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Abstract—We exploit the coherence of frequency combs for high
spectral efficiency superchannel transmission via effective sharing
of a single pilot tone. By phase-locking the receiver comb to the
transmitted pilot tone, carrier offsets are suppressed while both
the overhead and complexity associated with the pilot tone are re-
duced. We form a 55 carrier superchannel using a 25-GHz spaced
electro-optic frequency comb seeded by a 100-kHz linewidth laser.
At a pilot tone overhead of <2%, the reduction in carrier off-
sets is shown to facilitate blind DSP-based carrier recovery of all
54 × 24 Gbaud PM-128QAM data channels. The resulting super-
channel spectral efficiency is 10.3 bits/s/Hz assuming a 28% over-
head for forward error correction. Our results show the potential
for optical pilot tones to reduce both overhead and complexity in
systems using comb-based superchannels together with high-order
modulation formats.

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

I. INTRODUCTION

THE increasing demand for high-throughput communica-
tion links drives the development of optical communica-

tion technologies. In recent years a massive growth in system
throughput has been shown, mainly based on the channel scal-
ing enabled by space division multiplexing (SDM) which ex-
ploits several cores and/or fiber modes to transmit independent
data. In 2017, system throughput reached 10 Pb/s in a demon-
stration using >100 modes and extending over the C and L-
band [1]. The total channel count exceeded 80 000, showing the
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massive scaling in systems employing broadband transmission
and multiple modes. At the same time, >50 Tb/s throughput
over >17 000 km transmission distance using single-mode fiber
(SMF) was demonstrated [2]. Here the authors used wavelength-
division multiplexing (WDM) of 295 separate channels.

Optical frequency combs, which have been investigated ex-
tensively for applications in spectroscopy, metrology and com-
munications, have been proposed as a solution to reduce the large
number of lasers needed in fully loaded system. The most promi-
nent generation techniques are based on parametric mixing in
micro-ring resonators [3], electro-optic (EO) modulation [4] and
mode-locked lasers [5]. Kerr combs from integrated micro-ring
resonators have been used as a multi-wavelength light source to
realize WDM transmission with >50 Tb/s throughput over the
full C+L-band [3]. Comb generation using EO modulation has
been studied extensively [6], [7] and was used for data trans-
mission in [4]. Parametric broadening of comb-lines originating
from an EO-comb was investigated in [8] and, using optimized
design of the nonlinear broadening stage, a spectral flat spec-
trum over >100 nm was achieved [9]. The high power per line
of such a comb source was used in a record experiment where
the authors achieved 2.15 Pb/s aggregated throughput using a
22-core fiber [10]. Transmission using mode-locked lasers have
been extensively studied, for example in the context of data
center applications [5], and recent improvements include the
addition of a resonant feedback structure enabling improved
line quality [11].

In any communication system, to maximize system through-
put the available bandwidth (BW) has to be used in the most
efficient manner. Higher-order modulation formats such as po-
larization multiplexed M-ary quadrature amplitude modulation
(PM-MQAM), such as PM-128QAM and PM-256QAM, carry-
ing 14 and 16 bits per symbol respectively, increase the channel
throughput compared to classical systems using, e.g., PM qua-
ternary phase shift keying which is limited to 4 bits per symbol.
However, higher order modulation formats require a higher op-
tical signal-to-noise ratio (OSNR) (and corresponding electrical
signal-to-noise ratio, SNR) to achieve the same resulting bit er-
ror rate (BER) and are more sensitive to system impairments
such as laser phase noise [12]. Moreover, the limited effec-
tive number of bits from the transceiver digital-to-analog and
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analog-to-digital converters (DACs/ADCs) limits the achiev-
able SNR in multi-level modulation format systems [13]. To en-
able transmission of higher-order modulation formats at higher
baud rates, powerful digital signal processing (DSP) and for-
ward error correction (FEC) schemes are employed [14]. With
this, state-of-the-art transceivers are now capable of transmitting
PM-1024QAM at a symbol-rate of 66 Gbaud [15] and a fully
integrated InP-based 32QAM transceiver capable of working at
symbol rates of up to 100 Gbaud was demonstrated in [16].

