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Over the past several decades, the data-carrying capacity of a single optical fiber have been increased significantly
by fully exploring and optimizing physical dimensions of the light. Generally there are five major candidates
of dimensions, including time, wavelength, polarization, space and quadrature (phase and amplitude). Multi-
dimension, utilizing more than two dimensions of the light simultaneously, is one of the essential characteristics
of next generation optical communication systems. We review recent advances in transmission of multi-

dimensional signals, and highlight innovative ways of exploring the polarization dimension to further increase
the capacity or spectral efficiency of a single optical fiber, a so-called pseudo-polarization-division-multiplexing
(PPDM) technique. Related demonstrations include non-orthogonal PDM, PPDM of three and four states (PPDM-
3 and PPDM-4). Brief discussions on trends of multi-dimensional signal transmission technologies are also

presented.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

With the rapid development of Internet-driven services, especially
the explosive increases of the Internet-based video and peer-to-peer
interactive applications, the global IP traffic broke the Zettabyte (ZB)
threshold at the end of 2016 and it will grow at a compound annual
growth rate (CAGR) of 22 percent from 2015 to 2020. By the end of
2020, global traffic will reach 2.3 ZB per year, or 194.4 EB per month
under Cisco’s forecast and methodology (Fig. 1) [1]. As a result, a
global community of researchers and engineers is relentlessly striving
to improve the backbone and local network infrastructures that can
carry more data, more efficiently than ever before. Over the last several
decades, optical communication technologies have been advancing
rapidly, supporting the ever-growing bandwidth requirements. The
transmission capacity of a single optical fiber now is up to 2.15 Pb/s [2].
To increase this figure-of-merit, researchers have been striving to find
innovative ways to explore and optimize the physical dimensions of
optical light. As shown in Fig. 2, mainly five physical dimensions can
be used for modulation and multiplexing to increase the capacity over
optical fiber links, i.e. time, wavelength, polarization, space (multicore
fiber, linearly polarized (LP) modes, orbital-angular momentum (OAM)
and vector modes) and quadrature (phase and amplitude) [2-12].
Obviously, multi-dimension, utilizing more than two dimensions of
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the light simultaneously to increase the overall capacity, is one of
the essential characteristics of next generation optical communication
systems.

In this paper, we first give a brief overview of recent advances in
transmission of multi-dimensional signals for next generation optical
communication systems, with an emphasis on optical time-division-
multiplexing (OTDM), wavelength-division-multiplexing (WDM), space-
division-multiplexing (SDM), quadrature modulation and polarization-
division-multiplexing (PDM). In Section 3, we present recent advances
of exploring polarization dimension to increase the transmission ca-
pacity over standard single-mode-fiber (SMF) links, including non-
orthogonal PDM, pseudo-PDM (PPDM) of three and four polarization
states (PPDM-3 and -4). In Section 4, before the summary, we will
briefly discuss the trends and challenges of multi-dimensional signal
transmission technologies.

2. Review of multi-dimensional signals transmission technologies

As shown in Fig. 2, five physical dimensions can be employed to carry
optical signals: time, wavelength, space, quadrature and polarization.
These dimensions can be utilized independently or simultaneously to
increase the data-carry capacity of optical communication systems.
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Fig. 1. Global IP traffic forecast and methodology (Source: Cisco VNI Ref. [1]).
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Fig. 2. Physical dimensions for optical communications.

2.1. Time dimension

The time dimension is exploited to increase the capacity over fiber
by multiplexing signals in different bit slots in the time domain. In other
words, it is practical to combine a set of low-bit-rate streams, each with
a fixed and pre-defined bit rate, into a single high-speed bit stream that
can be transmitted over fiber. This technique is well known as TDM. To
optimize multiplexing in the time dimension, pulse shaping may be used
to compress the spectrum of the temporal pulse subject to fundamental
time-frequency constraints, and multi-level modulation formats may
be employed to further increase bit-rate per pulse (e.g. PAM-4) [3,7].
TDM may be realized by electrical multiplexing (ETDM) or by optical
multiplexing (OTDM) to a high-speed data signal [13-17]. Currently,
almost all installed TDM optical communication systems are utilized
ETDM. Experimental OTDM transmission was demonstrated as early
as 1993 with bit rate of 100 Gb/s over 36 km fiber [15]. Since
then, OTDM-transmission technologies have made a lot of advances
toward much higher bit rates and much longer transmission links. 160
Gb/s transmission over a record length of 4320 km was reported in
Ref. [16] and a record data rate of 2.56 Tb/s transmission over 160
km was reported in Ref. [17]. However, it is still a challenging task for
OTDM technology to investigate the physical limits of ultra-high-speed
and ultra-long haul fiber transmission and to search for appropriate
and more practical techniques for data generation, transmission, and
demultiplexing to extend these limits.
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2.2. Wavelength dimension

