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This paper describes the state-of-the-art of polarization multiplexing for optical networks transmission. The use of polarization
division multiplexing (PDM) permits to multiply the user capacity and increase the spectral efficiency. Combining PDM and
orthogonal frequency division multiplexed (OFDM) modulation allows maximizing the optical transmission capacity. The
experimental demonstration of transmitting OFDM signals following ECMA-368 ultrawide band (UWB) standard in radio-over-
fiber using PDM in passive optical networks is herein reported. The impact of cross-polarization and cochannel crosstalk is
evaluated experimentally in a three-user OFDM-UWB subcarrier multiplexed (SCM) configuration per polarization. Each SCM
uses up to three OFDM-UWB channels of 200 Mbit/s each, achieving an aggregated bitrate of 1.2 Gbit/s with 0.76 bit/s/Hz spectral
efficiency when using PDM transmission. The experimental results for the polarization-multiplexed SCM indicate that a 4 dB
additional polarization crosstalk interference can be expected compared to a nonpolarization-multiplexed transmission system
which translates to 2.4 dB EVM penalty in the UWB signals. The successful PDM transmission of SCM multiuser OFDM-UWB

over a passive optical network of 25 km standard-single mode fiber (SSMF) reach is demonstrated.

1. Introduction

The ever-growing transmission capacity demand in optical
transmission systems has brought out the necessity of increas-
ing the spectral efficiency employing different transmission
techniques. Several approaches have been proposed to date in
order to increase the transmission capacity, that is, bitrate by
number of users. In particular, the use of efficient modulation
formats altogether with advanced multiplexing techniques
has been indicated as an interesting approach.

New modulation formats have been reported suitable for
providing higher bitrate to the final customer. Especially,
orthogonal frequency division multiplexing (OFDM) modu-
lation has been adopted by several wireless standards such as
3GPP long-term evolution (LTE) or IEEE 802.16 worldwide
interoperability for microwave access (WiMAX), between
others. Also, new transmission technologies based on spread-
ing techniques such as ultrawide band (UWB) use OFDM
modulation. These signals can achieve high spectral efficiency
when using several hundreds of OFDM subcarriers. Another
advantage of the OFDM signals is the capability to correct

multipath fading thanks to the cyclic prefix of the OFDM
signal. For these reasons, OFDM suitability for optical com-
munications has attracted a lot of attention in the fiber-optic
community in the last decade [1].

Optical communication systems are developing rapidly
to provide high-bitrate services to the final customer using
fiber-to-the-home (FTTH) networks. Moreover, as the use
of wireless services employing OFDM modulation is widely
extended, radio-over-fiber has been appointed as a rapid
and cost-effective solution to facilitate the deployment of
integrated access networks and to reach customer premises
with high bit rate wireless signals [2]. Using a radio-over-fiber
system, we can transport different OFDM-based wireless
signals in its native format and regulated frequency band.

However, the ever-growing wireless services demand
jointly with the radio spectral scarcity pointed out the
necessity of increasing the spectral efficiency, combining new
modulation formats with advanced multiplexing techniques.

One optical technique used to improve the efficiency
of optical communication systems is polarization division
multiplexing (PDM). The use of PDM permits multiplying
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FIGURE 1: (a) Examples of linear, circular, and elliptical SOP. (b) Orthogonal polarization representation in Poincaré sphere. (c) Example of
orthogonal ellipses of polarization. (d) Spectrum allocation examples for PDM transmission systems.

the transmission capacity, as different signals can be trans-
mitted over orthogonal states of polarization of the same light
3].