The possibility to use a single high-quality light source to
generate multiple WDM carriers makes frequency combs attrac-
tive for scaling transceivers from single channels to multi-Tb/s
superchannels. In its simplest form, the carriers from the fre-
quency combs are used as transmitter and local oscillator (LO)
light sources. Each wavelength channel is then treated indepen-
dently using conventional intradyne DSP and the main benefit
arises from reduction in laser count. However, the phase-locked
nature of the carriers can be exploited for joint processing of sev-
eral wavelength channels, and complexity reduction by sharing
the DSP-based carrier recovery within a spectral superchannel
has been demonstrated [17]. Furthermore, as shown in [18], two
optical pilot tones are enough to fully characterize the transmit-
ter comb and by recovering the two tones at the receiver side,
a phase-locked receiver comb can be regenerated. This tech-
nique of comb regeneration for self-homodyne detection was
demonstrated in an all-optical scheme with Brillouin amplifica-
tion [19] and in a scheme with an electrical phase-locked loop
for performance improvement [20].

Here we expand the concept introduced in [21] where we
proposed and demonstrated the use of comb-based superchan-
nels together with a single shared optical pilot tone for high
spectral efficiency (SE) transmission. The single pilot is used
to lock the transmitter and receiver comb seed lasers, which
reduces carrier offsets. This reduction facilitates blind DSP-
based signal recovery for each wavelength channel modulated
with 24 Gbaud PM-128QAM. We demonstrate transmission of
a 14.2 Tb/s 55 carrier superchannel transmission over a single
span of 50 km standard single-mode fiber (SSMF). At a resulting
SE of 10.3 bits/s/Hz, our demonstration shows the potential for
frequency combs and optical pilot tones to enable superchannels
with high spectral efficiency.

II. CHALLENGES OF BLIND CARRIER RECOVERY

The introduction of more powerful FEC allows system to
operate at a lower received SNR, or equivalently higher pre-FEC
BER, and still meet required BER tolerances after decoding. As
we will show in this section, operation in this lower SNR regime
makes blind DSP more challenging due to more frequent symbol
errors in the received data.

A received symbol yk corresponding to the transmitted com-
plex symbol xk can, in presence of additive white Gaussian noise
(AWGN) and carrier offsets, be expressed as

yk = xk exp ( j (2π� f0T0k + φk)) + nk, (1)

assuming ideal matched filtering [22], [23]. Here k denotes
the time index, � f0 any residual frequency offset (FO) arising

Fig. 1. Simulation results of SNR penalty from blind phase search for a
24 Gbaud 128QAM signal at two different target BERs, corresponding to a
classical HD-FEC of 3.7 · 10−3 and a modern SD-FEC limit of 5.7 · 10−2. The
required SNRs to achieve the target BER without any carrier offsets are 24 and
18 dB, respectively. The top figure corresponds to the case without any frequency
offset, i.e., � f0 = 0 MHz, and the bottom figure to a residual frequency offset
of � f0 = 1 MHz.

from small differences between the transmitter and receiver laser
frequencies, T0 the symbol period, φk the laser phase noise
(combined for both the transmitter and receiver laser) and nk

the AWGN. To avoid any penalty from carrier offsets (frequency
and phase), DSP-based tracking is normally used to compensate
for a non-zero � f0 and φk .

Complete carrier recovery is typically performed by first com-
pensating FO in a coarse step and then tracking the phase noise
and remaining FO. Several blind methods have been proposed
to compensate for the FO [23]–[26]. One of the most com-
monly used algorithms for carrier phase estimation is blind
phase search (BPS) which is a hardware compatible algorithm
working for arbitrary modulation formats [12]. BPS uses a set
of test angles and selects the angle resulting in the minimum
distance between the received symbol and corresponding esti-
mate of the transmitted symbol. To avoid errors due to additive
noise [nk in (1)], averaging over N symbols is used and the
angle resulting in the minimum sum of all individual distances
is selected.

