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Abstract—The spectrally-sliced coherent receiver is an attractive
solution for future optical access network applications where cost
is a sensitive factor, as it enables reduced bandwidth of the analog
front-end components and analog-to-digital convertors when com-
pared to a conventional intradyne coherent receiver. In a proof-of-
concept experiment, we demonstrate a single-polarization 50 Gb/s
QPSK C-band transmission experiment over 40 km of standard
(G.652) fiber using receiver bandwidths as low as 6.25 GHz and also
utilize an array of local oscillator lines derived from an injection
locked gain-switched optical frequency comb, which can be realized
as a compact photonic integrated circuit. This paper also analyses
the influence of optical frequency comb properties on the quality of
the reconstructed signal. The critical parameters considered in this
study include comb power and flatness, mutual comb line coher-
ence, and the comb line suppression ratio after demultiplexing the
comb lines. We have shown that with practically achievable comb
parameter values, the receiver can operate with less than a 1 dB
sensitivity penalty compared to a conventional intradyne receiver.
The scheme has the potential to provide a low-cost coherent receiver
solution for next-generation access networks.

Index Terms—Coherent detection, gain switching, optical fiber
communication, optical frequency comb, optical receivers.

I. INTRODUCTION

THE optical frequency comb (OFC) has proven to be a
key component in a wide range of applications includ-

ing mm-Wave and THz signal generation [1], [2], [3], [4],
spectroscopy [5], [6], analog radio-over-fiber systems [7] and
spectrally-efficient and flexible optical transceivers [8], [9]. In
general, these applications exploit the high mutual coherence
and fixed frequency spacing of the comb lines to achieve system
benefits that are not attainable with multiple independent lasers.
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Fig. 1. (a) Schematic diagram of a spectrally-sliced optical coherent receiver
enabled by an optical frequency comb. (a) The transmitted signal is split
by a factor of N via an optical splitter and fed into an array of integrated
N-coherent receiver (ICR) modules. The comb lines are separated by an optical
demultiplexer and act as local oscillators that beat with the signal in each ICR
to generate N-complex baseband signal slices following sub-signal bandwidth
balance photodetection and ADC readout inside the ICRs. The signal recon-
struction procedures are discussed on later sections. (b) Schematic of comb
generation by injection locked gain-switched laser. Example of a manufactured
PIC comprising two integrated lasers [27]. (c) Resultant gain switched OFC with
four comb lines with 6 dB spectral ripple (flatness).

In addition to transmitter applications, the high mutual coher-
ence of OFC sources can also be exploited in novel spectrally-
sliced coherent receiver (SSRx) schemes. The SSRx is the op-
tical analog of the well-known electronic frequency interleaved
sampler [10], [11], [12]. As illustrated in Fig. 1(a), the SSRx
contains an OFC that generates N coherent local oscillator (LO)
lines, which enable the decomposition of a wideband signal
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into N slices, each of which is detected by a separate conven-
tional, but lower bandwidth, coherent receiver channel. This is
followed by digital signal processing (DSP) to reconstruct the
input waveforms in the digital domain [13], [14]. The SSRx
has been studied in several contexts in optical communications
including THz-scaling of data rate transmission up 1.2 Tb/s,
enhanced reconstruction algorithm utilizing higher-order multi-
input, multi-output structures [15], and Gardner timing error
detector as a symbol synchronization method [16]. However, to
the best of our knowledge, the SSRx has received comparatively
less attention as a potential solution for coherent system applica-
tions in future passive optical networks (PON). Coherent PON
has been the subject of much research attention in recent years
[17] and cost reduction is one of the key concerns [18]. If we look
at techno-economic trends in high speed PON, as exemplified
by the latest ITU-T 50G PON standard [19], a general guiding
principle is to exploit earlier generations of optical component
technology which helps lower system cost, as volume markets
which benefit from supply chain competition and amortization
of production facility cost have already been established. Then,
through the judicious use of DSP, to compensate for impairments
that arise from performance deficiencies in these components.
For example, the 50G standard envisages the use of 25G-class
optoelectronics and employs digital equalizers to compensate for
bandwidth limitations that would otherwise occur in a 50G NRZ
modulation context. Due to the difficulty of meeting the large
(∼30 dB) power budget of point-to-multipoint PONs, the 50G
standard may be the last to use conventional direct detection and
NRZ modulation, which raises the question of whether coherent,
with its higher receiver sensitivity and ability to fully compensate
the effects of chromatic dispersion in the digital domain, may
be required for future 100G or 400G PONs and beyond. Our
motivation in this work is to explore whether spectral slicing
could enable a continuation of the PON cost-reduction approach
of exploiting older generations of component technologies, but
now in the context of coherent PONs. The only cost-effective
way to implement coherent transceivers is using photonic inte-
grated circuits (PICs), so we frame our work within this context.
The central principle is to exploit spectral slicing to reduce the
bandwidth of the PIC receiver optoelectronics and with ideally
only a modest increase in DSP complexity, and overall power
consumption, enable signal recovery. In such a scenario, the RF
bandwidths of the receiver photodiodes (PD), trans-impedance
amplifiers (TIA), and analog-to-digital converters (ADCs), as
well as the sampling rates of the ADCs, can be reduced by
a factor of N, potentially enabling the use of high volume,
low-cost and low power commodity components. In particular,
high sampling rate ADCs contribute greatly to the cost and power
consumption of a receiver [13]. If future anticipated advances
in low-cost photonic integration can be harnessed to enable
the required parallelisation of the optical components, then this
reduction in the performance of the receiver RF front ends and
ADCs may potentially be exploited to reduce the cost of coherent
technology to open new applications in future PON.