Another technique used to increase the capacity of
optical networks is subcarrier multiplexing (SCM). The
SCM method combines several electrical signals at different
frequencies to be transmitted over the same optical light.
SCM-based passive optical networks (PONs) enable multiple
users to share the optical channel and the associated optical
components which reduces the overall cost of the network
[4]. The use of SCM techniques with OFDM-based signals
has been facilitated in the last years by the market availability
of cost-effective electrooptic modulators with large frequency
range and good linearity [5]. The combination of the PDM
and SCM techniques opens up the opportunity of maximiz-
ing the capacity of optical networks. In order to combine the
advantages of the different techniques; this paper reports a
PDM radio-over-fiber system for the transmission of SCM
OFDM-based signals in passive optical networks.

This paper is structured as follows. In Section 2, an
overview of the progress of PDM techniques through the

last years is included. In Section 3, the performance of a
radio-over-fiber system transmitting full-standard OFDM
modulated signals combining PDM and SCM is evaluated
experimentally. The cross-polarization interference when
using SCM transmission in a PDM radio-over-fiber system
is studied in this work analyzing different OFDM-UWB
channels. The maximum PON reach that can be achieved
using the combination of PDM and SCM OFDM radio-over-
fiber transmission is also measured experimentally. Finally, in
Section 4, the main conclusions are highlighted.

2. Optical Polarization Division
Multiplexing Overview

Optical polarization division multiplexing is based on trans-
mitting independently modulated signals over orthogonal
polarizations of the same optical wavelength. In optics, the
state of optical polarization (SOP) is defined as the shape
traced out by the electric-field vector of the transmitted light
in a fixed plane. Figure 1(a) shows some examples of SOP,
including linear, circular, and elliptical polarization states.
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Linear polarization is obtained when the direction of the
electric vector is constant (the electric-field vectors along
with E, and E,, directions are in phase). When E, and E,
are exactly ninety degrees out of phase, we have circular
polarization. There are right-handed or left-handed circu-
lar/elliptical polarizations, depending on which direction the
electric-field vector rotates, that is, if the electric-field vector
is seen rotating clockwise or counterclockwise.

Figure 1(b) shows an example of two orthogonal SOP
represented in the Poincaré sphere. The polarization state is
defined using the Stokes parameters that can be represented
in the Poincaré sphere over the three-dimensional vector
of Cartesian coordinates called S, S,, and S;. The right
circular polarization pole (RCP) is included in the sphere for
reference. In the example presented in Figures 1(b) and 1(c),
the polarization states were measured with Optellios PS2300
optical polarization analyzer. As it is described in Figure 1(b),
two polarizations are orthogonal if they are separated by 180°
in the Poincaré sphere. Figure 1(c) shows the polarization
ellipses for each polarization. In the representation of polar-
ization ellipses, two states are orthogonal if they have a 90°
phase shift (as sine and cosine).

The polarization multiplexing method can be explained
from the similarity with the techniques used in microwave
communications. In wireless links, the user bandwidth can
be improved if two orthogonally polarized radio frequency
signals are transmitted. At the receiver, two antennas with
different polarization and orientation are used to discrimi-
nate each of the signals. The same occurs in optical systems:
at the receiver, the two orthogonal states of polarization are
detected, obtaining each of the modulated signals indepen-
dently. If the orthogonality is maintained through the optical
system, at the receiver, each of the modulated signals can
be recovered. But SOP orthogonality is degraded due to the
propagation in optical networks [6] due to stress in the glass
fiber (bending and twisting), moving the fiber, or even ambi-
ent temperature changes. For this reason, it is important to
evaluate if the crosstalk due to cross-polarization interference
is limiting the performance at the receiver.

Several techniques have been proposed to mitigate the
interference coming from cross-polarization. One technique
is based on frequency interleaving of the adjacent channels
that are orthogonally polarized [7]. Polarization interleave
multiplexing systems have achieved experimentally up to
1.6 bit/s/Hz spectrum efficiency as demonstrated by Soto-
bayashi et al. [8].