The linewidth tolerance for BPS and modulation formats up
to 256QAM has been studied using simulations, showing a re-
quired linewidth of 80 kHz for a 1 dB penalty at a BER of
1 · 10−3 for a 10 Gbaud signal [12]. Since external-cavity lasers
(ECLs) with a linewidth <100 kHz are now common, linewidth
is not expected to result in a major degradation of system per-
formance at 1 · 10−3 target BER. However, modern systems
are increasingly employing soft-decision (SD)-FEC instead of
hard-decision (HD)-FEC. The pre-FEC BER operating target is
therefore typically more than one order of magnitude higher,
resulting in frequent symbol errors. The higher symbol-error
count makes blind carrier recovery more challenging since a
longer averaging filter is needed to suppress the noise at a lower
SNR. This reduces the phase noise tolerance of the DSP, leading
to more stringent requirements on laser linewidth.

The reduced tolerance is illustrated in Fig. 1(top) which shows
the simulated receiver SNR penalty for a 24 Gbaud 128QAM
signal as a function of laser linewidth. The simulation was based
on (1) and the laser phase noise was simulated as a Wiener
process, similar to [23]. We used BPS with 256 test-angles to
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avoid any penalty due to limited angular resolution. The block
size was swept in steps of 32 symbols to a maximum length of
N = 512 and was optimized for each point. Every data point
was calculated by averaging over 5 independent simulations of
216 symbols each.

The selected operating points correspond to a classical HD-
FEC with about 7% overhead (OH) [27] and a modern, powerful
SD-FEC with 28% OH [14]. For 128QAM and AWGN only,
the HD-FEC operating point corresponds to a SNR of 24.1 dB
and the SD-FEC point to a lower SNR of 18.2 dB. We observe
that for linewidths up to about 10 kHz the SNR penalty for the
two operating points is very similar. As the linewidth increases
beyond 50 kHz, the SNR penalty at the SD-FEC (lower SNR)
operating point increases more rapidly due to the lower linewidth
tolerance caused by the longer averaging filter needed to account
for AWGN. Fig. 1(bottom) shows similar simulations but now
including a FO of � f0 = 1 MHz. Compared to the previous
case, we observe a penalty floor for operation in the lower SNR
regime. The penalty is present even for low linewidths in contrast
to the case of operating at the higher SNR. As the linewidth
increases beyond 50 kHz we observe a growing penalty due to
the combined effect of both FO and phase noise.

The tolerance to carrier offsets is significantly lower when
working at a lower SNR. Therefore, linewidth and stability re-
quirements strongly depend on the system operating conditions.
Note that a residual FO of � f0 = 1 MHz might seem a high
value, but for schemes such as [24] the accuracy depends on the
number of symbols in the Fourier-transform implementation. In
real-time systems this is typically limited to about 4096 sym-
bols [28]. This results in estimation errors on the order of tenths
of MHz and to ensure a residual sub-MHz FO requires the use
of about 100000 symbols. The higher sensitivity to imperfec-
tions at the lower SNR operating point is not limited to FO, and
any additional carrier offset or noise source causing a reduced
SNR will degrade the tracking tolerance. For this reason, most
demonstrations of higher-order QAM transmission have either
used digital pilot symbols with up to 10% OH [29] or high-
coherence lasers together with self-homodyne detection [30].

III. COMB-BASED SUPERCHANNELS USING A SINGLE OPTICAL

PILOT TONE

The use of frequency combs as WDM source both in the trans-
mitter and receiver raises new possibilities and challenges for
carrier recovery. A standard comb-based transmission system
uses independent combs at transmitter and receiver. Therefore,
carrier offsets originating from differences between the comb
seed lasers and additional FO from different line spacing and
line-dependent phase noise could be present [31]. Thus, we ex-
tend (1) to

ym,k = xm,k exp
(

j
(
2π (� f0 + m� f1) T0k+φk + ϕm,k

))+nm,k,

(2)
where � f1 denotes the difference in frequency spacing, ϕm,k is
the phase noise originating from the comb generation and m is
the selected comb line index with m = 0 corresponding to the
central line. Following (2), the combined impact from carrier
offsets depends on the quality of the seed lasers as well as the

Fig. 2. Concept for the proposed comb-based superchannel transmission sys-
tem using a single unmodulated optical pilot tone. The pilot tone is used to
phase-lock the receiver comb seed laser to the transmitter comb. This reduces
carrier offsets, which relaxes requirements on DSP-based carrier recovery while
avoiding additional overhead and complexity normally associated with optical
pilot tones.

comb generation. In the general case, the variance of the phase
noise ϕm,k on individual comb lines can increase with the line
index m [17], [31], [32].

