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Abstract—In response to the ever-growing challenge of using
conventional direct modulation/direct detection transceivers for
upgrading passive optical networks, there has recently been a
surge in interest in alternative transceiver technologies. Candi-
date systems include (simplified) coherent receivers, and digital
signal processing in combination with direct detection. Beyond
these mainstream solutions, other, more esoteric, system designs
have been proposed, including networks based on general pur-
pose signal processing hardware, split carrier transmitters, and
ultra-wide bandwidth coherent receivers. Herein, we review these
techniques, and detail an experimental investigation of an ultra-
wide bandwidth coherent receiver. It is found that the use of a
dual-local oscillator receiver in an ultra-dense wavelength divi-
sion multiplexed passive optical network (UDWDM-PON) enables
the simultaneous detection of multiple upstream channels whilst
efficiently using the complete receiver optoelectronic bandwidth.

Index Terms—Access Networks, Passive Optical Networks
(PON), Digital Signal Processing, Coherent Receivers.

I. INTRODUCTION

OPTICAL access networks have reached a tipping point.
Their inception as a passive optical network (PON)

based on directly-modulated lasers, on-off keying (OOK), and
time division multiplexing (TDM) was a revolution in the
late 20th century. However, in the intervening two decades
surprisingly little has changed.

This could, in part, be attributed to the cost-sensitivity of
the access network; the cost-per-bit cannot exceed what an end
user is prepared to pay. Nonetheless, within this challenging
cost envelope, the aggregate line rate of the network has
increased by two orders of magnitude; from the 622 Mbit/s
APON (ITU Recommendation G.983.x) 1998, to the 40 Gbit/s
NG-PON2 (ITU Recommendation G.989.x) 2013, and soon
50 Gbit/s with the advent of the 50G EPON (IEEE 802.3ca).
This has mainly been enabled by advances in the optoelec-
tronic bandwidth of transceiver components although more
recently, as with NG-PON2, this has been facilitated by a move
to TDM signalling across several coarse wavelength division
multiplexed (WDM) channels (also known as TWDM).

The use of WDM in optical access networks was an
unavoidable break with convention, due to the limitations
within single channel transmission. For any link using intensity
modulation with direct detection (IM-DD), an increase in
symbol rate will lead to an increased dispersion penalty. At
the same time, the increased symbol rate inherently requires
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a greater optical power to maintain link budget, and also a
greater optoelectronic bandwidth to avoid further penalties.
Alternatively, higher order modulation formats [1] can be
used to reduce the bandwidth requirements and dispersion
penalty, but the reduced Euclidean distance between discrete
signalling levels degrades the receiver sensitivity. Further,
generating such formats using direct modulation can result
in a significantly reduced signal power at the transmitter. By
contrast, WDM allows lower line rate channels to be transmit-
ted simultaneously, and detected independently, provided that
a tunable optical filter is available in the receiver to reject the
other WDM channels.

Despite a wide range of proposals to change the access
network (reflective PON [2], [3], SuperPON [4], [5], Long
reach PON [6], [7]), in reality there has been little appetite to
move away from standards based on a power-splitting ODN
with a relatively modest reach and split ratio. The reasons for
this include the simplicity of network deployment and man-
agement, the ease of upgrades, and backwards compatibility.
Going forward, it seems clear that further scaling the number
of WDM, channels in combination with upgraded transceiver
designs, will be required to increase the aggregate network
line rate.

Therefore, in this paper, we briefly compare transceiver
technologies which could be used for future optical access
networks. Section II reviews the relative merits of a range
of modulation formats, receiver technologies (direct detection,
coherent, and quasi-coherent), and transmission techniques, all
of which are tailored to the specific challenges of multi-user
optical access networks. Section III outlines the challenge of
transmission using a large number of WDM channels, and
provides a detailed description of a new technique for channel
aggregation in a wide bandwidth coherent receiver within an
optical line terminal (OLT). The details of an experimental
validation of this technique are given in Sections IV and V
and, finally, the conclusions are in Section VI.

II. OPTIONS FOR LOW COMPLEXITY TRANSCEIVERS:
BEYOND ON-OFF KEYING

There have been many competing and complementary in-
novations in the area of low complexity transceivers, all
seeking a solution for transmission beyond IM-DD with binary
modulation. This section is intended to provide a summary of
the salient transceiver designs and recent results for optical
access networks, with a focus on the more unusual designs
of recent years. However, this is a very diverse area of study.



JOCN 2

Considering this, the following references cover the key topics
discussed in this section in a level of detail that would not be
desirable in a single paper.

