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Abstract—We demonstrate transmission of a comb-based
10 Tb/s 50 × 20 Gbaud PM-64QAM superchannel using frequency
comb regeneration to reduce carrier offsets and allow for self-
homodyne detection. The regeneration is enabled by transmitting
two optical pilot tones which are filtered and recovered in the re-
ceiver using optical injection locking and an electrical phase-locked
loop. We show that by utilizing frequency combs together with op-
tical pilot tones, self-homodyne detection similar to systems using
one pilot tone per wavelength channel, can be achieved. Sharing
the overhead for pilot tones reduces the complexity and limits the
overhead to 4%. This enabled a total superchannel spectral ef-
ficiency of 7.7 b/s/Hz. To evaluate the performance, we perform
both back-to-back measurements and transmission over 80 km of
standard single-mode fiber. Successful self-homodyne detection of
all 50 data channels in the 10-nm-wide superchannel demonstrates
that the spectral coherence from frequency combs, combined with
the use of optical pilots, can overcome limitations arising from fre-
quency offset and phase noise in high-order QAM transmission
while keeping the pilot overhead low.

Index Terms—Analog optical signal processing, coherent com-
munications, homodyning.

I. INTRODUCTION

FUTURE demands in optical backbone network throughput
requires cost-efficient solutions to increase the informa-

tion rate per carrier. High spectral-efficiency transmission using
higher-order polarization-multiplexed M-ary quadrature ampli-
tude modulation (PM-MQAM) formats enables an increase in
network throughput without deploying additional fibers. With
this increase in modulation order follows increased sensitivity
to both transceiver impairments and channel distortions and to
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mitigate these effects and ensure reliable communication, high
performance digital signal processing (DSP) is needed [1].

Wavelength-division multiplexing (WDM) transmission is a
key enabler of high-throughput transmission systems by en-
abling transmission of multiple parallel channels. The use of
many wavelength channels allows for efficient use of the broad
transmission spectrum provided by optical fibers together with
erbium-doped fiber amplifiers (EDFAs), which spans several
THz and is orders of magnitude larger than the electrical band-
width of, for example, state-of-the-art modulators [2]. As both
the number of channels and the modulation order grow, so does
the cost for high quality lasers required to enable DSP-based
carrier recovery without risking critical cyclic-slip events. Even
though the price for external cavity lasers with linewidth of
around 10–100 kHz is getting lower and the energy consump-
tion for digital phase tracking is on the order of a few percent for
long-haul systems [3], both cost and energy scale linearly with
the number of channels. Furthermore, pilot-aided DSP-based
phase tracking for modulation formats such as 64QAM uses
around 4% pilot symbols for lasers with about 100 kHz linewidth
to track the phase noise and avoid cycle slips [4]. In fully loaded
systems, commonly employing more than 100 separate wave-
length channels per spatial mode [5], significant savings in en-
ergy and/or increased system throughput can be achieved by
utilizing schemes for sharing resources among several carriers
to reduce the final cost per transmitted bit [6], [7].

Self-homodyne detection with a polarization-multiplexed pi-
lot tone has previously been suggested to avoid DSP-based fre-
quency offset and phase noise compensation at the expense of
lost spectral efficiency (SE) due to the requirement of trans-
mitting the pilot [8]. Polarization-multiplexing of the pilot tone
implies a 50% loss in SE and to reduce this, schemes such
as interleaved pilot transmission [9] and the use of multi-core
fibers [10] have been proposed. In the case of multi-core fiber
transmission, only one single laser is used per wavelength chan-
nel and then shared among all cores, apart from a single core
dedicated for pilot tone transmission and the resulting over-
head is inversely proportional to the number of cores available.
Self-homodyne detection combined with multi-core fiber trans-
mission has also been studied for systems using conventional
blind digital phase tracking and has been shown to reduce the
required estimation rate by up to 3 orders of magnitude [11].
For systems using digital pilot-symbol based phase tracking,
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Fig. 1. Schematic picture of the 52 carrier, 10 Tb/s superchannel transmitter setup. All carriers originate from a single electro-optic frequency comb with 25 GHz
spacing. Two carriers are separated and used as pilot tones to transmit the comb state to the receiver. The remaining 50 carriers are separated into even and
odd carriers and modulated with 20 Gbaud PM-64QAM using two independent modulators. After modulation and polarization-multiplexing emulation, the data
channels are combined with the pilot tones to form the final superchannel.

