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Abstract. In this paper, we investigate optical network
recommendations GPON and XG-PON with triple-play
services in terms of physical reach, number of subscribers, transceiver design, modulation format and implementation cost. Despite trends to increase the bit
rate from 2.5 Gb·s−1 to 10 Gb·s−1 and beyond, TDMPONs cannot cope with bandwidth requirements of future networks. TDM and WDM techniques can be combined, resulting in improved scalability. Longer physical reach can be achieved by deploying active network
elements within the transmission path. We investigate
these options by considering their potential coexistence
at the physical layer. Subsequently, we analyse the upgrade of optical channels to 100 Gb·s−1 and 256 Gb·s−1
by using advanced modulation formats, which combine
polarization division multiplexing with coherent detection and digital signal processing. We show that PDMQPSK format is suitable for 100 Gb·s−1 systems and
PDM-16QAM is more beneficial at 256 Gb·s−1 . Simulations are performed in the OptSim software environment.

(TDM), and Gigabit PON (GPON) [1] is one of the
most widely deployed recommendations [2]. Due to the
progressive evolution of networks, TDM-PONs do not
cope with bandwidth and power budget requirements
for future use, although other standards with higher
bit rates have also been proposed, such as XG-PON
[3]. The solution can be Wavelength Division Multiplexing (WDM) PONs, which mitigate these problems
by separating Optical Network Units (ONU) via physical wavelengths. Enhanced physical reach to ONUs
can be achieved by using optical amplification [4]. This
leads to the concept of long-reach PONs [5]. The combination of WDM and TDM seems to be the most
promising. In this paper, we investigate PONs with
triple-play services in terms of optical reach, number of
subscribers, transceiver construction, modulation and
implementation cost. We search for possibilities of
how to enhance the bandwidth efficiency meanwhile investigating the coexistence of Optical Access Network
(OAN) solutions at the physical layer. Coexistence
in this context means the migration in the same optical distribution network. For PON solutions we consider the GPON and XG-PON standards due to their
Keywords
wider deployment in Europe. GPON and XG-PON
are intended to coexist together by applying identiOptical networks, optical transceiver, polarizacal "colourless" ONUs [6], which brings cost savings,
tion division multiplexing, time division multieasier network planning and its maintenance. Simultaplexing, wavelength division multiplexing.
neously, we consider the upgrade of transmission rates
beyond XG-PON, such as 100 Gb·s−1 and 256 Gb·s−1
per optical channel, by deploying advanced modulation
1.
Introduction
formats and comparing them to each other to find out
the most suitable solution for future network architecThe primary multiplexing technique for Passive Opti- tures. Simulations were performed in OptSim environcal Networks (PON) is the Time Division Multiplexing ment [7].
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2.

State of Art

The triple-play service is implemented as a combination of data, voice and video signals. Data and
voice downstream components are transmitted at a
wavelength range of 1480–1500 nm in GPON, 1575–
1580 nm in XG-PON, and video within the 1550–
1560 nm range. Allocation of the wavelength ranges,
which is recommended by Telecommunication Standardization Sector of the International Telecommunications Union (ITU-T) [3], is selected in such a way
to avoid interferences between GPON and XG-PON
signals. The first world field trial results of the XGPON can be found in [8]. Authors in [9] experimentally demonstrate the 10 Gb·s−1 optical access network
with downstream traffic at 1550 nm wavelength using
an Erbium Doped Fibre Amplifier (EDFA) to reach
the maximum distance of 62 km over Standard Single
Mode Fibre (SSMF) and with 256 subscribers. Besides
the deployment of EDFA, modulation is a key factor,
which can significantly improve the transmission system. As an example, while comparing the Return to
Zero (RZ) and Non Return to Zero (NRZ) modulation
formats in a co-existing GPON and XG-PON system,
the physical reach is greater in case of RZ deployment
due to its better immunity to fibre non-linearities [10].
Either GPON, or its 10 enhanced recommendations is
based on TDM, which has its limitations [11]. Some solutions beyond XG-PON bit rate are reviewed in [12].
WDM-PON is considered to be the most practical solution for capacity expansion. However, the 10 Gb·s−1
ONUs in pure WDM-PONs are too excessive for next
10 year [13].
Authors in [14] propose a hybrid architecture, which
combines TDM and WDM capabilities to enable longer
optical reach and higher scalability. The main reasons
behind the deployment of such networks are to meet
increasing capacity demand and user density requirements, while ensuring that the cost per unit bandwidth
is minimized [15]. The upgrade of optical channels to
higher bit rates deals with limitations at the physical
layer, such as Chromatic Dispersion (CD), polarization
mode dispersion and fiber nonlinearities. The selection of an efficient modulation format is a key design
step to resolve these issues. Introduction of new techniques that combine Polarization Division Multiplexing
(PDM), coherent detection and Digital Signal Processing (DSP) can mitigate some of the physical limitations
that ordinary intensity or phase-based modulations
have, as shown in [16], where an 8 Tb·s−1 transmission
with 100 Gb·s−1 PDM Quadrature Phase Shift Keying (PDM-QPSK) channels over low dispersion fibers
is investigated. PDM-QPSK proves to perform well
at 100 Gb·s−1 in terms of physical reach, spectral efficiency, Optical Signal to Noise Ratio (OSNR), CD
and differential group delay tolerances [17]. Generally,

