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Abstract—The relative merits of coherent-enabled optical access
network architectures are explored, with a focus on achievable
capacity, reach and split ratio. We review the progress in implementing the particular case of the ultra dense wavelength division
multiplexed (UDWDM) passive optical network (PON), and discuss some challenges and solutions encountered. The applicability
of digital signal processing (DSP) to coherent receivers in PONs
is shown through the design and implementation of parallelized,
low-complexity application-specific digital filters. In this work,
we focus on mitigating the impact of local oscillator laser (LO)
relative intensity noise (RIN) on receiver sensitivity, and propose
an algorithm which compensates for this impairment. This phenomenon is investigated theoretically and then experimentally by
evaluating the sensitivity of a coherent receiver incorporating different tunable light sources; a low-RIN external cavity laser (ECL)
and a monolithically integrated digital supermode distributed
Bragg reflector (DS-DBR) laser. It is shown that the RIN of the
signal laser does not significantly contribute to the degradation
of the receiver sensitivity. Finally, a 10 Gbit/s coherent PON is
demonstrated using a DS-DBR laser as the LO laser. It is found
that a receiver sensitivity of
dBm is achievable assuming
the use of hard-decision forward error correction.
Index Terms—Optical access, ultra dense (UD), wavelength division multiplexing (WDM), passive optical network (PON), digital
signal processing (DSP).

I. INTRODUCTION

C

OHERENT receivers were originally of interest in optical communications due to the high receiver sensitivities
which they can achieve. They have since been combined with
advanced digital postprocessing to enable the long transmission
distances and high spectral efficiencies required for core networks. Coherent receivers are now being researched for use in
access networks, although here it is the frequency selectivity of
coherent receivers which has been of particular interest.
Investigations into coherent access have come as a result of
exponential growth in bandwidth demands for both the wired
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and wireless domains. Telecommunications providers are faced
with the dual challenge of reducing operating costs while increasing the bandwidth available to end users. Though there
have been several proposals for optical access networks which
achieve this, the most promising approach is the long-reach
passive optical network (LR-PON). Here, a long (60–100 km)
feeder fiber is used to extend the reach of the access network
allowing a large number of optical network units (ONU) to be
supported by a single optical line terminal (OLT). The additional
advantage of this approach is that the metro area network can be
completely replaced by a single, passive, fiber backhaul, leading
to many reductions in expenditure, notably from real estate [1].
A key requirement for network consolidation is a high split
ratio which takes advantage of this extended reach, and it is the
method of this split, as well as the transceiver technology, that
differentiates LR-PON designs. However, there is a consensus
that wavelength division multiplexing (WDM) will be used to
take advantage of the large optical fiber bandwidth.
In this work, we provide an overview of research in this area;
highlighting the relative merits of several coherent detection
schemes. In Section II, LR-PON architectures are detailed
which each employ coherent detection to some degree. These
are compared to a more conventional PON employing direct-detection receivers. Section III describes the design and
design challenges of a network architecture which employs
phase- and polarization-diverse coherent receivers in both the
OLT and the ONU. This architecture relies on the use of a
tunable local oscillator (LO) laser, and so we provide some performance metrics for the tunable semiconductor lasers used in
this work. The remainder of the paper details a feasibility study
of this network architecture, focussing on the use of tunable
semiconductor lasers. Section IV outlines the experimental
configuration used for this investigation, while Section V
details our implementation of digital signal processing (DSP)
algorithms, including a novel method for compensating relative
intensity noise (RIN). The results of this investigation are given
in Section VI with conclusions in Section VII.
II. LONG-REACH PON DESIGNS
Extending the reach of optical access networks beyond the
20 km specified by the gigabit-capable PON (GPON) standard
has the potential to significantly cut operational costs through
network consolidation. However, this is not a new idea. The
amended GPON standard permits the use of a reach extender to
enable standards-compliant transmission over 60 km while doubling the split ratio to 1:64 [2] (or even 1:128 as permitted by the
original standard [3]). An example of an extended-reach GPON
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Fig. 1. Long-reach PON architectures. The backhaul section is typically
80–90 km with a passive distribution section of 10–20 km. (a) TDM-PON
(for a GPON, the entire fiber length is limited to 60 km), (b) WDM-PON, (c)
coherent UDWDM-PON.

