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Abstract: Steadily increasing data rates of optical interfaces require spectrally efficient 

coherent transmission using higher-order modulation formats in combination with scalable 

wavelength-division multiplexing (WDM) schemes. At the transmitter, optical frequency 

combs (OFC) lend themselves to particularly precise multi-wavelength sources for WDM 

transmission. In this work we demonstrate that these advantages can also be leveraged at the 

receiver by using an OFC as a highly scalable multi-wavelength local oscillator (LO) for 

coherent detection. In our experiments, we use a pair of OFC that rely on gain switching of 

injection-locked semiconductor lasers both for WDM transmission and intradyne reception. 

We synchronize the center frequency and the free spectral range of the receiver comb to the 

transmitter, keeping the intradyne frequencies for all data channels below 15 MHz. Using 13 

WDM channels, we transmit an aggregate line rate (net data rate) of 1.104 Tbit/s (1.032 

Tbit/s) over a 10 km long standard single mode fiber at a spectral efficiency of 5.16 bit/s/Hz. 

To the best of our knowledge, this is the first demonstration of coherent WDM transmission 

using synchronized frequency combs as light source at the transmitter and as multi-

wavelength LO at the receiver. 
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1. Introduction 

Driven by increasing pressure on data-center and telecom operators to handle escalating 

traffic, optical interfaces with data rates of 400 Gbit/s are currently being standardized, and 

Tbit/s interfaces are already under discussion [1–3]. To keep symbol rates compliant with the 

electrical bandwidth of energy-efficient CMOS driver circuitry, a technical implementation 

of such interfaces requires higher-order modulation formats along with parallel transmission 

on a multitude of wavelength channels [4,5]. In this context, optical frequency combs (OFC) 

lend themselves to particularly attractive sources to generate a number of well-defined 

wavelength-division multiplexing (WDM) carriers in a single chip-scale device. Unlike the 

carriers derived from a bank of individual lasers, the tones of a comb are intrinsically 

equidistant in frequency and can be controlled by just two parameters  by the center 

frequency and by the free spectral range (FSR). This enables transmission of orthogonal 

frequency division multiplexing (OFDM) [6] or of Nyquist-WDM [7] signals at highest 

spectral efficiency. In addition, stochastic frequency variations of the various comb lines are 

strongly correlated, which considerably facilitates compensation of impairments caused by 

nonlinearities of the transmission fiber in WDM links [8]. OFC with tunable center frequency 

and tunable FSR are of particular interest, enabling dynamic adaption of the symbol rate and 

the carrier spacing to the bandwidth demand and the required reach [9,10]. Such devices 

might be key to next-generation flex-grid networks as recommended by the International 

Telecommunication Union (ITU), ITU-T G.694.1. 

OFC have previously been used as optical sources for WDM transmission, and a variety 

of experiments demonstrate Tbit/s line rates, both with integrated chip-scale devices [11–14] 

and with systems that rely on conventional setups of discrete components [6,7,15]. However, 

most of these experiments still employ a high-quality single-wavelength external-cavity laser 

(ECL) as a local oscillator (LO) for channel-by-channel demodulation of the coherent 

signals. Simultaneous reception of all data channels in a practical transmission system would 

require an array of stabilized LO lasers corresponding to the number of transmitted carriers. 

The associated technical effort is considerable, in particular when it comes to large channel 

numbers. For massively parallel WDM systems, it might hence be highly attractive to 

leverage the scalability advantages of optical frequency combs also at the receiver side. In 

this context, different schemes have been discussed, using either phase-locked [16] or free-

running [17,18] LO combs. To achieve phase locking, dual-mode injection locking of a 

semiconductor laser was used [16]. However, this scheme does not allow for significant 

tuning of the FSR and is only applicable to comb sources which can be injection locked. 