Using the wavelength dimension, one may multiplex a number of
optical signals onto a single optical fiber by parallel using distinct
wavelengths of the laser light, namely WDM in optical communications.
In practical optical communication system, WDM technique, already
an “inherited” one, usually combines with SDM, PDM, and quadrature
modulation formats to increase the capacity of a single fiber. Addition-
ally, to meet the bandwidth requirements, the capacity is increased by
extending the WDM wavelength band from C-band to S-, L-, and U-band,
as well as decreasing the channel space from 100 GHz to 50 GHz or even
down to 25 GHz [9,18,19].

2.3. Space dimension

SDM, which utilizing the spatial dimension, refers to multiplexing
techniques that establish multiple spatially distinguishable data paths
through a single fiber. The SDM can be achieved by four ways, i.e. multi-
core fiber (MCF), LP modes multiplexing using multi-mode-fiber (MMF),
OAM and vector modes multiplexing. In the case of MCF, in which
the distinguishable paths are defined by physically distinct single-mode
cores (Fig. 2). The initial proposal of SDM using MCF were aimed at
short-reach applications. B. Rosinki et al. firstly demonstrated 1 Gb/s
data transmission over two cores of 4 core MCF at a wavelength of
850 nm [20]. Following greatly advances in the design and fabrication
of single-mode MCF and related components (e.g. amplifier) [21-24],
demonstrations of SDM transmission over MCF for long-haul applica-
tions have been showing impressive advances in terms of capacity, reach
and spectral efficiency. Table 1 shows the mainly advances that have
been made during the last few years. H. Takara and co-workers [25]
firstly reported the Pb/s (1.01 Pb/s) capacity transmission experiment
over 52 km 12 core MCF. Later, H. Takahashi’ group demonstrated a
long-haul (over 6160 km), WDM (40 x 103 Gb/s) transmission over MCF
by firstly utilizing a multicore EDFA [26] and a record capacity-distance
product of 1030.768 Pb/s x km was achieved [27]. A. Turukhin and
co-workers transmitted a single wavelength and total capacity of 1.282
Tb/s 8D-APSK signal over the longest transmission distance over 14 350
km 12 core MCF by utilizing single mode EDFA [28]. T. Mizuno and
co-workers reported a record 32 core long distance dense SDM (DSDM)
transmission of over 1644.8 km using a crosstalk-managed transmission
line [29]. Most recently, this group demonstrated the first 1 Pb/s DSDM
unidirectional inline-amplified transmission experiment over 205.6 km
of 32 core fiber using 100 GHz-spaced C-band WDM, utilizing a low
crosstalk heterogeneous multi-core fiber [30].

MMF utilizes the linearly polarized modes to establish multiple
spatially distinguishable data paths in a multi-mode fiber, which is well
known as mode-division multiplexing (MDM). It is quite different from
SDM transmission in MCF that the distinguishable mode paths have
significant spatial overlap, and consequently signals are susceptible to
coupling randomly among the modes during propagation [6-8]. To
mitigate the crosstalk resulting from modes coupling during propa-
gation, multiple-input multiple-out (MIMO) digital signal processing
(DSP) techniques are needed at the receiver [31]. However, the DSP
complexity requirements will increase rapidly with the multiplexed
modes. Therefore, most significant MDM demonstrations have so far
concentrated to few-mode fibers [32-42]. Table 2 shows the recent
advances in MMF systems demonstrations. R. Ryf and co-workers
transmitted 6 spatial modes and 32 WDM channels 16-QAM signals over
177 km FMF at spectral efficiency of 32 b/s/Hz [37], and 6 spatial
modes and 32 WDM channels QPSK signals over 708 km FMF at a
spectral-efficiency-distance product of 11 328 km x b/s/Hz [38]. A
later, the longest transmission distance of 900 km for 32 WDM channels
and 3 spatial modes with a 100 GHz channel spacing and a distance of
1500 km for a single wavelength channel 3 spatial modes experiment
were achieved [39]. Most recently, the record of 15 spatial modes
transmission over 23.8 km FMF was reported in Ref. [40]. The longest
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Year Cores Distance (km) Format Total capacity (Tb/s) Capacity-distance product (Pb/s x km) Ref.
2017 32 205.6 16-QAM 1000 205.6 [30]
2016 32 1644.8 16QAM 51.2 84.214 [29]
2016 12 14350 8D-APSK  1.282 18.391 [28]
2015 22 31 64-QAM 2150 66.65 [24]
2015 7 2520 QPSK 51.1 128.772 [23]
2014 7 7326 QPSK 140.7 1030.768 [27]
2013 7 6160 QPSK 28.8 177.408 [26]
2012 12 52 32QAM 1010 52.52 [25]
Table 2
Advances in MMF system demonstrations.
Year Modes Distance (km) Format Total capacity (Tb/s) Capacity-distance product (Pb/s x km) Ref.
2016 10 40 QPSK 0.4 0.016 [41]
2016 10 87 16QAM 67.5 5.873 [42]
2015 3 310 QPSK 18 5.58 [35]
2015 15 23.8 QPSK 18 0.428 [40]
2015 6 74.17 OFDM 41.6 3.085 [36]
2014 3 500 QPSK 33.288 16.644 [34]
2014 3 900 QPSK 9.6 8.64 [39]
2013 6 177 16QAM  24.6 4.354 [37]
2013 6 708 QPSK 6.1 4.319 [38]