Optical pilot tones can be used to overcome penalties due to
FO and laser phase noise for individual channels [30]. An un-
modulated copy of the transmitter laser is transmitted as a pilot
tone to the receiver where the LO is phase-locked to the incom-
ing tone. This cancels out the FO and, depending on the path-
matching conditions and laser performance, the phase variations
can be reduced by several orders of magnitude [33]. However,
using a single tone for each wavelength channel results in a large
SE loss and high transceiver complexity.

By using frequency combs, the advantage from optical pilot
tones can be maintained while reducing both the complexity
and loss in SE as conceptually illustrated in Fig. 2. The phase-
locked nature of the carriers from a frequency comb implies that
the carrier offsets from the seed laser are shared among all data
channels within a comb-based superchannel. As a direct result
of this, a single pilot tone can carry enough information from
the transmitter to the receiver to enable cancellation of these
offsets for all wavelength carriers. This is done by phase-locking
the receiver comb seed laser to the incoming pilot tone which
removes any laser frequency offset � f0 = 0 and suppresses the
laser phase noise. As a result of this, (2) reduces to

ym,k = xm,k exp
(

j
(
2πm� f1T0k + φ′

k + ϕm,k
)) + nm,k, (3)

with φ′
k denoting the remaining laser phase noise. Similar to con-

ventional pilot tones, the noise suppression shown in (3) depends
on the path-matching conditions and laser performance. In addi-
tion, dispersion walk-off will contribute to a phase decorrelation
within the superchannel [18], which will degrade the effective
phase noise suppression from the optical pilot tone at long dis-
tances. However, the benefit of reducing frequency offsets will
remain and as can be seen in Fig. 1, the fact that frequency
offsets are reduced already translates into a penalty reduction.
Equation (3) shows that, for high quality combs, carrier offsets
can be reduced at the same complexity as for an equivalent
single carrier system by locking the comb seed lasers. Only a
single pilot tone is required for the transmission and recovery
stage and all data channels share the improvement due to the
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Fig. 3. Experimental setup for the superchannel transmitter using the test-loading band approach with a 5 channel wide testband. Each data channel was
modulated using 24 Gbuad PM-128QAM and the pilot tone was extracted by tapping off light from the transmitter comb seed laser.

reduced carrier offset. The resulting requirements for the DSP-
based carrier recovery are relaxed and only dictated by the comb
properties instead of the seed lasers.

For systems using EO-combs, � f1 and ϕm,k originates from
differences between the radio frequency (RF)-clock used in each
comb. Assuming high-quality clocks and combs seeded by stan-
dard ECLs, the carrier offsets originating from the ECLs are
orders of magnitude larger compared to the offsets from the RF
clocks, i.e., � f1 � � f0 and ϕm,k � φk,∀m, k. In our case, we
measured an RF clock frequency difference <30 kHz over a
time period of several days. Thus, the FO is below 1 MHz even
for a 50 channel superchannel when locking the seed lasers. In
contrast, the FO between combs using free-running ECLs is on
the order of hundreds of MHz.

IV. EXPERIMENTAL SETUP

Here we present the experimental setup for evaluating the
concept of sharing a single pilot tone within a comb-based super-
channel shown in Fig. 2. We used an EO-comb generating about
55 lines with 25 GHz spacing as our superchannel light source.
Out of these, 54 were modulated with 24 Gbaud PM-128QAM
data and one was used as a pilot tone to enable injection-locking
of the receiver comb seed laser to the transmitter comb.

