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Use of polarization freedom beyond polarization-
division multiplexing to support high-speed and
spectral-efficient data transmission

Zhi-Yu Chen, Lian-Shan Yan, Yan Pan, Lin Jiang, An-Lin Yi, Wei Pan and Bin Luo

Increasing the system capacity and spectral efficiency (SE) per unit bandwidth is one of the ultimate goals for data network design-
ers, especially when using technologies compatible with current embedded fiber infrastructures. Among these, the polarization-
division-multiplexing (PDM) scheme, which supports two independent data channels on a single wavelength with orthogonal polar-
ization states, has become a standard one in most state-of-art telecommunication systems. Currently, however, only two polarization
states (that is, PDM) can be used, setting a barrier for further SE improvement. Assisted by coherent detection and digital signal
processing, we propose and experimentally demonstrate a scheme for pseudo-PDM of four states (PPDM-4) by manipulation of four
linearly polarized data channels with the same wavelength. Without any modification of the fiber link, we successfully transmit a
100-Gb s~ PPDM-4 differential-phase-shift-keying signal over a 150-km single-mode fiber link. Such a method is expected to
open new possibilities to fully explore the use of polarization freedom for capacity and SE improvement over existing fiber systems.
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INTRODUCTION

Polarization of light, as one of the most fundamental physical
quantities in classical and quantum mechanics, has a pivotal role in
numerous applications, such as high-capacity transmission!?, photon
ionization?, sub-wavelength localization®, waveform generationS’6 and
coherent multidimensional spectroscopy’. Among these, high-capacity
transmission techniques have attracted successively more attention as a
result of ever-increasing data traffic during the past few years. As an
additional degree of freedom, manipulation of the state of polarization
(SOP) of light, as well as the amplitude and phase could determine the
time evolution of the signal and improve both the system capacity and
the spectral efficiency (SE). One of the most popular polarization
manipulation technologies is the polarization-division-multiplexing
(PDM) strategy®, which combines two linear and orthogonal SOPs
over a single wavelength. Because it is uncoupled to other optim-
ization approaches, PDM can be applied to almost any system
including wavelength-division multiplexing®'?, optical time-division
multiplexing!!, mode-division multiplexing!? and space-division mul-
tiplexing (SDM)!3 systems. Beyond linear polarization manipulation,
there has been an increasing interest in signal multiplexing with
spatially inhomogeneous SOPs such as vortex beams'#1® and cylind-
rical vector beams!”1°. On the basis of such unconventional SOPs of
light, orbital-angular momentum (OAM) multiplexing has been
proposed in both free-space and fiber-based optical communication
systems?*22, The advantages of both SDM and OAM are still under

intensive investigation, and the deployment of such schemes requires
significant modification or even rebuilding of current fiber networks?.
Therefore, improving the system capacity based on the manipulation
of linear polarization is still of great interest and would be much more
efficient if the maturity of polarization management and high
compatibility with current systems were ensured.

Higher-order amplitude modulation such as pulse amplitude-
modulated four-level (PAM4) and higher-order phase modulation
such as quadrature phase shift keying (QPSK) have been widely
applied to short-reach communication and long-haul transmission,
respectively. However, modulation of polarization, as an independent
degree of freedom, is still limited to orthogonal SOPs in PDM systems.
It would be highly desirable if the orthogonality of polarization could
be broken?*?> to enable the signal (that is, both intensity modulation
and phase modulation) to accommodate more polarization states
at a single wavelength, similar to higher-level amplitude and phase.
Transmission multiplexing with more than two conventional SOPs
was reported as long ago as 1986, when it was implemented in
free space’®. Recently, focus has turned to the construction of
novel communication systems through additional polarization
manipulation?”?8, On the basis of fundamental principles underlying
these approaches, only on-off-keying (OOK) signal transmissions have
been achieved either theoretically or experimentally. Among these?3,
describes the first experimental attempt of quad-polarization transmis-
sion, in which four SOPs are carried by four individual wavelengths
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(unlike conventional PDM approaches), and the transmission distance
is limited to only 2 km. Therefore, the feasibility of improving SE (that
is, quadrupling or improving by even larger factors), using advanced
modulation formats (for example, phase shift keying), and transmit-
ting over longer distance by polarization manipulation is still
questionable.