transmission of 10 spatial modes over 40 km 50 pm core diameter MMF
was demonstrated by J. J. A. van Weerdenburg and co-workers [41].
A record spectral efficiency of 58 b/s/Hz per fiber core was done by
applying 30 GBaud 16-QAM over 87 km 10 modes FMF [42].

To further increase the transmission capacity, it is possible to
combine the multicore and multimode approaches together [8]. The
first experiments were carried out in Refs. [43,44]. DSDM transmission
over the longest 527 km graded-index 12 core 3-spatial-mode fiber was
been reported by K. Shibahara’s group [45]. The record fiber capacity of
2.05 Pb/s and the highest aggregate spectral efficiency of 947 b/s/Hz
DSDM transmission over 19 core 6-spatial-mode fiber were achieved by
D. Soma’s group successively [46].

OAM, sometimes described as the rotational analogue of linear
momentum, is one of the most fundamental physical dimensions of
laser light. It has given rise to many developments in optical manipu-
lation, optical trapping, optical tweezers, optical vortex knots, imaging,
astronomy, quantum information processing, and optical communica-
tion [10,57-61]. As for the application of optical communication areas,
it typically uses OAM beams as information carriers for multiplexing
that can be regarded as the analogue of WDM technique in optical fiber
communications. The early demonstrations of OAM optical communica-
tion were focused on free-space information communication [10]. Until
most recently, demonstrations of transmitting OAM signals in optical
fiber have been reported, while over only several hundred meters or few
kilometers [62-65]. In fibers, OAM beams are extremely unstable owing
to strong mode coupling [62-65]. Therefore, it is a great challenge to
investigate the physical limits for OAM signal transmission over long-
haul optical fiber link and seek appropriate techniques to overcome
these limits.

Vector modes are spatial modes that have spatially inhomogeneous
states of polarization, such as radial and azimuthal polarization. The
spatially inhomogeneous states of polarization of vector modes can
be used for many applications, including optical trapping, nanoscale
imaging, communications, and so on [11,12]. When using vector modes
in communications, we can exploit either vector modes encoding
scheme or vector modes multiplexing technique. R. R. Alfana’s Group
demonstrated an encoding scheme using four vector modes for optical
communication [66]. Vector modes multiplexing technique for optical
communication excites greatly interest lately as a new orthogonal mul-
tiplexing technique. 80 Gb/s vector modes multiplexing transmission
QPSK signal over free space was carried out by R. R. Alfana’s Group [67].
Most recently, 120 Gb/s vector modes multiplexing OFDM-32QAM and
95.16 Gb/s vector modes multiplexing OFDM-QSPK signal transmission

in free space were achieved by Z. Li’s group [68,69]. However, it is
a great challenge to transmit vector modes signal in fiber as even the
slightest perturbations to the cylindrical symmetry of fiber will induce
strong coupling between the vector modes [70,71].

Although greatly advances have been made in SDM over the past
years, much more work needs to be undertaken for improving the SDM
systems performance competitive with those of existing single mode
fiber systems.