Moreover, the associated experimental demonstrations were so far limited to data 

transmission over a single WDM channel at a comparatively low data rate of 316.5 Mbit/s 

using simple on-off-keying (OOK) as a modulation format. Regarding free-running LO 

combs, spectrally sliced signal processing was demonstrated to be a viable scheme for 

wideband coherent detection [19]. This scheme was used for reception of orthogonal 

frequency division multiplexing (OFDM) signals. In a first experiment [17], the OFDM 

signal was generated by modulating identical data on 32 comb lines spaced by approximately 

10 GHz. A subset of spectral slices carrying approximately 100 Gbit/s of data was then 

successfully detected using an LO that consists of only two lines, spaced by approximately 

40 GHz. In another work [18], spectrally sliced detection was used to receive a high-speed 

214 GBd single-carrier dual-polarization quadrature phase shift keying (QPSK) signal within 

a bandwidth of 228 GHz, leading to a data rate of 856 Gbit/s and a spectral efficiency of 3.51 

bit/s/Hz. In this scheme, the data signal was generated by advanced temporal interleaving 

using high-speed LiNbO3 modulators, hence exploiting the scalability advantages of OFC 

only at the receiver side. In general, OFC-supported spectrally sliced detection represents a 

very powerful approach that allows a full reconstruction of arbitrary optical waveforms at 
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bandwidths beyond those accessible by electronic signal processing. However, the scheme 

requires arrays of parallelized high-speed digitizers that are precisely synchronized, thereby 

limiting scalability with respect to larger channel counts. Moreover, the digital signal 

processing (DSP) required for waveform reconstruction goes significantly beyond that of 

conventional coherent receivers. This leads to considerable technical complexity that still 

appears prohibitive for implementation in current receiver systems. 

In this work we demonstrate that OFC can be used as multi-tone LO for simultaneous 

coherent reception of WDM signals using arrays of independent digitizers and conventional 

DSP. In our experiment, we use a pair of OFC that rely on switching the gain of injection-

locked semiconductor lasers for both WDM transmission and intradyne reception. We 

synchronize the center frequency and the free spectral range of the receiver comb to the 

transmitter, keeping the intradyne frequencies for all data channels below 15 MHz. In 

extension of our previous results [20], we use 13 WDM carriers to transmit an aggregate line 

rate (net data rate) of 1.104 Tbit/s (1.032 Tbit/s) over a 10 km long standard single mode 

fiber. Using two polarizations and a combination of QPSK and 16-state quadrature amplitude 

modulation (16QAM) to encode the data, we achieve a net spectral efficiency of 5.16 

bit/s/Hz. We analyze the results based on measured phase-noise characteristics of both the 

transmitter and the receiver combs and show that the signal quality in our experiment is 

currently limited by the presence of high-frequency FM noise. Our experiment represents, to 

the best of our knowledge, the first demonstration of coherent WDM transmission using a 

pair of synchronized frequency combs as a multi-wavelength source at the transmitter and as 

a multi-wavelength LO at the receiver. 

2. Comb-based WDM coherent transmission and reception 

The basic setup for a WDM transmission link with optical frequency combs used both as a 

multi-wavelength source for the transmitter (Tx) and as a multi-wavelength local oscillator 

(LO) is shown in Fig. 1. Free-running optical frequency comb sources (Tx comb, LO comb) 

with center frequencies Tx,0 LO,0,f f  and free spectral ranges (FSR) Tx LOΔ ,Δf f  supply 

optical carriers to the WDM transmitter and to the LO. The LO comb must be synchronized 

in center frequency LO,0f  and FSR LOΔf  to its Tx counterpart. The frequencies of the Tx comb 

lines Fig. 1 (Inset (1)) and of the LO comb lines Fig. 1 (Inset (2)) are denoted by 

 
   
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The quantity m  is a signed integer ranging from low 0M   to high 0M  . The “inner” 

carriers numbered    low high1 , ,0, , 1m M M        are used for coherent data 

transmission, whereas the “outermost” two comb lines lowm M   and highm M   serve for 

synchronizing the LO comb frequencies to the Tx comb by minimizing the frequency offset 

0 Tx,0 LO,0f f f    measured at line 0m   and the FSR offset FSR Tx LOΔ Δf f f   . This 

synchronization ensures that all WDM channels are received within a frequency offset that is 

compatible with real-time intradyne reception, and that most of the receiver and digital-to-

analog converter bandwidth is devoted to data reception. To this end, the beat frequencies 

between the “outermost” Tx comb lines lowM , highM  and their respective LO counterparts are 

continuously measured in a dedicated frequency synchronization setup, 

 

high high

low low

Tx, LO, 0 high FSR

Tx, LO, 0 low FSR

0 Tx,0 LO,0 FSR Tx LO

,

,

, = Δ Δ .