the effective suppression of laser phase noise translates into a
relaxation in required pilot overhead (OH) [12]. In practice, the
number of cores in a multi-core fiber is limited and inter-core
skew fluctuations affect the effective path matching [13]. This
causes reduction in the effective phase noise suppression for
self-homodyne systems using the spatial domain for pilot-tone
transmission [14]. Furthermore, the need to dedicate a complete
core for pilot tone transmission will lead to OHs that are larger
than the equivalent case of using individual digital pilot sym-
bols for each wavelength channel unless a multi-core fiber with
more than about 10 cores is used [4]. Moreover, this approach is
incompatible with current systems using standard single-mode
fiber (SSMF).

While implying a natural loss in spectral efficiency, the
use of optical pilot tones can lead to a drastic reduction in
linewidth requirements for system using sensitive modulation
formats [11]. Transmission of a 2048QAM signal reaching a
SE of 15.3 bits/s/Hz using a frequency-shifted pilot tone and
an optical phase-locked loop has been demonstrated [15]. Here
the use of an optical pilot tone replaced the usage of DSP-based
frequency and phase tracking, which becomes increasingly com-
plex as the modulation order gets larger [16], [17]. Despite this
advantage, the baudrate was limited to 3 Gbaud due to the very
high requirements of the digital to analog (DAC) and analogue
to digital converter (ADC).

An alternative to reduce the number of high-quality laser
sources for a WDM system with many channels is to use an
optical frequency comb which provides multiple phase-locked
carriers at a given spacing. This enables very dense packing of
wavelength carriers and was exploited in [18] where the au-
thors demonstrated a record throughput of 2.15 Pb/s using 399
WDM channels in a 22-core fiber. If a system employs fre-
quency combs, its phase coherence can be exploited beyond
the replacement of free-running lasers with frequency stable
carriers. One such example is the use of phase-locked trans-
mitter and receiver combs which enables homodyne detection
of all channels [19]. Phase-locking of the transmitter and re-
ceiver combs requires information of the transmitter comb state
to be transmitted to the receiver side. To fully characterize a
frequency comb, both the optical phase from its central line and

the frequency spacing is needed and hence has to be transmit-
ted. One approach to phase-lock a receiver comb to a transmitter
comb using a single unmodulated carrier and optical injection
locking (OIL) was proposed in [20] where the authors only ad-
dressed the recovery and the central tone and not the frequency
spacing set by the clock driving the frequency combs. To over-
come this limitation, regeneration of the transmitter comb using
two unmodulated tones, OIL and a parametric mixer was stud-
ied in [21] by means of linewidth scaling for the regenerated
carriers. The first demonstration of data transmission using a
homodyne superchannel was done in [19] where the concept
from [21] was further expanded using Brillouin amplification
to achieve narrow-band filtering of the pilot tones before para-
metric comb regeneration enabled self-homodyne detection of
a 24 carrier PM-32QAM superchannel.

This work expands [22] where we have proposed the use
of an electrical phase-locked loop (PLL) to achieve effective
recovery of the pilot tones. We provide a detailed analysis of
the PLL performance and its role in enabling self-homodyne
detection of 50 × 20 Gbaud PM-64QAM superchannel. We
also present a detailed back to back (B2B) characterization of
the system performance and a more detailed study of the per-
formance observed in the single-span transmission experiment.
Locking of the transmitter and receiver combs is demonstrated
using only 2 optical pilot tones, resulting in an overhead of 4%
for self-homodyne detection which is directly comparable to
the overhead of using digital pilot symbols in single-core fiber
transmission.

II. EXPERIMENTAL SETUP

An overview of the transmitter setup, the frequency comb
spectra and the receiver structure including the comb regenera-
tion setup can be seen in Fig. 1–4, respectively. In total we used
52 carriers, originating from a single frequency comb to form
the superchannel. Out of these, 50 were used to transmit data
and 2 were left without data modulation to enable regeneration
of the phase-locked receiver comb. The superchannel spectral
efficiency was 7.7 bits/s/Hz with a total net transmission rate
of 10 Tbit/s assuming a 20% OH for forward error correction
(FEC).
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Fig. 2. Spectra of (a) transmitter frequency comb, (b) formed superchannel after combining 50 data carriers with the 2 pilot tones and (c) receiver frequency
comb. All lines are modulated using 20 Gbaud PM-64QAM and the spectrums were measured using 0.01 nm resolution.