2.4. Quadrature dimension

In communication systems, signal pulses are usually modulated onto
the carrier wave whose frequency is much higher than the symbol rate.
Ideal carrier wave is thought of having two independent components,
sine and cosine, or real and imaginary, or in-phase and quadrature phase
components, which are referred as the two quadrature dimensions.
Both quadrature dimensions can be exploited to modulate signal pulses
resulting in two-dimensional symbols, such as quadrature-amplitude-
modulation (QAM) shown in Fig. 2 (quadrature parts) [7,9]. Modulation
signal pulses onto two quadrature dimensions of the carrier wave was
initially exploited in wireless communication systems whose carrier
wave frequency is much lower than optical carrier frequencies. Fol-
lowing the greatly advances in the design and fabrication of optical
components (e.g. laser, optical modulator, optical hybrid and so on)
and coherent detection techniques, modulation signal pulses onto two
quadrature dimensions of the optical carrier wave have been developed
impressively [47-56]. Multi-level QAM signal is becoming an attractive
way to increase the fiber capacity. Table 3 summarizes the most
recent productive demonstrations of quadrature modulation formats
transmission for long-haul optical communication systems. 2048-QAM
single-carrier transmission over 150 km single mode fiber with 66 Gb/s
capacity was realized by S. Beppu and co-workers [53]. Total capacity
of 52.2 Tb/s 16-QAM signal transmission over the longest distance
of 10 230 km SMF was reported by J. X. Cai’ group [54], and them
demonstrated transmission of total capacity up to 63.5 Tb/s over 5380
km SMF using the 64-QAM later [55]. The record total capacity-distance
product of about 226.4 Pb/s x km over 6800 km SMF using 32-QAM
was achieved by S. L. Zhang’s group [56]. Generally, the capacity can
be increased by raising the modulation level of QAM signal under the
same Baud rate. However, the higher level QAM signals are more sus-
ceptible to system parameters (e.g. laser linewidth, fiber nonlinearity),
resulting the carrier-phase estimation algorithm becoming complex and
degrading the system performance. Therefore, it is better to make well
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Table 3

Advances in quadrature dimensions.
Year Modulation Format Distance (km) Capacity per 4 (Gb/s) Total Capacity (Gb/s) Capacity-distance product (Tb/sx km) Ref.
2015 2048-QAM 150 66 66 9.9 [53]
2017 512-QAM 160 216 216 34.56 [47]
2016 256-QAM 160 320 320 51.2 [48]
2017 128-QAM 80 400 12000 960 [49]
2017 64-QAM 300 1000 1000 300 [50]
2015 64-QAM 5380 233.5 63500 341630 [55]
2016 32-QAM 6800 198.2 33300 226423.68 [56]
2015 32-QAM 660 1000 1000 660 [51]
2014 16-QAM 10230 192 52200 534000 [54]
2016 QPSK 7878 400 3600 28360.8 [52]

trade-offs among the modulation level, capacity, distance and spectral
efficiency in long-haul, ultra-high speed and high spectral efficiency
optical communication systems.

2.5. Polarization dimension

The polarization of light, as another one of the most fundamen-
tal physical dimensions in classical and quantum mechanics, can be
exploited to simultaneously transmit independent signals on a set
of polarizations. PDM carries two independent signals at the same
wavelength with two orthogonal polarizations. It can double the sys-
tem capacity and spectral efficiency directly compared with single-
polarization systems [72-75]. Similar to other dimensions, it can also
combine with the information coded in quadrature dimension tech-
niques (e.g. QAM formats) to increase the capacity. Actually, the scheme
that incorporates quadrature modulation formats and PDM, as well as
WDM, has become one of the most practical techniques in ultra-high-
speed optical communication systems [76-79]. However, multiplexing
of polarizations, as an independent dimension of freedom, is still limited
to orthogonal state of polarizations (SOPs) in PDM systems. It would be
highly desirable if the orthogonality of polarization could be broken to
enable the signal to accommodate more polarization states at a single
wavelength, similar to WDM or SDM. Multiplexing of more than two
conventional SOPs was reported as long ago as 1986, when it was
only implemented in the free-space [80]. Recently, focus has turned to
the construction of novel communication systems through additional
polarization manipulation [81,82]. Due to certain physical limitations,
only on-off-keying (OOK) signal transmissions have been achieved
either theoretically or experimentally. Among these, Ref. [82] describes
the first experimental attempt of quad-polarization transmission, in
which four SOPs are carried by four individual wavelengths and the
transmission distance is limited to only 2 km. Therefore, the feasibility
of improving spectral efficiency (i.e., quadrupling or improving by
even larger factors), using advanced modulation formats (e.g., phase-
shift-keying), and transmitting over longer distance by polarization
manipulation is still questionable. In Section 3 of this paper, the most
recent developments of innovation ways for manipulation polarization
states will be discussed in details.