PDM combined with Quadrature Amplitude Modulation (QAM) formats seem to currently have the highest
attention for transmission rates over 100 Gb·s−1 [18]
and [19]. Experiment in [20] shows the suitability of
PDM-QPSK and PDM-16QAM in long-haul and submarine systems with span lengths over 100 km. We
investigate in this paper both PDM-QPSK and PDM16QAM formats in terms of spectral efficiency, channel spacing, physical reach, Bit Error Rate (BER) and
OSNR.

3.

Methods

We simulate the coexistence of GPON, XG-PON and
video services to investigate for potential bandwidth
utilization improvements and to show the benefits of
convergence of multiple access network solutions in hybrid PONs, which is not yet implemented in practical
solutions, and we strongly recommend it. We focus
on the downstream traffic for simplification purposes;
however this does not restrict the generality of this investigation. The simulation scheme is shown in Fig. 1.
We consider the GPON/XG-PON recommendations
from ITU-T for the TDM-PON domain to allow tripleplay service delivery up to 64 subscribers. We implement this TDM system above a WDM domain, and
we investigate such hybrid PONs in terms of optical
spectrum, modulation, optical amplification etc. Figure 1 is divided into three parts: Optical Line Terminal (OLT) that contains the data/voice/video transmitters, Optical Distribution Network (ODN) that includes the transmission path components and ONU,
which represents end-user equipment. The TDM segment is related to standard TDM-PON architecture.
The Internet component is represented by a data link
with 2.5 Gb·s−1 downstream bandwidth for GPON and
10 Gb·s−1 download bandwidth for XG-PON. Data
transmitters produce NRZ modulated signals. The
voice component can be Voice over Internet Protocol service. For simplification purposes, we use a 16QAM SubCarrier Multiplexed system, although other
QAM variants are more typical to carry digital video
stream in radio frequency channels. The 800 Mb·s−1
data stream for the video signal is launched to the
QAM modulator. The obtained electrical signal is subsequently processed by an optical modulator driven
by a laser similarly as in the data/voice transmitter. The output power of each transmitter is set to
0 dBm. Transmission media consists of an SSMF with
0.2 dB·km−1 attenuation at 1550 nm, an optical splitter for signal distribution among 64 subscribers and a
drop-off cable of several meters. At the receiver’s side,
the optical signal of each channel is filtered, and the
electrical signal from each of the receivers is measured
in terms of eye diagram, Q-factor, BER. Such scenario
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sists of four pseudorandom binary sequence generators
(PRBS in Fig. 3), NRZ drivers, low-pass filters (LPF in
Fig. 3), and Mach-Zehnder Modulators (MZM) driven
by a Continuous-Wave (CW) laser. They generate
the required phase-based modulated signals through
Phase Modulators (PM), which are subsequently incorporated into PDM by rotating the polarization of
one branch [7].
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An error counting is then applied on the four signals. The EDC block implements an ideal EDC, which
applies the same amount of compensation on all signals. The last block in the PDM-QPSK receiver consists of a memoryless blind receiver, which separates
polarizations, as well as in-phase and quadrature components by applying the Constant Modulus and Viterbi
& Viterbi algorithms [7]. In a similar fashion, PDM
can be applied also on other formats, such as QAM.
Based on similar design principles, a PDM-16QAM
transceiver has been built in OptSim software environment. We propose this format to be a standard solution in the upcoming years for terabit transmissions.
The simulation scheme for comparing PDM-QPSK and
PDM-16QAM formats in Dense WDM (DWDM) systems is given in Fig. 2. The dispersion compensation is
applied by deploying Non-Zero dispersion-shifted fibers
with 0.2 dB·km−1 loss and CD 4 ps·nm−1 ·km−1 at the
considered band.
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Fig. 1: TDM/WDM-PON system with GPON/XG-PON and
video access architecture.

