB) and Fresnel reflection (FR) that are the intrinsic processes of

fibers will inevitably degrade the system performance®” ™. In order to alleviate RB

and FR effects, various bi-directional schemes have been proposed, such as wavelength

73,74 75,76

offset detuning """, frequency dithering ">™, cross-remodulation schemes and time-
division-duplexing """, However, the performance upgradation based on these scenar-
ios requires extra bandwidth or extra laser sources or time-sharing basis, which will
definitely result in low SE and resource-wasting. Undoubtedly, future fiber-optic net-
work is expected to achieve higher performance, higher capacity, and higher bandwidth
utilization. Recently, in order to further improve the scale of PON, hybrid-PON ar-
chitecture introducing some other multiplexing granularity to accommodate more and
more ONUs comes to people’s sight and might be an alternative solution in the future.
Thus, SDM/MDM-based bi-directional transmission merits more focus. In addition,
compared to conventional PON schemes, SDM/MDM-based PONs enable the reduc-
tion of power consumption and SE, which provides cost advantages for commercial
applications. Although there have been several works that demonstrate the feasibility

of LP/OAM-based MDM bi-directional links™®! the system limitation and optimiza-

tion are not widely investigated and discussed.

In this section, by using the direct fiber eigenmodes, vector modes, two full-duplex
full-polarization bi-directional architectures of homo-VMs and hetero-VMs transmitted
in two directions over 3 km FMF is respectively experimentally demonstrated. The
degradation caused by crosstalk due to RB and FR in the FMF under homo-modal
link is evaluated and analyzed. To strengthen the immunity to RB and FR of sys-
tems, a simple and effective approach by utilizing the hetero-modes on two ends of

bi-directional transmission is proposed. Then, a 448 Gbit/s full-duplex bi-directional
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VMDM link with 28 GBaud 16-QAM is demonstrated, in which two VMs of [ = 0 and
two VMs of [ = +2 are respectively loaded in the uplink and downlink with isolation
between counter direction larger than 19 dB using a 9-tap 2 x 2 MIMO equalizer. More-
over, also based on this scheme, a 1.792 Thit/s WDM-MDM full-duplex bi-directional
link is successfully realized. All experimental results meet the 7% HD-FEC BER of
3.8 x 1073, demonstrating that the proposed hetero-modal scheme could be a compet-

itive candidate for future high-SE high-capacity bi-directional transmission link.

3.2.2 Experimental setups and results of Full-duplex Homo-

VMs based MDM bi-directional transmission
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Figure 3.11: The experimental setup of full-duplex homo-VMs based MDM bi-directional transmission.
AWG: arbitrary waveform generator; EA: electrical amplifier; ECL: external cavity laser; OC: optical coupler;
EDFA: erbium-doped fiber amplifier; PC: polarization controller; PBS: polarization beam splitter; PBC:
polarization beam combiner; PMF: polarization maintaining fiber; CIR: circulator; COL: collimator; VWP:
vortex wave plate; BS: beam splitter; FMF: few-mode fiber; ATT: attenuator; WSS: wavelength selective
switch; ASE: amplifier spontaneous-emission noise; OSC: oscilloscope; LO: local oscillator; B2B: back-to-
back; FSO: free space optical.

Bias-control

Figure 3.11 illustrates the homo-mode based full-duplex bi-directional transmission
over 3 km FMF, in which identical four VMs are transmitted on both uplink and
downlink. At each transmitter (Tx1/Tx2), the CW light-wave from the ECL (1550.12
nm, ~100 kHz linewidth) is split into two branches by a 1:1 OC. One branch is used
as the LO for the opposite transmission signal by coherent detection. Another branch
is fed into the I/Q modulator driven by the 14 GBaud QPSK signal, which is shaped
spectrally with a 0.5 roll-off factor (RF) raised-cosine (RC) filter and generated by
an arbitrary waveform generator (AWG, Keysight M8196A), operating at 84 GSa/s
sampling rate. After amplified by an EDFA, PDM is emulated by PBS and PBC. The
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PC after EDFA is utilized to balance the power of horizontal and vertical light beams
of PDM. Then, the mutually orthogonal signals are split into two parts by a 1:1 OC.
One is employed to generate VMs of [ = +2 (EH;;, and EHy;. modes) by VWP and
another is directly employed as VMs of [ =0 (HE;;, and HE;;. modes). Next, four
VMs are multiplexed together by a BS and coupled into the 3 km FMF through a COL.
Here, the fiber coupling loss is about 3 dB including the COL. The used step-index
FMF with the transmission loss of about 0.25 dB/km has been introduced in Chapter
2.3.1 in detail. The effective refractive index difference An.;; between VM of | =0
and [ = +2 is around 3 x 1072, Such relatively large An, ;s indicates that the couplings
between VMs of [ = 0 and [ = 42 are low when they are multiplexed and transmitted
in this FMF. In the FMF link, a FMF-based PC (FMF-PC) is utilized to adjust the
polarization and intensity distribution of the output beams for the optimal pattern. In
Fig.3.11, insets (I) to (IV) and (V) to (VIII) respectively show the captured intensity
profiles of uplink and downlink for VM channels after 3 km FMF transmission. After
full-duplex fiber transmission, the light beams are separated into two parts by another
BS. One branch is directly fed into the SMF to filter higher-order VMs and only VMs
of [ = 0 with mutually orthogonal SoPs can be detected. In another branch, VMs of
I = +2 are converted back to the orthogonal fundamental modes after passing through
the VWP. Meanwhile, VMs of | = 0 are transferred to higher-order VMs that cannot
be coupled into SMF. In this way, VMs of [ =0 and [ = +2 are separated and are
sent to the corresponding receiver. At each receiver (Rx1/Rx2), dual-polarized signals
and LO are sent to DP 90° hybrid for coherent detection after a circulator (CIR). The
laser of Tx2/Tx1 can be served as LO in Rx1/Rx2 for the sake of the same wavelength
used in both ends. Then, four electrically-received signals after four balanced PDs
go through the offline DSP which accordingly includes resampling, fractionally-spaced
2 x 2 constant modulus algorithm (CMA) for adaptively demultiplexing and equalizing
of dual-polarized signals®®, frequency offset estimation using the periodogram of the
4th power of equalized signals®®, carrier phase recovery, BER calculation and signal-

noise ratio (SNR) calculation. Here, the number of taps in CMA is set to 5, which is
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enough for the differential group delay (DGD) compensation and other inter-symbol
interference (ISI) within same order VMs after 3 km FMF transmission.

Figure 3.12 shows the measured crosstalk of two used VM MGs in this full-duplex
system based on the power measurement, including uni-directional crosstalk and bi-
directional crosstalk. For uni-directional transmission, the isolation between the two
VM MGs of uni-directional is larger than 18.5 dB. Inter-modal crosstalk could be intro-
duced when VMs are coupling into FMF from free space, because it is hard to realize
perfect vertical incidence. Besides, channel crosstalk may be caused by fiber perturba-
tion and imperfection, which could further lead to mode degradation. For bi-directional
link, except for uni-directional crosstalk mentioned before, counterpropagating signals
of the same wavelength and homo-mode unavoidably suffer severe deterioration. In
the experiment, crosstalk caused by RB is very small due to short-reach FMF. FR,
especially connector (FC/PC, made of ourselves) reflection, is mainly accountable for
crosstalk between the same modes in the counter direction. As it can be seen, the mea-
sured bi-directional crosstalk from the counter direction is less than —13.8 dB, which