In this paper, we propose and experimentally demonstrate a
pseudo-PDM of four states (PPDM-4) system over standard single-
mode fiber (SMF) to explore the use of polarization freedom. In
contrast to the four-dimensional modulation format®?, the four input
streams of the proposed system are fully independent of each other.
Assisted by polarization manipulation, coherent detection and digital
signal processing (DSP), four differential-phase-shift-keying (DPSK)
data streams with the same wavelength (that is, PPDM-4 DPSK) are
transmitted using four linear SOPs. The neighboring angles of the
multiplexed signal are 0°, 30° 90° and 120°. Two coherent detectors
are used at the receiver side whose polarization principal axes are
aligned to the SOPs of four input signals. The 100-Gbs~! PPDM-4
DPSK signals are effectively transmitted over a 150-km SMF link with
less than an 8-dB power penalty. Furthermore, the potential of the
PPDM-4 DPSK system is shown to be comparable to PDM-QPSK
systems under the same capacity and the same SE. As the first attempt
to transmit more than two polarization states over a single-wavelength
and standard fiber links, such demonstration may open an era for
network designers to further use polarization freedom for ultra-high
SE and capacity fiber communication systems after further optimiza-
tion (for example, the incorporation of demultiplexing schemes and
processing algorithms).

MATERIALS AND METHODS

Polarization recognition and manipulation based on Stokes vector
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. Typically, after chromatic
dispersion compensation and timing recovery, the Stokes space repre-
sentation of a signal is obtained by computing the Stokes parameters

of linearly polarized received signals according to Equation (1),
So a + ay
5] Ll a-a
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where a, and a, are the amplitudes of two received signals from the
coherent receiver and A is the phase difference between these two
signals. The first component of the Stokes vector sy is the total power,
whereas the remaining components, [s;, s», s3]7, represent the SOP of
the received signal. The vector [s;, sy, s3]7 allows for visualization of
the SOP on the Poincaré sphere after normalization using the
maximum of the vector s,. It is important to note that the signal
described by the Stokes vector is independent of linewidth, frequency
offset, and pulse shaping as Equation (1) contains only the amplitudes
of the two received signals and their relative phase difference.

On the basis of Equation (1), illustrations of unconventional and
conventional polarization-multiplexed schemes in the relative distri-
bution and the Stokes space are shown in Figure 1. The left column
shows the DPSK signals multiplexed with non-orthogonal polariza-
tions, three polarizations and four polarizations (Figure la). For
comparison, we also illustrate the conventional PDM strategy for
three different standard modulation formats: DPSK; QPSK; and
8-quadrature amplitude modulation (QAM)3! (Figure 1b). As can
be observed from the relative distribution of the signal, in which the
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phase evolution is denoted by color shading, great differences exist
between unconventional and conventional polarization multiplexing,
especially for the PPDM-4 signal, whose four polarizations are clearly
tangled. However, in the Stokes space, the distribution and trajectory
(circles in Figure 1) of the Stokes vector for both multiplexing
strategies are similar. Therefore, similar to the polarization demulti-
plexing of PDM-QPSK and PDM-8QAM, PPDM-4 DPSK could be
demultiplexed as well based on Stokes analysis. It is noted that the
images of the Stokes space of the PPDM-4 DPSK signal reveal several
interesting characteristics. (i) Six symbols (or clusters) are presented
when the signal maps to the Stokes space, and all points are in a plane;
(ii) the transitions that are linear in the phase plane occupy more
complicated trajectories in the Stokes space; and (iii) clusters rotate
arbitrarily, maintaining their relative positions.

According to the characteristic of PPDM-4 DPSK in the Stokes
space, a clustering algorithm for classifying data sets into separate
groups is used to recognize the positions of the clusters” centroids (uy)
by minimizing the parameter defined by Equation (2).

ZZHXz—ukll (2)

=1 ieCy

where K, N and J are the number of clusters, number of sampling
points and cost function, respectively. Subsequently, the plane of these
Stokes vectors and its normal can be defined by using the least-square
algorithm, and this plane as shown in Figure 1 can be termed the least
squares plane (LSP).

Assuming that the normal of the standard LSP is aligned to the S
direction in the Poincaré sphere, whose value is [1,0,0]7, the arbitrary
LSP with the normal of n ([111,115,113]7) can be rotated to be aligned to
the standard LSP by using a matrix, which is given by>°

o < cos (2)exp(jAb/2)  sin (a)exp(—qu>/z>> 5
—sin (x)exp(jA¢/2)  cos (x)exp(—jAd/2)
where o = 27! arctan (n1, \/n3 + n%) and A¢ =arctan (n, n3). The
function arctan (x, y) accounts for the signs of x and y. By using
Equation (3), the polarization states of light can be manipulated
arbitrarily.