employing a midspan erbium-doped fiber amplifier (EDFA) is
shown in Fig. 1(a). The difficulty with this approach is that
the aggregate capacity of the network (2.4 Gbit/s symmetric)
does not change as, ultimately, all the ONUs are served by a
single wavelength pair modulated using time-division multiplexing (TDM).
One approach to remove the requirement of midspan amplification is to split the signal after the fiber backhaul by using an
arrayed waveguide grating (AWG), as in [4]; avoiding penalties due to passive splitting while effectively dedicating a wavelength to each ONU, as shown in Fig. 1(b). The disadvantage of
this approach is that it colors the network, reducing the options
for reconfigurability and presenting a challenge for inventory
and deployment. For example, each transmitter needs to operate
on a wavelength which is locked to the passband of the AWG,
while the upstream channel from an ONU must be matched to
its particular port on the AWG. This problem can be overcome
to some extent through the transmission of a seed comb from
the OLT which is remodulated (usually using a reflective semiconductor optical amplifier) at the ONU for upstream transmission, thereby avoiding the need for a priori knowledge of the
network configuration. (Having a colorless ONU neatly solves
inventory issues, because every ONU is identical.) However,
the additional noise added to the carrier through amplification
and remodulation dramatically reduces the power budget of the
upstream signal. Conveniently, because the seed wavelength
is generated at the OLT, homodyne coherent detection is used
in this case to overcome these additional losses [5]. This also
means that an advanced modulation format (such as QPSK) can
be used for upstream transmission, reducing the electrical bandwidth requirements of the transmitter [5].
The reach and capacity limits of direct detection (DD) receivers for optical access have recently been explored without
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resorting to remodulation techniques. The hybrid WDM-TDM
network is effectively a combination of the architectures shown
in Fig. 1(a) and (b). Here, the ONU is made colorless by
incorporating a piezo-electrically controlled tunable laser for
upstream transmission. Recent work demonstrated impressive
reach (100 km) and split ratios of 1:512 per wavelength when
using 32-channel WDM; effectively supporting up to 16384
ONUs on a single PON [6], [7]. Due to the low sensitivity of
direct detection receivers, the signal required multiple regenerations using EDFAs at a local exchange meaning that only the
distribution section of the network was truly passive. With this
configuration, not all of the economic benefits of long reach can
be realized because the local exchange is still required to house
equipment. Additionally, because the network is still based on
TDM, the data rate per user is limited to 20 Mbit/s.
It was recently suggested that fully coherent networks would
be an economically feasible way to increase network capacity,
even if this involved coherent receivers at the ONU (for example, [8]–[10]).
The proposed architecture, Fig. 1(c), involves transmission
of an ultra-dense WDM (UDWDM) source from the OLT and
a passive midspan split such that each wavelength is simultaneously sent to every ONU. The channel of interest is then selected
by retuning the LO laser in the ONU to generate a frequency
offset between the channel of interest and the LO (Table I); this
heterodyne receiver provides coherent gain that rejects the adjacent channels while avoiding the use of narrow-band tunable
optical filters. The upstream channels are generated by splitting
the LO for use as the signal, and frequency converting the signal
before modulation and transmission. Provided the LO has tuned
to the downstream channel, the upstream comb is automatically
fixed to a grid.
This network architecture is completely reconfigurable because all downstream channels are sent to all receivers. For example, if a user wished to increase available bandwidth, additional ONUs could be situated at the access point. Each ONU
adds an additional wavelength for communication, effectively
scaling capacity at that location. However, the disadvantage of
using a colorless splitter is the division of optical power between
ONUs. If the power budget is too low to support this, an AWG
could be used instead (as in the above scenario), but at the expense of dynamic reconfigurability. A hybrid solution is to use a
coarse WDM demultiplexer (an AWG with a high free spectral
range) followed by passive splitters. In this way, the network
can be partially reconfigured while reducing the required power
budget.
A simple example of this approach is coherent on-off keying
(OOK) [10]. Here, only a single photodiode is required to detect the OOK signal (as in the DD case) however, coherent gain
from the LO permits a denser channel spacing than could be realistically achieved with optical filters (for example an AWG)
while also being reconfigurable through retuning the LO. An
additional advantage of this approach is that the receiver sensitivity can approach the theoretical limit without narrow-band
optical filters1.
1Note that noise from transimpedance amplifiers, finite LO power and LO
noise sources all prevent such receivers attaining the theoretical sensitivity limit
in practice.
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Fig. 2. Schematic of a coherent long-reach PON, with the frequency plan shown at key points. Note that the LO from the ONU can also be remodulated as the
upstream channel, provided the LO channel is already set from the downstream comb.

TABLE I
REQUIRED COHERENT RECEIVER BANDWIDTHS

A more recent example of this approach demonstrated
the feasibility of using up to 1024 wavelength channels in the
UDWDM configuration to provide 1 Gbit/s/ over up to 100 km
[9]. This was achieved by employing the advanced modulation
format QPSK, which is twice as spectrally efficient as OOK.
Because the receivers use a linear detection method, the signal
could be digitized using analogue-to-digital converters (ADC)
and equalized in the digital domain, recovering the state of
polarization (SOP) such that an arbirary SOP could be launched
into the fiber. The disadvantage of this approach is that, because the receiver is heterodyne, this requires ADCs that have
a higher sampling frequency than the data rate (see Table I).
Note, however, that proof-of-concept, realtime operation of
this network has already been demonstrated [11]. It is only a
small step from the polarization-diverse heterodyne coherent
solution to a network based on phase- and polarization-diverse
intradyne coherent receivers, which have an intrinsic 3 dB shot
noise limited sensitivity gain over heterodyne receivers due to
their measurement of the signal’s quadrature component [12].
For intradyne coherent reception the frequency offset between
the signal and LO is free to vary so long as the sum of the signal
and beat frequencies remain within the sampling bandwidth;
although in practice is limited by the algorithm chosen to track
the frequency offset in the DSP. Again, a tunable LO laser can
be used to select the channel of interest. Ordinarily, the ADCs
in these receivers sample at twice the symbol rate (the Nyquist
limit is 1 sample/symbol), resulting in reduced electrical bandwidth requirements when compared to heterodyne receivers.
These electrical bandwidth requirements are further reduced
when the cardinality of the modulation format is increased;
for example, symmetric 10 Gbit/s/ has been demonstrated
over 100 km using PDM-QPSK at 3.125 GBd (requiring only
3.125 GHz receiver electrical bandwidth) [13]. As in the heterodyne case, equalization can be applied through the use of
adaptive linear digital filters [14]. The downside to this receiver