The main impairments suffered by optical PDM systems
are due to cross-phase modulation (XPM) [9] and polariza-
tion-mode dispersion (PMD) [10]. Nelson et al. [11] assessed
the impairments caused by first-order PMD in the fiber using
anon-return-to-zero (NRZ) polarization-multiplexed system
with 40 Gb/s per channel and 0.8 bit/s/Hz spectral efficiency.
The measured system penalty of 1dB in instantaneous dif-
ferential group delay (DGD) pointed out that polarization-
multiplexed systems are five times more sensitive to PMD
compared with nonpolarization-multiplexed systems due to
crosstalk [11]. However, a 121.9 Gb/s polarization-multiplexed
transmission using coherent detection was demonstrated
by Jansen et al. [12] with 4 OFDM channels at 2bit/s/Hz

spectral efficiency over 1000 km of standard-single mode
fiber (SSMF).

The receiver of PDM-OFDM system can be seen as a mul-
tiple input multiple output (MIMO) system 2 x2. Thus, digital
signal processing (DSP) algorithm based on MIMO process-
ing can be used for improving the optical transmission, as
proposed in the literature for wireless communications [13].
Recently, PDM systems have been demonstrated as a viable
solution for fully standardized wireless MIMO provision
using radio-over-fiber polarization-multiplexed long-reach
optical transmission [14]. Two different optical detection
approaches can be implemented: direct or coherent detection.
For simplicity of the receiver, in this paper, we will focus
on direct detection, but the network reach could be further
extended using coherent detection or adding MIMO digi-
tal processing. For example, a PON architecture of 20 km
of SSMF was demonstrated with a 40 Gb/s PDM-OFDM
transmission including MIMO digital signal processing at the
receiver [15].

3. PDM OFDM-UWB Radio-over-Fiber
Transmission System

As it was introduced previously, OFDM has been appointed
as an effective modulation scheme to increase the user bitrate
and spectral efficiency. Although the OFDM signal needs
additional overheads due to the cyclic prefix, the training
symbols for channel estimation, and pilot subcarriers for
phase noise compensation, the performance of OFDM signals
is more robust to multipath fading and to the impairments
caused by chromatic dispersion or PMD. For these reasons,
using OFDM signals can increase the efficiency and the
flexibility of access optical networks while reducing imple-
mentation cost. However, due to the limited technology of
commercial digital-to-analog converters (DAC) [15], in order
to obtain very high bitrates, the combination of PDM and
OFDM systems is an interesting solution.

As OFDM signals are currently used by most of the user-
oriented wireless standards (such as DVB-T, WiMAX, LTE, or
UWRB), we propose to combine PDM distribution in a radio-
over-fiber system transmitting full-standard OFDM signals
in its native format. The OFDM signals is transmitted in the
corresponding regulated frequency band, so no upconversion
or frequency shift is needed at the receiver, which simplifies
the optical network terminator at customer premises [16]
and, in consequence, reduces the cost for both the final user
and the operator. Moreover, the radio-over-fiber systems are
transparent to the signals that are transmitted through the
network, which enables including new signals to the network
as soon as they appear in the market [17]. In this case, we
selected OFDM-UWB signals for the evaluation of the PDM
transmission in passive optical networks. UWB radio oper-
ates in a large frequency range (i.e., from 3.1 to 10.6 GHz) and
emits very low power spectral densities (—41.3 dBm/MHz)
to minimize the interference over other radio services [18].
In ECMA standard 368, the UWB band is divided in 12
channels of 528 MHz bandwidth each for OFDM signals with
128 subcarriers [19]. These are also called multiband OFDM
signals. The growing interest of UWB technology focuses
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FIGURE 2: (a) SCM-UWB multiuser configurations using two polarizations. (b) Experimental setup for SCM-UWB transmission with

polarization division multiplexing.

on short range communications in indoor environments
like wireless personal area networks (WPAN) working with
low-cost receivers in UWB enabled commercial available
devices such as televisions or laptops. The radio-over-fiber
transmission of UWB signals for audio/video distribution
was first proposed in [20] analyzing the maximum reach on a
single light in FT'TH networks including optical amplification
sections when necessary.