A. Transmitter

The experimental setup for the transmitter is shown in
Fig. 3. We used a standard ECL (100 kHz maximum specified
linewidth) to seed our transmitter comb. The transmitter comb
was built using two phase modulators followed by an intensity
modulator to achieve a flat output spectrum, similarly to the
comb described in [7]. All modulators were standard Lithium-
Niobate modulators. The phase modulators had Vπ = 3.1 V
and the driving RF signal was amplified to 34 dBm resulting in
about 26 generated comb lines per modulator. All modulators
were driven by a common 25 GHz RF clock and the resulting
output spectrum can be seen in Fig. 4. The total insertion loss
for the EO-comb was about 15 dB and to maintain a high out-
put OSNR the seed laser was amplified to an input power to
the comb of about 27 dBm. The output of the EO-comb was
amplified before a wavelength selective switch (WSS) was used
to separate a 5 line testband from the remaining carriers and to
suppress the center line corresponding to the pilot tone posi-
tion. The testband was amplified and an optical interleaver (OI)

Fig. 4. Spectra of the transmitter frequency comb (blue, 0.1 nm resolution)
and the resulting superchannel after combining the 54 data channels with the
optical pilot tone (orange, 0.5 nm resolution). The frequency comb spacing was
25 GHz and all data channels were modulated using 24 Gbaud PM-128QAM.

was used to separate the lines into even and odd lines. These
lines were then modulated independently using two separate
IQ-modulators. Each modulator was driven using 2 indepen-
dent DACs operating at 60 GS/s to modulate the 24 Gbaud
128QAM signal shaped with a root-raised cosine filter with a
roll-off factor of 1%.

To compensate for any pattern-dependent distortions we used
a 3 symbol memory look-up table approach [34]. The look-up
table contained complex correction factors for each 3 symbol
sequence [xk−1, xk, xk+1] of our transmitted pattern. To train
it, we averaged over 106 received symbols and the look-up
table correction corresponded to the average complex error ek =
E [yk − xk], where the expectation value operator E is calculated
over all realizations of each unique 3-symbol sequence in the
received data. The pattern was chosen by randomly generating
bits and the total pattern length was 216 symbols, being limited
by the available memory in our arbitrary waveform generator.
After modulation, polarization multiplexing was emulated using
the split-delay-combine method with a delay of about 10 ns. To
avoid additional OSNR degradation, the even and odd channels
were first individually amplified before being recombined in a
second OI.

The remaining channels (all channels not being part of
the testband or corresponding to the pilot tone wavelength)
were amplified and modulated using a third modulator to gen-
erate the loading channels. The loading modulator was driven
with a time-delayed inverted copy of the pattern driving one
of the testband modulators and polarization multiplexing was
emulated similarly to the channels in the testband. The loading
channels were then amplified and a second WSS was used to
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Fig. 5. Schematic of the superchannel receiver setup. Two paths were used in
order to separate the data channels and the pilot tone. The pilot one was used to
lock of the receiver comb to the transmitter comb, reducing carrier offsets and
facilitating blind DSP-based carrier recovery.

suppress amplified spontaneous noise (ASE) on the location of
the testband and the location of the pilot tone. The loading chan-
nels were amplified again and combined with the testchannels.
The pilot was generated by tapping of 10% of the output light
from the transmitter laser prior to amplification and was com-
bined with the data channels to form the complete superchannel.
The resulting spectrum can be seen in Fig. 4. The full super-
channel was transmitted over a single-span of 50 km SSMF with
a span loss of about 11 dB.