3. Multiplexing and demultiplexing of multiple polarization states

As mentioned before, it would be highly desirable if the orthogonal-
ity of polarization could be broken to enable the signal to accommodate
more polarization states at a single wavelength. Apparently the first
change to face is to find the way to optimize the transmission perfor-
mance of two polarization states that are not orthogonal any more.

One of the most popular methods of polarization demultiplexing
for PDM signals, especially for complex modulated signals, is to utilize
the Stokes vector in the Poincaré sphere. The signal described by the
Stokes vector is independent of linewidth, frequency offset, and pulse
shaping. Illustrations of unconventional and conventional polarization-
multiplexed schemes in the relative distribution and the Stokes space
are shown in Fig. 3. The left column shows the DPSK signals multi-
plexed with non-orthogonal polarizations, three polarizations and four

polarizations (Fig. 3a). For comparison, we also illustrate the conven-
tional PDM strategy for three different standard modulation formats:
DPSK, QPSK, and 8-quadrature amplitude modulation (8-QAM, Fig. 3b).
As can be observed from the relative distribution of the signal, in which
the phase evolution is denoted by color shading, great differences exist
between unconventional and conventional polarization-multiplexing.
However, in the Stokes space, the distribution and trajectory (circles in
Fig. 3) of the Stokes vector for both multiplexing strategies are similar.
Therefore, similar to the polarization demultiplexing of PDM-QPSK and
PDM-8QAM, PPDM-3 or -4 DPSK could be demultiplexed as well based
on Stokes analysis. The demultiplexing of multiple polarization states
can be divided into two steps: 1) polarization alignment (i.e. polariza-
tion tracking) and 2) demapping. Similar to Ref. [83], the polarization
alignment is implemented in Stokes space. The key of the polarization
alignment is to establish the fitted line (i.e. Non-orthogonal system) or
plane (i.e. PPDM-3 and -4 DPSK), and to find the normal n (i.e. [n,, n,,
n3]) of the fitted line or plane. Then, the inverse transformation matrix
M~ can be calculated by n, and expressed as:

M-l = cos (@) exp (jJA@/2)  sin(a)exp(—jAp/2) b
~ \-sin(a)exp (jAp/2) cos(a)exp(—jAd/2)

where ¢ = 1/2atan (Mni +n§,n1> — 0, and A¢ = atan (n3,n,). In this

case, the polarization alignment can be successfully achieved, and the
demapping of non-orthogonal, PPDM-3 and PPDM-4 system is presented
in the following, respectively.

3.1. Non-orthogonal polarization multiplexing

Up to now, there are some notable works about the minimum polar-
ization multiplexing angle (e.g. 45° and 60°) in PDM systems [80,82]
while the transmission distance is limited to only a few kilometers.
Here, an innovative way of exploring the minimization of polarization
multiplexing angle (i.e. # = 23°,) with long-reach transmission (i.e. 400
km SMF) for DPSK modulation format is introduced [84].

The detailed operation principle of the proposed algorithm for de-
multiplexing the non-orthogonal polarization states (e.g. p; and p,) with
the polarization multiplexing angle 6 that is less than 90° is described
as following. The Jones vector representing the received optical wave
shown as Figs. 4 (a-i) with non-orthogonal polarization states can be
written:

E—L e\ _ 1 [cos (&) + cos (0 + a)] exp (jwt + ji,)
_\/5 e, ) [sin (a) + sin (0 + @)l exp (jwt + jo,) ) °

V2

where 6 and « are the polarization multiplexing angle and the rotation
angle, respectively. The multiplier 1/ \/5 is required for normalization.
The Jones vector E of Eq. (2) is transformed into the Stokes vector. The
components of Stokes vector can be derived further as

(2)

so = (lex|* +ley*) /2 =1+ cos (6), 3)
s1= (leg]* = ley|?) /2 = cos (0 +2a) [1 + cos (0)], @
55 = leylle,| cos Agp = {sin (8 +2a) [1 + cos (9)]} cos Ag, 5)
53 = leglle,|sinAg = (sin (0 + 2a) [1 + cos (8)]} sinA¢ 6)
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orthogonal polarizations, three polarizations and four polarizations. (b) Conventional polarization-multiplexed schemes of three different standard modulation formats including PDM-

DPSK, PDM-QPSK and PDM-8QAM. LSP: least squares plane.
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Fig. 4. The minimization of polarization multiplexing angle in PDM systems for DPSK modulation format: (a) before polarization demultiplexing; (b) the proposed demultiplexing

scheme; (c) after polarization demultiplexing.