A. Transmitter

The transmitter is outlined in Fig. 1. We used a 5 kHz
linewidth laser centered at 1545.12 nm to feed an electro-optic
(EO) comb consisting of 2 phase modulators followed by an
intensity modulator, similar to the EO-comb used in [23]. All
modulators were driven by a single 25 GHz radio-frequency
(RF) clock and the resulting spectrum can be seen in Fig. 2(a).
The output of the comb was amplified and fed to an optical
processor (OP) used to remove the two central carriers
(1545.12 nm and 1545.32 nm), the out of band noise and to
flatten the about 15 dB gain variations of the post OP amplifier.
An optical interleaver (OI) was then used to separate the lines
into even and odd lines. The even and odd lines were modulated
using two separate IQ-modulators driven by 4 independent
DACs operating at 60 Gs/s to modulate 20 Gbaud 64-QAM data
shaped using a root-raised cosine filter with a roll-off factor
of 5%. The pattern consisted of 216 randomly chosen symbols.
We digitally compensated for the DAC frequency response by
applying its inverse response in the frequency domain and for
the nonlinear transfer function of the modulator by applying
the inverse response function. After polarization-multiplexing
emulation using a split-combine step with approximately 100
symbols delay, odd and even channels were combined using a
second OI before joint amplification and transmission.

To separate out the unmodulated carriers we used a 10 dB tap
directly on the comb output followed by a 1 nm filter, an EDFA
and a second 0.3 nm filter to isolate the two central carriers. The
filter combination ensured a side-carrier suppression of >30 dB
which was shown to be sufficient to not result in any signif-
icant penalty for the neighboring data channels, as shown in
Section III-B. The unmodulated lines were then combined with
the data carriers and the output spectrum of the combined signal
is shown in Fig. 2(b). The power of the unmodulated carriers
was tuned to have the same power per line as the data carriers.
We note that the optimal power ratio will depend on several
conditions such as link and recovery stage design; however, any
detailed optimization of this was beyond the scope of this work
equal launch power was therefore used. We evaluated the signal

Fig. 3. Schematic of the receiver structure used to separate data channels
from pilot tones. The pilot tones are then used for regenerating a phase-locked
receiver comb from which an LO-line is extracted and used for self-homodyne
detection of the selected data channel. Dashed components denotes components
used in the noise-loading evaluation.

in B2B configuration and after transmission over one span of
80 km SSMF with about 16 dB of loss.

B. Receiver

The receiver structure is outlined in Fig. 3. After amplification
we separated the received superchannel into two paths. One path
is used to filter out the data channel and one to extract the two
optical pilot tones. In the B2B configuration, noise loading was
implemented independently for the data carriers and the pilot
tones. The data carriers were noise loaded by inserting a variable
optical attenuator (VOA) after the first filter in the upper arm of
Fig. 3. Noise loading of the pilot tones was implemented by by
combining them with additional noised generated by filtering
the output noise of an EDFA using a 3 dB coupler after the first
filter in the lower arm in Fig. 3.

To extract the data channel we used a tunable 0.2 nm filter
followed by an EDFA and a 0.9 nm filter before detection. The
two optical pilots were filtered out by cascading a 0.3 nm filter,
an EDFA and a 0.9 nm filter. The filtered output was fed to
the comb regeneration stage described in Section II-C, in which
a frequency comb phase-locked to the transmitter comb was
generated for usage as local oscillator (LO). To ensure sufficient
LO power into the coherent receiver, the LO line corresponding
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to the selected data channel was filtered using a 0.1 nm filter
prior to amplification. The signal and LO were then combined
in a standard coherent receiver.

The electrical outputs from the coherent receiver were sam-
pled using a 50 GS/s real-time oscilloscope and DSP was
implemented offline. The DSP consisted of initial front-end im-
balance correction, low-pass filtering, re-sampling to 2 samples
per symbol and equalization. The equalizer was divided be-
tween a static dispersion compensating equalizer (in the case of
single-span transmission) and a dynamic decision-directed least
mean square (DD-LMS) equalizer using 25 T/2-spaced taps. A
constant modulus algorithm was used for pre-convergence over
105 symbols before switching to decision directed operation.
Both equalizers used a step-size of µ = 4 · 10−4 working on
power-normalized constellations. Neither carrier frequency off-
set estimation nor phase recovery were needed and all residual
phase fluctuations occurring from thermal drifts of fibers etc.
were slow enough to be tracked by the dynamic equalizer.