There are several different techniques to generate OFCs, in-
cluding mode-locked lasers (MLL) [20], [21], [22]; exploitation
of the Kerr-nonlinearity in micro-ring resonators [22], [23],

electro-optic modulator-based comb sources (EO OFC) [24],
[25], [26], and gain-switched comb lasers (GS OFC) [27], [28].
Each of the techniques has its advantages and disadvantages
depending on the application. For the spectrally-sliced receiver
application that we motivate here, a key requirement is that
the comb source is amenable to on-chip photonic integration to
facilitate low-cost, compact transceiver fabrication. In addition,
the OFC should ideally deliver sufficient power per comb line
for the receiver to work in the shot-noise limited regime for
optimum sensitivity [29]. Finally, for coherent communication,
a comb source that offers low linewidth on each comb line
is required. It is also important to consider the demultiplexer
that separates the comb lines into the parallel receiver channels,
which should have minimal footprint and complexity. Applying
these general considerations to 100 Gbit/s QPSK systems, which
may be the first coherent systems to be deployed in access
networks [30], [31], suggests that a relatively modest number
of comb lines, for example N = 4, with comb spacing of order
10 GHz (depending on signal spectral width) could provide a
good compromise solution. This would enable the use of “10G
class” components such as photodetectors, TIAs and ADCs,
and, as we will show, require OFC and demultiplexer param-
eters that are practical and achievable. Commercially-available
silicon PIC-based transceivers for the IEEE 400GBASE-DR4
standard and 4WDM Multi Source Agreement, employ 4×100G
or 4×25G wavelengths to realise aggregate 400G or 100G data
rates, respectively, which suggests that sufficiently high PIC
yields can be achieved with parallelization on this scale.

Given these considerations, the paper will focus on the gain-
switched laser-based OFC, as illustrated in Fig. 1(b)–(c). GS
OFCs offer a number of advantages in terms of their potential for
photonic integration, the ability to readily achieve the required
comb spacing and to easily tune this spacing in response to
signal bandwidth by varying the RF drive frequency. Other
techniques have advantages in terms of generating very large
numbers of comb lines, however that is not needed for this
spectrally-sliced receiver application. Instead, the requirement
is for a small number of comb lines with maximum power per
line, which matches well with the GS OFC attributes. Alternative
techniques such as Kerr micro-combs are currently less mature
and more challenging to integrate given the two material systems
required, and generally aim to generate much larger number of
lines than required for this application. Similarly, MLLs are more
challenging to integrate due to the typically used cleaved cavity
and generate large numbers of lines as well. Moreover, MLLs
typically have linewidths that are too large for this type of SSRx
application [2].

Gain-switching with injection locking (IL-GS OFC) is a pro-
cess to generate a high coherence train of optical pulses with
repetition rates corresponding to the RF modulation frequency
[32]. Such schemes have been proven in WDM transmission
experiments achieving up-to 2 Tb/s on 24 channels [33], in
radio-over-fiber systems [34], and the integration of IL-GS OFCs
on an Indium Phosphide (InP) platform has also been demon-
strated [28]. In this paper, the applicability of IL-GS OFCs to
the spectrally-sliced receiver application through experiments
and modelling are explored. In particular, this comb generation
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technique is utilized to demonstrate single-polarization (SP)
25 GBaud QPSK (50 Gb/s) signal transmission over 40 km of
single-mode fiber (SMF) using two SSRx channels (N = 2).
Furthermore, the proposed scheme exhibits less than a 1 dB link
penalty performance trade-off compared to a conventional (in-
tradyne detection) receiver utilizing a 30 kHz linewidth external
cavity laser (ECL) based LO.

The rest of this paper is organized as follows: Section II
provides the system description and mathematical derivations
of the proposed sliced signal reconstruction and Section III
presents simulation results of SSRx performance as the key
OFC characteristics are varied. Then, the experiment setup and
results are discussed in Sections IV and V respectively. Finally,
conclusions are drawn in Section VI.

II. SPECTRALLY-SLICED CONCEPT

The transmitted data am, for a single channel transmission
can be represented in the form of a baseband signal as:

s(t) =
∑
m

am hTx (t − mTs) , (1)

considering that the pulse shape hTx(t) (representing the overall
transmitter system response) is applied to the signal which has a
symbol period Ts. The data is then applied to an I/Q modulator
to modulate a laser beam with a centre frequency of fc. The
transmitted single-carrier optical signal with phase noise term
of ϕs can then be written as

Es(t) = s(t) ej 2π fc t + ϕs . (2)

The optical fiber channel can introduce signal impairments
arising from chromatic and polarization mode dispersion, fiber
nonlinearities, and amplified spontaneous emission from opti-
cal amplifiers. However, only the ideal case of a back-to-back
system is considered, in order to focus on the numerical theory
of the SSRx detection and reconstruction processes. For this
application, a frequency comb with N comb lines with frequen-
cies that lie within the signal bandwidth and are centred on fc
is required. Therefore, the optical field for the frequency comb
can be expressed as

N∑
n = 1

√
PLO,ne

j2π (fLO,n t + ϕLO),

where

fLO,n = (n − 1) fFSR + fLO , (3)

and PLO,n represents the optical power of the n-th line, ϕLO

is the phase term for the comb line assuming that the comb
has perfect phase locking, and fFSR and fLO represent the free
spectral range frequency and the frequency of the first mode
of the comb respectively. As shown in Fig. 1(a), in the SSRx,
the transmitted signal is split into N identical copies, and the
frequency comb lines are demultiplexed and utilized as LOs.
These LOs beat with the whole signal spectrum in N parallel
coherent receiver branches to convert the optical signal into N
sampled slices. The representation of the signal field from (2),
and the optical comb tone ELO for the n-th coherent receiver

input can be re-written as:

Esig,n(t) =

√
Ps (t)