M M

M M

f f f M f

f f f M f

f f f f f f

 

 

 

  

  

  
 (2) 

                                                                                          Vol. 24, No. 22 | 31 Oct 2016 | OPTICS EXPRESS 25435 



 

 

 

Fig. 1. Basic WDM transmission link using multi-wavelength intradyne reception. Inset (1) 
shows a schematic of the transmitter comb having a center frequency Tx,0f  and an FSR TxΔf . 
The frequencies Tx,mf  of the Tx comb lines are denoted by Tx, Tx,0 TxΔmf f m f   where 

   low low high high, 1 , 2, 1,0, 1, 2, , 1 ,m M M M M            is a signed integer (

low 0M  , high 0M  ). The same convention is used for the LO lines, see Inset (2). The “inner” 
carriers numbered    low high1 , ,0, , 1m M M      are used for coherent data 
transmission, whereas the “outmost” comb lines lowm M   and highm M   serve for 
synchronizing the LO comb frequencies to the Tx comb. 

From these difference-frequency data, the FSR offset and the center frequency offset can be 

calculated, 

 

   

 

high high low low

high high

Tx, LO, Tx, LO,
FSR
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0 Tx, LO, high FSR
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 (3) 

A controller circuit then adjusts the LO comb parameters LO,0f  and LOΔf  for minimum 

offsets FSRf  and 0f , respectively. The results obtained for this system architecture are 

discussed in subsequent sections. 

As an alternative approach, frequency offset estimation carried out during demodulation 

of any two data channels can be used to estimate the center frequency and the FSR offset 

between the two combs instead of using the beat signals between two unmodulated carriers. 

This alternative method is beneficial as it will increase the spectral efficiency of the 

transmission link since no unmodulated Tx comb lines need to be reserved. The receiver 

complexity becomes slightly larger, since at least two data channels have to be 

simultaneously received in real time. 

Another approach would be to synchronize the Tx and LO comb’s center wavelength and 

FSR with absolute wavelength and absolute frequency references, respectively. This 

approach can help maintain the combs within a given frequency grid. As such frequency 

references were not available to us, we decided to use the simpler approach based on 

unmodulated carriers. 

3. Frequency comb generation 

To generate the Tx and the LO comb we switch the gain of an injection-locked distributed 

feedback (DFB) slave laser [21]. A schematic of such a gain-switched comb source (GSCS) 

is depicted in Fig. 2. The DFB slave laser is gain switched by a large sinusoidal drive signal, 

which is generated by a voltage-controlled oscillator (VCO). The sinusoidal is superimposed  
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Fig. 2. Setup schematic of a tunable gain switched comb source (GSCS). A distributed 
feedback (DFB) slave laser is gain-switched by a large sinusoidal drive signal from a voltage-
controlled oscillator that is superimposed on a DC bias current set at five times the threshold 
current. A master laser injects continuous-wave light into the slave via a polarization 
maintaining circulator thereby improving the coherence between subsequent optical pulses. 
This results in an optical frequency comb with low optical linewidth (100 kHz), dictated by 
the linewidth of the master laser. In addition, injection locking reduces the RIN of the 
generated comb lines. The center frequency of the resulting comb can be adjusted by 
temperature-tuning both master and slave with control voltage 

0fV . The FSR is altered by 
varying the VCO frequency with control voltage 

FSRfV . 

 

Fig. 3. Power spectra of the frequency locked combs. (a) Tx comb and (b) LO comb from the 
gain-switched comb sources (GSCS) recorded using a resolution bandwidth of 20 MHz. The 
line numbering according to Eq. (1) is shown on the upper horizontal axis. The right vertical 
axis gives the optical carrier-to-noise power density ratio (OCN0R), which is marked as red 
filled circles for the comb lines used as data carriers and as local oscillators. It is possible to 
trade OCN0R for spectral flatness of the combs [26]. 