The first demonstration of PDM distribution of OFDM-
UWB signals was reported in [21]. As it was commented
previously, using a radio-over-fiber system, we are able to
transmit different standard OFDM signals transparently to
the optical network. The use of polarization multiplexing for
joint UWB and WiMAX transmission was proposed in [22],
demonstrating the transmission of different OFDM services
on each of the orthogonal optical polarizations. As it is
represented in Figure 1(d), one polarization can be used for
transmitting WiMAX signals and the orthogonal polarization
for UWB broadcasting.

Polarization multiplexed capacity can be further explo-
ited if large frequency data is transmitted in both polariza-
tions, and even more if we employ SCM for the transmission
of multiple UWB channels [23]. So, in this paper, we evaluate
experimentally the performance of a PDM passive optical
network transmitting several OFDM-UWB channels in a
SCM configuration in both polarizations. As it can be seen in
Figure 2(a), we can transmit up three different UWB channels
(full UWB band number 1) in polarization A and other
three UWB channels in polarization B with different SCM
configurations.

3.1. Experimental Setup. Figure 2(b) shows the experimental
setup where the central office transmitter generates a single
wavelength at 1555nm. The UWB user data is generated
by commercial low-cost transmitters from Wisair following
ECMA-268 standard and WiMedia specification. Different
SCM multiuser configurations are used in the experiments
as depicted in Figure 2(a), based on different ECMA-368
time frequency codes (TFC). We consider the first UWB
band located from 3.1 to 4.8 GHz (comprising three UWB
channels) which is used by devices currently available in the
market. Employing PDM with two orthogonal SOP, we are
able to multiply by two the capacity for each user and, in
consequence, the spectral efficiency is doubled. Using the first

UWB band, we can transmit three UWB channels in each
polarization. So, with three UWB channels at 200 Mbit/s in
528 MHz each per polarization, we obtain a spectral efficiency
of 0.76 bit/s/Hz. It is important to note that this kind of
simultaneous TFC transmission could not be possible with-
out using polarization multiplexing, as the receiver would
not be able to separate both transmissions using conventional
wireless transmission.

At the transmitter, the multiuser UWB signal is amplified
(with a wideband amplifier, Picosecond 5865) and modulated
at quadrature bias point on the two orthogonal polariza-
tions of the same light by two Mach-Zehnder electrooptical
modulators (MZ-EOM). The modulated signals at points
(1) and (2) in Figure 2(b) are adjusted with polarization
controllers (PC) to orthogonal SOP. These polarizations
(labelled as polarization A and polarization B) were measured
with an optical polarization analyzer (Optellios PS2300) and
represented in the Poincaré sphere in Figure 1(b). The Stokes
parameters are measured as [S,, S,, S;] = [0.77, —0.46, —0.42]
for polarization A and [S;, S,, S;] = [-0.75, 0.48, 0.43] for
polarization B. The degree of polarization (DOP) parameter
is 99.06% for Pol. A and 98.98% for Pol. B (considering that
a totally polarized light has DOP = 1). The ellipticity of
both polarizations is 0.22. As it can be observed in the figure,
the polarization ellipses have 90° difference in its orientation,
thus confirming the polarization orthogonality.

Both orthogonal polarizations are combined by a polar-
ization beam combiner (PBC). The PDM-UWB signal is
boosted by Erbium doped fiber amplifier (EDFA Amonics
30-B-FA) at the output of the central office. This amplifier is
used for evaluation purposes in order to control the power
launched into the fiber. Different SSMF reaches expected in
PON access [2] are evaluated as follows: L = 5, 10, 25,
and 50 km. The PDM-UWB signal is received at point (4)
in Figure 2(b), where the two polarizations are split, directly
photodetected, filtered, and amplified. No demodulation or
upconversion stages are required using this technique, thus
simplifying the receiver.