To evaluate system performance we calculated both bit er-
ror ratio (BER) and generalized mutual information (GMI). We
assumed a pre-FEC target of 5.7dB Q [24], or equivalently a
BER of 2.7 · 10−2[18], for binary soft-decision forward error
correction with 20% OH. To further validate the performance
we calculated the GMI, which has been shown to be a more
accurate predictor for performance after SD-FEC decoding, as-
suming AWGN contributions [25]. The AWGN assumption is
typically used both when designing the code and the corre-
sponding de-mapper used to calculate the required L-values for
SD decoding. As an important implication of this, the accu-
racy of GMI as well as the performance of any code designed
for an AWGN channel can deviate for a non-AWGN channel.
The GMI corresponds to the maximum possible throughput of
a channel assuming the usage of optimal bit-wise SD-FEC to-
gether with a memory less receiver. Here we calculated the GMI
by first estimating the received signal to noise ratio (SNR) of
the received symbols (assuming i.i.d. Gaussian noise contribu-
tion). Using the SNR we then calculated the L-values for soft
de-mapping of the individual bits within the 64-QAM symbols
([25, eq. 29]). The bit-wise GMI was then estimated using the
L-values together with the transmitted symbols ([25, eq. 30])
and the total GMI per 4D symbol by summing the individual
GMI values over both polarizations. In this work we calcu-
lated the GMI from 2 · 105 symbols and BER using 1.2 · 106

demapped bits.

C. Comb Regeneration

The receiver comb was built the same way as the transmitter
comb but had a lower maximum input power of 20 dBm. To
regenerate a phase-locked receiver EO-comb, both the laser
feeding the comb and the RF clock used to feed the modulators
need to be phase-locked to the corresponding laser and clock
feeding the transmitter comb. The comb recovery setup is shown
in Fig. 4. After initial filtering and amplification (described in
Section II-B) we used a 25 GHz OI to separate the two pilot tones
into two arms. OIL was used to lock two slave lasers (standard
distributed feedback lasers with free-running linewidth of about

Fig. 4. Schematic of the experimental setup used to enable frequency comb
regeneration. The incoming pilot tones carries the information required to fully
characterize the transmitter comb. Using optical injection locking and anelec-
trical phase-locked loop, this information is extracted and used to phaselock a
receiver electro-optic frequency comb to the transmitter frequency comb.

1 MHz) to the incoming pilot tones using an injection ratio
of about −30 dB. The slave laser output in the upper arm,
corresponding to the carrier feeding the transmitter comb, was
divided using a 10 dB coupler with the 90% output used as
optical input to the receiver EO comb.

The RF clock from the transmitter comb was extracted by
combining the other output of the coupler in the upper arm with
the output of the lower arm onto a photo diode with 30 GHz ana-
log bandwidth. The resulting RF signal was then combined in a
25 GHz RF mixer with the clock signal from the receiver comb
RF clock and the difference signal was used as input to an elec-
trical phase-locked loop (PLL) used to lock the receiver clock
to the transmitter clock. The PLL was of P-type and built using
a voltage-controlled oscillator with 1 MHz/V gain. The PLL
ensured narrow-band filtering to suppress any distortions from
transmitting the pilot tones and ensured that the receiver clock
tracked any drifts of the transmitter clock. No additional low-
frequency clock synchronization was used between the clocks
in the transmitter and receiver comb.

III. RESULT

Here we provide a detailed study of the performance of
the electrical phase-locked loop used for regenerating the RF
clock as well as the performance of the proposed superchannel
transceiver scheme by means of data transmission. First, mea-
surements of the noise spectrum for the RF clock are presented
followed by back to back results from noise loading evaluation
of each data carrier. Finally, we present the results from a single
span transmission experiment in which the superchannel was
transmitted over 80 km SSMF.

A. PLL Performance

The importance of narrow optical filtering when performing
parametric frequency comb regeneration has previously been
studied in [19]. To realize high fidelity all-optical comb regen-
eration, Brillouin amplifiers were used to filter out the pilot tones
with a filter bandwidth of about 20 MHz. Despite these narrow
filters, a clear scaling is observed in implementation penalty for
lines further away from the superchannel center, and due to this
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the regeneration was limited to a total of 24 carriers (12 on each
side of the optical pilots) [19].