is the major impairment for the whole system.
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Figure 3.12: The normalized mode crosstalk matrix for such full-duplex VMDM bi-directional system.
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To further evaluate the transmission performance of this VMDM-based bi-directional
system, the BER property versus the OSNR is measured under SMF B2B, bi-directional
SMF B2B, bi-directional FSO and bi-directional FMF' link cases, respectively. Here,
the B2B case is the DP signals are directly sent to the receiver. The measured BER
performance of DP signals for VMs of [ = 0 and [ = +2 under uplink (BiU0/BiU2) and
downlink (BiD0/BiD2) transmission are plotted with up-pointing triangles and down-
pointing triangles, respectively, in Fig.3.13, using 14 GBaud QPSK for each mode
with the aggregate capacity of 224 Gbit/s (14 x 2 x 4 x 2 (directions) = 224 Gbit/s).
The BER performance of VMs of [ = 0 is always better than that of VMs of [ = +2
under two cases. Compared with uni/bi-directional B2B and bi-directional FSO links
(empty /filled circles and empty triangles in Fig.3.13), the power penalties for uplink
and downlink are respectively about 6/6/5 dB and 5/5/4 dB of VMs of [ = 0 under the
7% hard decision FEC threshold of 3.8 x 1073 BER. As for VMs of [ = +2, the power
penalties are about 8/8/6.5 dB and 8.5/8.5/7 dB respectively for uplink and downlink
at BER of 3.8 x 1073, Such penalties are mainly induced by back crosstalk, which is
also the key limitation of system capacity. As for the uni-bidirectional transmission,
the system crosstalk is less than -18.5 dB according to Fig.3.12, which is much less
than the back crosstalk. In order to evaluate the system impact of crosstalk, higher
order modulation format of 16-QAM signal with the same GBaud rate of 14 GBaud
is loaded on each mode channel in such uni-bidirectional link. The BER properties of
four mode channels versus the OSNR are also measured, which are shown in Fig.3.14.
Compared with the B2B scenario, 4 dB and 4.5 dB power penalties are induced for
HE11 (I = 0) and EH11 (I = 2) channels respectively under the FEC threshold at
3.8 x 1073,

In order to suppress the back crosstalk of bi-directional system, wavelength offset

572 is a simple and general method, in which wavelengths transmission in

detuning
opposite directions are sufficiently spaced to alleviate RB and FR effects. Here, to
verify the impact of wavelengths offset for VMDM bi-directional link, the wavelength

of VM channels in uplink and downlink are respectively adjusted. It is noted that only
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Figure 3.13: Measured BER versus OSNR of 14 GBaud QPSK signal for four homo-VMs based MDM
bi-directional transmission over 3 km FMF.
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Figure 3.14: Measured BER versus OSNR of 14 GBaud 16-QAM signal for four-VM-multiplexing uni-
bidirectional transmission over 3 km FMF.
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one identical VM MG in each end is transmitted each time to exclude impacts from
other interferences. Fig.3.15 plots the calculated SNR as a function of wavelength
offset when two VMs of [ =0 or [ = +2 are transmitted bi-directionally. We can find
that SNR is significantly improved when the wavelength offset is larger than the signal’s
bandwidth 14 x (14 0.5) = 21 GHz (~0.168 nm).
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Figure 3.15: Calculated SNR performance versus wavelength offset when VMs of [ =0 or [ = +2 are
transmitted bi-directionally.

For bi-directional transmission, with the implementation of the same wavelengths
and modes, counterpropagating signals suffer from back crosstalk. In the wavelength
detuning scheme, the performance improvement is based on extra bandwidth, which
will result in low SE. Admittedly, hetero-mode full-duplex architecture is also a kind
of wasting the space dimension. Nevertheless, the hetero-mode architecture is a better
choice. First, it enables wavelength dimension to be fully utilized. Compared with
space dimension, wavelength dimension is now more scalable and mature. Second, for
coherent detection with higher SE, the same wavelength in the uplink and downlink
can be utilized as LO for counter direction at the Rx. On the contrary, this wavelength
detuning scheme requires extra laser source as LO, leading to extra cost or complexity.
In addition, this scheme is at the price of extra bandwidth requirement, which will no

longer satisfy future bandwidth-hungry applications in full-duplex WDM-PON. Thus,
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hetero-mode same-wavelength scheme is a suitable tradeoff.

3.2.3 Experimental setups and results of Full-duplex Hetero-

VMs based MDM bi-directional transmission

To further enhance system immunity to opposite-directional signal degradation, a sim-
ple and effective scheme by employing hetero-VMs on two ends of bi-directional trans-
mission is demonstrated. The experimental setup of full-duplex hetero-VMs based
MDM bi-directional link is also based on Fig.3.11 and the simplified schematic di-
agram is shown in Fig.3.16. Here, two VMs of [ = +2 and two VMs of [ =0 are
respectively employed in the uplink and downlink. As it can be seen in Fig.3.12,
the bi-directional crosstalk for hetero-VMs MGs is less than —19 dB. Accordingly, 28
GBaud 16-QAM signals with 0.1 RF RC filter are modulated on the used VMs on two
terminals. At the receiver, different from DSP for homo bi-directional QPSK signal in
Chapter 3.4.2, 2 x 2 CMA is only used for pre-equalization in-tandem with a 2 x 2 ra-
dius directed equalizer (RDE) performed for further adaptive equalization of 16-QAM
signal®!. The number of taps used for CMA and RDE are both set to 9, which, for a
fair comparison, covers the same ISI duration as 5 taps in 14 GBaud QPSK in Chapter
3.4.2.
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Figure 3.16: Schematic diagram of full-duplex hetero-VMs based MDM bi-directional link.

Then, the BER performance over a single wavelength (1550.12 nm) bi/uni-directional

transmission with uni-directional SMF B2B transmission carrying DP signals is evalu-
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ated for comparison. The BER versus OSNR of used VM MGs for bi/uni-direction is
plotted with triangles/circles in Fig.3.17. There is about 1.1 dB/1.3 dB power penalty
between the uni-directional uplink (UniU2) /downlink (UniD0) and B2B (empty cir-
cles in Fig.3.17). Under bi-directional transmission, there are just around 3.8 dB
and 4 dB power penalties for uplink (BiU2) and downlink (BiDO0) referring to uni-
directional SMF B2B, respectively. The constellation diagrams of the demodulated
16-QAM signals for full-duplex uplink and downlink at the OSNR of 32 dB are shown
in Fig.3.17 (I) and (II), respectively. The data capacity of this demonstration is
448 Gbit/s (28 x 4 x 2 x 2 (directions) = 448 Gbit/s). Compared with the former
homo-modal scheme, the hetero-modal scheme doubles the overall data capacity of
bi-directional transmission enabling a higher baud-rate (28 GBaud) and higher modu-
lation format (16-QAM), which indicates this scheme can be further applied to longer

distance fiber-optic transmission.
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Figure 3.17: Measured BER versus OSNR of 28 GBaud 16-QAM signal for hetero-VMs based MDM
bi-directional transmission.

Hetero-modal scheme is also compatible with the existing WDM systems and enables
the wavelength resource to be fully explored. To further demonstrate the reliability
and feasibility of the proposed hetero-VMs based bi-directional scheme, we therefore

conduct the hetero-VMs WDM bi-directional system. Figure 3.18 shows the schematic

70



of full-duplex hetero-VMs based MDM-WDM transmission. In this configuration, at
each transmitter 4 wavelengths (ranging from 1549.72 nm to 1550.92 nm, A; to A4) from
4 ECLs (~100 kHz linewidth) in a 0.4 nm/50 GHz grid are combined by a wavelength
division multiplexer. Then, 4 optical carriers are modulated by 28 GBaud 16-QAM
signal using a RC filter with a RF of 0.1. PDM for the generated signal is enabled by
a PDM emulator. Subsequently, by employing VWP, uplink beams are converted to
the VMs of [ = +2 and then coupled into the FMF after a BS. Downlink beams are

directly employed as VMs of [ = 0 and are coupled into FMF.
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Figure 3.18: The experimental setup of full-duplex hetero-VMs based MDM-WDM bi-directional trans-
mission.

After 3 km full-duplex FMF transmission, followed by the BS, uplink beams are con-
verted back to the orthogonal polarizations by another VWP for detection. Meanwhile,
downlink beams can be directly sent to the receiver for coherent detection. At each
receiver, LLO and signals from the opposite direction are filtered accordingly by wave-

length selective switch (WSS) and then are sent to the receiver for coherent detection

and DSP.