For a summary of the technical rationale behind the recent
ITU standards, the reader is referred to [8], [9]. For a detailed
discussion of coherent techniques for PON, we refer to the
summaries in [10], [11], [12], [13]. Finally, for a discussion
of the advanced direct detection techniques, see the review and
experimental investigations in [14].

A. Analog Solutions

Many solutions for future access networks have recently
been proposed, however some of the most promising options
for transceiver design actually date back to the previous
century; this is because such transceivers can be implemented
without digital signal processing. The stalwart of access net-
works, on-off keying, suffers from an increased dispersion
penalty as data rates increase, which limits transmission reach.
Further, the near equivalence between the optoelectronic band-
width requirements and the data rate mean that the generation
of OOK signals (via direct or external modulation), becomes
very challenging beyond 50 Gb/s, and the transmission reach
at 100 Gb/s is correspondingly short; for example, the demon-
stration in [15] had a transmission reach of just 2 km.

Perhaps the simplest modification to direct detection with
OOK is 4-ary pulse amplitude modulation (PAM4), which
encodes two bits of data into four amplitude levels per symbol
period. The reduced bandwidth requirements versus OOK pro-
vide enhanced dispersion tolerance and reduced optoelectronic
bandwidth requirements. In order to maintain a high extinction
ratio, PAM4 is typically generated with an electroabsorption
modulator (EAM) as part of an externally modulated laser
(EML). To date there have been many demonstrations of
PAM4, and efforts have focussed on maintaining transmis-
sion performance, despite the inherent sensitivity penalty of
higher order modulation formats. Aside from the technical
challenge, there is a practical issue of how best to receive the
PAM4 signals. A low complexity, analog detector was recently
demonstrated in [16] which achieves this by using high speed
combinatorial logic to extract the two data bits from each
PAM4 symbol, enabling the reuse of low cost components
designed for OOK.

Some of the limitations of PAM4 have been overcome
using electrical duobinary (EDB), which also encodes two bits
per symbol period. The advantage of EDB is the inherently
reduced spectral width of the signal, which can be exploited to
minimise dispersion penalty. This was recently compared with
PAM4 at 50 Gb/s, where it was shown that EDB not only out-
performed PAM4 in terms of back-to-back sensitivity, but also
retained its sensitivity after 20 km transmission over standard
single mode fibre [1]. As an alternative to EDB, unequally-
spaced PAM4 have been employed in [17], specifically for
access networks. This is a type of one-dimensional geometric
shaping, which compensates for the nonlinearity of the direct
detection process in order to reduce the probability of making
an error versus uniform PAM4 (in the referenced work, the
sensitivity improved by more than 1 dB).
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Fig. 1. Quasi-coherent receivers. (a) The balanced receiver used for burst
mode OOK detection in [1] (this uses analog electrical signal processing
(ESP), but is not polarization-independent), and (b) the single-ended receiver
demonstrated in [20], [21] (this is also analog, but exploits a polarization
beam splitter for polarization insensitivity). Key – PBS: Polarization Beam
Splitter, PIN: PIN Photodiode, LO: Local Oscillator Laser, PC: Polarization
Controller.

Although geometric shaping could also be applied to a
higher order modulation format, such as PAM8, the use of only
a single dimension for modulation (i.e., amplitude) impairs
the sensitivity, and only increases the data rate per symbol
by 50% versus EDB or PAM4. Nevertheless, PAM8 has been
investigated in, e.g., [18], where this format was used as part
of an adaptive modulation scheme to increase the per-channel
rate up to 30 Gb/s using 10G-class optics .

Although most amplification schemes, such as erbium am-
plifiers or distributed Raman amplification, are prohibitively
complex for a PON (particularly as an ONU preamplification
method), it is possible to combine a low-complexity semi-
conductor optical amplifier (SOA) with a PIN photodetector
to improve sensitivity [19], [17]. This is in contrast to using a
high sensitivity photodiode, such as an avalanche photodetec-
tor (APD). The relative cost and merit of APDs versus SOAs is
still a subject of investigation, although it should be noted that
SOAs are, for the purposes of a PON, bandwidth-insensitive,
and format-agnostic.