where 4p = ¢, — ¢, is the phase difference between the received
x and y polarization components. Here, the frequency offset between
the signal and the local oscillator is neglected. The first component
of the Stokes parameters s, represents the total signal power, and the
remaining three components s,, s,, s3 represent 0° linear, 45° linear and
circularly polarization component, respectively. Therefore, the received
optical wave (polarization multiplexed signals) can be finally mapped
into the Stokes space (as shown in Figs. 4(a-ii) or Fig. 4(b)). If the
two polarization tributaries are not exactly orthogonal (i.e. when they
are orthogonal, two polarization tributaries is 90° in Jones space,
180° in Stokes space), the two Stokes constellation points is separated by
90° + 26. It is worth noting that only one of the polarization tributaries

(e.g. p;) is demultiplexed perfectly (without crosstalk) if the rotation
angle « is used in Eq. (1), while the other polarization tributary (i.e. p,)
is yet inherited with crosstalk. Therefore, to perfectly demultiplex p,,
we can replace the rotation angles « with « — 6 in Eq. (1). Subsequently
the two polarization tributaries could be simultaneously demultiplexed
by using the rotation angles « and a—0 in Eq. (1), respectively (as shown
Fig. 4(c)). To sum up, the demultiplexing process is to respectively align
different principal polarization axes.

The bit-error-rate (BER) results in Fig. 5(a) show that the proposed
scheme can successfully demultiplex the 56 Gb/s PDM-DPSK signals
with different polarization multiplexing angles (i.e. = 23°, 45°, 67°).
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Fig. 5. 56 Gb/s PDM-DPSK transmission over 400 km: (a) BER performance for different polarization multiplexing angles (i.e. 6 = 23°, 45°, 67°); (b) BER performance for different PMD

values (i.e. PMD = 0.1, 0.3, 0.4 ps/km 0.5) with the multiplexing angle of 23°.

Fig. 6. Schematic diagram of the PPDM-3 DPSK signal. PC: polarization controller; OC: optical coupler; SSMF: standard single mode fiber; PBS: polarization beam splitter; LO: local

oscillator; OH: 90° optical hybrid; BD: balanced detector; DSP: digital signal processing.
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Fig. 7. Simulated phase information of (a) x-axis and (b) y-axis received signals after phase drift compensation.

The comparison of optical signal-to-noise-ratio (OSNR) penalties be-
tween different polarization multiplexing angles indicates that smaller
multiplexing angle corresponds to more severe crosstalk in the receiver
side. Since polarization-mode-dispersion (PMD) may also bring about
crosstalk, we further investigate the demultiplexing performance when
the transmission fiber link has certain amount of PMD. Fig. 5(b) shows
the BER performance for different PMD values (i.e. PMD = 0.1, 0.3
and 0.4 ps/km?%>) with the multiplexing angle of 23°. As expected, the
non-orthogonal polarization multiplexed signals are more susceptible to
the link PMD that results in severe crosstalk between two polarization
tributaries. As shown in Fig. 5(b), the relative OSNR penalty at 10>BER
for the PMD values of 0.1 and 0.4 ps/km®5 is ~ 4 dB. The OSNR

6

penalty would increase more rapidly when the mean differential-group-
delay (DGD) becomes larger. It is mainly because that the polarization
crosstalk would have a strong impact on the performance of PDM system
with multiplexing angle 23°. Therefore, PMD compensation method in
either time or frequency domain would be desired to further improve
the demultiplexing performance.

3.2. Pseudo-PDM of three states (PPDM-3)
When more than two polarization states are used for multiplexing, as

they are not orthogonal to each other, we call it as pseudo-PDM (PPDM).
Fig. 6 illustrates the principle of the multiplexing and demultiplexing
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Fig. 9. Conceptual illustration of PPDM-4 DPSK system for long-haul transmission; CR: coherent receiver. Insets illustrate the typical trajectory of PPDM signal transmission in the fiber
and the relationship of four principal axes of two coherent receivers.

for PPDM of three polarization states (PPDM-3) that carry DPSK signals
(i.e. the multiplexing angles are 0°, §° and 90°) [85]. Three independent

DPSK signals with difference states of polarization (SOPs) are multi-

plexed by the polarization controllers (i.e. PCs) and optical couplers
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Fig. 10. The phase density diagram for determining the decision thresholds when 0° SOP
aligned to a principal axis of CR1.