Figure 3.19: The intensity profiles of mode channels of uplink/downlink after 3 km FMF transmission.
The arrows represent the direction of the polarizer.

Insets (A)/(B) in Fig.3.19 show the captured intensity profiles of uplink/downlink
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output beams after 3 km FMF transmission. Meanwhile, Insets (A;) and (Ay)/(B1)
and (By) in Fig.3.19 respectively show the single mode channel of uplink/downlink
after 3 km FMF transmission. As for two higher-order VM channels of uplink, insets
(a;) and (ag) in Fig.3.19 respectively show the SoP distribution of the corresponding
channels.

The BER performance for bi/uni-directional transmission is shown in Fig.3.20. The
inset (I) of Fig.3.20 depicts the corresponding optical spectrum of the 4 WDM channels
of 28 GBaud 16-QAM. It can be seen that the BER values of VMs of [ = +2 (uplink)
and VMs of [ = 0 (downlink) at 4 different wavelengths are all below the FEC threshold
of 3.8 x 1073 with the total capacity of 1.792 Tbit/s (28 x4x2x4x2 (directions) = 1.792
Thit/s). This realization further indicates that this scheme exhibits robust performance
and presents powerful extensibility. What’s more, with the development of specially-
designed FMF/MMF for VM and OAM and the corresponding mode multiplexer/de-
multiplexer, bi-directional MDM link with more mode channels could be realized and
it is a powerful candidate for future full-duplex PON with the requirement of high-

capacity.
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Figure 3.20: Measured BER performance of all 16 channels for MDM-WDM bi-directional transmission.
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3.3 Summary

There are two main works in this chapter, which are all involved to vector-eigenmode
based MDM fiber-optic communication systems. First, two VMs of the same order
(EH11o and EH11e modes) and two VMs of different orders (HE11o mode and EH11e
mode) multiplexing transmissions over 5 km FMF are respectively constructed. To
increase the transmission capacity and reduce the system cost, KK receiver is em-
ployed and the single-wavelength two sets of eigenmodes multiplexed 360 Gbit/s and
400 Gbit/s signal transmission links are achieved, respectively. Furthermore, WDM-
MDM transmission is implemented over the same FMF. A total data rate of 1.12 Thit /s
MIMO-free link with 28 GBaud 16-QAM signal over all 10 channels (five wavelengths
and two VMs) is realized. Then, by employing the fiber eigenmodes, two architectures
of full-duplex full-polarization MDM bi-directional transmission are proposed, demon-
strated and evaluated. For homo-VMs link, both uplink and downlink transmit four
identical VMs and the full-duplex crosstalk is less than —13.8 dB. Accordingly, a 224
Gbit/s QPSK bi-directional transmission over 3 km FMF is implemented, using a 2 x 2
MIMO for each MG. In order to enhance the tolerance against back crosstalk, hetero-
mode-based bi-directional link is proposed. Two VM MGs are respectively loaded in
the uplink and downlink with isolation between counter directions larger than 19 dB,
achieving a 448 Gbit/s 16-QAM bi-directional link over 3 km FMF. Moreover, based on
the same hetero-modal scheme, a 1.792 Thit/s WDM-MDM full-duplex bi-directional

link is further demonstrated.
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Dynamic performance evaluation of
eigenmode-based MDM FMF

transmission systems

This chapter extends the study to investigate the robustness and practicality of eigenmode-
based MDM short-reach links. Dynamic performance evaluation is carried out on the

proposed MIMO-free MGDM and MIMO-based MDM fiber transmission systems.
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4.1 MIMO-free Direct-detection MGDM fiber system

4.1.1 Principle and Schematic diagram of Mode-group Filter

Scheme.

As one paradigm of SDM techniques, MDM based on FMFs or MMFs has drawn lots of
attention. Potentially, MDM scheme can significantly increase the capacity of optical
transmission systems by multiplying the capacity of a single-mode fiber by the num-
ber of co-transmitted modes. However, the increase of mode channel counts is limited
by modal crosstalk caused by mode-coupling in fiber transmission®’. To address this
concern, coherent detection in conjunction with MIMO DSP is frequently resorted to
reducing the impact of crosstalk. However, this has resulted in high power consump-

2647 For practical short-reach transmission

tion and huge computational complexity
systems, low system cost, high energy efficiency, and simple hardware implementation
are critical considerations. Thus, MIMO-free IM/DD solution is highly preferred over
coherent schemes.

Until now, two main types of MIMO-free IM/DD mode-multiplexed fiber links have
been reported, including MDM and MGDM transmission®*%. For IM/DD MDM sce-
narios, each fiber mode is transmitted and received as an independent channel to carry
the optical signal. Weakly-coupled FMF or specially-designed fiber such as air core
fiber (ACF) and ring core fiber (RCF) based on different types of modal basis sets
(LP mode, OAM, VM, etc.) have been proposed to suppress the mode coupling 759
However, in the circular-symmetric fiber, polarization degeneracy still exists, which
will lead to mutual coupling and random rotation among degenerated modes travel-
ing in the fiber. As a result, large power fluctuation occurs at the receiver and the
performance is unavoidably affected. For IM/DD MGDM scenarios, modes sharing
near-degenerate effective refractive index (n.ss) in the fiber are treated as one MG
or one super-channel and all modes belonging to the same MG should be received si-

multaneously. Compared to the MDM scheme, MGDM scheme is more suitable and

promising for MIMO-free transmission from a practical perspective since degenerate
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modes of certain MG performed as one super-channel help to eliminate the need for
intra-MG crosstalk suppression. Specifically, a certain modal basis set along with a
certain type of weakly-coupled FMF is a typical approach to ease the random inter-
MG coupling for MGDM systems, such as the reported demonstrations of OAM-based
MGDM over RCF and LP mode based MGDM over OM2 fiber. In general, the illus-
tration of MG propagating in optical fiber can be shown in Fig.4.1. For an certain
MG,, in the MGDM transmission, my, 1, My.2, .., My Kk, are the degenerate modes (po-
larization is excluded) and m,, j is an arbitrary mode within MG,,. K, represents the

number of intra-MG modes belonging to MG,,.

Modegroup Spatial modes
MG]. m17 190 e ml‘ K1
MGZ m2Y 1,-.....m1’ KZ
MGn My g9eeeeecMy, K,

Figure 4.1: lllustration of mode groups within the transmission fiber.

For IM/DD MGDM link, MG demultiplexer (DeMUX)-based scheme and mode-

diversity scheme are two representative reception methods”"%!

, which are respectively
illustrated in Fig.4.2 and Fig.4.3. For the former, independent optical signal is re-
spectively loaded on an arbitrary mode (mq g, mag, .., My i) of each MG. After mode
multiplexing and fiber transmission, intra-MG modes belonging to each MG are demul-
tiplexed by MG DeMUX and are then detected by a multimode PD, which is the most
direct and convenient approach. However, MG DeMUX depends on special design and
is generally compatible with certain types of fiber or mode basis. In addition, relatively
high inter-MG crosstalk introduced by MG DeMUX will also degrade the performance
of the system. Mode-diversity-based MGDM transmission is a single-input multiple-
output (SIMO) architecture enabled by corresponding DSP for signal detection. At the

transmitter, the independent optical signal is respectively loaded on an arbitrary mode
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(M1 g, Mok, -, My ) of each MG. After mode multiplexing and fiber transmission,
each intra-MG mode (polarization is excluded) is converted to the fundamental mode
and is then detected by a SMF-PD at the receiver. Since more than one receiving
channel is required to handle each degenerate mode within one MG, different channel
responses need to be compensated by the corresponding DSP, such as maximal ratio
combining (MRC) and SIMO algorithms®"??. Accordingly, the cost and complexity of

the whole system are inevitably increased.
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Figure 4.2: Schematic diagram of MG DeMUX-based scheme for IM/DD MGDM transmission.
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Figure 4.3: Schematic diagram of mode-diversity scheme for IM/DD MGDM transmission.