A promising alternative to direct detection is quasi-coherent
detection, also known as coherent amplification. These names
are given to receivers that use a local oscillator laser (LO)
to provide a local reference signal for detection (thereby en-
hancing sensitivity), but are otherwise operating as a standard,
analog, direct detection receiver. There are several analog
coherent receivers that fall into this class, and these have
been reviewed in [10]. One proposed approach to move incre-
mentally towards coherent detection in access networks is to
use a 3-photodiode (i.e., balanced and phase diverse) coherent
receiver (see Fig. 1(a)) to detect a TDM upstream signal, in
such a way that the chirp of upstream signal is not detrimental
to the process of coherent detection. An exceptionally high
power budget of 40 dB was demonstrated at 25 Gb/s in [1],
taking a negligible penalty for burst mode operation.
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However, a shortcoming of this class of receivers is that they
are polarization sensitive; the LO and the signal must have the
same state of polarization. All receivers which fall into this
class must be modified in some way to allow them to receive
a signal, irrespective of the signal state of polarization. The
first example of a coherent receiver explicitly and generally
addressing this problem was developed by Glance et al. in
1987 [20]. The proposed technique involved detecting both
states of polarization simultaneously, and simply summing the
magnitude of the detected polarization components. Although
there is a minimum penalty of 3 dB for this a approach (6 dB
if the phase components are not independently detected), the
receiver does not require polarization alignment to detect a
signal. This technique, shown in Fig. 1(b), has since been
adapted for the modern PON standards [21], but the operating
principle is very similar.

The relative merits of these approaches are detailed in
[10], so we will not reiterate here. However, an important
point to note about quasi-coherent, analog receivers is that
they are not, in general, scalable to high order modulation
formats. Several designs (e.g., [22], which implicitly relies on
polarization scrambling) are constrained to OOK, and others
rely on envelope detection, which destroys phase information.
Therefore, as with IM-DD systems, quasi-coherent solutions
cannot easily be used to scale bandwidth efficiency beyond
PAM4. Notwithstanding this limitation, 25 Gb/s PAM4 was
recently demonstrated using a polarization independent design
(a hybrid between the two designs shown in Fig. 1), although
achieving a power budget of only 17 dB after 21 km trans-
mission [23].

B. Digital Solutions

Echoing the rapid advance of DSP-aided coherent receivers
in long-haul networks, there is now an interest in DSP-
aided receivers for access networks. Naturally, the benefits
of DSP in long-haul networks are different to access. In
long-haul, the accumulated chromatic dispersion is orders of
magnitude greater than in access networks, and other effects
such as polarization mode dispersion, stochastic polarization
rotations and, to a certain extent, Kerr nonlinearity, all become
significant, and can all be mitigated by DSP.

In an access networks, DSP has been proposed, primarily,
to extend the operating capability of the current generation
of low cost optics, and there are two competing models for
this. One is to enhance direct detection transceivers by using
DSP (also known as DD+DSP). The other is to use DSP
to enable phase detection in a coherent receiver (sometimes
called simplified digital coherent receivers), and then exploit
this phase recovery for advanced modulation and channel
mitigation. Unless otherwise noted, all the receivers discussed
in this subsection employ an analog-to-digital converter (ADC)
to enable the DSP solution.

Starting with the direct detection options, perhaps the
simplest use of DSP is to enable a bandwidth extension
of the current optoelectronic hardware generation. Although
not strictly for access networks, a recent demonstration of
high symbol rate OOK used DSP to enable transmission
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Fig. 2. A split carrier transmission scheme. This method of generating
single- or double-side band signals has been successfully tested in inter- and
intra-data center networks. Provided the carrier path has a lower insertion
loss than the modulator path, then this scheme will be more power efficient
than passing the carrier through the modulator, and will inherently produce a
carrier-to-signal power ratio greater than unity.

of 140 GBd and 204 GBd OOK signals over 80 km and
10 km, respectively [24]. The hardware used is of an infeasible
complexity for the next generation of PONs, but it is perhaps
of interest to note that OOK could still be a possibility, even for
per-channel rates beyond 100 Gbit/s. The DSP used to achieve
this involved a 5-tap feed forward equalizer (FFE) and 3-tap
maximum a posteriori (MAP) processing.

For advanced modulation formats, other equalization tech-
niques have been applied to further improve performance.
For example, in [25], PAM4 was enabled by a combination
of maximum likelihood sequence estimation (MLSE) and a
channel shortening filter (which trades off improved channel
response with additional inter-symbol interference, which is
then compensated by the MLSE).

However, for simplicity in access network specific demon-
strations, it is now common for the FFE to be used in isolation
to improve bandwidth and dispersion tolerance, or combined
with a relatively simple decision feedback equaliser (DFE).
There are many examples where these DSP techniques are
applied, however we highlight [26], which used a combination
of FFE and DFE, as well as an SOA-PIN and an EML,
to enable transmission of PAM4 at 50 Gb/s/λ over 20 km,
whilst achieving a 32.5 dB power budget. This is a particularly
impressive demonstration, as it shows the feasibility of using
DSP to enable a 50 Gb/s transmission system, with very little
additional optical complexity versus a 25 Gb/s system.