N
e j2π(fc t + ϕs(t)),

ELO,n(t) =
√
PLO,n e j2π(fLO,n t + ϕLO(t)), (4)

where Ps denotes the signal power. Assuming that each split
signal and LO are co-polarized, and using coherent detection,
the complex output photocurrent comprising in-phase (I) and
quadrature components (Q) generated from the n-th coherent
receiver can be reconstructed as:

Ic(t) = 2R

√
Ps (t)

N
PLO,n e j2π(Δfn t + ϕs(t) + ϕLO(t)), (5)

where R is the PD responsivity, and the offset frequency between
the carrier and n-th LO comb line is given by Δfn = fc – fLO,n.
Each photocurrent is then fed into an ADC, modelled as the
combined baseband impulse response of the overall receiver
(balanced photodetector and ADC), HRx,n with the assumption
that any skew between the I and Q channels has been calibrated
and compensated for. Given that the N OFC lines are within the
signal spectral bandwidth and are equally spaced, HRx,n can be
optimized with slice bandwidth, BWSlice as

BWSlice = B/2N, (6)

where B denotes the transmitted signal bandwidth. In order to
build a signal reconstruction chain, some assumptions concern-
ing the frequencies and bandwidths of the signal, OFC, and slices
are made as follows:

— All slice bandwidths are identical to each other (HRx,n)
and lie within the signal spectrum bandwidth.

— If N is odd, the [(N + 1) / 2] -th tone is centred at fc, having
only small offset, and constant over transmitted symbols.

— If N is even, both N/2 and [(N / 2) + 1] -th lines are equally
spaced from fc, having only small offset, and constant over
transmitted symbols.

Based on the aforementioned assumptions, the sampled re-
ceived signal at the output of each n-th coherent receiver can be
represented as

un(t) =

⎡
⎣ 1/2Ts∑
t = −1/2Ts

s(t ) hTx(t) hRx,n(t)

⎤
⎦

× e j2π(Δfn Ts t + ϕs(t) + ϕLO(t)), (7)

then, the overall output signal, Ûn(f) can be reconstructed by
merging all the signal slice tributaries in the digital domain.
This can be achieved by numerically shifting each of the signal
slice frequencies by Δfn in the time domain before a linear
superposition of all these mixing products is performed. Each
frequency-shifted slice can be written in the frequency domain
as

Ûn(f − Δfn) = F−1 {un(t) · (j 2π Δfn)} , (8)

where the F−1{·} term is the inverse Fourier transform opera-
tion. Assuming amplitude and phase matching on all slices, then
the recovered ‘stitched’ signal can be written as follows:

Ûn(f ) =

N∑
n = 1

Ûn(f − Δfn) , (9)
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Fig. 2. (a) Simulation system model of transmitter and receiver (blue blocks) for a spectrally-sliced coherent system using N = 2 slices. LPF: low-pass filter, FSR:
free-spectral range, BW: bandwidth,ICR: integrated coherent receiver, inset (Red block): Block diagram of signal reconstruction DSP. Schematic comb spectra
at various points in the experiment illustrating key parameters for consideration. (b) Comb linewidth and free spectral range (FSR). (c) Comb line side-mode
suppression ratio after demultiplexing. (d) Phase coherence of comb line. (e) Comb amplitude flatness.

Using the above conceptual principles, the parallel coherent
detection approach can be realized as long as N-comb lines
are utilized in the bandwidth of signal spectrum. Therefore,
increasing the number of slices N results in a reduction of the
bandwidth requirement for each receiver branch by a factor of
N. However, the splitting of the signal also introduces a factor
of N power loss - hence the SNR of the signal degrades. The
stitching process can be performed in DSP where the complexity
for this operation scales linearly with N. Based on the modest
value of N we motivate in this paper, the number of additional
steps is minimal and adds only minimally to the overall DSP
complexity, which is dominated by the conventional coherent
signal recovery steps [35]. In deriving (8), we assumed the
ideal case of coherent amplitude and phase matching of all
signal slices, which requires an ideal OFC source generating
equal amplitude tones with perfect phase locking and negligible
relative phase noise. However, with practical OFCs, PLO,n and
ϕLO,n may differ for each slice tributary, hence in the next
section, the main focus is on how the SSRx system performance
is affected by these non-ideal practical factors.

III. SIMULATIONS

In this section, the performance of the proposed spectrally-
sliced receiver is compared with a conventional coherent receiver
(N = 1) and it is shown how the OFC’s properties affect the
quality of the reconstructed signal in a transmission link. VPI-
TransmissionMaker was used to simulate the optical transmitter
and SSRx setup as shown in Fig. 2, while MATLAB was used
to perform the DSP to generate and recover the baseband signal.
The simplest case of N = 2 spectral slices was analysed for
consistency with the later experiments, however the conclu-
sions are valid for larger numbers of slices. At the transmitter,
pseudo-random bit sequences (PRBS) of length 215 – 1 were