To study how the combination of OIL and an electrical PLL
can be used to overcome this limitation by means of providing
effective filtering in the recovery of the RF clock we measured
the RF spectrum of the beating between the two incoming pilot
tones at 3 different locations in the regeneration structure, as
shown in Fig. 5. First we measured the beating after the initial
optical filters (before the OI in Fig. 4) at an optical signal to noise
ratio (OSNR) of 24 dB, followed by measuring after filtering
using OIL as well as after using both OIL and the electrical PLL.
The effect of the filtering stages, with respect to a reference
measurement of the RF spectrum for the transmitter clock, are
shown in Fig. 5 and we can clearly see the narrow-band filtering
achieved using OIL the electrical PLL.

The direct beating of the two lines shows a noise floor in the
RF spectrum of about 115 dBc/Hz. Filtering using OIL smooths
this and with the injection ratio of -30 dB used in this experi-
ment we achieved a resulting filter bandwidth on the order of
100 MHz. The filter bandwidth can be narrowed by increasing
the injection ratio at the expense of reduced stability [26]. This
issue can, however, be mitigated at the expense of increased
complexity by using a PLL to stabilize the slave laser operation
at very low input power but the resulting bandwidth is still on
the order of tenths to hundreds of MHz [27]. As seen in Fig. 5,
the electrical PLL achieved narrow-band filtering with a result-
ing bandwidth in the order of MHz, two orders of magnitude
narrower the case of using only OIL to filter out the tones. The
small jumps and variations around 1 MHz in Fig. 5 are caused
by the electrical spectrum analyzer used which introduced dis-
continuities in the spectrum at 1 MHz. The PLL filtering can
be slightly improved using a smaller locking range. The draw-
back of using a more narrow-band PLL lines in the ability to
track drifts from the transmitter comb RF clock and extra distor-
tions introduced by the OIL. As a result of this, optimal locking
bandwidth will be a function of both and depends of the com-
bined stability of both subsystems.

B. Back-to-Back Evaluation

To evaluate performance channel by channel we used the
noise loading setup described in Section II-A. First we per-
formed noise loading of the data carriers without adding any
noise to the pilot tones (OSNR of the pilot tones was >30 dB)
and we found that an OSNR of about 24 dB for the data carriers
was needed to reach the BER target of 2.7 · 10−2 . After this,
we noise loaded the pilot tones to a corresponding OSNR of
24 dB. At this level we then performed a noise loading sweep
for each carrier to study variations among the different data
carriers within the superchannel. The OSNR penalty, with re-
spect to the theoretical value of 19.8 dB, for the cases of no
noise and and OSNR of 24 dB for the pilot tones are shown in
Fig. 6(a) together with difference between the two. We observe
a fairly large penalty with a minimum and mean implementation
penalty of 3.5 dB and 5.1 dB, respectively. The small difference
observed between a pilot tone OSNR of >30 dB and 24 dB is
due to the narrow filtering provided by the use of OIL and the

Fig. 5. Comparison between the frequency noise of the RF signal measured
at different points in the regeneration setup. Beating of incoming tones before
regeneration (blue), beating of tones after filtering using optical injection locking
(red), beating of tones after filtering using optical injection locking and the
electrical phase-locked loop (yellow) and the reference spectrum for the RF
clocked used in the transmitter comb (purple).

PLL. As a result of this, the difference is due to measurement
uncertainties rather than additional noise.

The large penalty observed in Fig. 6(a) is mainly the result of
practical constrains in the experimental design. As mentioned
in Section II-A, the pre-modulation EDFA had large gain vari-
ations over the spectral band occupied by the comb source. To
overcome this and ensure equal carrier power into the modula-
tors a flattening stage was used. This resulted in an input power
into the pre-modulation EDFA of about 0 dBm with around
15 dB power variations among the lines. Taking into account an
EDFA noise figure of about 5 dB, the OSNR per carrier varied
from about 30 to 45 dB. In addition, the achievable OSNR for
all lines was further limited by the use of only two modulators.
The input power into each modulator was limited to 20 dBm and
the total loss of the modulators together with the polarization
emulation stages was about 25 dB each. The post-modulation
EDFA had a noise figure of about 5 dB over the spectral band
used and as a combined result of this, the maximum achievable
OSNR was limited to about 35 dB without accounting for the
prior OSNR degradation.