(OCs). After transmission over the standard SMF (SSMF), the PPDM-
3DPSK signal is injected into a coherent receiver. Along the principal
axis of the receiver (i.e. x- and y-axis), the input optical signal can
be divided into horizontal component E (t) and vertical component
E,(t). We assume that the SOPs of 0° and 90° are aligned to x- and
y-axis, respectively. After 90° optical hybrid and balanced detector, the
electrical signals are achieved as

Ly O =T} () +j X I (1) = a(®) X exp {j X [@pe () + @}y ) — 7/2]}
+[b(1) x cos ()] X exp {—j X [@ge (1) + @/ g0 (D] } » o
Iouty "= 13 @) +JjXx 14 H=c@®x exp {j X [(p90° ®»+ (p;90° - ”/2] }
+1[d (t) X sin ()] X exp {—j X [@ge () + @/, 4o D] }

where a (t), b (t), c (t) and d (t) are the coefficients that determined
by optical power and fiber effects, @go go g9~ (f) and (p; 05 100 190° 1ng° ®)
are the modulated phase and phase noises of the 0°, ° and 90° SOP,
respectively.

As seen from Eq. (7), the signals after optical detection may suffer
from severe crosstalk and it is hardly demultiplexed directly. However,
if the phase noise is compensated for I, (t) and I,,,(t), the phase of
the signal can be calculated, which leads to the polarization demulti-
plexing method more easy. To simplify the discussion, a simulation of
PPDM-3 transmission is performed assuming that the symbol rate, laser
linewidth and 6 are 10 GBaud, 100 kHz, and 30°, respectively. When the
polarization is well aligned, the simulated phase information of received
signals after phase noise compensation are shown in Fig. 7, where the
decision thresholds p,,; ~ p,4 are presented according to the statistical
histograms of phase density for different polarization tributaries. In this
case, four thresholds p,;,; ~ p,,4 can be obtained obviously when the
density of phase is lowest. According to the phase distribution, we can
make a distinction between 0°-SOP and 30°-SOP by introducing the
distances between two neighboring phase levels d, and d,. According
to Eq. (7), d, and d, can be expressed as 2xarctan {a (t)/[b (t) x cos
(6°)1} and 2xarctan {[b (t) x cos (6°)]1/a (t)}, respectively. If d|, < d,,
0°-SOP tributary is in the low level when ¢, < 1, otherwise, it is in
the high level. Meanwhile, 30°-SOP tributary is in the low level when
Mo < @oux < Hyn3»> Otherwise, it is in the high level. If d; > d,, 0°-SOP
is in the low level when p,;,; < @pux < M3, Otherwise, it is in the high
level. On the other hand, 30°-SOP is in the low level when ¢, < W15
otherwise, it is in the high level. Correspondingly, the 90°-SOP tributary
is determined to be low level when @,,,,, < |4, While it is in the high
level when ¢, > Wpa-
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Fig. 11. Measured BER performances; (a) shows the performance comparison between
PPDM-4 DPSK system and PDM-QPSK system under the same SE and the same bit rate
(100 Gb/s). Inset illustrates the simulation results; (b) shows the back-to-back, 10 km
transmission and 80 km transmission bit-error-rate performances for 40 Gb/s DPSK signal;
(c) shows the back-to-back and 150 km transmission performances for 100 Gb/s PPDM-4
DPSK signal.

Fig. 8(a) shows the back-to-back performance of single, dual and
three polarization multiplexing system (i.e. the multiplexing angles are
0°, 30° and 90°) at the rate of 10 GBaud for a comparison. As shown in
Fig. 8(a), the power penalty of the proposed scheme is about 2.5 dB for
0°-SOP and 90°-SOP at 7% FEC limit compared to the single polarization
system, and about 3.5 dB penalty for the 30°-SOP case. Compared to the
orthogonal polarization-division-multiplexed (PDM) system, the power
penalties of the proposed scheme are negligible for 0°-SOP and 90°-
SOP, and 1 dB for 30°-SOP is observed. Figs. 8(b), (c) and (d) show
the BER performances versus input power before the receiver for 0°-,
30°- and 90°-SOP, respectively. Approximately 5 dB power penalty is
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observed at 7% FEC limit when the multiplexed signal transmits over
680 km at 3 x 10 Gb/s for 0°-SOP. Afterwards, the rate of signal is
increased to 3 x 25 Gb/s, and the transmission distance is reduced to
300 km. The power penalty increases to 6 dB at 7% FEC correspondingly.
Meanwhile, the power penalty is about 9 dB after transmission over 680-
km at 3 x 10 Gb/s and about 6.2 dB after transmission over 300 km at
rate up to 3 x 25 Gbit/s for 30°-SOP. For the tributary of 90°-SOP, the
power penalties are about 5 dB and >6 dB after 680 km and 300 km
transmission, respectively.