Multiplexing and demultiplexing of PPDM-4 DPSK signal

The key components of the PPDM-4 DPSK system are the multi-
plexing and demultiplexing schemes, whose conceptual illustration is
shown in Figure 2. Four independent DPSK signals with four different
polarizations are multiplexed using four polarization controllers and
an optical coupler. Assuming that the SOP of the first channel is 0°,
the SOPs of the others are 30° 90° and 120° respectively. The
multiplexed signal is subsequently transmitted over SMF with varying
polarization, whose typical trajectory is illustrated in the inset of
Figure 2.

At the receiver side, the PPDM-4 DPSK signal is first split into two
streams (that is, E; and E,) by an optical coupler. Subsequently, two
coherent receivers (CR1 and CR2) are used to detect the signal and
extract the Stokes vector S. However, in practical applications, the
extracted Stokes vector varies randomly over time. Therefore, polar-
ization tracking (as well as DPSK signal demodulation) has the key
role in the demultiplexing algorithm.

Taking CRI as an example, four received I and Q signals (that is,
Eix, Eixg Eiyr and Ejyq) are sent to the real-time oscilloscope to
recover the two complex signals Ey, and Ej,; the DSP algorithm for
polarization demultiplexing is shown in Figure 3a. First, the trans-
mitter and CR1 are assumed to be in the same coordinate system;
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therefore, one polarization principal axis of CR1 is aligned to the §;  polarization tributaries (that is, 0° polarization) should always be
direction on the Poincaré sphere, where S; represents the linear aligned in the S; direction. However, in practical systems, misalign-
horizontal polarization state. During demultiplexing, one of four ment between the received PPDM-4 DPSK signal and the principal

b
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PDM-QPSK

PPDM-4 DPSK PDM-8QAM

Figure 1 lllustration of unconventional and conventional polarization-multiplexed schemes in relative distribution and the Stokes space. (a) DPSK signal
multiplexing with two non-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.
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Figure 2 Conceptual illustration of PPDM-4 DPSK system for long-haul transmission. Insets illustrate the typical trajectory of PPDM signal transmission in
the fiber and the relationship of four principal axes of two coherent receivers. OC, optical coupler.
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axis of CR1 would result in arbitrary rotation of the clusters because of
the random variation of the polarization as shown in Figure 3b. In this
case, the phase of the detected signal appears chaotic, as illustrated in
Figure 3d. Subsequently, the SOP of the received signal is rotated by
using Equation (3), resulting in the vector normal to the LSP being
aligned in the S; direction (Figure 3c). As a result, the final data of
CRI after polarization manipulation are expressed as follows:

Eyp, ~1( Eix

(&)= (5) ®

The theoretical phase constellation of multiplexed signal after
polarization manipulation is shown in Figure 3e. Clearly, the signal,
whose phase exhibits serious fluctuations because of the linewidth of
the laser, still cannot be separated. Therefore, phase recovery and
decision are required in the demodulation block. In the conventional
PDM-QPSK system, the Viterbi—Viterbi method is widely used to
estimate and compensate the carrier phase, which is also applied to the
PPDM-4 DPSK system. After the linewidth compensation, the phase

constellation is split into eight points as shown in Figure 3f; four of
them are very close. This phenomenon occurs because a part of the
neighboring channels (that is, 30° and 120° polarization) are coupled
into the 0°/120° polarization channel when the signal is demulti-
plexed. In contrast to the conventional PSK signal, the symbol
decision of PPDM-4 DPSK is challenging to perform in phase
space as the phase constellation diagram is not orthonormalized.
Therefore, a novel visual illustration termed the phase density
diagram is provided to determine the decision thresholds as shown
in Figure 3g, 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 (that is, wug, and wgpy) for the Ej, tributary that
correspond to the low-density regions can be determined.
The two-dimensional diagram of Figure 3g 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 u,, < up, < ugp

a
Multiplexed E, — _
signal Coherent Demodulation
~+ receiver. vector Phase - e
LO (CR1)t 1y S1y/extraction /& recovery, Decision gy
e v 4

e Phase
constellation

f Phase
i constellation Decision
threshold

Figure 3 Algorithm of PPDM-4 DPSK signal demultiplexing; (a) illustrates main modules of signal demultiplexing algorithm. (b, ¢) The theoretical SOP of
multiplexed signal before and after polarization tracking, respectively. The polarization principal axis of CR1 is aligned to S1 direction. (d, e) The phase
constellation before and after polarization tracking. (f) The phase constellation after linewidth compensation. (g) The phase density diagram for determining

the decision thresholds.