When considering new transceiver designs for PON, it is
instructive to look to the research in intra- and inter-data center
networks, as they have similar volumes to access networks,
and similar complexity and data rate requirements. The recent
work by [27] on ‘coherent-lite’ transmission systems (which,
again, is an analog coherent system) provides insight into how
DSP complexity can be avoided in short reach networks, at
the expense of optical complexity. Here, a homodyne system
is enabled by using a fibre pair to send a signal plus a carrier,
which is then used as a LO source. Conversely, however, one
may wish to minimise the optical complexity, at the expense
of DSP. The latter scenario is much more applicable to the
current research direction in access networks, and was recently
addressed in [28]. Here, 4×112 Gb/s PAM4 signals were trans-
mitted over 300 km using a dispersion-pre-compensating trans-
mitter but a single photodiode receiver. A power preserving
modulation scheme (see Fig. 2) meant that a high power carrier
could be inserted into the signal, whilst avoiding the loss of
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Fig. 3. [top] A conventional polarization- and phase-diverse coherent
receiver. [bottom] a direct detection ONU, which can be converted to a
simplified, balanced, heterodyne, coherent ONU with the addition of the
dashed paths (the addition of a BPD, as shown in grey, is optional). Despite
being little more complex than a direct detection ONU, it is compatible with
some coherent transmission schemes, such as Alamouti coding. Key – BPD:
Balanced Photodetector, TIA: Transimpedance Amplifier.

the external modulator. This approach has since been used in
an intra-datacenter scenario, where a lower complexity, double
side-band modulation scheme could be used, due to the low
accumulated dispersion [29]. This technique inherently enables
a power-efficient generation of advanced modulation formats
at high data rates, but requires transmitter- and receiver-side
DSP. Nevertheless, this transceiver design has potential for use
in optical access networks, as it preserves carrier power after
external modulation and so increases power budget for a fixed
laser output power.

For completeness, we note a relatively new technique which
as been applied to direct detection receivers, called Kramers-
Kronig (KK) detection [30]. Square law detection is inherent
to standard photodetectors. That is, photodetectors measure the
magnitude of the incident electromagnetic field, rather than the
field itself. Phase information is, therefore, destroyed in this
process. It is possible to partially linearise the receiver using
KK DSP, and this was shown for an access network scenario
in [31]. It should be emphasised that, whilst this does not
convert a direct detection receiver into a coherent receiver,
it does, to some extent, enable advanced modulation formats
and digital chromatic dispersion compensation. However, as
this is an inherently nonlinear process, there is a requirement
for oversampling of the signal before the DSP is applied [32].

So far we have discussed direct detection, DD+DSP, and
quasi-coherent receivers, however it is DSP combined with
coherent detection that is currently the gold standard of long-
haul communications. In PON scenarios, research has shown

that digital coherent receivers can enable an entire restruc-
turing of the network, especially concerning the wavelength
plan and the use of time division multiplexing. A typical four-
dimensional coherent receiver1 is shown at the top of Fig. 3;
this receiver includes two 90 degree optical hybrids for phase
recovery, and four balanced photodiodes (one per dimension).

Despite the comparison with long-haul communications,
digital coherent receivers need not be high complexity. For ex-
ample, a prototype demonstration of a cost-effective transistor
outline (TO)-can package including an EML-based coherent
transceiver (with a single fiber access and single RF data input)
which achievied transmission of up to 7.5 Gb/s with a 20 dB
power budget [33]. Although these are rather modest results,
it should be noted that this was the first demonstration of a
dual use EML (as both transmitter and receiver), and arguably
has a lower complexity than many of the DD+DSP solutions
described, above. For reasons described later in this section, a
high data rate may not be as important for coherent systems.

A further example of a low complexity coherent transceiver
design is the polarization-diverse transmitter single-photodiode
receiver; the receiver structure is shown in Fig. 3 (bottom).
Here, the assumption is that, within any ONU, there must be at
least a single photodetector2 and a laser (here assumed to be an
EML). The laser can be simultaneously used as an LO and as
a source for upstream transmission3. Provided that the signal
has been precoded such that the information is redundantly
coded across both polarizations, then this receiver structure
can be used to receive the signal.