B. Receiver

The experimental setup for the proposed superchannel re-
ceiver is shown in Fig. 5. After initial amplification, the super-
channel was separated into two arms to enable simultaneous
utilization of the optical pilot tone and detection of the data
channels. To filter out the pilot tone we used a 0.3 nm (3 dB
BW and Gaussian filter shape) wide optical filter to suppress
the neighboring data channels prior to injection locking of a
standard distributed feedback laser with 18 dBm output power
and a free-running linewidth of about 1 MHz. We found that
an injection ratio of −40 dB (defined as the input over output
slave laser power ratio) resulted in the best trade-off between
long-term stability and filtering bandwidth. At this injection ra-
tio we observed a filtering bandwidth on the order of several
hundreds of MHz and locking stability over several hours. The
bandwidth was sufficient to cover temporal drifts between the
master and slave laser and residual performance fluctuations are
mainly attributed to polarization drifts on the slave laser input
signal, as further discussed in Section V-B. The slave laser out-
put was then amplified and fed to the receiver EO-comb, built
the same way as the transmitter comb and driven using a fully
independent (no connection to the transmitter comb) RF-clock.
The comb output was then amplified before selecting the proper
LO line.

In the other arm, the corresponding data channel was fil-
tered out using a 0.3 nm wide optical filter. To emulate a
WDM de-multiplexer and ensure effective suppression of the
neighboring channels, this filter was implemented using a
third WSS. The selected data channel and LO line were then
combined in a standard dual-polarization coherent optical re-
ceiver and the electrical outputs were sampled using a 50 GS/s
real-time oscilloscope with 23 GHz analog BW. Offline DSP
was implemented and consisted of initial front-end imbalance

correction followed by resampling to 2 samples per symbol. In
the case of single span transmission, a static dispersion com-
pensation equalizer was used to remove chromatic dispersion.
Polarization de-multiplexing and channel equalization was im-
plemented using a dynamic equalizer with 45 T0/2-spaced taps,
updated using a decision-directed least mean square algorithm
(DD-LMS). Phase tracking was implemented using the stan-
dard BPS algorithm, as discussed in Section II, using 64 test
angles.

System performance was evaluated using both BER and gen-
eralized mutal information (GMI) [35]. We assumed a BER
target of 5.7 · 10−2 and accounted for a 28% OH for FEC, sim-
ilar to the work in [36]. Implementations of such codes was
studied in [14] based on spatially coupled low-density parity
check codes. BER is the conventional, most commonly used,
metric for evaluating system performance. With relationships
between a given pre-FEC BER and a corresponding post-FEC
BER after decoding existing given the use of HD decoding and
assumptions on interleaving the coded bits, BER is suitable for
estimating performance of such systems. Estimation of post-
FEC BER from pre-FEC BER cannot be reliable done when
assuming the use of SD-FEC [35]. When working with pow-
erful SD-FEC codes, GMI has been shown to better estimate
the post FEC performance compared to BER and with the as-
sumption of 28% SD-FEC OH in this work, GMI calculation
was necessary to verify system performance. The GMI for each
channel corresponds to the highest achievable throughput using
an optimal bit-wise SD-FEC with a memory-less receiver [35].
While practical implementations using finite length codes usu-
ally have a certain penalty with respect to the GMI, it is still a
suitable estimator for system performance and design and im-
plementations of corresponding codes are beyond the scope of
this paper.

In this work we calculated the BER and GMI using about
2.5 · 105 symbols for each polarization, corresponding to about
1.8 · 106 bits. Adding to this, the BER is calculated using the
received bits on both polarizations. The GMI was calculated
by first estimating the received SNR and then calculate the
corresponding L-values for a soft demapper [35, (29)]. The L-
values were then used to estimate the GMI per transmitted bit
[35, (30)] and the total GMI was found by summing this over
all the 14 bits present in each 4D symbol.

V. RESULT

Here we present the results from the superchannel trans-
mission experiment using the single shared optical pilot tone
to reduce carrier offsets. Results from noise-loading exper-
iments to evaluate the transmitter are shown first followed
by back-to-back (B2B) evaluation of the superchannel. Fi-
nally, we present the results from the single span transmission
experiment.

A. Noise Loading

To isolate any transceiver implementation penalty due to the
use of PM-128QAM at a relatively high baudrate of 24 Gbaud,
we first studied the performance of a single carrier in a B2B
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Fig. 6. BER as a function of optical signal to noise ratio (OSNR) for a single
channel in back-to- configuration. The resulting implementation penalty at the
target BER of 5.7 · 10−2 (dotted line) was 3 dB.