Neither the limitation in achievable OSNR nor the variations
between individual carriers were accounted for in the noise-
loading stage and thus directly transfers to varying implemen-
tation penalty among the lines and an over-estimation penalty
compared to the case of single carrier. The LO OSNR also var-
ied within the superchannel due to varying line power prior to
selection and limited input power of 20 dBm the comb. The
maximum line difference within the comb was around 12 dB
and the absolute line power drifted around 3 dB for both combs
within the time required to measure the noise loading sweeps.
These variations on both the transmitter and receiver side also
caused slightly varying effective OSNRs for all lines, contribut-
ing to the varying penalty observed in Fig. 6. To isolate penalties
from the superchannel setup (e.g., combs, flattening stages, fil-
ters) we measured the implementation penalty for the case of
directly connecting the laser to the modulator and using this
same laser as local oscillator. The measured implementation
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Fig. 6. OSNR penalty with respect to the theoretical required OSNR of 19.8 dB at a BER of 2.7 · 10−2 in back to back configuration. (a) OSNR penalty for the
receiver using frequency comb regeneration with and without noise added to the pilot tones. (b) OSNR penalty from regenerating only the frequency spacing and
using the same master laser for both the transmitter and receiver combs. The variations indicate that further optimization is needed to ensure stable performance
over long time for the locking of the slave laser.

penalty with regard to the theoretical value was 2 dB, which
confirms that driving signal and processing at the receiver were
not causing a major implementation penalty.

In order to isolate penalties from the regeneration we carried
out an additional noise loading experiment to separate penalty
from the transmitter itself, regenerating the central carrier
feeding the comb and the frequency spacing given by the RF
clock. Instead of using the regenerated central carrier to feed the
receiver comb we put a tap on the laser feeding the transmitter
comb and used it for both combs. Without adding any noise to
the pilot tones we then studied the implementation penalty for
the data carriers and compared it to the case of using the regener-
ated carrier to feed the receiver comb. The penalty with respect
to theory as well as the difference between using the transmitter
laser and the regenerated laser for 28 data carriers are shown in
Fig. 6(b). Using the slave laser output to feed the receiver EO
comb resulted in a mean penalty of 0.5 dB. This shows that even
without noise loading, a small but noticeable part of the imple-
mentation penalty originates from the slave laser seeding the
receiver comb. Reference measurements with comb-based in-
tradyne detection revealed issues with frequency stability which
caused issues with equalizer convergence as well as carrier re-
covery. As a result of this, no direct comparison could be made.

The variations between carriers in Fig. 6(b) were observed
over a time scale of hours and polarization fluctuations before
the OIL locking contributed to this drift by changing the slave
laser input power. The measurements shown in Fig. 6 were au-
tomatized serial measurements without realigning the polariza-
tion in between measuring each line. It took about 20 minutes to
measure each line and temperature variations therefore caused
polarization fluctuations on the pilot tones. These variations
could, however, be avoided by employing active polarization
tracking on the input to the slave lasers and this will be needed
to ensure long-term stability in an environment where the state
of polarization of the pilot tones varies with time.

C. 80 km Transmission Experiment

As a final demonstration we transmitted the superchannel over
1 span of 80 km SSMF. The launch power was optimized using a
launch power sweep between 7 dBm and 14 dBm, correspond-
ing to a power per channel between −10 dBm and −3 dBm,
respectively. The resulting BERs for all 50 data channels are
shown in Fig. 7(a). The average BER for all 50 data channels
versus launch power is plotted in Fig. 7(b) and the optimal launch
power was found to be 10 dBm. Individual launch power sweeps
for 4 wavelength channels (1540.8 nm, 1542.7 nm, 1544.3 nm
and 1547.1 nm) are shown in Fig. 7(c).

From Fig. 7(a) and (b), we can observe similar results for high
launch powers as previously reported for regeneration using a
parametric receiver comb in [19]. The penalty from increasing
the launch power grows rapidly when going beyond optimal
and we found the optimal launch power of 10 dBm seems to
be slightly lower than for similar intradyne systems. How this
penalty is divided between effects on the data carriers and on
the pilot tones prior to regeneration is still an open question and
further studies on how distortions on the optical pilot tones are
transferred to the data channels through the regeneration process
is needed to clarify this.