The simplest method for this is polarization scrambling
(e.g., using an external polarization modulator). Provided that
the signal is present in both polarisation states for half of
the symbol period, the signal can be recovered, albeit at
an expense of a doubling in bandwidth requirement (as the
symbol state changes at twice the symbol rate). An alterna-
tive approach is polarization-time block coding (also known
as Alamouti coding), which modulates the data with 100%
overhead across pairs of symbol periods and two polarizations.
In this way, a receiver is able to recover all of the trans-
mitted data, but without increasing bandwidth requirements.
Additionally, Alamouti coding exhibits a fundamental 3 dB
sensitivity advantage over polarization scrambling. It should be
noted, however, that Alamouti coding requires DSP, whereas
polarization scrambling can also be implemented without DSP
and may, therefore, be simpler to implement than Alamouti
coding [10]. Scrambling was demonstrated in [34]. As the
scrambling must be performed at twice the symbol rate (and
thus bandwidth limited), the data rates per wavelength in
this work are relatively low (1.25 Gb/s). Notwithstanding this
issue, this system is compatible with a dense WDM system
(only one polarization scrambler is required, in principle), and
the performance in a multi-channel scenario has been verified,

1Phase and amplitude in two polarizations.
2Single photodetector coherent receivers are impaired by relative intensity

noise from the LO laser, but this can be easily mitigated by instead using a
balanced photodetector [13]. This is shown in grey in Fig. 3 (bottom).

3Although this would not be compliant with any of the ITU standards, to
date, as this requires bidirectional transmission in the same wavelength band.
However, the wavelength plan of any future standard could be adapted to
accommodate this approach.
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with receiver sensitivities as low as -45 dBm per channel.
Alamouti coding has been shown to outperform scrambling,
but at a greater complexity (polarization-diverse modulation is
required for each channel). Nevertheless, in [35], bidirectional
transmission was demonstrated over 100 km of installed fibre,
verifying the principle of polarization independence in a
practical scenario, whilst operating using 16-ary quadrature
amplitude modulation (16QAM) to obtain a high bandwidth
efficiency.

Given that the optical front end of the receiver shown in
Fig. 3 is almost identical to a conventional direct detection
receiver, it is natural to ask about the complexity of the ADC.
The challenge with ADCs is that they have, in general, a
high power consumption. However this can be mitigated if
the number of quantization levels is reduced. The work in
[36] describes a hypothetical receiver that employs a 2-bit
ADC, thereby making the receiver complexity equivalent to
that of the simplified PAM4 receiver described above [16],
which used combinatorial logic to implement a 2-bit receiver.
The 2-bit receiver was recently experimentally demonstrated
in [37], where a combination of receiver-side clipping and
DSP enabled the detection of 25 Gb/s Alamouti-coded 4QAM
signals. The receiver sensitivity outperformed a near identical
PAM4 ONU by 18.6 dB, albeit at the expense of DSP, and a
more complex transmitter in the OLT. There is no fundamental
reason why this approach would not work for the polarization
scrambled transmitter configuration, which may also allow
for a reduced OLT complexity; the exact performance of this
configuration has not been experimentally verified.

For a power consumption estimate, we refer to the work of
López et al. [38], where a 2-bit flash ADC and transimpedance
amplifier was implemented for a high speed PAM4 receiver.
The power consumption of this device was verified up to
24 GBd, and drew just 650 mW. This device’s low power
consumption could be a key enabler for either low complexity
coherent receivers, or 50 Gb/s PAM4 receivers.

One seldom-discussed issue in this research area is the
development and, therefore, the amortisation of the initial
investment in, for example, application specific integrated
circuits (ASIC) for the DSP. There will come a point when the
demand for such ASICs is sufficient, and they are effectively
commodified. However, in the meantime, there may be a high
initial cost for any commercial deployment. An approach to
deal with this issue was recently proposed, and is known as
the Flexible Access System Architecture (FASA). The FASA
proposes the use of general purpose hardware to enable real-
time operation of DSP and forward error correction (FEC),
without the development of ASICs. In [39], it was shown
that, by using a central processing unit (CPU) and graphics
processing unit (GPU), the DSP and FEC for a 5 Gb/s coherent
QPSK signal could be executed in realtime, even when the
signal was transmitted over 20 km. The FASA, therefore,
demonstrates the possibility of cost-effectively accelerating
both research and deployment in the area of DSP-aided access
networks, and underlines the inherent feasibility of all the
aforementioned techniques.

III. NETWORK IMPLICATIONS OF WAVELENGTH DIVISION
MULTIPLEXING: A COHERENT SOLUTION

So far in this manuscript, we have discussed the motivation
for receiver simplification in optical access networks. How-
ever, in this section, we describe a commonly investigated
WDM transmission scenario, and show how a high complexity,
wide bandwidth receiver can be exploited in this scenario to
achieve an overall reduction in receiver complexity4.

A. Ultra Dense Wavelength Division Multiplexing

In contrast to earlier standards, one of the key additions of
NG-PON2 was the use of TWDM. One could view this as
inevitable; at the point when tunable ONU filters and lasers
becomes cost-effective, it is easier to expand the transmission
bandwidth in the optical domain, rather than in the optoelec-
tronic domain. And yet, there is an inherent logic to using
WDM in a multi-user access network scenario: why separate
users in the time domain, when there is ample bandwidth
available in the frequency domain?