In the experiments, a commercial polarization controller
is used to adjust the polarization arriving to the polarization
beam splitter (PBS) located at customer premises. In an on-
the-field deployment, this polarization controller would be
automatic [24]. Also, adaptive polarization can be used to
remove the tracking at the receiver as it was proposed in



Advances in Optical Technologies

UWB on Pol. A in (5)

User User
number 2  number 3

User
number 1

—40 A

Power (dBm)

3.0 35 4.0

Frequency (GHz)

4.5 5.0

UWB on Pol. A in (6)

—40

-50

Crosstalk Pol. B

discrimination
33dB

-60

Power (dBm)

4.0
Frequency (GHz)

Power (dBm)

()

Power (dBm)

(b)

UWB on Pol. B in (5)

—40
Crosstalk Pol. A

-60 - discrimination
Crosstalk
| ~—78dBm

Noise:
"-82dBm
3.0 3.5 4.0 4.5 5.0
Frequency (GHz)
UWRB on Pol. B in (6)
User User User

number 1 , number2  number 3

35

4.0
Frequency (GHz)

4.5 5.0

FIGURE 3: Cross-polarization residual measurements after 10 km of SSMF with RF spectrum at RBW = 1 MHz for both polarizations at

(a) point (5) and (b) point (6) of Figure 2(b).

[25]. Different optical PDM receiver architectures that can be
used to eliminate the necessity of conventional polarization
tracking are presented in [26] for both intensity modulation
direct detection and coherent receivers. In these experiments,
each polarization is detected with a PIN photodetector
with 0.7 A/W responsivity. The quality of each OFDM-UWB
channel is measured sampling the signal with a digital signal
analyzer (Agilent DSA80000B) and demodulating the OFDM
signal to evaluate the error vector magnitude (EVM). The
values of EVM are compared with the threshold provided
by ECMA-368 standard of OFDM-UWRB signals working at
200 Mbit/s of —14.5 dB [19] to ensure correct operation.

3.2. Evaluation of Cross-Polarization Interference. The resid-
ual polarization crosstalk has been measured for both polar-
ization paths. The cross-polarization crosstalk is obtained
measuring the received electrical spectrum when the UWB
modulated signal is only travelling over one of the polariza-
tions.

Figure 3(a) shows the corresponding spectrum at the
receiver measured at point (5) in Figure 2(b) with L = 10 km
when a three-user UWB communications are being provided
in Pol. A. The received spectrum is also measured at the same

PBS output-point (5) in Figure 2(b) for L = 10 km when the
UWRB signal is transmitted over Pol. B (with Pol. A off). It
can be observed that the cross-polarization discrimination
is of 30dB for Pol. A. The crosstalk produced by Pol. A is
measured in —78 dBm over a —82 dBm noise floor. This 4 dB
crosstalk will interfere and affect the quality of the received
signal. The same is done in Figure 2(b) for Pol. B (point (6))
obtaining a higher polarization discrimination of 33 dB due
to the fabrication characteristics of the PBS. The crosstalk
produced by Pol. B is also of 4 dB over the noise floor.

3.3. Evaluation of SCM Multichannel Crosstalk. Taking into
account the cross-polarization over the received signal, the
effect of channel aggregation and interchannel distortion is
evaluated when multiple OFDM channels are transmitted
simultaneously 6 in a PDM system. Figure 4 shows the
EVM of the received PDM-UWB signal for each multiuser
SCM configuration at different fiber lengths L employing the
experimental setup shown in Figure 2(b). The ECMA-368
EVM limit of —14.5 dB [19] is represented as a dashed line.
For short PON distances (L 5km), we can observe
that when passing from no polarization multiplexing to one
user PDM, the distortion is only 0.35 dB in the UWB channel
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working at TFC6. When adding a second user (cochannel
interference), the EVM is 0.42 dB worse than a single user
with different TFC. Finally, transmitting the three-user UWB
channels, the EVM in TFC6 is —18.52dB (0.91dB worse
than two users with PDM). For longer distances (L =
25km), the EVM penalty is of 1.2dB from no polariza-
tion to single user PDM and of 3dB to three users using
PDM. Symbol degradation can be seen in the quadrature

phase shift keying (QPSK) constellations represented in
Figure 5.