is the optical complexity; requiring a dual-polarization 90
optical hybrid to separate the in-phase and quadrature signal
components (which is not required for heterodyne receivers),
and at least four photodiodes and ADCs (compared to two for
heterodyne).
Phase- and polarization-diversity has previously been explored in the context of receiver sensitivity in [15], where it
was shown that a homodyne receiver’s sensitivity was directly
related to the power of the LO laser, but fundamentally limited
by shot noise. This principle applies equally to heterodyne and
intradyne receivers, although intradyne receivers have a 3 dB
shot noise limited sensitivity gain over heterodyne receivers.
It was also shown here that polarization multiplexing does not
affect receiver sensitivity (however, it does reduce transceiver
bandwidth requirements). It is a key advantage of all coherent
receivers that the coherent gain (and therefore their sensitivity)
can be improved by simply increasing LO power; an option not
available to direct detection receivers.
Of the LR-PON architectures investigated to date, networks
based on heterodyne or intradyne coherent receivers offer the
highest data rate per subscriber while being scalable and reconfigurable, although these advantages come at the expense of increased optical complexity. In the case of a digital coherent receiver, some optical complexity can be transferred to the digital
domain, and examples are provided later in this paper where we
consider the benefits and challenges of an access network based
on phase- and polarization-diverse digital coherent receivers.
III. PROPOSED NETWORK ARCHITECTURE
Previously, we proposed an architecture (see Fig. 2) which
takes advantage of digital coherent receivers in order to enable,
under ideal circumstances, high capacity (10 Gbit/s/ ), long
reach (up to 100 km) and a high split ratio (up to 1:1024) [16]. In
practice, there are constraints which can restrict the achievable
receiver sensitivity and therefore split ratio. In this section we
elucidate the details of this architecture, showing where these
constraints arise and how they can be overcome.
A. Downstream
The downstream signal path can be divided into four elements: UDWDM signal generation and modulation in the OLT,
transmission over single mode fiber (SMF) backhaul, 1:M passive split, and coherent reception in the ONU. The UDWDM
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comb contains M carriers such that each ONU communicates
on a dedicated wavelength channel.
Each ONU receives every channel because the midspan split
is both passive and transparent to channels in the C-band. Note
that the absence of filters in the schematic is deliberate; as previously noted, the LO laser in each ONU can be tuned to match the
downstream channel of interest and reject the adjacent channels
through coherent gain of the channel of interest. The obvious
advantage of this configuration is that it limits the required inventory for the network (i.e., every ONU is identical). A further
advantage is that multiple ONUs can be placed at each access
point to provide high bandwidth fiber backhaul (e.g., for wireless applications).
It should be noted that the colorless network architecture impacts heavily on loss budget. The passive split, alone, incurs a
minimum
dB loss, while the fiber backhaul incurs
a typical loss of 0.2 dB/km (SMF). Some of this loss can be
overcome by increasing the launch power to the fiber, and per
channel powers of 8 dBm have been shown to be practical in a
5-channel UDWDM scenario [13], however, it was also shown
that such high powers will necessarily restrict the total number
of channels, in part due to nonlinear signal distortions. While
the transmission distance is only 100 km, the low symbol rate,
large number of channels and high channel power could excite
nonlinearity in the form of cross-phase modulation [17]. It is
also important that the total optical power is kept low enough to
avoid fiber damage; for example, the fiber fuse effect has been
demonstrated in SMF with optical powers of 31.5 dBm [18].
The total optical bandwidth available in the C-band is 5 THz.
Assuming a target downstream comb of
wavelengths,
the channel spacing would necessarily be 5 GHz [16]. However,
for reasons of risk management, it is unlikely that operators will
use all the capacity of a single fiber. In this case, operation could
be supported with up to 500 10 GHz spaced channels for the
downstream and an additional 500 channels for the upstream.
Feasibility studies have confirmed that bidirectional operation
is possible without penalty [13].
B. Upstream
In many respects, the upstream signal path is actually less