first generated and shaped to a 25 GBaud, quadrature phase-shift
keying (QPSK) Nyquist signal with a 10% roll-off factor raised-
cosine filter. Hence, the model simulates one of the polarization
channels in a 100 Gb/s polarization-multiplexed QPSK system.
The transmitter-launched power was set at 0 dBm and an optical
attenuator was included in the transmission link to vary the
optical power detected by the receiver. Based on (6), the receiver
bandwidths were designed with Bessel functions of 12.5 GHz
and 6.25 GHz, for the conventional and SSRx cases respectively.
The applied filtering is used to emulate all of the bandwidth lim-
itations arising from the photo-receiver electronics. Cascaded
phase and intensity modulators were used to generate the LO
frequency comb lines from a single laser to emulate the ideal,
highly correlated case. Unless otherwise stated, the power per
LO comb line was set to+10 dBm, for consistency with the later
experiments. Following detection, the signal was sampled at
50 GSa/s and 25 GSa/s, for the conventional and SSRx schemes
respectively, before being sent to the DSP for signal reconstruc-
tion and recovery. The DSP blocks that perform these functions
are shown in Fig. 2, with only the lower half of the processing
chain used for the conventional receiver case. The DSP includes
an adaptive equalization (AEQ) step using a 7-tap equalizer
based on the constant-modulus algorithm with tap-weights ini-
tialized by a training-aided least-mean-squared equalizer, and
carrier phase compensation (CPE) using Viterbi-Viterbi phase
estimation. As for 16-state quadrature amplitude modulation
(16-QAM) modulation format; the QPSK partitioning algorithm
was used [36]. Finally, after demapping, the signal quality was
calculated based on the bit-error rate (BER) counting. The rest
of the simulation parameters are listed in Table I.

To establish a baseline of ideal SSRx system performance,
the analysis of BER versus received signal power was simulated
for a range of (per line) LO comb powers, as shown in Fig. 3(a).
The results follow the same trend obtained for the conventional
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TABLE I
SIMULATION PARAMETERS

Fig. 3. (a) BER versus received signal power for different local oscillator
power, PLO and two different detection schemes: conventional coherent receiver
(solid line) and (N = 2) spectrally-sliced coherent receiver (dashed lines)
respectively for 25 GBaud QPSK signals. (b) Simulated receiver sensitivity
penalty as a function of local oscillator power.

intradyne receiver, with the highest sensitivity achieved in the
shot noise-limited, high LO power region, and a progressive
degradation of sensitivity, due to dominating receiver thermal
noise, as the LO power decreases. Fig. 3(b) shows the power
penalty for the SSRx versus the conventional receiver, evaluated
at a BER of 3.8 × 10–3 relative to +16 dBm LO power of each
scheme. It can be seen that there is almost negligible perfor-
mance penalty between the two receiver schemes across the full
LO power range. Fig. 4(a) and (b) show the reconstruction DSP
procedures to stitch two signal slices together. Note that, for

Fig. 4. Simulated spectra illustrating the digital signal reconstruction pro-
cedures. (a) Digital spectral slices for receiver 1 (left) and receiver 2 (right)
respectively. (b) Top: Digitized frequency-shifted spectral slices. Bottom: Re-
constructed spectrum of a 25 GBaud QPSK signal.

approximately equal performance, the SSRx requires the same
power per LO comb line after demultiplexing as the single LO
in the conventional receiver. If the total LO power in the SSRx is
constrained to be the same as for the conventional receiver case,
then the degree of performance degradation can be estimated
from Fig. 3(a) for the N = 2 case. For example, to compare
against a conventional receiver with an LO power of +10 dBm,
an N = 2 comb source of equal total power would generate
+7 dBm per comb line. Assuming a 3 dB demultiplexer loss
gives +4 dBm per comb line, which translates to a performance
power penalty less than 1.0 dB at a BER of 3.8× 10–3. However,
it is possible to reduce the impact on system performance, by
employing an active demultiplexer co-integrated with the comb
source. This approach has been demonstrated in a PIC platform
[43] and shown to simultaneously increase both comb line
power and comb-line suppression ratio, which, as we show in
Section III-C, improves spectrally-sliced system performance.

Having established the baseline performance of the SSRx, we
now proceed to simulate how some of the key parameters that
characterize a practical OFC source affect this performance.

A. Spectral Flatness

The amplitude difference between the OFC comb lines termed
as spectral flatness, is one of the key parameters affecting
OFC performance in an optical communication system [7]. In
the spectrally-sliced receiver application, spectral flatness and
channel to channel insertion loss variations in the associated
demultiplexer lead to variations in local oscillator power, PLO

across the N slices. After signal mixing and detection, this
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Fig. 5. Simulated sensitivity penalty versus the spectral flatness generated by
comb source relative to spectral flatness of 0 dB.

variation leads to amplitude imbalances between slices that can
degrade the quality of the reconstructed signal. This effect was
emulated in the simulations for the N = 2 case by attenuating
the optical power of one comb line with respect to the other.
Specifically, one of the LO powers was varied from +3 to
+10 dBm, while the other was fixed at +10 dBm, giving a
spectral flatness ranging from 7 to 0 dB.

The sensitivity penalty was measured with respect to the
SSRx’s performance for different values of the number of taps
in the adaptive equalization step following reconstruction oper-
ation with 0 dB spectral flatness (PLO,1 = PLO,2 = +10 dBm).
As shown in Fig. 5, the SSRx system performance degrades
as the spectral flatness parameter increases. This is an easily
understood consequence of the increased contribution of thermal
noise in the low LO power receiver branch, which degrades
the total SNR of the reconstructed signal. In addition, as the
amplitude mismatch between the two slices increases, a larger
number of equalizer taps are required to compensate for the
mismatch to achieve optimum reconstruction performance. As
PIC-based combs can readily achieve spectral flatness values of
less than 3 dB, we expect that, with the optimized equalization
taps, the impact of this factor can be of the order of 0.3 dB or
less in terms of sensitivity penalty.

B. Phase Noise

The optical linewidth of the local oscillator laser is one of the
most crucial factors for coherent system performance in optical
fiber communications, especially when higher-order modulation
formats are employed [37]. For the comb source, the seed laser
that generates the optical carrier for the RF signal applied to
the modulator will have phase noise that is quantified by the
laser linewidth, δf as an easy-to-handle figure of merit. The
linewidth represents the spectral width of a lorentzian spectral
line associated with a white frequency independent FM noise
spectrum [38]. The phase noise of the comb is contained within
the term ϕLO from (5) and can be expressed as

ϕLO (t) = ϕ (t− 1) + Δϕ (t) (10)

Fig. 6. Simulated sensitivity penalty as a function of product of the laser
linewidth δf and symbol duration 1/Bd for two different modulation formats.
QPSK: Quadrature phase-shift keying, 16-QAM: 16-state quadrature amplitude
modulation.

where Δϕ is the zero-mean gaussian random variable with
variance defined by 2πδf /Bd where Bd is the symbol rate. This
distortion can be estimated and compensated using the M-th
power feedforward DSP scheme [39].