This is the rationale behind the ultra-dense WDM (UD-
WDM) PON proposal, which abandons TDM altogether, and
separates users only in the spectral domain. This requires tens,
or even hundreds, of wavelengths per PON, hence the term
ultra dense.

The UDWDM PON is only really practical with coherent
receivers (although DSP is not a requirement) because co-
herent receivers have an inherent frequency selectivity – only
the frequencies close to the LO frequency are detected. This
means that, by changing the wavelength of the LO within an
ONU, the channel of interest can be selected5.

Consider the network schematic shown in Fig. 4, which
shows the wavelength plan of a UDWDM PON. For these
networks, the frequency spacing is necessarily comparable to
the symbol rate. A small spectral gap is required to facilitate
bidirectional transmission, preventing in-band reflections from
degrading performance6. Given the low symbol rate, and the
narrow channel spacing, it is possible to receive multiple
channels at the OLT using a single receiver.

In [43], for example, a coherent receiver-based OLT was
able to detect 5×10 Gb/s upstream channels simultaneously.
Despite using a full four dimensional coherent receiver, there is
a potential cost advantage to be gained by using a single device
to receive several channels. Clearly, aggregating a greater
number of channels would increase the cost advantage, and
this is the subject of the remainder of this section.

B. Operating Principle of a Dual-LO Coherent Receiver

A coherent receiver detects only channels that are (i) coher-
ently mixed with the LO laser, and (ii) signals which then fall
within the bandwidth of the optical and electronic receiver

4This technique and the accompanying results were first presented, in part,
in [40].

5In contrast to an NG-PON2 system, a tunable filter is therefore not required
in the receiver.

6The issue of reflections for UDWDM coherent PON was observed in [41],
and mitigation strategies based on this wavelength plan were described in [42],
[43].
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Fig. 4. Schematic of bidirectional (full duplex) transmission in a UDWDM PON, including the fiber backhaul and the optical distribution network (ODN).
The wavelength plan is indicated. Note that each ONU communicates on an upstream frequency which is locked to, but frequency offset from, the downstream
channels [46].

front end. As noted previously, this means that, bandwidth
permitting, multiple channels can be received.

Now, if two LOs are combined into a receiver at different
wavelengths, then different frequency ranges are simultane-
ously detected. Provided that these frequency ranges contain
channels with sufficient gaps in the spectral domain, then a
wider range of channels can be simultaneously received. In
the case of a UDWDM PON, the linear crosstalk between
channels in each frequency range can be avoided due to the
spectral gaps inherent to the PON configuration (Fig. 4), as
shown in Fig. 5.

Moreover, if upstream signals are frequency locked to the
downstream signal (which is necessary when reusing the ONU
LO for upstream transmission, as in Fig. 3) then a regular
frequency grid is maintained. The received signal configuration
at the OLT for this scenario is shown in Fig. 5 (left). The
dual LO configuration produces the bandwidth-efficient digital
spectrum shown in Fig. 5 (right).

To eliminate linear crosstalk when using this technique,
channels on a 2f [Hz] frequency grid must be detected with
a LOs spaced at (n+ 0.5)f , where n ∈ N0.

Assuming the use of balanced photodection, as in
Fig. 3[top], the linear detection characteristic of the receiver is
preserved when using the dual-LO technique. This is intuitive,
as the detection characteristic of an an ideal coherent receiver
is linear, thus the separate LOs do not nonlinearly interfere.
However, if the receiver is optically preamplified (as is the
case, herein) then the use of additional LO lasers increases
LO-noise beating terms [13], [44], which gives the following
signal-to-noise ratio (SNR):

SNRsymbol = PS/nsphνBNLO, (1)

Frequency

Po
w
er

Optical
FrequencyLO1 LO22f Hz

Upstream Optical Spectrum (OLT) Upstream Digital Spectrum

f Hz

Fig. 5. Principle of a dual LO receiver: the two local oscillator lasers are
frequency-centered as shown in the optical spectrum schematic [left]. After
coherent detection, the high frequency channels (blue dashed) are mixed into
the spectral gaps [right]. Channels with a 2f [Hz] frequency spacing in the
optical domain, have a f [Hz] spacing in the digital domain.

where PS is the channel power, hν is the photon energy, nsp
is the erbium doped fiber (pre-)amplifier (EDFA) spontaneous
emission factor, B is the channel bandwidth, and NLO is the
number of LOs used. For a dual-LO system, this performance
degradation is 3 dB, which is potentially acceptable when
considering the significantly decreased number of receivers
required at the coherent OLT7. Note that the use of optical
preamplification is not essential, and was used in the following
investigation as the high speed BPDs used in this work did not
incorporate TIAs.