The resulting BER and GMI after 80 km transmission at op-
timal launch power are shown Fig. 8(a) and (b) respectively. As
seen in Fig. 8(b), all lines have a GMI well above the 10 bit/4D-
symbol required for 20% FEC overhead. The minimum and
average BERs were 1.3 · 10−2 and 1.9 · 10−2 , respectively, and
the corresponding values for the GMI were 10.7 bits/4D-symbol.
Combining all the 50 carriers within the superchannel with
20% FEC overhead results in a total aggregated data rate of
10 Tb/s. The total GMI combined for all the data carriers was
555 bits/s resulting in a total data rate of 11.1 Tb/s assuming
individual optimized FEC with bit-wise decoding for each data
carrier [28]. Constellation diagrams for the X-polarization of
4 selected wavelengths (1540.4 nm, 1543.5 nm, 1547.5 nm and
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Fig. 7. Results for all 50 data carriers after 80 km transmission. (a) BER as a function of total channel launch power (steps of 1 dB from 7 dBm to 14 dBm).
(b) Average BER over all channels for each launch power. (c) Example of individual launch power curves for channels at 1540.8 nm, 1542.7 nm, 1544.3 nm and
1547.1 nm.

1550.1 nm) after 80 km transmission at optimal launch power
are shown in Fig. 9.

IV. DISCUSSION

In this paper, we have proposed and evaluated a scheme for
enabling self-homodyne transmission of superchannels using
frequency combs. The scheme is based on using two optical
pilot tones to transmit frequency and phase information of the
comb used as a coherent light source in the transmitter to the
receiver as proposed in [19], [21], but differs fundamentally
in the regeneration scheme. Here we proposed and evaluated
the use of an electrical PLL to achieve narrow-band filtering to
recover the RF clock.

Systems like the one proposed in this work aims at an op-
erating regime in which available spectrum is the main limited
resource. With the powerful and energy-efficient DSP available,
optical pilots will only be considered if they can reduce the total
overhead compared to the case of standard approaches using in-
dependent lasers. The major part of this overhead is, naturally,
the loss in throughput due to the allocation of spectral band-
width for pilot transmission but from a broader perspective, the
overhead includes both the loss in throughput and the additional
resources needed to transmit, recover and utilize the optical pi-
lot tones. In this demonstration, a total SE of 7.7 bits/s/Hz was
achieved. The overheads limiting the spectral efficiency was
20%, 25% and 4% for FEC, inter-channel guard-band and pilot
tone transmission, respectively. To increase the spectral effi-
ciency even further the total OH has to be reduced. Instead of
a fixed FEC OH determined by the worst performing channel,
the total FEC OH could be reduced using performance depen-
dent FECs for each channel. The OH for inter-channel guard-
bands was the largest OH and hence resulting in the largest
degradation in the SE. This OH could be lowered by increasing
the baud-rate of the channels, similar to [29]. The trade-off is
an increased cross-talk from neighboring channels due to the
smaller guard-bands. As discussed in Section III-B, our trans-
mitter already had a fairly large implementation penalty and

to focus on the conceptual demonstration we therefore used
a larger guard-band. To fully optimize the spectral efficiency,
the inter-channel guard-band and FEC OH should be jointly
optimized.

While both the FEC and guard-band OH were significantly
larger than the pilot tone OH, the key aspect of this work is to
reduce the OH for self-homodyne detection. This OH can be
reduced using two key approaches. First, an OH reduction can
be achieved by increasing the number of data channels, which
share the pilot tones. This can be realized by either using a
broader comb source or making use of the spatial domain if
SDM fibers are used, as discussed in Section I. In the case of a
broader comb source, we should also consider whether having a
broader comb causes any further noise degradation due to e.g.,
increased phase noise for the outer lines. The other strategy to
reduce the OH is to reduce the spectral loss from inserting the
pilot tones. Once such way would be to use 2 data carriers with
lower symbol rate around the two central lines, allowing for an
up- or down-shifted pilot tone within the channel bandwidth,
similar to [30], [31]. This would allow for a reduction in OH
at the expense of extra complexity due to the requirement of
frequency shifting stages. To extract the RF clock a minimum
of two pilot tones are required. Although the two tones were
placed in the middle of the superchannel in this work, they can
in theory be placed elsewhere. Depending on the comb tech-
nology used, phase noise scaling could be present and depend-
ing on the strength of this effect, a more centralized position
might be beneficial. On the other hand, centralized placement
implies that the tones suffer the most from nonlinear effect,
which depending on link length and design, could affect the
performance.