The impact of linewidth and symbol duration product (δf / Bd)
on the performance of the SSRx and the conventional coherent
receiver were simulated for two different modulation formats,
QPSK and 16-QAM. To ensure that the phase noise from the
OFC (as LO) was dominant in the system, the transmitter laser
was modelled as an ideal source with zero linewidth. The phase
estimation was performed using certain number of symbol block
averaging, and the sensitivity penalty was calculated with respect
to the transmission performance without the LO phase noise
(δf = 0). The results are shown in Fig. 6. The same toler-
ance trends for both receiver schemes were observed, and as
expected, 16-QAM is less tolerant to phase noise than QPSK,
since more discrete phases need to be discriminated for correct
symbol detection. For a 1 dB penalty, the maximum tolerable
linewidth and symbol duration product is around 3.0 × 10−4

and 0.8 × 10−4 for QPSK and 16-QAM, respectively, for both
receiver schemes. This result shows that the SSRx has the same
phase noise tolerance as a conventional coherent receiver. As will
be shown in Section V, the IL-GS OFC used in the experiments
has a linewidth of approximately 300 kHz giving a linewidth and
symbol duration product of 1.2 × 10−5 at 25 GBaud. Hence, the
results shown in Fig. 6 confirm the feasibility of using this OFC
in the SSRx to achieve low phase noise penalties.

C. Side Mode Suppression Ratio (SMSR)

A key element of the SSRx is the OFC demultiplexer which
is used to select the LO tone for each sliced receiver channel.
Practical demultiplexers, have non-zero inter-channel crosstalk,
which in the SSRx application results in some leakage of ad-
jacent LO tones into a given receiver channel. This leads to
additional beat products in the reconstructed signal that may
impair the performance of the SSRx. The simulations to investi-
gate the impact of this affect were performed for varying levels
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Fig. 7. (a) Simulated sensitivity penalty versus SMSR for the SSRx detection.
(b) Spectra captured for the whole frequency comb (blue), and two isolated
combs filtered by demultiplexer with finite bandwidth (red and green).

of SMSR, calculated as PLO – PSM (dB), where the first term
corresponds to the power of the desired tone and the latter term
is the power of the dominant side tone. To vary the SMSR in
the simulations the filter bandwidth of the comb demultiplexer
was varied. The spectrum of the filtered comb lines is shown in
Fig. 7(b). As the bandwidth of the filter broadens, the adjacent
tone’s power increases, hence reducing the SMSR. Fig. 7(a)
shows the simulated sensitivity penalty as a function of the
SMSR for the SSRx scheme. It can be observed that for a higher
SMSR (>20 dB), the sensitivity penalties induced are below
0.5 dB, which highlights the importance of the SMSR for high
quality signal reconstruction performance of the SSRx system.
Note that, research on InP-based active comb demultiplexer has
shown that SMSR values of this magnitude are attainable in OFC
PICs [40].

D. Mutual Coherence

Finally, the impact of one of the OFC’s key properties, namely
the degree of phase correlation between the comb lines was
investigated. In practical OFCs, phase correlation is affected by
the fundamentals of the comb generation process in the OFC
laser cavity as well as by the injection locking process when
an external, narrow-linewidth master laser is used, as in the
IL-GS OFC case. In addition, where external RF modulation is
employed, noise from the driver electronics, could, in principle,
also generate decorrelation. Our numerical model uses a single

Fig. 8. (a) Phase noise traces of comb line (δf = 100 kHz) with delayed
versions of itself. (b) Simulated sensitivity penalty versus the applied time delay
for three different linewidth.

master laser followed by external electro-optic modulators to
create the OFC, and hence simulates the ideal case of perfect
correlation. However, the decorrelation was emulated by adding
a relative time delay, Td to one of the comb line paths following
demultiplexing. This is carried out by circularly shifting the
numerical array representing the optical field of the LO comb
line by the number of sample points corresponding to Td. Hence,
the phase difference of the two comb lines can be written as

ϕLO,1 (t)− ϕLO,2 (t− Td) . (11)

Fig. 8(a) shows an example of a simulated phase trajectory
for one of the LO lines, and the impact of the applied time-shift
for various values of Td. When Td is zero, both LO lines will
have identical phase trajectories. However, as Td increases an
instantaneous phase decorrelation between the two LO lines is
generated. The impact of this decorrelation on the SSRx system
performance is presented in Fig. 8(b) for various values of
linewidth, δf. It can be seen that, as long as the time delay is small
compared to the inverse linewidth, the performance penalty is
negligible. For the 300 kHz linewidth IL-GS OFC used in the ex-
periments, this translates to a relative time delay of around 12 ns
for less than 1 dB sensitivity penalty, which is easily satisfied in
a PIC implementation. However, as discussed above, practical
OFC’s suffer from other sources of phase decorrelation, even
when the receiver channel path lengths are well-matched, so this
was an important factor to study in the following experiments.
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Fig. 9. (a) Experimental setup for 50 Gb/s SP-QPSK with (N = 2) SSRx over 40 km of SMF, VOA: variable optical attenuator, OPM: optical power meter,
OH: optical hybrid, TIA: transimpedance amplifier, WSS: wavelength selective switch. Inset: the optical spectrum of the injection locked gain-switched optical
frequency comb with 0.16 pm resolution. (b) The DSP blocks used for recovering sliced signals. Note that, 6.25 GHz low pass filters are implemented digitally on
both complex slices to emulate the bandwidth reduction advantage of the spectrally-sliced approach.