is also simulated for an active optical network by deploying a single optical amplifier, used as a booster, to
figure out the benefits of introducing an optical amplifier versus the cost of such implementation. Subsequently, we compare different transceivers from their
design point of view. The upgrade of optical channels to 100 Gb·s−1 and 256 Gb·s−1 is focused in this
paper on the design of PDM-QPSK and PDM-16QAM
transceivers. Figure 3 shows the design of PDM-QPSK
transmitter. The first part of the transmitter con-

MUX

Electrical
scope

Video
RX

At the receiver side, optical signals are filtered at the
required frequency by using a band-pass filter (BPF in
Fig. 2). A single ended 90◦ hybrid with local oscillator and four PIN photodiodes enable the coherent
detection. Subsequently, signals travel through transimpedance amplifiers (TIA in Fig. 4), LPF filters and
then through an ideal Electronic Dispersion Compensation (EDC) with 4 electrical input signals and 4 electrical output signals.
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Fig. 2: Simulation scheme for PDM-QPSK and PDM-16QAM
DWDM systems.

The purpose of this simulation is to figure out the
efficiency of PDM-QPSK and PDM-16QAM in longhaul transmission systems, consisting of hundreds of
kilometres. The optical signal is noise loaded to extract BER as the function of OSNR. Each fiber span is
100 km long and separated from each other by amplifiers (OAs in Fig. 2) with a fixed gain around 20 dB.
We consider in transmitters 7 % bit rate overhead for
Forward Error Correction (FEC). Transmitted power
is set to 3 dBm for comparison purposes. PDM-QPSK
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Fig. 3: Transmitter design of PDM-QPSK.
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Fig. 4: Receiver design of PDM-QPSK.

and PDM-16QAM systems with 50 GHz channel grid
and 32 GBd baud rate result in a per channel bit rate of
128 Gb·s−1 in case of PDM-QPSK and 256 Gb·s−1 in
case of PDM-16QAM including FEC overheads. Simulations are based on the Time Domain Split-Step
method [7].

on this WDM would allow triple-play service distribution up to 50×64 subscribers or 12×64 subscribers
using GPON or XG-PON in the time domain, respectively.
dB [mW/THz]
10
5

4.

Results and Discussion

The TDM/WDM-PON is modelled as per simulation
setup given in Fig. 1. We search for the maximum allowed wavelengths within the GPON/XG-PON bandwidth ranges as per ITU-T. The aim of such simulation
is to find out the possibilities for efficient bandwidth
utilization and minimization of costs. The WDM technique is also beneficial for future network growth. Simulations as per Fig. 1 showed that we could use 0.4
nm (50 GHz) spacing between GPON and XG-PON
channels, as can also be seen from the overall optical
spectrum of this network in Fig. 5. It is possible to fit
50 GPON wavelength channels and 12 XG-PON channels for the download traffic estimated BER less than
10−12 , and Q-factor higher than 7.035 (typical values),
respectively. This means that the hybrid PON based

0
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Fig. 5: Spectrum for triple-play services and coexistence of multiple GPON/XG-PON channels in a TDM/WDM-PON.

Installation of an optical amplifier has been considered as well. Installation of a single amplifier can significantly extend the physical reach of PONs, including
hybrid solutions. Few possibilities come into consideration while considering optical amplification. We can
either deploy an amplifier after the Arrayed Waveguide
Grating (AWG) at the OLT side, before the AWG at
the ONU side or use it as an in-line amplifier. De-
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NRZ is the recommended modulation format by
ITU-T for GPON/XG-PON. We investigate also other
intensity formats to search for significant improvements at the cost of the transmitter’s construction.
We have compared NRZ, RZ and Carrier-Suppressed
RZ (CSRZ) formats. We found that RZ format is
not beneficial for the hybrid PON primarily due to
its wider spectrum, resulting in a higher interference
between adjacent channels in the wavelength domain.
The CSRZ signalling brought just a slight improvement
compared to NRZ due to its central peak suppression
at the carrier frequency, causing this reduced power to
be distributed in other areas of the spectrum with real
carried traffic. Nevertheless, due to its insignificant
improvement and higher transmitter requirements, we
propose to keep the NRZ format and deploy the scenario with a booster. Such solution proved to provide
the best choice for scalable and future-proof network
systems. In Fig. 6 and Fig. 7, we show the BER and
Q-factor values for both GPON and XG-PON.
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ployment outside this path would be not efficient since
the amplification had to be done separately on a wavelength basis. The use of an in-line amplifier would not
also be efficient from the cost and implementation perspective, as the provider had to introduce an active device in the middle of the transmission path. We have
compared the remaining two choices in terms of BER,
Q-factor and optical reach. We selected an amplifier
with gain 10 dB as a reference. The results showed
that the reach could be extended to 35 km while using
a booster. Deployment of the optical amplifier at the
ONU side could enable up to 31 km. The proposed solution with a booster is the best choice as it combines
benefits of TDM, WDM and AONs.
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Fig. 7: Q-factor (crosses) and BER (circles) for XG-PON downstream channels in a hybrid TDM/WDM-PON.