1550 nm

Coherent
receiveri

ey

OC4 DSP

Coherent
receiver2

Yy

Figure 4 Experimental configuration for PPDM-4 DPSK system. ECL, external cavity laser; LO, local oscillator; PC, polarization controller; PM, phase

modulator; VOA, variable optical attenuator.
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(or ugyp <t, <tygy), where u, and u, are the two tributaries
after phase recovery. The parameters uy,,; and uy,,; (i=1 and 2) are
decision thresholds for 0° and 90° polarization, respectively.
Otherwise, they are at a high level. For the other two channels
(that is, 30° and 120° polarization), the demodulation algorithm is
the same as in the previous process.

The SOP angle difference between the principle axes of the two
CRs is a constant (that is, 30°) according to the inset of Figure 2.

a,
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0.5 1

-1 -05 0 -0.5 0 0.5 1

Figure 5 Measured phase constellation diagrams; (a, b) the phase
constellations before and after polarization tracking, respectively. (c, d) The
phase constellations before and after phase recovery, respectively.
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Therefore, one of the CRs (namely, CR2) might be removed when the
received signal after Stokes vector extraction and SOP rotation
(Figure 3a) is divided into two streams, one of which is then rotated
by 30° in the Jones space according to [cos(30°) sin(30°); —sin(30°)
c0s(30°)] x [Eyp, E,]T. In this case, the additional 30° SOP rotation can
be equal to the CR2 alignment, and the two coherent receivers can be
reduced to one. However, by using this method, a performance
difference between the 0°/90° polarization channel and the 30°/120°
polarization channel appears.

Experimental configuration

The experimental configuration of the 4x 25 Gbs~! PPDM-4 DPSK
optical communication system over 150-km SMF transmission is
shown in Figure 4. At the transmitter, the light from an external cavity
laser at 1550 nm is first divided into four streams and then modulated
by four phase modulators with a 2> — 1 pseudorandom bit sequence.
Subsequently, the signals are polarization multiplexed to generate a
PPDM-4 DPSK signal using four polarization controllers and a 4 X 1
optical coupler. The multiplexed signal is aligned to the chosen SOPs,
including 0°, 30°, 90° and 120°. Here four variable optical attenuators
are applied in four branches to balance the power among these. No
symbol synchronization is required here. Subsequently, the PPDM-4
DPSK signal launches into a 150-km SMF, whose loss is compensated
by an erbium-doped fiber amplifier.

At the receiver side, the multiplexed signal is split into two streams
by an optical coupler and then detected by two coherent receivers with
a local oscillator. After photodetection, the electrical signals are
digitized and sent to the real-time oscilloscope with a bandwidth of
36 GHz to perform DSP functionalities, including resampling, Stokes
vector extraction, polarization rotation, phase calculation, phase
recovery, decision and decoding.
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Figure 6 Experimental observation of phase density diagrams; (a, b) the phase density of 0° polarization before and after phase recovery; (c, d) the phase

density of 90° polarization before and after phase recovery.
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RESULTS AND DISCUSSION

Taking one output of CRI1 (that is, E;,) as an example, the
constellation diagrams of this channel before and after polarization
rotation are shown in Figure 5a and 5b, where the power before CR1
is —19.36 dBm (—22.36 dBm for each tributary). In this case, 6000 b
are processed to calculate the phase constellation, which is able to
avoid the phase noise of the optical carrier because of the slow
variation of the linewidth. As can be observed from Figure 5a and 5b,
the constellation becomes clearer after polarization rotation
(Equations (3) and (4)). When the SOP of the 0° polarization
tributary is aligned to the one polarization principal of CR1 (that is,
the S; direction), the compensation performance is at the optimum
level. Figure 5¢ and 5d, shows the constellation diagrams before and
after carrier phase recovery. The linewidth of the used laser causes the
phase information to become chaotic. However, by applying the phase
recovery, the constellation, which is split into two parts, becomes
clearer. Carrier phase recovery can thus be successfully realized in a
PPDM-4 DPSK coherent system. It is noted that eight phase points are
observed in Figure 5d because of the mapping from the neighboring
tributaries, including 30° polarization and 120° polarization. The
decision threshold is illustrated in Figure 5d as well. As mentioned
above, this decision threshold is challenging to determine as the
clusters of phase are not orthonormalized.