complicated than the downstream counterpart: each ONU transmits a single modulated wavelength, the signal is passively combined with the upstream channels from other ONUs, the signals
co-propagate through the SMF backhaul and are detected by a
bank of coherent receivers in the OLT. If the coherent receivers
used in the OLT have sufficient optical/electrical bandwidth,
then each receiver can detect multiple upstream channels. This
reduces the number of receivers required and therefore lowers
the complexity of the OLT.
Fiber nonlinearity is unlikely to impact upstream transmission as, throughout the distribution section of the network,
there is only a signal channel. Due to the passive combiner,
this channel sees
dB loss, meaning that even with
multiple co-propagating channels, four-wave mixing products
are unlikely to be excited due to the low total optical power.
Based on these assumptions, the loss budget of the upstream
channels would be equal to or greater than the downstream
channels.
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However, this is not the case with bidirectional transmission,
where reflections from the upstream signal path could re-enter
the ONU and interfere with the downstream signal, effectively
leading to in-band noise accumulation2. This can be partly overcome by adopting the frequency plan shown in Fig. 2. Here,
the LO laser is shifted to a higher frequency using single-sideband modulation (in this case 5 GHz higher than the downstream wavelength), before transmission. Reflected power then
enters the ONU coherent receiver as an additional channel, and
is rejected by the coherent receiver, even if the reflected power is
much greater than the signal power [19]. In this way, only a single
tunable laser is required for the LO and signal, and the upstream
frequency grid is set automatically from the downstream comb.
When tuning to select a downstream channel, the laser may
produce several spurious wavelengths within the switching
time. To prevent interference with other channels, the output
of the laser must be switched off. The method depends on the
laser used however, for the laser described in the following subsection, this would involve reverse biasing the semiconductor
optical amplifier on the output of the device during a switching
event (also known as blanking [20]).
C. Tunable Laser
In order for the network and receiver to be truly colorless, the
ONUs must incorporate C-band tunable LO and signal lasers
(as previously noted, one tunable laser per ONU is sufficient).
External cavity lasers (ECL) are one such source which could be
employed however, while they generally exhibit low linewidths,
they present issues in terms of cavity stability [21] and large
form factor. Crucially, for an access network, their manufacture
has not been demonstrated using a scalable production process
so it is unlikely that they could be produced inexpensively.
Semiconductor lasers, such as the digital supermode distributed Bragg reflector (DS-DBR) laser, are an example of a
more cost-effective C-band tunable laser, which are suitable
for mass production [22]. The disadvantage of such lasers is
that noise on electrical driving circuitry can be translated into
the optical domain leading to RIN and frequency (1/f) noise (in
addition to the intrinsic cavity linewidth) [23]. This can also lead
to issues of amplitude and frequency instability (see Section V).
Nevertheless, if these issues can be overcome then semiconductor lasers offer great potential for coherent access networks.
In this work, we make use of a DS-DBR laser, which is a
commercially available, monolithically integrated, multisection, semiconductor laser. While the laser is C-band tunable,
it has been designed to tune on a 50 GHz grid [24]; otherwise it is typical of a light source required for coherent PON
applications. The experimental work detailed herein aims to
show the applicability of such a device by measuring receiver
sensitivity across several 10 GHz spaced channels, selected by
a combination of electrical and thermal tuning (see Section IV).
The Lorentzian linewidths of the two DS-DBR lasers used in
this investigation were measured using a coherent heterodyne
technique with digital analysis [25]. The reference laser used
when measuring linewidth was an ECL (linewidth
kHz).
These results are shown in Fig. 3.
2Note that reflections present a greater challenge in the ONU due to limited
resources. Optical filters could be applied at the OLT to mitigate backreflections.
Alternatively, a dual fiber backhaul could be deployed, as in [7].
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IV. EXPERIMENTAL CONFIGURATION