Dispersive walk-offs between both the pilot tones and be-
tween the tones and the data channels will eventually limit the
performance of the proposed scheme. Gradually, these walk-offs
will limit the achievable phase coherence between the transmit-
ter and receiver comb, leading to increased presence of phase
noise in the data after detection. At what point this will start to
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Fig. 8. Results for all 50 data carriers after 80 km transmission at optimal launch power of 10 dBm. (a) and (b) shows the BER and GMI, respectively, for all 50
data channels. All channels are well below the BER target for 20% coding overhead and the large margin in terms of GMI further verifies this. Allocating a 20%
overhead for FEC results in a total superchannel transmission rate of 10 Tb/s.

Fig. 9. Received constellation diagrams (X-polarization) for the wavelength
channels 1540.4 nm, 1543.5 nm, 1547.5 nm and 1550.1 nm. The constellations
were weasured at optimal launch power of 10 dBm, corresponding to −7 dBm
per channel.

limit the performance depends naturally on the dispersion pa-
rameters of the fiber used as well as link length. The linewidth
of the transmitter comb seed laser is also crucial to this penalty
and increased tolerance can be gained by employing a high
quality, narrow linewidth laser source. Linewidth degradation of
the re-generated comb due to walk-off between the pilot tones
was previously studied in [21] for the case of parametric regen-
eration. While the fundamental aspects are the equivalent in the
case of regeneration using OIL and the proposed phase-locked
loop, it remains an open question how tolerant this scheme is
to dispersive walk-offs. Optical dispersion compensation could
be used to suppress penalties from dispersion walk-off at the
expense of increased sensitivity to nonlinear effects.

Worth pointing out here is that the proposed scheme elimi-
nates the DSP-based carrier recovery and simplifies the use of
higher-order modulation formats. Since these formats are fun-
damentally more sensitive to noise, being either amplifier noise,
phase noise or nonlinear noise-like impairments, the scheme is

most suitable for shorter systems. For long-haul systems with-
out optical dispersion compensation, the power consumption
of the electronic dispersion compensation is about one order
of magnitude larger than the one for carrier recovery [3] and
the extra complexity of comb regeneration makes the scheme
fundamentally less attractive.

The optimal launch power found here for the case of single
span transmission seems to be slightly lower than what one
would expect for an equivalent intradyne DWDM system. This
follows previously observed results for the case of parametric
comb regeneration [19]. Whether or not this is due to the use
of correlated data channels [32], nonlinear distortions on the
pilot tones that gives raise to extra noise contributions, inability
to compensate nonlinear phase noise due to the lack of DSP-
based phase tracking [33], [34] or something else remains to be
investigated. Aspects such as power ratio between pilot tones
and data channels, pilot tone placement, number of channel
within the superchannel and link design are all likely to influence
the sensitivity to fiber nonlinearities. Which one of these, if any,
being the dominant one is also likely to depend strongly on
link-specific aspect such as total length, span length and which
amplification scheme being used.

V. CONCLUSION

In this work we have provided a proof-of-principle demon-
stration of frequency comb regeneration using an electrical
phase-locked loop for self-homodyne superchannel transmis-
sion. The superchannel was formed from 52 lines originating
from a common frequency comb. Two central lines were left
unmodulated and used as optical pilot tones, and the remain-
ing lines were modulated using 20 Gbaud PM-64QAM. The
pilot tones were used in the receiver together with optical injec-
tion locking and the phase-locked loop to lock a receiver comb
to the transmitter comb. Self-homodyne transmission with a
spectral overhead of 4% was demonstrated over a single span
of 80 km standard single-mode fiber. The total superchannel
throughput was 10 Tbit/s with a corresponding spectral effi-
ciency of 7.7 bits/s/Hz. This demonstrates that frequency combs
in combination with optical pilot tones can be used to exploit
the benefits of self-homodyne detection to enable detection of
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high-order QAM modulation formats while keeping the pilot
overhead low.
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