Fig. 7. Comparison between using the transmitter comb to generate the LO
lines and the locked receiver comb. The slightly larger variation in BER when
using the proposed injection-locked receiver compared to self-homodyne detec-
tion is due to instabilities in the locking process.

scenario. A variable optical attenuator was placed after the
polarization-multiplexing emulation stage, in one of the arms
in Fig. 3, and the output was connected directly to the receiver.
The resulting BER as a function of OSNR is shown in Fig. 6. We
observe a high error floor around a BER of 1 · 10−2 which is due
to transceiver impairments including the low effective number
of bits (about 4.5) for 24 Gbaud signals. The corresponding im-
plementation penalty at the target BER level of 5.7 · 10−2 was
about 3 dB.

B. Back-to-Back Characterization

We evaluated the performance of the proposed single opti-
cal pilot-tone scheme in comparison with the case of using the
transmitter comb for generating both the data carriers and LO
lines in a full B2B configuration. Due to the SNR being limited
by transceiver noise, even in this case of B2B measurements,
intradyne detection was not possible since large residual car-
rier offsets resulted in difficulties for our dynamic equalizer to
converge as well as caused severe cycle slip events, resulting in
unusable BER estimates.

The BER results for both cases tested on a subset of the
lower wavelength channels (with respect to the pilot tone) are
shown in Fig. 7. It is worth noticing here that out of the 5
data channels present in the test band we only measured the
central 3 to ensure that each channel under test had two high-
OSNR neighboring channels. In Fig. 7 when the same comb
was used for transmission and LO, we can observe a grouping
of the BERs in groups of 3 caused by our measurement method.

Fig. 8. Resulting BER as a function of total superchannel launch power for
3 wavelength channels. A total launch power of 14 dBm was found to result in
the best overall performance.

The difference between individual test band can be attributed
to a number of transceiver imperfections, including variations
in flattening performance since re-flattening was required when
shifting the testband position.

When using the pilot-tone based receiver we observe a slightly
larger variation in BER. This variation was mainly due to dif-
ferences in slave-laser performance which can be attributed to
two main contributions. First, difference in the achieved trans-
mitter flattening affected the suppression of noise on the pi-
lot tone wavelength. More importantly, injection locking is
a polarization-sensitive process and polarization drifts caused
variations in slave laser input power. Measuring the channels
in Fig. 7 was done using automated serial measurements that
lasted for several hours at the time without active tracking of
the slave-laser input. To overcome this issue, active polarization
tracking or the use of a more complex polarization-insensitive
injection locking scheme [37] should be implemented.

C. 50 km Transmission

To further evaluate performance of the proposed scheme we
performed transmission over one span of 50 km SSMF. We first
optimized the transmitted power by performing a launch power
sweep and the resulting BERs for launch powers ranging from
11 to 15 dBm for three selected channels are plotted in Fig. 8.
We found that a total launch power of 14 dBm, corresponding to
about −3 dBm per channel, resulted in the lowest overall BER.
The pilot tone launch power was equal to the same as the data
channels.

BER and GMI measurements for all the 54 wavelength
channels after transmission are shown in Fig. 9. The min,
mean and max of the measured BERs for each channel were
3.4 · 10−2, 4.4 · 10−2 and 5.3 · 10−2, respectively. These values
are below the 5.7 · 10−2 FEC threshold assuming 28% coding
OH [36]. The total superchannel throughput was 14.2 Tb/s with
a resulting SE of 10.3 bits/s/Hz, accounting for the FEC OH,
the guardband between the carriers and the optical pilot tone.
In terms of GMI, the corresponding minimum, mean and maxi-
mum values were 11.3, 11.8 and 12.3 bits/s/Hz respectively. We
note that the corresponding assumption of 28% FEC OH corre-
sponds to a theoretical minimum required GMI of 10.9 bits/s/Hz
which leaves margin for a practical FEC implementation. Based
on the GMI, we also calculated an achievable information rate
AIRWDM [38] which takes into account the coding OH as well
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Fig. 9. Resulting BER and GMI values for all 54 data channels within the spectral superchannel. All measured BERs were below the assumed threshold of
5.7 · 10−2 corresponding to a SD-FEC overhead of 28%.

as the OH for transmitting the pilot tone and the guard-band
between the channels. The corresponding AIRWDM for our su-
perchannel was 11.1 bits/s/Hz, and the corresponding through-
put, assuming optimized coding for each individual wavelength
channel, was 15.3 Tb/s.