IV. EXPERIMENTAL CONFIGURATION

To ease the comparison with earlier work, the system param-
eters were selected similarly to [43], where polarization mul-
tiplexing at the ONU was not considered. The experiment was
conducted as shown in Fig. 6. For the experiment presented
herein, 32 wavelength division multiplexed channels were
generated to represent the upstream signal (i.e., from ONU to
OLT). Four external cavity lasers (ECL)8 (λ =1549.6, 1550.0,
1550.4, 1550.8 nm) were modulated using ‘IQ’ modulators
(15 GHz electrical bandwidth), driven by 90 GSa/s digital-to-
analog converters (DAC). The signals were precoded such that
each seed generated 8 channels via subcarrier multiplexing.
In total, 32×3 GBd root raised cosine pulse shaped (roll-off
factor, 0.1) single polarization 16QAM signals were generated.
The subcarrier spacing was set to 6.5 GHz, which is slightly
beyond the Nyquist limit.

The signal power was set to 2.5 dBm per subcarrier and
attenuated using a variable optical attenuator (VOA) to emulate
the loss of a 1:32-way power splitter/combiner. This signal was
then transmitted over 80 km standard single mode optical fibre
with a total span attenuation of 15.6 dB, before being passed
to the OLT.

The OLT comprised an EDFA preamplifier (5.5 dB noise
figure), followed by a phase- and polarization-diverse coherent
receiver, as in Fig. 3, but where two LO lasers were coupled

7If a periodic filter, such as an optical interleaver, is included between the
EDFA and the receiver, then the noise in the spectral gaps can be filtered and
this penalty can, theoretically, be eliminated.

8These external cavity lasers have a performance (linewidth 100 kHz,
relative intensity noise -150 dBc/Hz) in line with modern, C-band tunable,
commercial, volume-production semiconductor lasers; for example the digital
supermode distributed Bragg reflector (DS-DBR) laser [45]. Therefore, their
use is meant to be indicative of the performance using this type of laser.
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Fig. 6. Experimental configuration. The four transmitters combined emulate the upstream signal from 32 ONUs (8×4 subcarrier multiplexed channels). The
two LO lasers extend the usable bandwidth of the receiver.

into the receiver instead of the usual one. The photodetectors
used in this work did not include TIAs, so the EDFA was
required to provide sufficient signal power to the photode-
tectors – preamplification is not a general requirement of
this technique. Following the photodetectors, the signal was
digitised using ADCs at 160 GSa/s, which thus provided a
combined effective optical bandwidth of 120 GHz. The two
LOs used in this experiment were frequency-separated by
103 GHz, and centered close to 1549.8 and 1550.6 nm, with
a power per LO onto each balanced photodiode of -8 dBm.

The first step of the DSP chain was to frequency shift
each of the 32 channels in the detected signal to baseband,
and resample to 2 samples-per-symbol. Subsequently, for each
of the 32 channels, a conventional DSP chain was used for
signal recovery. From the perspective of a real hardware
implementation of this technique, aside from the initial fre-
quency shift and reampling step, the remainder of the DSP
can operate at a much lower sample rate and, therefore, a
lower ASIC clock frequency. The per-channel DSP used a 2×2
butterfly, 31-tap adaptive equaliser updated using the multi-
modulus algorithm, which simpultaneously compensated fiber
chromatic dispersion, applied the matched pulse shape, and
recovered the signal state of polarization. This was followed by
a fourth power frequency offset estimator, a 16-tap decision-
directed phase recovery and bit error rate (BER) estimation.

V. RESULTS AND DISCUSSION

In order to verify that the linearity of the receiver was
preserved, as predicted theoretically, the system was inves-
tigated in both a back-to-back configuration (as a control
case) and after 80 km transmission. In the latter case, a
significant additional penalty would have been expected if the
receiver were in any way nonlinear, as this would impair the
performance of the chromatic dispersion compensation DSP.

In the back-to-back configuration, the principle is shown to
work, and can be visualised in the spectra shown in Fig. 7(a).
The bottom trace shows the optical spectrum (as measured
by an optical spectrum analyzer) and the top trace shows the
digitally measured signal. The spectrum of the digital signal
no longer has large spectral gaps.

The performance of the best- and worst-performing chan-
nels is shown in Fig. 7(b). Due to the experimental technique
used (subcarrier modulation), and the limited bandwidth of
the IQ modulators, the outer channels from each group of 8
exhibited a performance penalty. Again, this is not inherent to
the technique, and it is anticipated that this would not manifest
in a real system, using separate modulators for each channel.