Different from previous MGDM schemes employing special MG DeMUX or mode-
diversity technique, a novel and versatile MG filter architecture for IM/DD MGDM
transmission is proposed, which is displayed in Fig.4.4. First, the independent optical
signal is respectively loaded on an arbitrary mode (my g, mog, .., My ) of each MG.
After mode multiplexing and fiber transmission, all the intra-MG modes of the same

MG should be simultaneously received to mitigate signal power fluctuation induced

78



from random mode crosstalk/rotation within one MG. At the receiver, in order to
separate MG,, from other MGs, each degenerate mode of MG,, (M1, My 2, ., My k,)
is demultiplexed to the fundamental mode by the corresponding mode DeMUX and
then is respectively fed into SMF, filtering other MG channels. To realize single output
for one MG super-channel without signal interference and loss, these parallel channels
of fundamental modes are subsequently converted to K, arbitrary orthogonal modes
My jis Minjas = Mig jr, Py the corresponding mode converters, respectively. Note
that the orthogonality condition is utilized to avoid co-channel interference. Finally,
these orthogonal modes are multiplexed into one output and coupled into a MMF-PD
for signal detection. Accordingly, the filter for MG of MG, is realized and this approach

will be further clarified with the following experimental demonstration.
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Figure 4.4: Schematic diagram of the proposed MG filter scheme for IM/DD MGDM transmission.

4.1.2 Experimental setup of MIMO-free dual-channel simulta-
neous transmit and receive MGDM system enabled by

MG filter approach

Figure 4.5 illustrates the experimental setup of 152 Gbit/s MIMO-free two-OAM-
MG MGDM transmission enabled by the MG filter scheme. At the transmitter, 38-
GBaud PAM-4 pulse-shaped by 0.01 roll-off factor raised-cosine filter is generated by

an arbitrary waveform generator (AWG, Keysight, M8196A) with 92-GSa/s sampling
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rate and then is boosted by the electrical amplifier (EA, SHF, S807). Next, it is
employed to modulate the optical carrier in the intensity by a Mach-Zehnder modulator
(MZM, Fujitsu, FTM7938EZ). The carrier at the wavelength of 1550.12 nm is from an
ECL. After being amplified by an EDFA, the optical PAM-4 signal is divided into two
branches by an OC. One is delayed by a long SMF jumper for signal decorrelation
and is directly employed as fundamental mode channel (I = 0) after being collimated
by a COL. Another branch is converted to OAM mode channel of [ = 43 by a vortex
phase plate (VPP, RPC Photonics, VPP-m1550). These two channels are multiplexed
together by a NPBS and then coupled into 5 km step-index FMF (YOFC, FM2012-B).
To calculate the crosstalk between two used MG channels in this link, we simultaneously
measure the received power before PD-1 and PD-2 when only OAM of | = 0/OAM
of [ = 43 is transmitted. The absolute value of their difference indicates the channel
isolation. For this system, the MG isolation is higher than 21.1dB, which is shown in
inset (I) in Fig.4.5. Insets (II) and (III) in Fig.4.5 display the intensity profiles of two
OAM channels captured by a CCD camera after FMF transmission, respectively. In
order to detect two MGs simultaneously, the output light beams from FMF are divided

into two parts by a 20:80 NPBS.

o At the receiver 1 (Rx-1), 20% part is directly coupled into the SMF-pigtailed photode-
tector integrated with a trans-impedance amplifier (TIA) (PD-1, Finisar, XPRV2022A)
with 3-dB bandwidth of ~ 32 GHz for optical-to-electrical (O/E) conversion, and the
detected analog signal is denoted as I;(t). Since higher-order MGs (I > 0) will be
filtered by SMF, only MG of |I| = 0 can be received;

o At the receiver 2 (Rx-2), MG filter for OAM-MG |I| = 3 is implemented first. 80%
output beams from FMF are separated into two branches by a NPBS. In each branch,
intra-MG OAM mode [ = +3/ — 3 is re-converted to the fundamental mode by the
corresponding VPP and then is respectively fed into SMF to filter other higher-order
modes. After collimation, to satisfy the mutual orthogonality of such two branches,
the upper branch is converted to [ = —3 and the lower branch is still employed as

fundamental mode. Here, these two branches could be theoretically converted to any
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Figure 4.5: Setup of 152 Gbit/s MIMO-free OAM-based dual-channel simultaneous transmit and receive
MGDM system enabled by MG filter approach. ECL: external cavity lase; MZM: Mach-Zehnder modulator;
AWG: arbitrary waveform generator; EA: electrical amplifier; EDFA: erbium-doped fiber amplifier; OC:
optical couple; VPP: vortex phase plate; COL: collimator; FMF: few-mode fiber; NPBS: non-polarizing
beam splitter; PD: photodetector; MMF: multimode fiber; OSC: oscilloscope. Inset (1): Measured inter-MG
crosstalk matrix (dB) of this transmission system. Insets (I1) and (l11) show the intensity profiles of || = 0
and |I| = 3 after 5 km FMF transmission, respectively.

two orthogonal modes (polarization is excluded). Specifically, these two paths are
precisely aligned by a z-axis rail below the COL of the lower branch before multi-
plexing, avoiding multi-path interference from another path. Next, two branches are
multiplexed into one output by a NPBS. Accordingly, a single-input and single-output
(SISO) MG filter is realized. Then, the output light is injected into the MMF-pigtailed
PD with TTIA (PD-2, Newport, 1544-B) with 3-dB bandwidth of ~ 12 GHz for O/E

conversion, and the detected analog signal is denoted as I5(t);

« Finally, the electrical signals I, (t) and I5(¢) respectively detected by the PD-1 and the

PD-2 are sampled simultaneously by the two-channel oscilloscope (OSC, Keysight
DSAZ634A) operating at a 160-GSa/s sampling rate and further processed by the
off-line DSP, including synchronization, equalization by the simple T /2-spaced feed-
forward equalizer (FFE), and BER decision.
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4.1.3 Dynamic performance evaluation and results

Compared to SMF-based optical system, FMF /MMF-supported backbone is more vul-
nerable to environmental disturbance because external perturbations such as wind,
temperature, and mechanical stress/bending will cause random mode mixing within
and between MGs*"%. Thus, for a practical IM/DD MGDM system, apart from total
capacity and cost per bit, robust and reliable performance is equally important.

To further evaluate the transmission performance, both static and dynamic perfor-
mance evaluation are implemented on this two-MG MGDM system. First, its static
BER properties over 5 km FMF transmission versus ROP are measured. Here, the
ROP of each channel is adjusted by the EDFA with an output power control function
at the transmitter and the signal sets of two channels are simultaneously stored by the
identical OSC. Fig.4.6 and Fig.4.7 respectively present the averaged BER performance
for MGs |I| = 0 and |I| = 3 using FFE with different number of taps. Obviously, FFE
with more taps is more beneficial to the system performance at the price of higher com-
putational complexity. BER saturation is almost achieved for both MGs when 40-tap
FFE is implemented, which is also adopted in the following experiments. In addition,
it can be seen that the required ROPs for |[| = 0 and || = 3 are approximately —7.7
dBm and —7.3 dBm at 7% HD-FEC of BER at 3.8 x 1073, with power penalty < 0.5
dB for |I| = 3.