VI. DISCUSSION

Optical pilot tones offer a significant reduction in carrier off-
set that can be of great importance for higher-order modulation
transmission using conventional ECLs with linewidths around
100 kHz and blind DSP-based carrier recovery. However, the
increased data throughput achieved through moving to high
modulation orders has to outweigh the SE loss due to the trans-
mission of the pilot and the complexity increase, in particular
compared to the alternative of transmitting digital pilot symbols.

The demonstrated scheme of transmitting a single optical pi-
lot tone inside a spectral superchannel is a good compromise
between added complexity, pilot OH and performance. In con-
trast to full phase-locking of the receiver comb to the transmitter
which requires two pilot tones [19], [20], the SE loss is reduced
by half. Similarly the complexity of the receiver is significantly
reduced as only a single injection locking stage and no phase-
locked loops are required. The overhead and complexity can fur-
ther be reduced by making use of the spatial domain in systems
employing SDM to increase system throughput. For networks
having several nodes employing frequency combs, optical pilot
tones can be used to lock all comb sources to a seed source, re-
ducing the overall DSP complexity while maintaining low pilot
overhead [39].

Another technique to reduce OH of optical pilot tone sys-
tems at the expense of additional complexity was investigated
in, e.g., [30] for single-carrier transmission and in [40] for
WDM transmission. The authors used a scheme of frequency
up-shifting the pilot tones out of the data channel band. In su-
perchannel transmission a gap between subchannels is required,
reducing the SE. More importantly each subchannel requires a
complex injection locking and frequency shifting setup. Com-
pared to our method, where OH scales as 1/N (where N is the
subchannel count) and only a single injection locking setup,
the scheme is advantageous when transmitting independent
WDM channels or superchannels with relatively few subchan-
nels. However, under those conditions, the added complexity
needs to be compared against transmitting digital pilot symbols
with comparable OH at equivalent modulation formats [36].

Superchannels have the potential of leveraging on strong
benefits from integration and full co-integration of two high-
baudrate transceivers on a single chip has been demon-
strated [41]. For systems like the one proposed in this work,
a single comb source on a chip is needed. Candidates for
comb sources on a chip are multiple: including microring res-
onators [3], EO-combs [42] and quantum-dash mode-locked
lasers [11]. The potential for joint co-integration of both fre-
quency combs and OIL was furthermore demonstrated in [43]
where the authors used OIL to filter out and ensure equal line
power of the comb lines for modulation.

In addition, the injection locking stage could be replaced by
any other filtering technique with low BW, which avoids degra-
dation of the LO carriers due the received OSNR on the pilot
tone. If the receiver used a microring resonator as comb source,
the resonator could also be used as a filter for the incoming
pilot tone [44]. In such a case, the addition of a drop-port to the
comb-generating microring could be used to avoid penalty from
ASE transferred from the pilot tone [45].

VII. CONCLUSION

We have shown how the phase-locked nature of carriers from
frequency combs enables effective sharing of a single optical
pilot tone within spectral superchannels. By phase-locking the
receiver frequency comb to the pilot tone, carrier offsets are
reduced. This facilitates the use of blind DSP-based carrier
recovery together with higher-order modulation formats at
relative low receiver SNRs. The proposed scheme has experi-
mentally been demonstrated by transmission of a comb-based
54 × 24 Gbaud PM-128QAM superchannel using standard
blind DSP. The shared scheme limited the pilot tone overhead
to <2%, resulting in a spectral efficiency of 10.3 bits/s/Hz
after 50 km SSMF transmission with EDFA-only amplification.
This demonstrates the potential for optical pilot tones to enable
comb-based superchannels with high spectral efficiency.
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