For this investigation, we considered BER thresholds for
FEC of 3.8× 10−3 and 1.5× 10−2, as in [43]. No significant
performance difference was noted between the signal quality in
the back-to-back and transmission configurations at these BER
thresholds, meaning that the linear detection characteristic is,
indeed, preserved. In Fig. 7(c), after 80 km transmission,
the performance is maintained, despite the non-deterministic
received state of polarization or the accumulated chromatic
dispersion. With these sensitivities (at either FEC threshold),
it is possible to transmit 80 km with a 1:32-way split. We
observe a 4.9 dB (8.9 dB) excess power budget at the 7%
(20%) FEC thresholds, respectively.

Ideally, in this work, we would have also investigated the
performance of photodetectors integrated with TIAs. However,
the commercial availability of TIAs at such high bandwidths
is currently very limited. Nonetheless, it is still rational to use
EDFAs in this context, as this is a shared component at the
OLT, and therefore less sensitive to cost. As noted, above, the
inherent 3 dB penalty stated in Eq. (1) can be mitigated if an
optical interleave is placed after the amplifier. This would be in
place of the arrayed waveguide grating which would otherwise
be required for separate receivers, and thus does not represent
an increase in complexity.

The results in Fig. 7 show the feasibility of using a dual-
LO receiver to simultaneously detect 32×10 Gb/s channels
in a single receiver, thus sharing the cost of the EDFA and
all receiver components between 32 users. By sharing such a
large part of the total cost of the OLT, it changes the economics
of the PON. Conventional wisdom suggests that transceivers
should be designed that are the lowest possible complexity
for the target bit rate (as described in Section II). But, could
high complexity receivers, which offer a greater functionality,
actually be more cost effective?

To highlight the effectiveness of this approach, we provide
some examples. For a comparable configuration to the afore-
mentioned 1.92 Tb/s PON[43], just 6 coherent receivers would
be required at the OLT to receive all 192 channels using the
high bandwidth receiver combined with the dual LO technique.
Although the dual-LO technique was demonstrated for a
UDWDM-PON configuration, it can be applied to other con-
figurations, such as time and wavelength division multiplexed
PONs. The coarser frequency grid (typically 50 GHz for NG-
PON2 [9]), leaves substantial spectral gaps which can be
exploited to detect several upstream channels simultaneously.
The receiver used in this work has sufficient bandwidth to
aggregate four NGPON2 wavelengths with two LOs. Finally,
we note that the ability of the dual-LO configuration to
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Fig. 7. (a) Digital (top) and optical 0.02 nm resolution (bottom) spectra for
the upstream UDWDM-PON, (b) back-to-back and transmission performance
for the best- and worst-performing channels (the constellation indicates the
best-performing channel after transmission at -37 dBm). The theoretical curve
is calculated using Eq. (1). (c) The sensitivity at the FEC thresholds after
transmission.

mix disparate wavelengths down to baseband means that this
configuration can also be used for dual homing, or legacy PON
upgrades.

VI. CONCLUSION

The capability of the transceivers used for optical fibre
communications has come a long way in the last two decades.
However, due to the stringent cost constraints of access
networks, PON standards are still almost exclusively based
on TDM-OOK with direct detection. Herein, we reviewed
the most likely techniques to supersede TDM-OOK. The
contenders included the conventional approaches – DD+DSP,
and simplified coherent – but also some more unusual tech-
niques, including quasi-coherent and polarization-independent
coherent receivers, split carrier transmitters, hybrid transmitter-
receiver EMLs, and the Kramers-Kronig receiver linearization
technique.

One of the proposed techniques was a wide-bandwidth
coherent receiver, which used two local oscillator lasers in
order to double the bandwidth efficiency at the OLT (upstream)
of a UDWDM-PON. This was shown, experimentally, to allow
the simultaneous detection of 32×10 Gb/s channels.

We single out this technique as particularly unusual, as it
requires optical components which would be state-of-the-art,
even for, say, a long-haul optical fiber communications system.
However, by detecting so many channels simultaneously, the
per-user cost of this technique is potentially acceptable. Fur-
ther, by using coherent detection in this system, the receiver
sensitivity and bandwidth efficiencies are significantly beyond
what can be achieved with DD+DSP. Finally, by combining
coherent detection with digital signal processing, chromatic
dispersion can be readily compensated without penalty.

In theory, through simultaneous use of the coherent optical
front end, just 6 receivers are required for a 192-channel
UDWDM-PON. This enables a cost-effective coherent OLT,
as significantly fewer components (i.e., optical hybrids, lasers,
photodetectors, and polarization beam splitters) are required.
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