Figure 6 shows the phase density diagrams before and after
phase recovery for 0° and 90° polarization, respectively. The color
denotes the density of the phase point. As can be observed from
Figure 6a and 6¢, large crosstalk of the phase can be observed as
the color distribution exhibits considerable variation. As a result of
the phase recovery, the layers of phase density become clearer, and the
decision thresholds can be determined according to the values
of the red lines. The corresponding histogram of phase density is
presented as well according to Figure 6b and 6d, and illustrates the
thresholds more clearly.

To investigate the practical usage of the PPDM-4 DPSK system, the
back-to-back (BTB) bit-error-rate performance of a 4x25-Gbs™!
PPDM-4 DPSK system is compared with that of a 100 Gbs~! PDM-
QPSK signal under the same SE as shown in Figure 7a. The hard-decision
7% overhead forward error-correcting (FEC) threshold is depicted for
reference. It can be observed that the power penalty is ~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,
which demonstrates the potential of using the freedom of polarization for
future optical networks to further increase the system capacity and SE
without changing current devices or system structures.

To further evaluate the system performance, the bit error rate under
different transmission rates and different transmission lengths are also
compared as shown in Figure 7b. Here only tributaries of 0° and 90°
polarization are presented as the performance of the other two
channels (that is, 30° and 120° polarization) is similar to these
two tributaries. The hard-decision 7% overhead FEC threshold is
depicted for reference as well. When the transmission rate decreases to
40 Gb s~ 1, the BTB receiver sensitivities of 0° and 90° polarization are
—25.3 and —24.9 dB, respectively. Subsequently, when the PPDM-4
DPSK signal is fed into the 10 and 80km SMF, the receiver
sensitivities at 7% FEC are —21.24, —21.19, —18.04 and —17.41 dB
for 0° and 90° polarization. Finally, the BTB and transmission
performances of a 100-Gbs~! PPDM-4 DPSK signal is also investi-
gated as shown in Figure 7c. A transmission distance of up to 150-km
is realized with a power penalty of 8 dB.
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Figure 7 Measured bit-error-rate performances; (a) the performance
comparison between PPDM-4 DPSK system and PDM-QPSK system under
the same SE and the same bit rate (100 Gb s~1). Inset illustrates the
simulation results; (b) the BTB, 10 and 80-km transmission bit-error-rate
(BER) performances for 40 Gb s~ DPSK signal; (c) the BTB and 150-km
transmission performances for 100-Gb s~! PPDM-4 DPSK signal.

doi:10.1038/1sa.2016.207


http://dx.doi.org/10.1038/lsa.2016.207

Although a power penalty of ~2dB appears compared with the
PDM-QPSK system at the present stage, we still anticipate that the
performance of the proposed system could approach that of the PDM-
QPSK system (that is, a power penalty of <1 dB, as shown in the inset
of Figure 7a), if more effective phase recovery and polarization
tracking algorithms are used. Such optimization will be conducted
in the near future.

In addition, the proposed demultiplexing scheme can be extended
to the system multiplexed with more than four polarizations. Taking
the PPDM-5 DPSK system (that is, 0°, 30°, 45° 90° and 120°) as an
example, the multiplexed signals can be recovered when the decision
thresholds are determined based on the phase density property.
However, two issues should be addressed: (i) polarization alignment
is realized by adjusting polarization controller before the coherent
receiver instead of rotating the Stokes vector based on Equations (3)
and (4) as eight clusters presented in the Stokes space are not in one
plane; (ii) the demultiplexing performance of the 45° polarization
channel is worse than other channels because more crosstalk noise are
coupled into this channel (the insertion loss is not the main reason as
it can be compensated easily using commercial erbium-doped fiber
amplifier). Therefore, the system performance is expected to degrade
as the number of multiplexed polarizations increases. In conclusion,
this manuscript provides a first-step investigation for exploring the
feasibility of the PPDM-4 system. We note that certain challenges need
to be further investigated, such as real-time processing and more
efficient linewidth compensation and polarization tracking.

CONCLUSIONS

With the aiming of fully exploring the polarization freedom for
high-performance optical fiber communication systems to significantly
enhance capacity and SE, we have proposed a novel configuration of
signal multiplexing with four linear polarization states and investigated its
transmission performance over SMF. Assisted by coherent detection and
DSP, the demultiplexing schemes for a PPDM-4 DPSK signal were
presented. Compared with the PDM-QPSK system under the same SE,
the power penalty of the proposed system is ~2dB for 7% FEC. In
addition, a 100-Gb s~! PPDM-4 DPSK signal is successfully transmitted
over 150-km SMF with a power penalty of 8 dB. It is expected that the
performance will improve after further optimization of related algorithms.
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