Furthermore, 8 static cases are considered for BER evaluation, and the experimental
results are shown in Fig.4.8, where |[| = 0/3 and [ = —3/ + 3 respectively represent the
full-MG reception using the proposed filter approach and partial-MG reception(single
intra-group mode, mode [ = —3 or mode [ = +3) when blocking the path of [ = 43
or mode [ = —3. (S.) and (M.) represent the single-MG (]I| = 0/3) transmission and
dual-MG transmission (|/| = 0 and |I| = 3), respectively. Here, the ROP of || = 3 (the
total power of | = —3 and | = +3) is also used to represent the ROP of [ = —3/ + 3 for
simplicity. For single-MG transmission, the BER of MG |I| = 3 is worse than that of
MG || = 0 mainly due to the narrower bandwidth of PD-2. For two-MG multiplexing

transmission, BERs of approximately 5 x 1075 and 2 x 107 for MG |I| = 0 and |I| = 3
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Figure 4.6: Measured BER versus ROP using FFE with different numbers of taps for (a) |I| = 0 over 5
km FMF.
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Figure 4.7: Measured BER versus ROP using FFE with different numbers of taps for (a) |I| = 3 over 5
km FMF.
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can be realized, respectively. The BERs of MG |I| = 0 and MG |I| = 3 are still different
because of the differences in power responses of two used PDs and inter-MG crosstalk.
In addition, it is clearly observed that partial-MG reception (I = —3 or [ = +3) has
worse BER performance compared to full-MG reception (|I| = 3) with/without inter-
MG crosstalk since it lost the power of undetected modes within the MG. Theoretically,
due to random mode coupling/rotation within MG during the fiber propagation, ROP
and BER of partial-MG reception vary with time. Meanwhile, full-MG reception is not
affected and its performance is always superior to partial-MG reception since mode

power loss within MG can be avoided.
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Figure 4.8: Measured BER versus ROP over 5 km FMF.

Besides, the variation of the calculated SNR versus ROP is depicted in Fig.4.9. It
can be seen that even during a short time of static testing, the inter-MG crosstalk
not only degrades the SNR/BER performance but also enlarges the system variation
in SNR/BER performance, especially for MG || = 0 with better SNR performance in
this system.

For a practical IM/DD MGDM link, stable polarization-/mode-independent perfor-
mance is highly desirable. To ensure the reliability of our system, dynamic performance
evaluation of BER under four scenarios over five timeslots (3.5 hours in total) is also

implemented at the ROP of —4 dBm as shown in Fig.4.10.

« First scenario from 23:00 to 23:30 Hong Kong time (HKT): only MG |/| = 0 is trans-
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Figure 4.9: Calculated SNR variation versus ROP over 5 km FMF.
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Figure 4.10: Dynamic evaluation of BER performance versus time (HKT) under four scenarios at the

ROP of —4 dBm.
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mitted and received. BER performance of MG || = 0 are quite low and stable during

this timeslot without inter-MG crosstalk;

« Second scenario from 23:30 to 00:00 HKT, MG |I| = 3 is then co-transmitted with MG
|I| = 0 and these two MGs are simultaneously received. It is clearly observed that the
BERs for both MGs are always lower than 3.8 x 1073, although BER performance of
/| = 0 has degraded to a certain extent compared with its value in the first scenario.
In addition, the fluctuation of BER for |I| =0 is increased from the first scenario
to this scenario with inter-MG crosstalk and is also larger compared with its value
for MG |I| = 3, probably because the BER for MG |I| = 0 is better and the effect of

crosstalk is more obvious.

e Third scenario from 00:00 to 00:30 HKT, same as in the second scenario, two MGs
are simultaneously transmitted. But at the receiver side, MGs of |I| =0 and |I| = 3
(full-MG reception), or MG [I| = 0 and mode [ = 43/ — 3 (partial-MG reception) are
simultaneously received. As it can be seen that BER performance of partial-MG
reception is much worse than full-MG reception, since the partial one loses certain

power over undetected modes within the MG;

« Fourth scenario from 00:30 to 01:00 HKT, MG |/| = 0 is switched off and then only
MG [I| = 3 is transmitted. At the receiver, MG |l| = 3, mode [ = +3, and mode ! = —3
are sequentially and repeatedly received over time. Obviously, without crosstalk from
MG |l| =0, BERs of MG || = 3, mode | = —3, and mode [ = +3 are improved on

average and have smaller fluctuation over time;

« Back to the second scenario from 01:00 to 02:30 HK'T, BERs of both two MGs still
reach the previous plateau below 3.8 x 1072 and are close to them in the timeslot

from 23:30 to 00:00 HKT.

During the dynamic performance evaluation, some phenomena are similar to those in
static cases. All these static and dynamic evaluations have demonstrated the practical-
ity and reliability of such MGDM system. On the other hand, it can be deduced that
compared to single-MG transmission, inter-MG crosstalk in MGDM system will cause
larger fluctuation in BER/SNR performance to a certain extent and may have various

impacts on different transmitted MGs. Thus, dynamic performance evaluation and
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margin assessment for practical IM/DD MGDM systems are necessary and significant

and deserve further study and discussion in the future.

4.2 MIMO-based four VMs multiplexing system

4.2.1 Experimental setup of Four Vector Eigenmode Multi-

plexing transmission based on Kramers—Kronig Receiver

As for SDM/MDM fiber-optic transmission with MIMO DSP, mode coupling and mode-
dependent loss or gain (MDL or MDG) induced by external perturbation are inherently
random variables, which will undoubtedly increase the chance of singularity attack for
MIMO systems?® ?°. As a result, the accuracy and reliability of system evaluation are

challenged. Thus, this subchapter focuses on the singularity phenomena, the impact

of MDL, and mode coupling/rotating in the MIMO-MDM system.
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Figure 4.11: Framework of illustrated 448 Gbit/s 16-QAM VM-based MDM transmission with KK re-
ception and 4 x4 non-Singular MIMO over 3 km FMF. ECL: external cavity laser; AWG: arbitrary waveform
generator; EA: electrical amplifier; 1/Q Mod.: in-phase/Quadrature modulator; PBS: polarization beam
splitter; PMF: polarization maintaining fiber; PM-VOA: polarization maintaining variable optical atten-
uator; EDFA: erbium-doped fiber amplifier; OC: optical coupler; VOA: variable optical attenuator; Col:
collimator; VWP: vortex wave plate; HWP: half-wave plate; NPBS: non-polarizing beam splitter; FMF:
few mode fiber; FMF-PC: few-mode fiber-based polarization controller; OBPF: optical bandpass filter;
ASE: amplified spontaneous emission source; PMC: polarization maintaining coupler; PD: photodetector;
OSC: oscilloscope. Insert (1) displays the theoretical SoP distribution of used four fiber eigenmodes of
[I| = 2. Insert (1) displays the intensity profiles of the multiplexed eigenmodes after 3 km FMF transmis-
sion.

Figure 4.11 presents the framework of 448 Gbit/s VM-based MDM transmission
over 3 km FMF. At the transmitter, the 28-GBaud 16-QAM signal spectrally-shaped

with a 0.1 roll-off factor (RF) raised-cosine (RC) filter is generated by an arbitrary
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waveform generator (AWG, Keysight M8194A) operating at a 112-GSa/s sample rate
and then is amplified by the electrical amplifier (EA, SHF, S807). Subsequently, it is
utilized to modulate the optical lightwave from the external cavity laser (1550.12 nm,
100 kHz linewidth) through in-phase/quadrature modulator (I/Q modulator, Fujitsu
FTM7962EP). Next, PDM is emulated by two PBSs. In order to fully de-correlate
signals of such two orthogonal channels, a 1-m polarization-maintaining fiber (PMF)
jumper and a polarization-maintaining variable optical attenuator (PM-VOA) with
the function of altering polarization-dependent loss (PDL) are inserted into one path.
After amplified by an EDFA, such daul-polarization signal is divided into two branches
by an OC. Here, the signal of one branch is de-correlated by a 10-m SMF jumper. for
de-correlation. Then, each branch is followed by a variable optical attenuator (VOA)

to adjust MDL in the experiment.

In the part of mode MUX/De-MUX, one branch is converted to vector modes of
| = 42 (EHi1 even and EHyy ,q4 modes) after passing through a vortex wave plate (VWP,
Thorlabs, WPV10-1550). Meanwhile, another branch is transformed to vector modes
of | = =2 (HE3; even and HE3; o454 modes) by a VWP and a HWP. Accordingly, four
vector modes of |I| = 2 are generated (including polarization), whose theoretical SoP
distribution are respectively displayed in insert (I) in Fig.4.11. Then, such four vector
modes are multiplexed together by a NPBS and then fed into the 3 km step-index FMF
which has been introduced in Chapter 2.3.1 in detail. Here, a self-fabricated FMF-PC
is employed to adjust the SoP and mode coupling of the beam of output. Insert (II) in
Fig.4.11 shows the intensity pattern of multiplexed eigenmodes of |I| = 2 after 3 km
FMF transmission. Next, the output is divided into two parts by another NPBS. Two
vector modes of [ = +2 of one part are reconverted to orthogonal fundamental modes
by a VWP. while two vector modes of [ = —2 of another part are also reconverted by
HWP cascaded with VWP. Afterwards, each part is coupled into the SMF to directly

detect the fundamental modes with two orthogonal SoPs.