Fig. 3. Phase noise measurement of the two DS-DBR lasers used in this work.
The phase noise is defined here as the convolution between the Lorentzian comkHz.) The
ponent of the DS-DBR and ECL linewidths. (ECL linewidth
mean linewidth (horizontal dashed lines) for the LO laser was 1.4 MHz, and
880 kHz for the signal laser.

Fig. 4. Self-homodyne RIN spectrum measurement of a DS-DBR laser and an
ECL.

The RIN of the lasers used as local oscillators was also
measured using a self homodyne coherent technique. Here, the
power spectral density of the signal was analyzed digitally to
provide an estimate of the RIN spectrum; this approach enables
the measurement of RIN over a large bandwidth and at low
frequencies. Due to the challenges associated with removing
the noise floor from the measurement, we were not able to
estimate the absolute RIN of each laser using this technique.
However, we were able to reference the RIN spectrum of these
lasers to separate RIN measurements taken at high frequencies
using a network analyzer, which automatically removes the
noise floor from each measurement. The combined result of
these approaches is in line with manufacturer specifications,
and presented in Fig. 4.

To demonstrate the feasibility of a coherent LR-PON incorporating DS-DBR lasers, we implemented a single-channel version of the downstream link of the architecture described in
Section III. This experimental configuration (shown in Fig. 5)
involved the generation, transmission and detection of 3 GBd
(12 Gbit/s) polarization division multiplexed (PDM) quadrature
phase shift keying (QPSK).
While the laser was the main CW light source used in this
work, these experiments were also undertaken using an ECL
kHz) as an ideal reference.
(linewidth
The QPSK signal was generated by modulating CW light
from a DS-DBR laser using a nested Mach-Zehnder modulator
(denoted ‘IQ Mod.’) driven with two decorrelated
pseudo-random binary sequences (PRBS). Emulation of polarization multiplexing was achieved by splitting the optical
signal into two arms of a passive delay line stage. The two arms
were decorrelated by 152 symbols before recombination in
orthogonal polarizations using a polarization beam combiner.
To emulate the LR-PON fiber backhaul, the PDM-QPSK
signal power was set to 0 dBm and transmitted over 100 km
standard single mode fiber (SMF). The total fiber attenuation
was 20 dB (0.2 dB/km) with a chromatic dispersion at 1550 nm
of 17 ps/nm/km. Splitting loss (assumed hereafter to be an ideal
3 dB loss per 1:2 split) was also emulated by using a variable
optical attenuator between the fiber and the coherent receiver.
The phase- and polarization-diverse coherent receiver combines the signal and LO in orthogonal polarization states using
a polarization beam splitter. A 90 optical hybrid (in each
polarization) was used to introduce a phase shift between signal
and LO such that both the in-phase and quadrature components
of the signal could be recovered. The beat signal was detected
using four balanced photodiodes and digitized using a digital
storage oscilloscope incorporating four ADCs operating at
50 GSa/s. The digitized signal was downsampled to 2 samples/symbol (6 GSa/s) and processed offline using parallel DSP
(see Section V).
Note the assumption that hard decision forward error
correction (FEC) could be applied such that the 20% coding
overhead (2 Gbit/s) would enable correction of a BER up
to
to below
[26]. We further note, for
completeness, that hard decision FEC algorithms have been
documented which would enable the correction of BER up to
[27], and beyond for soft decision algorithms [28].
While the achievable net coding gain for a fixed computational
complexity is likely to improve in the near future, in this
work the FEC limit was set as a realistic compromise between
performance and complexity.
Each tuning section of the DS-DBR lasers was driven using
arbitrary waveform generators (ArbWG). The DS-DBR laser
has been designed to tune to a 50 GHz grid, so fine resolution wavelength adjustments were achieved using temperature
controllers. Although this is a single channel investigation, the
relevance of this configuration to a colorless UDWDM PON
was highlighted by measuring the receiver sensitivity across
11 10 GHz spaced channels (193.0–193.1 THz) by retuning
both signal and LO lasers.
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Fig. 5. Experimental Configuration for measuring receiver sensitivity with DS-DBR lasers for signal and LO.

V. DIGITAL SIGNAL PROCESSING
Experimentally, we can apply DSP offline in order to evaluate the performance of realtime processing; for example, here
we have used 50 GSa/s ADCs and digitally downsampled to
6 GSa/s. For realtime processing, four receiver ADCs operating at 2 Sa/symbol would each capture data at 6 GSa/s, with
a total throughput of 24 GSa/s. The high symbol rates encountered in optical communications would present a challenge for
chip design if all the data were to be processed serially. However, applying serial-to-parallel converters on the output of the
ADCs produces a fixed-width bus of samples which can be processed at a fraction of the total sample rate. Here, we detail
key elements used for parallel DSP, and provide an estimate
for the required clock frequency of an application-specific integrated circuit (ASIC). In order to accurately emulate realtime
processing, the offline DSP used in this experiment is also parallelized.
The DSP comprises four main elements: serial-to-parallel
conversion, normalization of the input signal from each ADC
to unit power, equalization (primarily for tracking polarization
rotations, however this also enables symbol retiming and
residual chromatic dispersion compensation) and differential
carrier recovery.
The equalization was applied using a parallel implementation
of the constant modulus algorithm (CMA) [29], consisting of 5
complex taps applied in parallel across a full bus width. The
tap weights were updated using a least mean squares (LMS)
algorithm calculated using the mean of the error terms obtained
for each bus; this averaging approach is more robust to noise
than the serial CMA [30]. The equalizer taps were initialized
using the scheme outlined in [31] before applying equalization
on a bus-by-bus basis, with the filter taps being updated at the
end of each bus. In practice, we found that bus width had only
a minor influence on sensitivity, and so opted for a 128 sample
bus, corresponding to a 46.9 MHz update rate.
Based on linewidth measurements of the DS-DBR lasers
given in Section III, it would not be possible to apply carrier
phase estimation without incurring a penalty [32]. Experimentally, it was found that for signals affected additionally by the
RIN from the LO (see Section V.B) Viterbi and Viterbi carrier
phase estimation did not produce an accurate phase estimate.
Therefore, we differentially decode each symbol by comparing
the equalized fields of adjacent symbols, and details of the
algorithm are given in V.A.
Section III also highlights the RIN spectrum of DS-DBR
lasers. This can been compensated as part of the normalization
block, and the theory and implementation of this method are
given in V.B.