on a DC bias current set at five times the threshold current of the slave laser. This leads to a 

pulsed output from the slave laser. A master laser injects continuous-wave light into the slave 

via a polarization maintaining circulator thereby establishing coherence between subsequent 

pulses. This leads to formation of an OFC output from the slave. The master laser also fixes 

the center frequency 0f  of the slave, and transfers its low optical linewidth (100 kHz) to the 

individual comb lines of the slave [21, 22]. In addition, injection of the master laser light into 

the slave reduces the RIN of the comb lines [23]. The center frequency of the resulting comb 

can be adjusted with a micro-controller (µC) in a predetermined fashion through temperature-

tuning with thermo-electric coolers (TEC) of both the master and the slave using a control 

voltage 
0fV . The FSR is altered (control voltage 

FSRfV ) by varying the VCO frequency [24]. 

Gain-switched comb sources (GSCS) can be built using monolithically integrated 

semiconductor lasers [25], which enables the fabrication of broadband chip-scale OFC. 

Figures 3(a) and 3(b) show the measured power spectra of the Tx comb and of the LO 

comb used in our experiment. The resolution bandwidth (RBW) of the optical spectrum 

analyzer used to record the two spectra is 20 MHz. The line numbering according to Eq. (1) 

is displayed on the upper horizontal axis. The right vertical axis shows the optical carrier-to-
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noise spectral power density ratio (OCN0R), which is marked by red filled circles at the comb 

lines used as data carriers and as local oscillators. The OCN0R is defined by the ratio of the 

power of the unmodulated carrier to the underlying noise power in a spectral bandwidth of 1 

Hz. It is possible to trade OCN0R for spectral flatness of the combs [26]. 

4. Frequency synchronization of two combs 

In this section we first discuss the implementation of the synchronization of Tx and LO 

combs, and then report the associated experimental results. 

4.1 Implementation using DSP 

The setup used for synchronizing the LO comb with the Tx comb is depicted in Fig. 4(a). 

Note that this setup was realized using a standard off-the-shelf polarization-diverse 90° 

optical hybrid (PDOH) and could be simplified considerably by using dedicated hardware 

components. The setup consists of fiber-optic components such as erbium-doped fiber 

amplifiers (EDFA1, EDFA2), a polarization beam combiner (PBC), polarization controllers 

(PC), the PDOH, as well as electronic components such as a field-programmable gate array 

(FPGA) with analog-to-digital and digital-to-analog converters (ADC, DAC) and a PID 

controller for adjusting the FSR and the center frequency of the LO comb. Blue lines in Fig. 

4 denote polarization-maintaining (PM) optical connections, red lines denote standard single-

mode fibers (SSMF), and black lines denote electrical lines. The PDOH is depicted in more 

detail in Fig. 4(b). It consists of two polarization beam splitters (PBS1, PBS2), followed by a 

pair of single-polarization 90° optical hybrids (SPOH1, SPOH2) and two sets of balanced 

photodiodes (BD1, BD2) to extract the in-phase and the quadrature component of the beat 

signals of each polarization. Note that PBS1 is connected to the input port “Tx,in” of the 

PDOH by a polarization maintain fiber (blue), whereas PBS2 is connected to the “LO,in”-

port by a standard single-mode fiber (red). 

The frequency synchronization setup is fed by two comb lines at frequencies 
lowTx,Mf  and 

highTx,Mf  as received from the transmitter (Tx comb lines), and by the corresponding LO 

comb lines at frequencies 
lowLO,Mf  and 

highLO,Mf  extracted from the receiver (LO comb lines). 

The Tx comb lines arrive with an arbitrary state of polarization (SOP) in a common SSMF. 

These lines, after amplification by EDFA1, are adjusted in polarization to one principal axis 

of the PM fiber port “Tx,in” of the PDOH. This axis is aligned at an angle of 45° with respect 

to the main axes of PBS1, such that roughly equal-powered shares of Tx comb lines are 

coupled to SPOH1 and SPOH2. The LO comb lines lowM  and highM  arrive on two separate 