XG-PON WDM channels. We highly recommend this
solution for the next generation of PONs not only because of the physical reach, capacity and number of
users that it can handle, but also because it doesn’t
introduce any change in the ODN, which makes the
migration from the current network infrastructure easier its deployment and maintenance more efficient.
Subsequently, we focus on the upgrade of transmission rates to 100 Gb·s−1 and beyond per optical channel, by using modulation formats PDM-QPSK and
PDM-16QAM. The high spectral efficiency of PDMQPSK at 100 Gb·s−1 can be noticed at first glance
from its optical spectrum, which is shown in Fig. 8.
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As can be seen from the diagrams, the proposed hybrid TDM/WDM-PON with a booster and 35 km long
SSMF proves to have acceptable BER and Q-factor
values, for each of the channels, either for GPON or

Fig. 8: Spectrum of a 100 Gb·s−1 PDM-QPSK modulated signal.

We could find that the maximum acceptable channel spacing at 100 Gb·s−1 is 50 GHz [21]. The parameters of optical filters were fine-tuned, and we found
out PDM-QPSK could work fine up to 2000 km as
per the simulation setup given in Fig. 2. The sim-
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ulated pre-FEC value for all four signals was in the
order of 10−4 for 20 dB span loss. This proves the
suitability of this format in 100 Gb·s−1 transmissions
over hundreds of km, while using appropriate dispersion compensation techniques and in-line amplification,
among others. The combination of PDM with QAM is
more promising for higher transmission rates over long
distances. The measured optical spectrum of PDM16QAM is given in Fig. [9].
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Fig. 9: Spectrum of a 256 Gb·s−1 PDM-16QAM modulated signal.

We compared PDM-QPSK and PDM-16QAM in the
DWDM system with 50 GHz grid for few channels at
a baud rate of 32 GBd. This results in a per channel bit rate of 128 Gb·s−1 in case of PDM-QPSK
and 256 Gb·s−1 in case of PDM-16QAM, including
FEC overheads. The spectral efficiency for PDMQPSK is 2.56 b·s−1 ·Hz−1 (i.e. 128 Gb·s−1 /50 GHz),
meanwhile for PDM-16QAM is 5.12 b·s−1 ·Hz−1 (i.e.
256 Gb·s−1 /50 GHz). This means that PDM-16QAM
offers double spectral efficiency compared to PDMQPSK. However, this comes at the cost of higher required OSNR at a given BER. Specifically, the required
OSNR for a pre-FEC BER of 10−3 is 13.5 dB for PDMQPSK and 21 dB for PDM-16QAM.

5.

tendibility. System performance increased further by
deploying a booster, which could extend the physical
reach. The most promising formats for transmission
rate of 100 Gb·s−1 and beyond per optical channel combine PDM, coherent detection and DSP at the cost
of higher design complexity, power consumption and
faster circuits. We recommend using PDM-QPSK at
100 Gb·s−1 and PDM-16QAM at 256 Gb·s−1 , including
DWDM systems with down to 50 GHz channel spacing. By proper tuning of simulation parameters for
the DWDM transmission system, PDM-QPSK could
carry data traffic over hundreds of km while using dispersion compensation techniques and optical amplification. Combination of PDM with QAM brought more
benefits. PDM-16QAM could double the spectral efficiency of PDM-QPSK, at the cost of higher required
OSNR at a given BER.

Conclusion

We investigated different PON solutions, starting from
the pure TDM-PON architectures providing triple-play
services and possible coexistence of GPON and XGPON. Subsequently, we simulated the hybrid PONs
that combines TDM and WDM, where each of the
wavelengths is deployed in an independent TDM domain. We proved that the combination of WDM and
TDM seems to be the most promising and such solution benefits in cost-effectiveness, flexibility and ex-
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