IV. EXPERIMENTAL SETUP

To demonstrate the feasibility of the proposed SSRx detection
scheme (N = 2) with an IL-GS OFC, we perform a proof-of-
concept experiment using the testbed illustrated in Fig. 9(a).
The transmitted signal was generated by a tunable ECL with
a 30 kHz linewidth and a wavelength of 1559.53 nm which
was modulated with 25 GBaud QPSK signals generated by an
IQ Lithium Niobate (LN) Mach-Zehnder modulator (MZM)
driven by two PRBS (215 – 1) signals from the 50 GSa/s
arbitrary waveform generators (AWG). Note that, a root-raised
cosine filter (0.1 roll-off) was applied to both I/Q components
before DAC conversion, resulting in a complex signal bandwidth
of 25 GHz. The optical signal from the transmitter (launch
power = +4 dBm) propagates across a 40 km span of optical
fiber (Corning SMF28E+) before the signal is attenuated by an
optical attenuator which is used to vary the received power. At the
receiving end, the SSRx was constructed from two integrated SP
coherent receivers with front-end bandwidths of 25 GHz, which
employ neighboring comb lines (separated by a wavelength
selective switch (WSS) and amplified to +10 dBm each) as
LOs. The polarization controller (PC) ensures that the LOs and
the signal are co-polarized to each other. Finally, the I and Q sig-
nals from the two receivers were sampled by two-synchronized
real-time oscilloscopes (RTO) operating at 100 GSa/s (band-
width = 33 GHz) before the sampled waveforms are stored
for offline signal processing. The DSP to recover and measure
the system performance by BER counting was performed in
MATLAB. Fig. 9(b) shows the processing steps used in this
experiment. Firstly, the two parallel complex inputs, correspond-
ing to the slice 1 and slice 2 signals, were filtered in the digital
domain with a 6.25 GHz low-pass filter to prove the potential
for bandwidth reduction. This was followed by a deskewing
operation to compensate for the path delay introduced by cable
length mismatches. In the signal reconstruction step, both com-
plex slices were resampled and then frequency-translated to the
original slice centre frequencies (±6.25 GHz) before the slices
were then stitched together. Following reconstruction, further
standard coherent signal recovery processing steps were taken.
First, the phase and amplitude mismatches between overlapping

regions of the slices were equalized adaptively with optimized
complex-valued weight through the radius-directed algorithm
after performing coarse frequency offset compensation (CFO).
This was followed by feedforward phase recovery based on the
Viterbi-Viterbi algorithm to compensate the phase noise before
evaluation of the signal quality.

To estimate the performance of the SSRx scheme, we analyze
the quality of the reconstructed 25 GBaud QPSK signals ob-
tained with LOs generated by the EO OFC and the IL-GS OFC
respectively, and compare these with the performance using a
conventional SP intradyne coherent receiver (LO, δf = 30 kHz).
In this proof-of-concept experiment, due to limited equipment
availability, only two comb lines (N = 2) and SP operation were
used, but in principle, the concept can be readily scaled to dual
polarization operation and larger numbers of slices subject to
the maximum number of lines generated by the OFC. Given
our transmitted complex signal spectral width is approximately
25 GHz; the required comb line spacing is 12.5 GHz, which
generates two slices with minimum bandwidth. The GS semi-
conductor laser-based OFC (Pilot Photonics Lyra-1000) was
used to generate five main comb lines with spacing of 12.5 GHz
as shown in Fig. 9(a).

In order to characterize the FM-noise spectrum of the IL-GS
OFC used for this experiment, we used a similar comb exper-
iment and method to that discussed in [41], which is based
on analysis of the phase-noise of beat signals simultaneously
recovered from a digital coherent receiver [42]. For this OFC
characterization work, another tunable ECL of 30 kHz linewidth
was used as a reference to mix with each comb line in a coherent
receiver. The corresponding waveforms were then captured by
the RTO before offline processing of the sampled complex
signals performed using MATLAB. Note that, the waveforms
were captured at 50 GSa/s and each record was of length of
20 μs. The same procedures were also applied to characterize
the phase noise of the EO OFC for comparison.

Finally, the impact of SMSR variations on SSRx performance
was analyzed. In these and the other reported experiments, the
WSS passband was set to its minimum width of approximately
10 GHz. This is similar to the 12.5 GHz frequency spacing
of the OFCs used in the experiments, and hence, is the main
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Fig. 10. (a) Receiver power sensitivity performance of the conventional and
proposed SSRx for 25 GBaud QPSK signals. Results obtained by comparing
conventional Rx with the proposed SSRx utilizing IL-GS OFC and EO OFC.
For SSRx-based reception, there is less than 1 dB sensitivity penalty observed
on both OFC variants even though the bandwidth for each receiver branch is
halved. (b) Digitized and frequency-shifted by ±6.25 GHz spectral slices (red,
blue) and synthesized 25 GBaud data signal (green) spectra.

factor limiting the achievable SMSR values. In order to study
the impact of SMSR over a wider range of values than was
achievable with the IL-GS OFC, the EO OFC was also used and
the SMSR was varied by adjusting the RF amplitude driving the
modulator.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