SSMF in an arbitrary SOP, and are adjusted to the main axis of the PBC to superimpose them 

on orthogonal polarizations states at the output of the PBC. The lowM  and highM  LO tones 

need not be phase coherent as we are using intradyne reception, where phase offset is 

compensated digitally. Note that the time delay between the lowM  and highM  LO comb tones 

is much shorter than the respective coherence time between the tones such that we can 

always reliably estimate the FSR offset and the center frequency offset to synchronize the Tx 

and LO combs. The SSMF output of the PBC is then amplified and fed to the LO,in port of 

the PDOH, while adjusting the polarization such that the LO lines at frequencies 
lowLO,Mf  and 

highLO,Mf  are separated by PBS2 and fed to SPOH1 and SPOH2, respectively. As a 

consequence, the in-phase and the quadrature component (
lowMI , 

lowMQ ) of the beat note 

between the LO and Tx comb lines at frequencies 
lowTx,Mf  and 

lowLO,Mf  can be detected at the 

first set of balanced photodiodes BD1, whereas the corresponding components 
highMI  and 

highMQ  of the beat note at frequencies 
highTx,Mf  and 

highLO,Mf  can be detected at the second set 

(BD2). Note that the beat notes of lines at 
lowLO,Mf  and 

highTx,Mf  and of lines at 
highLO,Mf  and 

lowTx,Mf  are not visible in the photocurrents due to the limited bandwidth of the 

photodetectors. The electrical outputs of the balanced photodiodes are sampled by a 4-
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Fig. 4. Setup for frequency synchronization of two combs. (a) Overall setup: Blue lines denote 
polarization-maintaining (PM) optical connections, red lines denote standard single-mode 
fibers (SSMF), and black lines denote electrical lines. The Tx comb lines arrive with an 
arbitrary state of polarization (SOP) in a standard single-mode fiber (SSMF) and are first 
amplified to compensate for losses in the setup. Using a polarization controller (PC), the lines 
are then adjusted to one principal axis of the polarization-maintaining (PM) fiber port “Tx,in” 
of a polarization-diverse 90° optical hybrid (PDOH), which is depicted in more detail in Fig. 
4(b). The LO comb lines arrive on two separate SSMF, also with arbitrary SOP, and are 
adjusted to the main axes of the polarization beam combiner (PBC) to superimpose them on 
orthogonal polarizations states. (b) Simplified diagram of the PDOH structure: The principal 
axis of the PM fiber at the “Tx,in” port is aligned at an angle of 45° with respect to the main 
axis of a polarization beam splitter (PBS1) such that roughly equal shares of Tx comb lines are 
coupled to the single-polarization 90° optical hybrids SPOH1 and SPOH2. Regarding the LO 
signals, the polarization at the SSMF “LO,in” port is adjusted such that the LO lines at 
frequencies 

lowLO,Mf  and highLO,Mf  are separated by PBS2 and fed to SPOH1 and SPOH2, 
respectively. The in-phase and the quadrature components (

lowMI , 
lowMQ , highMI , highMQ ) of the 

beat notes between the LO and Tx comb lines at frequencies 
lowTx,Mf , 

lowLO,Mf  and 
lowTx,Mf , 

lowLO,Mf  are detected by two sets of balanced photodiodes (BD1, BD2) and sampled by a 4-
channel analog-to-digital converter (ADC, FMC126 from 4DSP, 1.25 GSa/s per channel). 
These samples are passed on to a Xilinx VC707 field-programmable gate array (FPGA) to 
extract the frequency differences and to control LO the comb via a PID controller. 

channel analog-to-digital converter (ADC, FMC126 from 4DSP) having a sampling rate of 

1.25 GSa/s per channel. These samples are passed on to a Xilinx VC707 FPGA board. A 

digital delay-line frequency discriminator (DLFD) [27] extracts the frequency differences 

low lowLO, Tx,M Mf f  and 
high highLO, Tx,M Mf f  including the sign. The FSR offset FSRf  and the 

center frequency offset 0f  are then calculated by using Eq. (3). A digital-to-analog 

converter (DAC) on the FPGA board converts the calculated frequencies to analog voltages. 

These voltages serve as error signals for two PID controllers that continuously compensate 

the relative drifts of the LO comb via the voltages 
FSRfV  and 

0fV  which tune the FSR and 

the center frequency of the LO comb, see Fig. 2. 

4.2 Frequency synchronization performance 

To verify the synchronization of the Tx comb and the LO comb, the system response for a 

step-like perturbation and the system’s long-term frequency stability were investigated. 