A. Phase and Frequency Offset Compensation
The linewidth symbol-time product
determines both
the efficacy and feasibility of carrier phase estimation, assuming
that phase estimation is performed only once per symbol [32].
Even with the low symbol-rates considered here,
can be
when using an ECL at the transmitter and receiver. This
permits the use of the Viterbi and Viterbi fourth power phase estimation algorithm, which is detailed in [33]. Conversely, with
a DS-DBR laser at the transmitter and receiver,
is approximately
. The high resulting phase noise means that
using fourth power phase estimation results in repeated cycle
slips whereby a succession of incorrect phase estimates lead to a
deviation from the actual phase, invalidating subsequent
data.
Differential decoding by symbol (DS) and differential detection by field (DF) can be used to overcome cycle slips. In both
cases, data is encoded on the difference between the phase of
two adjacent symbols. At the receiver this data is recovered by
comparing the phase of two consecutive received symbols. DS
involves making a decision on the symbol before differentially
decoding, and therefore requires carrier phase estimation.
DF is used in this work, which is a digital implementation
of the interferometric approach applied in optical DQPSK experiments. By first digitizing the signal, equalization can be applied, making this approach more robust to chromatic dispersion
and mismatched optical path lengths within the receiver while
permitting polarization multiplexing without optical polarization tracking. Additionally, a high-power LO laser can be used,
which can improve receiver sensitivity [15]. In this scenario, the
carrier phase is not directly recovered, but inferred from the difference between two symbols.

(1)
is a symbol from the equalized symbol stream,
is the encoded data on symbol , and
is the angular
offset between two adjacent symbols. The result of
is that
any frequency offset will lead to a fixed rotation of the QPSK
constellation points. To calculate the frequency offset from this
result, the data must be removed using a fourth power operation.
In practice, the frequency offset estimate is derived from a noisy
signal so the angle of a multiple symbol average can be taken
as follows.
where

(2)
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where the window length is
. This is analogous to the
Viterbi and Viterbi algorithm, but without the requirement of
phase unwrapping (this has already been applied differentially).
Note that, even when the frequency offset is relatively small,
this estimation performs two important functions. Firstly, this
algorithm can track small changes in the frequency offset over
time; this relaxes the constraints on the frequency stability of the
LO laser. Crucially, however, from an implementation perspective, this provides a metric to feed back to the LO laser itself to
ensure that the frequency offset from the signal is kept small.
In the case of DS, frequency offset estimation and carrier
recovery are applied before a hard decision on the symbol is
made; only then is differential decoding applied. DS, while
less tolerant to phase noise than DF, avoids the additional SNR
penalty due to the multiplication of noise terms from two adjacent symbols. Due to the duplication of errors (an error in one
symbol will lead to an error in the next symbol), in an additive
white Gaussian noise (AWGN) channel with high OSNR, both
methods will at least double the BER [32].
B. Time-Dependent DC Offset Removal
Intrinsic RIN poses a challenge for all sensitivity-limited receivers. In the case of IM-DD, it may be obvious that RIN
will degrade SNR, but the impact on coherent phase-modulated
communications systems is not so clear.
A recent theoretical investigation into the impact of RIN on
digital coherent receivers showed that LO lasers affected by RIN
degrade power sensitivity [34]. Coherent receivers using balanced photodiodes with infinite common mode rejection ratio
(CMRR) are immune to this translation of intensity noise into
the digital domain though, in practice, differential amplification
is not ideal (finite CMRR).
It has previously been shown that, under certain circumstances, RIN can be partially compensated digitally [35]. This
is in direct contrast to the particularly effective optical approach for RIN reduction [36], [37]. Unfortunately, the optical
approach is beyond the permissible complexity for an ONU,
and so the digital approach is a reasonable compromise.
Here, the theoretical basis for RIN compensation is outlined.
The RIN of a laser is defined as the ratio of the mean-square
optical intensity fluctuation, normalised to a 1 Hz bandwidth at a
fixed frequency, and the average optical power. When a laser with
non-negligible RIN spectrum is used as the LO laser, the intensity
noise will contribute to the beating between LO and signal. This
RIN component can be treated as an additional electric field
without loss of generality and so, neglecting extrinsic noise
sources, this leads to the following signal from the photodiodes
(3)
are the electric fields corresponding to the
where
signal, LO and RIN, respectively, and
are the electric currents from the two square-law photodiodes comprising the balanced photodector. These signals are passed to differential amplifiers (with a finite CMRR) resulting in the final output current
(4)
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where