In this section, we present and discuss the main experimental
results obtained during the study. Firstly, the BER performance
versus received optical power for both detection schemes; con-
ventional intradyne coherent receiver and SSRx utilizing both
OFC variants are shown in Fig. 10(a) for the back-to-back (BtB)
and 40 km SMF transmission cases. For a fair comparison, the
output power per comb line in the SSRx scheme is matched
with the LO output power in the conventional receiver case. The
BER performance is very similar in all cases, although the SSRx
cases show small 0.5 dB (EO OFC) and 0.9 dB (IL-GS OFC)
sensitivity penalties at FEC limit of 3.8 × 10−3 (HD FEC with
7% overhead), compared to the conventional receiver. Note that,
this similar performance is achieved with receiver bandwidths
that are reduced by half (to 6.25 GHz) in the SSRx case,
compared with the conventional receiver. The small additional
0.4 dB penalty in the IL-GS OFC case, compared to the EO
OFC scheme was investigated and is due to lower SMSR of each
demultiplexed comb line. The results for 40 km fiber and BtB
transmission are very similar, indicating that the sliced signal
reconstruction does not significantly affect the performance of

Fig. 11. (a) Calculated FM-noise spectrums for both EO OFC tones and for
IL-GS OFC (all five main tones). (b) RF beat tones generated between the pair of
comb lines for all four IL-GS OFC pairs captured at 12.5 GHz offset frequency
(RBW = 3 Hz, VBW = 3Hz).

the dispersion equalizers. As 20 km reach is the standard for
access network today, 40 km represents a reasonable bench-
mark covering potential future reach extensions. The spectra in
Fig. 10(b) illustrates the signal reconstruction process, showing
the digitized frequency-shifted sliced signals corresponding to
the spacing of comb lines (left), and the reconstructed spectrum
after the stitching process (right).

As mentioned earlier, the FM-noise spectra of both OFCs were
measured to enable an evaluation and comparison of the phase
noise. The intermediate frequencies (IF) of the sampled complex
waveforms were estimated, shifted to the origin, then a 5 GHz
low-pass filter was applied digitally to remove excess noise
from the unwanted adjacent tones. Next, the optical phase was
obtained by unwrapping the phase of the waveform trajectories.
Then, differentiation was performed to retrieve the instantaneous
frequency fluctuations as a function of time. Hence, the fre-
quency dependent FM-noise spectral density profiles, SFM (ƒ),
can be retrieved, and the optical linewidth can be estimated from
the white FM-noise components. As shown in Fig. 11(a), the
IL-GS OFC exhibits similar FM-noise spectra for each of the
five main tones, with a corresponding measured linewidth of
∼300 kHz. For the EO OFC case, the observed linewidth for
the two filtered comb lines is around ∼30 kHz, thus presenting
a negligible deviation from the source laser (ECL). This is
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expected given the relatively low additional noise introduced
by the RF source, driver, and modulators in the electro optic
comb generation process. It might be thought that, the higher
linewidth of the IL-GS OFC is responsible for the slightly higher
penalty measured in the transmission experiments. However, as
shown by the previous simulation results in Fig. 6, negligible
penalty is expected for 25 GBaud QPSK modulation and a
300 kHz comb linewidth. To check other possible explanations,
a further investigation was made to assess the phase correlation
properties of the IL-GS OFC across the four comb line pairs.
For each pair, the two consecutive comb lines, with separation
frequency of 12.5 GHz, were filtered and heterodyned on a
12.5 GHz photo receiver. The beat signal was then captured by
an electrical spectrum analyzer (ESA) with a narrow resolution
bandwidth (RBW = 3 Hz). Fig. 11(b) shows the consistent and
very narrow full width at half-maximum of the beating tones
which is around a few Hz, indicating a high degree of phase
correlation between all comb line pairs. This result indicates
that the relative phase coherence times between comb line pairs
are of the order of tenths of seconds, which we note is very much
longer than the 20 μs record lengths used for data acquisition
in our experiments. Hence, we do not expect any significant
performance impairments due to this factor.

To gain further insight into the effectiveness of signal recon-
struction with varying SMSR, the SSRx sensitivity with different
pairs of the IL-GS OFC’s comb lines were evaluated. For a fair
comparison, in each case the LO power per comb line was fixed
at the same power using EDFAs and VOAs in the experiment.
However, since the IL-GS OFC has non-zero comb flatness,
this leads to an SMSR after demultiplexing that varies from
line to line. The results are shown in Fig. 12(a). The measured
SSRx sensitivity varies from −33 to −31 dBm across the four
sets of comb pairs as shown by the red points. The SMSR
values for each of the comb tones are also shown, and it can
be seen that when the SMSR of one or both of the tones is
low, the receiver sensitivity is correspondingly low. To further
quantify and explain this effect, the sensitivities of the SSRx
were evaluated using the EO OFC with different values of SMSR
obtained by adjusting the modulator drive conditions. The EO
OFC was used for this experiment as higher maximum SMSR
values could be obtained compared to the IL-GS OFC, which
enabled a sweep from the zero to large sensitivity penalty limits
to be made. As shown by the results in Fig. 12(b), for a penalty
of less than 0.5 dB, the allowable SMSR for both demultiplexed
lines should be 20 dB or higher, in good agreement with the
modelling results shown in Fig. 7(a). This explains the variation
in SSRx sensitivity measured with different IL-GS OFC comb
line pairs shown in Fig. 12(a). In particular, the 2nd and 3rd
comb line pairs degrade the SSRx sensitivity by around 2 dB
compared to the best sensitivity case obtained for the 1st comb
line pair. The IL-GS OFC SSRx performance data in Fig. 10(a)
was obtained using this best-case pair, for which the minimum
SMSR was approximately 21 dB (tone B). In comparison, the EO
OFC SMSR was 25 dB for this experiment. Hence, the additional
0.4 dB penalty observed for the IL-GS OFC based SSRx can be
explained as being due to the poorer SMSR compared to the EO
OFC. This SMSR was limited by the minimum filter width of

Fig. 12. (a) Measured receiver sensitivity performance of the SSRx obtained
with the IL-GS OFC. Trace red (right y-axis) represents the measured receive
sensitivity of the SSRx for four sets of comb pairs, while the SMSR measured
for the demultiplexed comb tones in each pair is represented by the blue and
green (left y-axis) traces. (b) Measured sensitivity penalty versus SMSR of the
SSRx obtained with the EO OFC.

the WSS used in the experiments and can be readily improved by
using alternative demultiplexers, such as active solutions, which
not only improve the side-tone rejection ratio, but also provide
amplification, noise reduction, and gain flattening [43].