At the KK receiver, the signal of each part is first amplified by a EDFA and then is

coupled with an amplified spontaneous emission source (ASE) in tandem with a VOA
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to attenuate OSNR. After being filtered by an optical bandpass filter (OBPF), the
orthogonal SoPs of each part are split by a PBS and coupled with the LO source. Such
LO is offered by another ECL, which is divided into four parts equally by a polarization
maintaining coupler (PMC). Here, compared to the optical carrier at the transmitter,
these four LOs all have a frequency offset (FO) of 28-GHzx (1 + 0.1)/2. In addition,
the carrier-to-signal power ratio (CSPR) is arranged at 12 dB for KK reception. Next,
these four parts are respectively sent to four PDs and are simultaneously sampled by the
four-channel oscilloscope (OSC, Keysight, DSAZ634A). Specifically, these four optical
parts from the final NPBS to four PDs are carefully aligned to reduce path delay.
Finally, the recorded signals are further processed by the offline DSP. where the 4 x 4
multi-user constant modulus algorithm (MU-CMA) is applied in the pre-convergence
stage to avoid singularity issues and lower complexity and then the estimated non-
singular channel matrix by MU-CMA is utilized to initialize all taps of 4 x 4 RDE for

adaptive demultiplexing and equalizing such MIMO-based MDM system !¢

4.2.2 Experimental results and discussion

During the FMF transmission, mode coupling among multiple MGs and mode rotation
within each MG and MDL (Hereafter, MDL is employed to refer to MDL,MDG and
PDL.) variations among all guided mode channels will occur when external disturbance
or manufacturing imperfection change locally, leading to power exchange among MDM
channels. In order to investigate the resilience and survivability of such MDM system,
both static and dynamic performance evaluation are implemented. For simplicity, mode
1, mode 2, mode 3, and mode 4 are respectively employed to represent these four vector
modes.

Firstly, the averaged BER property of all four channels versus OSNR with different
taps of 4 x 4 MU-CMA and RDE are measured, which is illustrated in Fig.4.12 (a).
As can be seen, the BER performance can meet HD-FEC of 3.8 x 1073 under certain
OSNR. Apparently, the BER reaches a saturation level of approximately 1.3 x 1073
under 36-dB OSNR when the number of taps is 19. Fig.4.12 (b) illustrates the BER
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Figure 4.12: (a): Averaged BER performance of four eigenmodes versus OSNR with different numbers
of taps. (b): Averaged BER performance of four eigenmodes versus OSNR with 9-tap case. The exhibited
constellation of each mode is under 36-dB OSNR with 9-tap.

performance of each channel versus OSNR with 9 taps which is the minimum number
of taps for HD-FEC of BER at 3.8 x 1072 for each channel. The constellations of each
channel under 36-dB OSNR are also inserted in Fig.4.12 (b). Note that there is a slight
difference in performance among these four channels, which may result from MDL.

Next, to imitate and further evaluate the impact of MDL, four scenarios under static
case with different MDL conditions including no extra MDL, 3-dB MDL by attenuating
3-dB power of | = —2, of | = +2, and of X-polarization are carried out, which is enabled
by two VOAs and one PM-VOA with the function of adjusting the launched power of
corresponding modes. The calculated SNR of each mode channel versus OSNR is
plotted in Fig.4.13 (a-d), respectively. Here, in order to optimize the compensation of
linear distortions in this MDM system, 19-tap MU-CMA in tandem with 19-tap RDE
is utilized.

Under the OSNR as high as 36 dB, the largest gap of the calculated SNR among
these four mode channels is viewed as MDL. For example, when no extra MDL is
involved, the averaged SNR of four modes can respectively reach 16.3 dB, 16.7 dB,
16.0 dB and 17 dB. Thus, the MDL for this scenario is approximately 1 dB, which
may be induced by discrete components and non-coaxial alignment in the experiment.
As for the other three scenarios, extra 3-dB MDL leads to both SNR improvements
over modes without power attenuation and SNR degradations over modes with power

attenuation. The averaged SNRs under all four scenarios are listed in Table 4.1.
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Figure 4.13: Calculated SNRs of four eigenmodes with 19 tap under: (a) no extra MDL; (b) 3-dB MDL
over [ = —2; (c) 3-dB MDL over | = +2; (d) 3-dB MDL over X polarization.

Table 4.1: Calculated SNRs of four eigenmodes with 19-tap and 36-dB OSNR under different scenarios.

Scenarios Mode 1 | Mode 2 | Mode 3 | Mode 4

without extra MDL 16.3dB | 16.7dB | 16.0dB | 17.0 dB

|l = —2 with 3-dB MDL | 17.2dB | 17.6 dB | 14.1 dB | 15.6 dB

[ = +2 with 3-dB MDL | 14.5dB | 15.0dB | 16.7 dB | 17.7 dB

X Pol. with 3-dB MDL | 14.8 dB | 17.3dB | 13.8 dB | 17.5 dB
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To assess the survivability and reliability of this system, dynamic performance eval-
uation of BER and calculated SNR is also implemented at the OSNR of 36 dB, which
includes two stages. In the first stage, the test is performed under the general lab
environment without extra perturbation, which lasts 12 hours. In the second stage, a
self-fabricated FMF-PC is employed during the FMF transmission to randomly change
mode coupling and MDL over 1 hour. Such FMF-PC is modeled by reference to
commercial SMF-based PC, which is shown in Fig.4.14. To fully compensate linear
impairments during the dynamic testing, 19-tap MU-CMA along with 19-tap RDE is
adopted in the MIMO DSP. The experimental results of BER performance and calcu-

lated SNR versus HKT are respectively plotted in Fig.4.15 and Fig.4.16.

First stage: from 2:00 AM to 2:00 PM HKT (12 hours in total). It is to be observed
that from 2:00 AM to 8:00 AM, the BER values of each mode channel are relatively
stable, which always meet HD-FEC of 3.8 x 1073. Meanwhile, the calculated SNR
of all channels is also stable during that time. It can be reasonably speculated that
there is nobody in the lab and the experimental environment is stable to a certain
extent. However, during the interval between 8:00 AM and 9:00 AM HKT, both BER
and SNR performance of four mode channels encounter larger fluctuation and degrade
slightly. It may be ascribed to the disturbance by the staff members who walk into
the lab successively to start work during this time slot. After 9:00 AM HKT, BER
and SNR values of all channels reach a new plateau with performance degradation
until 2:00 PM HKT. Even though the system performance experiences deterioration
and fluctuation in the whole process, none of the singular problems is detected. In
addition, the averaged BER value of all channels can be lower than 2.2 x 107 which

still satisfies HD-FEC of 3.8 x 1073.

Second stage: from 2:00 PM to 3:00 PM (1 hour in total). During this time span,
in order to imitate and further accelerate the change of mode mixing and MDL, the
self-made FMF-PC is rotated at random. Obviously, due to direct perturbation, the
fluctuation of both BER and SNR performance of all channels are greatly enlarged

compared to the first stage. In spite of excessive fluctuation and distortion in system
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Figure 4.14: Used few mode fiber-based PC in the experiment.