3.4. Evaluation of Maximum Reach in PON. Once the effect
of multiuser transmission is evaluated, the SCM-UWB per-
formance after Lkm repeater-less optical transmission in
PDM networks is studied using different launch power levels.
The experimental setup was shown in Figure 2(b), where a
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variable optical attenuator (VOA) at point (3) is used to
change the optical power level launched from the central
office (from —3 to 7dBm). The EDFA pump level was kept
fixed for all measurements in order to keep the same
noise conditions. In this case, the three first UWB chan-
nels are transmitted (3 users configuration represented in
Figure 2(a)), each one working at 200 Mbit/s.

In order to evaluate the penalty induced by the proposed
PDM technique for OFDM-UWB radio-over-fiber distribu-
tion, the UWB performance using single polarization is eval-
uated measuring only one path separately, for example, the
signal from point (1) to point (5) in Figure 2(b). The opened
blank symbols represent single polarization transmission (No
PDM). These results are compared with the performance
measured using PDM. The experimental results are shown in
Figure 6 for different PON distances from 5km to 50 km of
SSME

The results indicate that the SCM-UWB multiuser signal
transmitted on both polarizations achieve successful com-
munication (EVM under —14.5dB [19]) for each user/TFC
over PON distances up to 25 km of SSME. A 50 km network
could be reached for the lowest frequency UWB channel
if extra error correction is applied. For higher frequency,

UWB channels dispersion compensation [27] or intermediate
optical amplification [16] would be needed.

The performance with the launch power is represented
in Figure 7 for L = 25km. Comparing the results obtained
with PDM to the ones with single polarization (No PDM),
it can be observed that the interference between orthogonal
polarizations induces a maximum penalty of 5.5 dB when the
launch power level is below 0 dBm, and less than 2.4 dB, if
it is above 3 dBm. So, according to the experimental results,
the reach of the proposed PDM system is estimated in 25 km
using a launch power level from the central office of 5dBm
which is adequate for typical PON networks deployments [4].

4. Conclusion

This paper reviews the progress of polarization division
multiplexing techniques applied to optical networks com-
munications and in particular to radio-over-fiber transmis-
sion. PDM is based on transmitting independently mod-
ulated signals over orthogonal polarizations of the same
optical wavelength which permits multiplying the bitrate
and the spectral efficiency transmission. As the polariza-
tion changes with the fiber propagation, we evaluated the



cross-polarization interference in radio-over-fiber systems
with the transmission of standard OFDM-based UWB sig-
nals. Also, the cochannel crosstalk was evaluated experimen-
tally combining PDM with a three-user SCM configuration.
Three UWB channels working each at 200 Mbit/s were
transmitted in a PDM radio-over-fiber system, achieving an
aggregated bitrate of 1.2 Gbit/s with 0.76 bit/s/Hz spectral
efficiency.

The experimental results for the polarization-multiplexed
SCM system indicate that a 4dB additional polarization
crosstalk interference can be expected compared to a non-
polarization-multiplexed transmission system. This crosstalk
interference is translated to 2.4 dB EVM penalty in the quality
of the OFDM-UWB signals.

A successful PDM-UWB transmission was demon-
strated for PON of 25km SSMF for launch power levels
of 5dBm from the central office achieving a better EVM
than —14.5dB ECMA-368 threshold in all three SCM UWB
user’s channels. This transmission is done without using any
impairment compensation technique or inline regeneration
stages between the central office and user premises. Further
improvement could be achieved using impairment compen-
sation, MIMO digital signal processing at the receiver, or
coherent detection.
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