Figures 5(a) and 5(b) show the responses of the center frequency offset and the FSR offset
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Fig. 5. Center frequency and FSR synchronization of Tx and LO combs. (a),(b) Closed-loop 
system response for a step like perturbation. For the case of a center frequency offset 
perturbation shown in (a), a 1 Hz square signal was used since the center frequency tuning 
speed of the LO comb is within the range of a few Hertz due to the large time constants 
associated with thermal tuning. For the case of an FSR offset perturbation depicted in (b), a 2 
kHz square signal was used. In both cases, the frequency synchronization manages to 
compensate the perturbations. (c) Long-term plots of center frequency offset sampled at 50 Hz 
both for synchronized (“locked”) combs that are controlled by the frequency synchronization 
setup, and for free-running (“unlocked”) combs. (d) Long-term plots of FSR offset sampled at 
50 Hz, again for locked and for unlocked combs. Two separate vertical axes are used to show 
the random drift in FSR of the unsynchronized combs. Plots (c) and (d) show that the control 
of the LO comb maintains low offsets in both center frequency and FSR. 

for a closed-loop system in reaction to a step-shaped error signal. It can be seen that the LO 

comb tracks the center frequency offset and the FSR offset of the Tx comb. The step 

responses show that the center frequency tuning of the LO comb is relatively slow compared 

to the FSR tuning. This is expected since the center frequency is tuned by temperature, while 

the FSR is set by the faster reacting VCO frequency, see Fig. 2. 

Long-term measurements of the center frequency offset and the FSR offset between the 

the LO comb and the Tx comb are shown in Figs. 5(c) and 5(d), respectively. As can be seen 

in Fig. 5(c), the synchronization setup maintains the long-term center frequency offset within 

the range of ± 10 MHz with a standard deviation of 2 MHz. Figure 5(d) shows that the FSR 

offset between the two combs is kept within a ± 2 MHz range having a standard deviation of 

less than 1 MHz. Without synchronization we observe random FSR offsets. The standard 

deviation of the comb offsets could be further improved if a larger averaging time is used to 

determine the frequency offsets for the control loop. However, this would result in a delayed 

response to fast frequency perturbations. 

5. Tbit/s data transmission experiment 

5.1 Experimental setup 

The experimental setup used to characterize WDM data transmission with two synchronized 

GSCS is depicted in Fig. 6. In this experiment, a FSR of 12.5 GHz is used for the Tx comb. 

The Tx comb is first passed through a programmable filter WS1 (Finisar wavelength-

selective switch) to separate the Tx comb lines into two sets. The first set consists of comb 

lines that are to be used as carriers for the WDM data stream. These are output through Port 1 

of WS1 and further dis-interleaved into even and odd carriers. The dis-interleaver (Dis-int.)
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Fig. 6. Experimental setup for emulation of Tbit/s WDM transmitter and coherent receiver 
with multi-wavelength intradyne reception. The WDM data signal is generated by separating 
and independently modulating even and odd carriers. Polarization multiplexing (PolMUX) is 
emulated by merging decorrelated copies of the data stream onto two orthogonal polarizations. 
The outermost Tx comb lines lowM  & highM  are selected using a programmable filter WS1 and 
then combined with the modulated carriers. The resulting signal is transmitted through a 10 
km long fiber link to the receiver section of our setup. A programmable filter WS2 selects 
individual WDM channels (port 1) for detection at the receiver. In addition, it selects the lowM  
& highM  Tx comb lines (port 4) for use in the frequency synchronization setup. WS3 selects an 
LO comb line (port 4) that matches the carrier frequency of the selected WDM channel for 
coherent detection of the transmitted signal. WS3 is also used to select the lowM  & highM  
comb lines of the LO comb and routes them separately to port 1 and port 3 for use in the 
frequency synchronization setup. This frequency synchronization unit, see Fig. 4, 
synchronizes the LO comb with the Tx comb. PC: polarization controller. Tx1,Tx2: Data 
sources and IQ modulators. 

together with two separate IQ modulators emulates WDM transmission by modulating each 

group of carriers with an independent pseudo-random binary data sequence of length 2
11

 – 1. 