is the CMRR, and C is normalized to unity
. Assuming that
and
are both small
compared with
, then terms including
will dominate
(5)
where constant terms have been removed due to the assumed
increases
AC-coupling of the receiver. As the amplitude of
relative to
, the relative amplitude of
also increases. With a finite CMRR, and assuming that
varies
with Gaussian statistics, this introduces an LO-RIN beat term
which cannot be removed. However, RIN from a semiconductor
laser is normally manifested as 1/f noise (or ‘pink noise’) due
mainly to noise from driving circuitry being translated into the
optical domain [23]. For the DS-DBR laser this results in the
RIN spectrum shown in Fig. 4.
Since the RIN spectrum is not white, we can use (5) to design a digital filter which tracks changes in amplitude over time
and, in this respect, the obvious choice is an averaging window,
which treats
as a time-dependent DC offset3. This
can be applied to the signal from each channel as a finite impulse response filter (FIR) in the time domain, where the filter
coefficients are given by
(6)
Here, N is the number of filter taps, which is set depending on
the signal-LO ratio, the RIN spectrum of the LO laser, and the
CMRR of each channel. Note that other filters can be designed
with a high pass characteristic (such as a Gaussian filter) which
should also compensate for RIN, however the complexity would
be greater than for the filter proposed here.
C. Serial vs. Parallel DSP Performance
Previously, we have reported results from proof-of-concept
experiments, where DSP had been applied to the received
signals offline and serially (for example [16]). In this context,
the key difference between serial and parallel processing is
the CMA update rate. In the serial case, the equalizer taps
are updated on a symbol-by-symbol basis, but for the parallel
case this update is applied on a bus-by-bus basis; effectively
averaging the CMA error over multiple symbols.
We compare the serial and parallel DSP algorithms in Fig. 6 in
order to validate previous results4. The first analysis, Fig. 6(a),
shows the receiver sensitivity when using an ECL laser at the
transmitter and the receiver. It is clear that, in this scenario, the
bus width has no impact on receiver sensitivity. Fig. 6(b) shows
the results from the same investigation when the ECLs are replaced by DS-DBR lasers. Even with the reduced coherence
time for these lasers (Fig. 3), there is still a negligible impact on
sensitivity when moving from serial DSP to parallel DSP with
a bus width up to 1024 samples. Note that the feedback time for
the CMA error term is the (symbol time) (bus width) product.
3The

implicit assumption here is that the receiver is AC coupled such that
.

4It should be additionally noted that for reasons of expedience, the results
shown in the Appendix, as well as in Fig. 7 are processed using optimized serial
DSP. The results in Fig. 6 validate this approach.
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Fig. 7. The required received power to achieve a BER below the FEC limit
for different RIN compensation filter window sizes. The vertical
line indicates the filter length that optimizes receiver sensitivity. (These results
-factor.).
are obtained by fitting received power against

In this paper, we have outlined some potential challenges
associated with the use of tunable semiconductor lasers for
low symbol-rate, sensitivity-limited coherent communications;
namely RIN and linewidth. In this section, we detail an experimental characterization of the RIN compensating filter
introduced in Section V.B. We then apply these results to a
transmission system outlined in Section IV while using parallel
DSP at the receiver.

LO laser would be enhanced and would therefore reduce the
sensitivity of a coherent receiver. The (low power) RIN from
the signal laser would have a minimal impact on receiver sensitivity. The impact of RIN is dependent on the CMRR, which
was measured to be between 10 dB and 15 dB for all four channels (signal and LO port) of the coherent receiver used in these
investigations. Results are shown in Fig. 7 from a back-to-back
performance characterization of achievable receiver sensitivity
when incorporating a digital RIN compensating filter within the
receiver DSP. Here, we have extrapolated the required sensitivity at the FEC limit, however the complete data are shown in
the Appendix. To obtain these results, four combinations of the
two laser types were investigated (DS-DBR and ECL as signal
or LO).
When ECLs are used as both the signal and LO lasers, the
receiver sensitivity improves asymptotically with increasing
length of the RIN compensating filter window; up to the maximum filter length tested (2049 taps). This indicates that the DC
offset of the coherently detected signal is approximately time
invariant over this interval. Conversely, when DS-DBR lasers
are used as the signal and LO sources, there is a particular
window length which optimizes filter performance for each
received power, implying that low-frequency noise has been
removed.
The final two curves show the performance when an ECL
and DS-DBR laser are used as the signal and LO source, or LO
and signal source, respectively. A comparison of these results
confirms the theory that it is RIN from the LO laser that impacts
on receiver sensitivity.

A. RIN Compensation

B. Transmission Performance

It was suggested in [34] and also by the analysis in Section V
that, for a receiver with finite CMRR, there would be a penalty
due to laser RIN. With a high LO-signal ratio, RIN from the

The results in this section were obtained using the experimental configuration shown in Fig. 5, including transmission
over 100 km SMF. Shown in Fig. 8 is the measured receiver

Fig. 6. Impact of bus width on receiver sensitivity. Open markers indicate performance using serial processing for each optical power level. The difference in
BER between serial and parallel DSP algorithms is negligible, and independent
of the laser used. (a) ECL LO, ECL signal, (b) DS-DBR LO, DS-DBR signal.
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Fig. 8. Experimentally determined receiver sensitivity of 3 GBd PDM-QPSK
after transmission over 100 km SMF. Shown is the sensitivity of the first channel
(193 THz) with and without digital RIN compensation (dashed horizontal line
BER limit for FEC). (a) 10 dBm LO Power, (b) 15 dBm LO
is the
Power.

sensitivity when using DS-DBR lasers at the transmitter and receiver tuned to 193 THz. The BER degrades significantly when
the LO-signal ratio is around 60 dB due to the increased impact of RIN. We found that, in the low signal power region,
LO RIN lead to equalizer false locking (discarding data from
one polarization) or malconvergence, leading to significant BER
degradation.
When RIN compensation was applied the receiver sensitivity
improves, albeit with an error floor at higher powers. It is evident that there is an error floor when no RIN compensation is
applied, so we attribute the error floor in this case to the incomplete removal of RIN. The performance when using ECLs
is shown for reference, and the relative penalty at the FEC
limit is 3.7 dB. The achievable sensitivity for the DS-DBR
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Fig. 9. Individual channel sensitivities, with the horizontal lines indicating the
average sensitivity for each configuration. The receiver sensitivity when using
ECLs is shown as a reference. (a) 10 dBm LO Power, (b) 15 dBm LO Power.