It is also important to compare the spectral slicing approach
with other potential future coherent PON solutions that also
offer opportunities for receiver bandwidth reduction. Digital
subcarrier multiplexing (DSCM) technology as proposed in [44]
is one such candidate. In [44], the authors take the example of a
64 GBaud single wavelength carrier signal and show how it can
be replaced by 16 non-overlapping subcarriers (SC) at 4 GBaud
with DSCM. In a point-to-multipoint PON scenario, all or a
subset of these SC can be selected at a given PON terminal by
a coherent receiver with appropriate bandwidth. In the extreme
case, if only one sixteenth of the total data rate is required at
the terminal, then a single SC can be selected and the receiver
bandwidth can be reduced by a factor of sixteen compared to the
single carrier case, However, equally this is then the maximum
data rate available at the terminal and any increase requires
an equipment upgrade by either increasing the single receiver
bandwidth, or by increasing the number of narrow bandwidth re-
ceivers, proportionate to the number of SC desired for detection.
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TABLE II
POLARIZATION AND PHASE DIVERSITY COHERENT RECEIVERS

Due to the larger symbol period in DSCM, narrower linewidth
lasers are required compared to the single channel case, and in
the case of upstream communications the uncorrelated phase
noise from different transmitters will accumulate. In contrast,
in spectral slicing, we employ conventional time division mul-
tiplexing / multiple access (TDM/TDMA) with a single carrier
transmitter and a highly correlated comb source at the receiver
which preserves laser linewidth tolerance, since in the upstream
and downstream cases only one transmitter laser is transmitting
at any given instant in time. In addition, the TDM/TDMA
protocol allows fine granularity bandwidth sharing and statistical
multiplexing, which is important for mixed service provision and
efficient, dynamic use of bandwidth. The latter would be chal-
lenging for DSCM as low symbol rates and narrow SCs translate
to the need for very high laser stability. The spectral slicing
approach enables the bandwidth of the receiver front end to be
reduced by a factor of N, which as mentioned may be particularly
advantageous for simplifying burst-mode receiver design in the
upstream channel case. In summary, the two approaches have
different merits which we summarize from the coherent receiver
aspect in Table II (using the system specification in [44]), also
comparing with the conventional single channel receiver case. In
the case of spectral slicing, the full signal bandwidth is received
and reconstructed from N slices, so, for fairness, we compare
the equivalent performance case for DSCM where all SC are
detected by M coherent receivers, with bandwidth 1/M times
the full signal bandwidth. Assuming upstream laser phase noise
accumulation is not too detrimental, then DSCM also enables
reduced receiver front-end bandwidth, however spectral slicing
offers the additional advantage of maintaining the TDM/TDMA
feature of current PONs, which enables fine granularity band-
width provisioning without incurring additional laser linewidth
constraints.

VI. CONCLUSION AND OUTLOOKS

In this paper, we have reported and investigated the results
of numerical simulations and experimental tests of an SSRx
utilizing an array of local oscillator lines derived from an
optical frequency comb. Specifically, we have focused on an
OFC based on an injection locked gain-switched semiconductor
laser, which can be realized as a compact PIC, and we have
elucidated the key OFC attributes required for successful signal
reconstruction. The study highlighted the impact of the comb
source’s phase noise and phase correlations in determining the
quality of signal reconstruction as well as impairments due to
the parasitic beat tones, which can arise from imperfect spectral
flatness and adjacent comb line rejection. In particular, we have
motivated the use of such a scheme to reduce the bandwidths
of the analog front-end components and ADCs when compared
to conventional intradyne coherent receivers and speculated on
the potential exploitation of this advantage in future coherent
access networks. The potential for bandwidth reduction was
demonstrated experimentally via a single-polarization 50 Gb/s
QPSK C-band transmission experiment over 40 km of standard
(G.652) fiber using receiver bandwidths as low as 6.25 GHz, with
N = 2 slices. The reduction of receiver front-end bandwidth is
particularly useful in the context of a PON upstream burst-mode
receiver, which must operate at high dynamic range (∼20 dB)
and quickly adapt its gain within a few hundred nanoseconds
at the start of each burst on a burst-by-burst basis. This com-
ponent becomes increasingly difficult to realize as bandwidth
and linearity requirements increase, making the spectral slicing
approach particularly valuable in this context. With access to
larger numbers of receiver channels, which could be facilitated
by photonic integration, the scheme can readily be extended to
dual polarization 100 Gb/s operation, and beyond. For example,
a 200 Gb/s dual polarization 50 GBaud QPSK system with
N = 4 slices could be realized with an IL-GS OFC similar to
the one used in this work and with the same receiver bandwidth.
Burst-mode receivers of this bandwidth already exist and are
widely commercially deployed, albeit not yet developed for
coherent detection. If the IL-GS OFC linewidth can be reduced
further, then in principle higher order modulation format such as
16-QAM and beyond can be supported. To the best of our knowl-
edge, our work represents the first SSRx demonstration using a
highly integratable comb source such as IL-GS OFC. In future
work, we plan to explore the use of PIC-based IL-GS OFC with
integrated active demultiplexers to demonstrate a route toward
the goal of a fully integrated, low cost spectrally sliced receiver.
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