We use either a 16QAM or a QPSK modulation format, depending on the signal quality 

achievable with the employed carriers. The symbol rate is 12 GBd, and the pulses are shaped 

according to a raised-cosine spectrum with a roll-off factor of 0.04. With an FSR of 12.5 

GHz, this results in a guard band of 20 MHz between neighboring WDM channels. The 

frequency offset between the Tx carrier and the corresponding LO comb line needs to be 

maintained below this guard band value to avoid deterioration of the received signal quality. 

After modulation, the odd and even channels are combined by a polarization-maintaining 3 

dB coupler. Polarization-division multiplexing (PDM) is then emulated by splitting the data 

stream into two paths and re-combining them on orthogonal polarizations with a 

decorrelating delay in one path and an attenuator in the other one for maintaining the same 

power levels. The second set of Tx comb lines at 
lowTx,Mf  and 

highTx,Mf  consists of two 

outermost spectral lines at the edges of the Tx comb, and are output at port 4 of WS1. These 

lines are used for synchronization of the Tx comb’s center frequency and the FSR to the 

corresponding quantities of the LO comb. The two outermost lines are combined with the 

modulated carriers by a 3 dB coupler, and all are transmitted through a 10 km long standard 

single mode fiber (SSMF). 

At the receiver, a second programmable filter WS2 selects individual WDM channels 

(port 1) for detection by an optical modulation analyzer (OMA, Keysight N4391A). The two 

unmodulated Tx comb lines are selected and sent to port 4 of WS2 for use in the frequency 
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synchronization setup, see Fig. 4. A third programmable filter WS3 selects an LO comb line 

(port 4) that matches the carrier frequency of the selected WDM channel for coherent 

detection of the transmitted signal. This LO comb line is amplified and filtered with a 

narrow-bandwidth bandpass filter (BPF), which suppresses neighboring comb lines and out-

of-band amplified spontaneous emission (ASE) noise. WS3 also selects two spectral lines of 

the LO comb at frequencies 
lowLO,Mf  and 

highLO,Mf  (port 1 and port 3) for use in the frequency 

synchronization setup. 

5.2 Data transmission performance 

For demonstrating the viability of a GSCS as an LO for intradyne data reception, we extract 

13 carriers from the Tx comb, modulate and transmit them, and evaluate the signal quality 

with the OMA. Figure 7(a) shows the spectrum of the transmitted signal captured with a 

resolution bandwidth (RBW) of 0.01 nm at the output of the 3 dB coupler in Fig. 6. The 

subscripts lowM  and highM  denote the spectral lines of the Tx comb that are used for 

frequency synchronization. The WDM channels carry PDM-16QAM signals and are labelled 

according to the comb line numbering in Fig. 3. Channels 9 , 8  and 3  could not be used 

with the same modulation format because carrier power and OCN0R were too low. However, 

these carriers were still sufficient for transmitting PDM-QPSK signals. Channel 4  was 

underperforming even with QPSK modulation. It could have been used as comb line highM , 

but due to the limited steepness of the WS2 filter slope the performance of Channel 3  would 

degrade. Channel 9 , however, was not degraded, what we attribute to a better alignment of 

line lowM  to the spectral pixel location of the liquid crystal-on-silicon (LCOS) matrix used in 

the programmable filter. 

After transmission and coherent detection, a digital brick wall filter is used to limit the 

spectrum to our reference bandwidth 12.5 GHz. The OMA performs an adaptive equalization 

before determining the bit error ratio (BER) for each channel. We evaluate 500,000 bits for 

each WDM channel to accurately estimate the BER. Figure 7(b) shows the BER values for all 

13 channels for 16QAM transmission (triangles) and for QPSK (circles). Example 

constellation diagrams of Channels 1  and 3  are shown in Fig. 7(c). BER values for two of 

the QPSK channels (open circles) are set at 2 × 10
6

 because we did not find any error in our 

maximum record length of 500,000 bit. The horizontal line indicates the BER limit for 

forward-error correction (FEC) with an overhead of 7% [28]. We find all 13 channels to have 

a BER below this threshold. Hence, taking into account the 7% overhead, a line rate of 1.104 

Tbit/s corresponding to a net data rate of 1.032 Tbit/s is achieved. Since 16 comb lines are 

utilized from the Tx and LO combs for this transmission experiment including the frequency 

synchronization comb lines and one idle comb line next to Channel 3 , a net spectral 

efficiency (SE) of 5.16 bit/s/Hz is obtained. The SE could be improved up to 6.3 bit/s/Hz if 

the estimation of the frequency offsets is done from a real-time evaluation of two data 

channels as stated in Section 2. In the course of this experiment, the frequency 

synchronization setup kept the LO comb in close synchronism with the Tx comb, resulting in 

intradyne frequencies of less than 15 MHz for all of the evaluated data channels. 