R T Model
10 1E - Mode 2 ]
Mode 3
* Mode 4
10_2 * Averaged BER
¢ 3 .
8a)
aa)
107
Y A A A S T A A A A R S A S A A
10
2:00 8:30 15:00

Hong Kong Time

Figure 4.15: Dynamic performance evaluation of BER property versus time (HKT) with 19 taps.
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Figure 4.16: Dynamic performance evaluation of calculated SNRs versus time (HKT) with 19 taps.

performance, singularity phenomena are undetected as well. Moreover, the maximum
value of averaged BER of all channels is approximately 3.4 x 1073, which still remains
below 3.8 x 1073,

Figure 4.17 (a) and (b) respectively present the absolute value of weights of all test
results over 16 filters in 4 x 4 MIMO in these two stages, which can be employed to
analyze mode coupling/rotating. Specifically, the value of each normalized w;; can
denote the degree of channel coupling from mode j to mode i. For example, w3
in Fig.4.17 (a) can be regarded as almost zero for the central tap, indicating that
the power coupling from mode 3 to mode 2 seems very weak during the first stage.
Meanwhile, wyy and wy; seldom appear relatively large central tap compared to other
weights except for wsg, which reveals that the frequency of mode coupling between
these corresponding channels is probably low during this time slot. Theoretically,
the ideal FMF-PC enables each high-order guided mode to realize four-dimensional
rotation. However, it is almost impossible to be realized by the self-fabricated FMF-
PC. According to Fig.4.17 (b), when FMF-PC is rotated randomly, a large central tap
appears in the weight of wy3 on several occasions, while the central taps of woy and wy;

still remain at almost the same level.
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4.3 Summary

In this chapter, a simple and versatile MG filter architecture for MGDM IM /DD trans-
mission is proposed, demonstrated and evaluated for the first time to the knowledge.
The MG filter is realized in the optical domain and only a single PD is required to
receive the signal carried by each MG. Based on this scheme, by utilizing two OAM
MGs (|I] =0 and || = 3) and one SMF-PD and one MMF-PD, a 152 Gbit/s PAM-4
MIMO-free simultaneous transmit and receive IM/DD system over 5 km FMF is suc-
cessfully realized, in which BER of approximately 4 x 107 for MG of || = 0 and BER
of approximately 2 x 10™* for MG of |I| = 3 are obtained in the static test, both below
the 7% HD-FEC BER threshold of 3.8 x 1072, In order to evaluate the practicality and
stability of this transmission, BER performance of each MG under different conditions
over a reasonably long period of time (210 minutes in total) is assessed dynamically, in
which all the BER results under the proposed scheme stay below 3.8 x 1073. Secondly,
a 448 Gbit/s 16-QAM four-vector-mode multiplexing transmission over 3 km FMF is
constructed, utilizing KK reception and 4 x 4 non-Singular MIMO for presentation.
For the static test, the BER performance of all four mode channels can be lower than
3.8 x 1073, For the 13-hour dynamic test, including stable duration lasting 12 hours
and FMF-PC rotating duration lasting one hour, the averaged BERs of all channels
can also meet FEC BER threshold of 3.8 x 10~% with the maximum averaged BERs
of 2.2 x 1073 and 3.4 x 1073 respectively. The experimental results sufficiently prove
that the proposed VM-based MDM system is at least to some extent immune to sin-
gular issues and certain PDL/MDL. The demonstrations in this chapter pave the way
toward the practical application of eigenmode-based MDM fiber-optic communication

links.
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Conclusions and Prospect

In this chapter, conclusions of this thesis are presented with a prospective outlook for

potential future works of fiber eigenmode based MDM short-reach transmission.
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5.1 Conclusions

Progress made in fiber-optic communication networks during the past several decades
has greatly stretched transmission capacities to the physical limit of SMF. Currently,
SDM technology is expected to play a highly active and vital role to break through the
capacity limit. As one branch of SDM, MDM involves the simultaneous transmission
of multiple orthogonal fiber modes, each carrying an independent optical signal over
FMF/MMEF. As the true eigenmodes of optical fiber, Vector modes actually manifest
the most exact, straightforward and full basis set, which is worthwhile to explore in
MDM fiber transmission. In this thesis, the frameworks of direct eigenmode based
MDM transmission systems are presented. Furthermore, to enhance the system capac-
ity and simplify the MDM transmission architecture, several novel MDM scenarios for

the short-reach links are proposed and investigated in detail.

In Chapter 1, the derivation and the developmental process of SDM/MDM tech-
nology are overviewed. Among the intrinsic DoFs of optical light, spatial dimension
might be the last one to exploit. As the information carriers of the MDM scheme,
two typical guided modes in the fiber, including rigorous theory based vector mode
and simplified approach based scalar mode are introduced in mathematical equations
derived from Maxwell equations. Although efficiently harnessing the spatial DoF of the
optical carrier provides fresh insights into the upgradation and revolution of fiber-optic
communication networks, a variety of formidable challenges still remain. Thus, in the
thesis, both novel schemes and practical execution of the fiber eigenmode based MDM

transmission in realistic systems are taken into consideration.

In Chapter 2, to characterize the FSO transmission properties of vector mode, the
degree of divergence and the impact of atmospheric turbulence are experimentally
investigated and analyzed, respectively. Compared to the scalar Gaussian mode, the
donut-shaped vector mode tends to diverge faster in FSO link. As for the influence
of atmospheric turbulence, Spatially multiplexed free-space communication based on

four vector modes belonging to the MG of |[| = 2, each carrying high speed signal
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of 28-Gbaud 16-QAM, are implemented and discussed under three different levels of
atmospheric turbulence. Before characterizing the FMF transmission performance of
vector mode, unique traits of vector modes are elaborated based on the higher-order
Poincare sphere model. In addition, the corresponding relationships between vector

mode associated with non-homogeneous SoPs and two types of scalar modes including

LP mode and OAM mode are also built.

In Chapter 3, various fiber eigenmode-based MDM schemes for short-reach optical
interconnects are proposed and experimentally demonstrated. In order to deal with
the trade-off between high capacity with superior performance and simple structure
with low power dissipation in short-distance link, KK reception which possesses sig-
nificant advantage in terms of cost-effectiveness is employed to guarantee favorable
performance in the following schemes. By using the same order vector modes of [ =
+2, EH11o and EH1le modes, 360 Gbit/s VMDM with 45 GBaud 16-QAM over 5
km FMF transmission is achieved without MIMO DSP. Then, two vector modes of
different orders (I = 0 and [ = +2) multiplexed 50 GBaud 16-QAM signal transmis-
sion over 5 km FMF is realized without MIMO DSP as well. Furthermore, wavelength-
and vector mode-division multiplexing transmission including five wavelengths and two
VMs (HE11 and EH11 modes) is implemented over the same fiber. A total data rate
of 1.12 Thit/s MIMO-free link with 28 GBaud 16-QAM signal over all 10 channels is
successfully demonstrated. For bi-directional link, two bi-directional architectures of
homo-VMs and hetero-VMs transmitted in two directions are implemented based on
coherent detection and 2 x 2 MIMO DSP. Initially, both uplink and downlink transmit
four identical vector modes. Due to the same-mode crosstalk caused by RB and FR
of this full-duplex system, each mode channel is only able to carry 14 GBaud QPSK
signal and a 224 Gbit/s bi-directional link over 3 km FMF is demonstrated. Next,
the second scheme of employing different VMs on two ends to minimize the impact
from back crosstalk on the same mode is proposed. Two dual-polarization VMs of
[ = 0 and two dual-polarization VMs of | = +2 are respectively loaded in the up and

down streams. The isolation between opposite directions is larger than 19 dB and a
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448 Gbit/s bi-directional VMDM transmission is demonstrated over 3 km FMF. Obvi-
ously, compared with the former demonstration, this scheme doubles the transmission
capacity under the same hardware conditions. Additionally, in tandem with WDM
technology, a 1.792 Thit/s WDM-VMDM full-duplex bi-directional system with four
wavelengths on the two ends is successfully achieved. The experimental results of the
above demonstrations fully indicate that fiber eigenmode based MDM scenarios could

find enormous potential for future high-speed short-haul interconnect systems.