3.3. Pseudo-PDM of four polarization states (PPDM-4)

Fig. 9 illustrates the multiplexing and demultiplexing scheme for the
PPDM-4 transmission of DPSK signals [5]. The setup is similar to that of
PPDM-3. Assuming that the SOPs of the four states are 0°, 30°, 90° and
120°. The multiplexed signal is subsequently transmitted over SMF with
varying polarization, whose typical trajectory is illustrated in the inset
of Fig. 9. At the receiver side, the PPDM-4 DPSK signal is first split into
two streams (i.e., E; and E,) by an OC. Subsequently, two coherent
receivers (CR1 & CR2) are employed to detect the signal and extract the
Stokes vector S. Taking CR1 as an example, when 0° SOP aligned to a
principal axis of CR1, a novel visual illustration termed the phase density
diagram is provided to determine the decision thresholds as shown in
Fig. 10, where color denotes the density of the signal phases. Typically,
the phase density of PPDM-4 DPSK is divided into three levels at any
time point. Between these levels, two decision thresholds (i.e., uy,,; &
Uy for the E;, tributary that correspond to the low-density regions can
be determined. The 2D diagram of Fig. 10 shows the decision thresholds
more clearly according to the values of the blue points. Finally, the
0° polarization tributary (or 90° polarization tributary) is determined
to be at a low level when wuyy < uy, < ugyny (OF o < uy < Ugp,y), Where
u, and u, are the two tributaries after phase recovery. The parameters
Uppi and ug,,; (0 = 1 and 2) are decision thresholds for 0° polarization
and 90° polarization, respectively. Otherwise, they are at a high level.
For the other two channels (i.e., 30° polarization and 120° polarization),
the demodulation algorithm is the same as in the previous process.

The back-to-back BER performance of a 4 x 25 Gb/s PPDM-4 DPSK
system is compared to that of a 100 Gb/s PDM-QPSK signal under the
same spectral efficiency as shown in Fig. 11(a). It can be observed that
the power penalty is approximately 2 dB at the 7% FEC threshold. This
finding indicates that the proposed scheme can be used as an alternative
to PDM-QPSK in a flexible-rate coherent system, demonstrating the
potential of using the freedom of polarization for future optical networks
to further increase the system capacity and spectral efficiency without
changing current devices or system infrastructures. The BER under
different transmission rates and different transmission lengths are also
compared as shown in Fig. 11(b). Here, only tributaries of 0° polariza-
tion and 90° polarization are presented since the performance of the
other two channels (i.e., 30° polarization and 120° polarization) is
similar to these two tributaries. When the transmission rate decreases
to 40 Gb/s, the back-to-back receiver sensitivities of 0° polarization and
90° polarization are —25.3 dB and —24.9 dB, respectively. Subsequently,
when the PPDM-4 DPSK signal is fed into the 10 km and 80 km SMF,
the receiver sensitivities at 7% FEC are —21.24 dB, —21.19 dB, —18.04
dB and —17.41 dB for 0° polarization and 90° polarization. Finally,
the BTB and transmission performances of a 100 Gb/s PPDM-4 DPSK
signal is also investigated as shown in Fig. 11(c). A transmission distance
of up to 150 km is realized with a power penalty of 8 dB. While we
have to admit that there are certain challenges need to be overcame
when the multi-level signals (i.e. M-PSK and M-QAM) are applied to the
pseudo-PDM schemes, including phase drift compensation, polarization
crosstalk management, instable phase relationship, and so on. It is
expected though that multi-level signals over multiple polarization-
multiplexed systems could be accomplished after these challenges being
solved in the near future.

Optics Communications 1 (1111 HIE-ENA
4. Discussions & Conclusion

Great advances has been made in multi-dimension signal transmis-
sion over the past several decades. Various innovative technological ap-
proaches have been developed, which significantly improve the overall
capacity of a single optical fiber, as well as other figure-of-merits, such
as reach, spectral efficiency and capacity-distance product. However,
much more efforts need to be spent to optimize these approaches from
the practical point of view and make system performance competitive
with those of existing systems in terms of cost, reliability, operability and
so on. As the growth of bandwidth requirements is endless, investigating
the physical dimension limits for multi-dimension signal transmission
over long-haul optical communication systems and seeking appropriate
techniques to further breakthrough those limits are still a great challenge
in future.
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