configuration is
dBm, when using an LO power of
15 dBm.
Fig. 9 shows how receiver sensitivity varies when changing
the operating frequency of the DS-DBR lasers. We found that,
when RIN compensation was applied, the variance of receiver
sensitivity was negligible, indicating the suitability of this approach for UDWDM-PON. In Fig. 9(a), the LO power was set
to 10 dBm and for Fig. 9(b) it was set to 15 dBm. Comparing
these results further confirms the theory that a higher LO power
increases the impact of LO RIN, while also showing the enhanced efficacy (and necessity) of RIN compensation. For a
10 dBm LO power, the average sensitivity improvement at the
FEC limit when applying RIN compensation was 2.1 dB, while
for a 15 dBm LO power this increased to 5.9 dB.
We now make several observations which place these results
in the context of previous work. Firstly, the improved receiver
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sensitivity in Fig. 9(a) when compared with the results reported
in [35] is due to the redesigned frequency offset tracking outlined in Section V.A (the previous implementation used a feedback algorithm which introduced an error floor). Second, these
results can be used as a basis for estimating network performance. Assuming 5 dBm/ launch power [13], the loss budget
for a 10 dBm (15 dBm) LO power is 41.9 dB (43.4 dB). For
the configuration outlined in Section III, assuming 3 dB loss
per 1:2 split, this loss budget would enable transmission over
100 km with a 1:128 (1:128) way split (albeit with a 2.4 dB
margin in the latter case). The aggregate network capacity in
this configuration would be 1.28 Tbit/s. The total optical power
at launch would be 26 dBm; comparable to the output power of
a high-power EDFA.
VII. CONCLUSION
We have provided a summary of state-of-the-art WDM-LRPON architectures, and shown how the use of coherent detection
enables high capacity and high split ratios. In particular, we have
discussed how a tunable LO laser can be used to select a channel
from a UDWDM source, removing the need for complex optical
filtering while providing a scalable, reconfigurable network.
The tunable LO was chosen to be a DS-DBR semiconductor
laser, which is fully C-band tunable. It was shown theoretically
and experimentally that the enhanced linewidth and RIN from
these lasers (relative to an ECL) could be tolerated using digital postprocessing of the received signal and that, without RIN
compensation, equalizer convergence could not be guaranteed.
It was shown experimentally and theoretically that, in contrast
to the signal laser, RIN from the LO laser degrades receiver
sensitivity.
The DSP was implemented using a parallel structure to
demonstrate the potential for future implementation and realtime operation on an ASIC. It was shown that the parallel
processing bus width does not impact on receiver sensitivity.
The receiver sensitivity of 3 GBd (12 Gbit/s) PDM-QPSK
was measured across 11 10 GHz spaced channels. Receiver
sensitivity was measured in two configurations: using ECLs for
signal and LO sources (ideal case), and using DS-DBR lasers
for signal and LO sources. It was found that, when using an LO
power of 10 dBm (15 dBm), the average receiver sensitivity in
dBm (
dBm), at the
the ideal case was
BER limit for FEC, dropping to
dBm (
dBm)
when using DS-DBR lasers with RIN compensation. Using
DS-DBR lasers without digital RIN compensation lead to
equalizer malconvergence and degraded receiver sensitivity by
a further 2.2 dB (5.9 dB).
Through a brief analysis, we show that a network based on
digital coherent receivers and DS-DBR lasers could theoretically support 128 10 Gbit/s channels.
APPENDIX
Fig. 7 shown in Section VI.A is an extrapolated result, which
demonstrates that digital RIN compensation need only be applied if the LO laser exhibits a high relative intensity noise
(RIN from the signal laser has a negligible impact on performance). Shown here, for completeness, are the original plots

Fig. 10. Relationship between BER, received power and the length of the RIN
compensating filter window for 3 GBd PDM-QPSK when using (a) DS-DBR
lasers as signal and LO sources and (b) ECLs as signal and LO sources. The
white dashed line indicates the minimum BER for each received power. (a)
DS-DBR Signal, DS-DBR LO, (b) ECL Signal, ECL LO.

which show the sensitivity after RIN compensation with different filter lengths. Fig. 10(a) shows the impact of RIN compensation when a DS-DBR laser is used as the LO laser. The
RIN compensation filter is found to be most efficacious for low
signal powers (high LO-signal ratio), and the 3 dB response
MHz in this region. It
of this high pass filter tends to
was shown in Fig. 4 that the intensity noise of the unmodulated
DS-DBR laser light was greatest below 100 MHz; corroborating
this result.
For the case of a low-RIN LO laser (in this case, an ECL) the
result is quite different, with the optimum filter cutoff frequency
MHz).
at high LO-signal ratio an order of magnitude lower (
This, too, is the expected result from the RIN spectrum measured in Fig. 4.
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