Chapter 4 further extends the study to investigate the reliability of fiber eigenmode
based MDM fiber-optic systems, which should be resilient to changes in the external
environment of field experiments. First, a simple, flexible, and cost-effective MG filter
approach for MGDM IM/DD transmission is reported, which avoids received power
fluctuation by random mode rotation through FMF with time. By utilizing this MG
filter scheme, a MIMO-free MGDM IM /DD multiplexing two OAM MGs with a total of
152 Gbit/s PAM-4 is experimentally demonstrated over 5 km FMF. The performance
of BER and SNR is evaluated statically versus ROP and dynamically over time. The
BER of two MGs can satisfy 7% HD-FEC BER threshold of 3.8 x 107% under both
static and dynamic cases, which adequately verifies the robustness and feasibility of
such MGDM scheme based on the proposed MG filter architecture. Next, a 448 Gbit/s
four vector modes multiplexing transmission with 28-GBaud 16-QAM signal over 3 km
FMF is experimentally demonstrated based on KK Reception and 4 x 4 non-Singular
MIMO DSP. To justify the practicality and stability of such link, 7408 signal sets
which include 598 static sets and 6,810 dynamic sets over 13-hour are tested and none
of the singular problems is detected. These experimental results sufficiently verify that
the fiber eigenmode based MDM transmission might be a competitive candidate for

realistic high-capacity optical interconnect networks.

In the final chapter, the main works of the thesis are concluded. The research con-
tributions in the thesis just cover a small portion of a holistic consideration of issues
related to the VMDM-based fiber-optic communication systems and other practical

applications, which might be beneficial to the exploration of the potential of MDM
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schemes. Despite some successful realizations of demonstration experiments enabled
by various SDM/MDM-based scenarios in the past few years, The anticipated per-
formance and operational simplicity of SDM/MDM-based fiber-optic networks are far
from reaching the stage of practical deployment, where more research effort and coop-

eration are needed in the future.

5.2 Future works

The studies of fiber-based structured light fields and SDM/MDM-based fiber-optic
communication systems in the course of the Ph.D. period enlarge my knowledge scope of
optical fiber waveguides, fiber drawing process and fiber-optic communication systems.
Based on the presented works, some potential extensions related to this research thesis
are illustrated and discussed as follows.

A: An ideal property for future SDM/MDM-based short-reach optical links is the
realization of signal processing and optimization in the optical domain. Thus, the
SDM/MDM-related optical elements with high fidelity are necessary and crucial, such
as SDM/MDM optical EDFA | fan-in fan-out device for SDM fiber, mode (de)-multiplex,
mode filter, mode switch and so on”"". Figure 5.1 depicts an ideal SDM/MDM com-
munication link with ideal optical devices (SDM/MDM Fan-in/fan-out and SDM/MDM
EDFA), which exhibits a high level of convenience and compactness. However, SDM /MDM-
based communication networks are still being studied in laboratory environment and
corresponding optical devices for optical communication links are not yet mature and
commercially available, which deserves more attention and investigation. Notably, the
development of SDM/MDM-related optical devices and schemes will further facilitate
the practical application of SDM/MDM. In addition, some optical-domain compensa-
tion or optimization techniques for SDM/MDM systems, such as mode-coupling com-
pensation, optical path matching and (de)-correlation, are equally significant '°%1%1,
After all, compared to dealing with signals in the electrical domain, optical informa-
tion processing is more direct, convenient and efficient, which could alleviate latency;,

computational demand and power consumption to some extent.
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Figure 5.1: Simplified diagram of ideal SDM/MDM communication system.

B: It is noted that cost and size are two main concerns that should be weighed prop-
erly for SDM/MDM optical links, especially for short-haul networks. The reasonable
utilization and allocation of multi-dimensional resources are significant considerations
for operators, who are under the pressure of reduction in cost per bit as well as im-
provement in system performance. Wavelength-routed optical network (WRON) which
is regarded as the current mainstream solution will eventually be constrained since the
high-quality frequency resources are +limited. In addition, WRON is not helpful for
a substantial reduction in cost. Compared to wavelength resources, the spatial dimen-
sion is theoretically able to provide infinite sub-channels and is also competitive as an
economical means for large-capacity transmission. However, problems of high-density
SDM/MDM including sophisticated SDM/MDM fiber drawing process, finite transmit-
ting and receiving apertures, the crosstalk among parallel spatial channels and huge
computational complexity are difficult to overcome. There is also a growing consensus
that SDM/MDM fiber-optic systems ought to take advantage of spatial resources in
a rational and efficient manner. With the fast-increasing capacity requirement, non-
orthogonal multiplexing access (NOMA) scenarios composing one of the critical parts
of the fifth generation (5G) technology are proposed to fully optimize spectral effi-
ciency. For example, the spectrally efficient frequency division multiplex (SEFDM)
scheme has displayed the potential of non-orthogonal multiplexing, which inspires us
to pay attention to spatial modes with non-orthogonality. In the physical sense, the

order of spatial mode can be viewed as continuous like frequency. Thus, except for
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spatial modes with integer orders, spatial modes with fractional orders might also be
considered for both FSO and fiber-optic transmission, which has the potential to be-

1027105 Actually, some scientists have presented a kind

come an alternative scheme
of Bessel beam with non-integer order'’®. Such Bessel beam is defined by the Bessel
function whose order could be an arbitrary value in the continuous domain. When
such beams are involved in MDM communication systems, lots of unexplored issues
need to be investigated, such as the stabilization of spatial modes with non-integer,

compensation for loss of orthogonality between spatial channels, mode sorter at the

receiver and so on.

C: Polarization-/mode-independent performance is a key requirement for commu-
nication systems. Thus, improving the robustness of SDM/MDM fiber-optic systems
should be taken into account. So far, most of SDM/MDM communication demonstra-
tions are implemented in the laboratory with a relatively stable external environment.
Although the experimental results of these demonstrations are reasonably satisfactory
for lab testing, Such solutions are currently unsuitable for industrial applications in
practical real-world transmission networks because of various limitations. One of them
is system stability. Compared to the SMF-based transmission link, larger performance
fluctuation of SDM/MDM link has been observed due to time-dependent physical ef-
fects such as mode coupling and MDL. Such physical effects in SDM/MDM fibers are
well-known to be induced by random imperfection, stressing, twisting and bending of
fibers and other employed optical components. As a result of mode coupling, power ex-
change among specific mode channels and tends to randomly change over time. MDL
will lead to random signal power variation among mode channels. In practice, any
perturbation that might affect crosstalk distribution will result in performance fluctu-
ation, limiting flexibility and reliability. For future commercialized SDM /MDM-related
implementations, besides low cost and high throughput, consistent and reliable perfor-
mance is highly desirable as well. However, dynamic performance evaluation and field
experiments of SDM/MDM-based links have not been widely conducted and discussed

to date. The issue whether the SDM/MDM-based links in the industrial implemen-
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tation could withstand the environmental disturbance and outperform conventional
SMF-based communication links requires more research.

D: Since SDM/MDM fiber-optic transmission links are sensitive to the surroundings
as mentioned in the last paragraph. Such feature enables SDM/MDM technology with
multi-modal configuration to find new applications in distributed fiber sensors where
the forward or returning echo of each spatial channel could be collected and analyzed
to monitor changes in the external environment, such as temperature, vibration, strain,
pressure, bending, twisting, etc'?" 1%, Furthermore, the response of each spatial chan-
nel within the waveguide for specific sensing parameter may be different and then each
spatial channel could play the role of an orthogonal geophone. Therefore, SDM/MDM
technology is capable of achieving some functionalities which are hard to realize in
SMF-based deployments, such as simultaneous multi-parameter sensing. With parallel
spatial channels, such a multi-modal sensor paradigm will be not only beneficial to the
improvement of sensing sensitivity and detection speed, but also helpful in widening
the range of sensing. In addition, implementing SDM/MDM in sensing systems has
a comparative advantage of phase-/polarization-fading elimination. Similarly, some
techniques in distributed fiber sensors could also be employed to characterize and eval-
uate SDM/MDM-based links, thereby providing better guidance for communication
systems. With the development of SDM/MDM-based communication systems, fiber

sensing applications related to SDM/MDM will attract more interest.
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