It is evident from the shape of the constellation diagrams in Fig. 7(c) that there is more 

angular spread of the constellation points than radial spread. This suggests a dominant phase 

noise contribution degrading the signal quality. It was reported in [26] that GSCS exhibit 

high-frequency FM-noise which may lead to such a reduction of the received signal quality. 

To further illustrate the effect of high-frequency FM-noise in the Tx and LO GSCS, we 

investigate its impact on the signal quality by two series of data transmission simulations 

using the commercial tool OptSim [29] with a 12 GBd 16QAM modulation. In these 

simulations, we do not include fiber transmission and assume an ideal receiver without any 
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Fig. 7. Data transmission results using an LO frequency comb. (a) Tx comb spectrum 
measured at the output of the 3 dB coupler in Fig. 6. Lines lowM  and highM  denote the Tx 
comb lines used for frequency synchronization. (b) Bit error ratio (BER) for all WDM 
channels transmitting 16QAM () or QPSK (, ). All 13 channels exhibit a BER below the 
threshold for forward-error correction (FEC) with 7% overhead. Open symbols ( ) indicate 
that no error could be found in a record length of 500,000 bit. The slight oscillations of the 
BER are attributed to power differences between comb lines, and to slightly different 
transmitter performances when encoding data on the carriers of the even and odd channels. (c) 
Example constellation diagrams of Channels 1  and 3 . (d) Measured frequency noise spectra 
of Tx and LO comb lines of Channel 1  (red traces in the top and bottom subplots, 
respectively) featuring strong high-frequency FM noise, along with plots of simulated 
frequency noise spectra of idealized lasers that feature the same Lorentzian line widths (LLW) 
but do not exhibit high-frequency FM-noise (green). The LLW of Channel 1  Tx and LO 
comb lines amount to 70 kHz and 120 kHz, respectively. (e) Simulated BER vs. OSNRref in a 
reference bandwidth of 12.5 GHz (0.1 nm) with (red) and without (green) high-frequency FM-
noise. The results indicate that high-frequency FM-noise in the GSCS limits the received 
signal quality for high values of OSNRref. This limitation can be overcome by adjusting the 
injection locking parameters and by balancing spectral flatness and FM-noise level of the 
GSCS, thereby reducing high-frequency FM-noise [26]. 

electrical noise. The simulation results should hence give a lower boundary for the measured 

BER. 

Tx and LO comb lines of Channel 1  are used to investigate the transmission 

performance in the presence of high-frequency FM-noise. The measured FM-noise spectra 

( )FS f  of the Tx and LO comb lines of Channel 1  are depicted in Fig. 7(d) as red traces in 

the top and bottom subplots, respectively. ( )FS f  is a crucial function for evaluating the phase 

noise characteristics of a laser [30]. For calculating ( )FS f  of a comb line, we first measure 

the phase fluctuations  comb t  of the comb line. To this end, the comb line and a 10 kHz line 

from a highly stable tunable reference laser (Keysight, N4391A) with reference phase  ref t  

are mixed, and their phase difference      comb refΔ t t t     is evaluated as a function of 

time from the intermediate frequency (IF) signal. Assuming that  ref t  does not vary much 
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in comparison to  comb t , the phase difference  Δ t  is then used as an approximation of 

 comb t . After obtaining  comb t , the time increments      comb combt t t       of 

 comb t  for various delay times   are estimated, and the instantaneous frequency fluctuations 

    / 2if t t   are extracted for 0  . The FM-noise spectrum which is defined as the 

power-spectral-density (PSD) function of the instantaneous frequency fluctuation  if t  is 

then calculated as   2
( ) FFT Δ /F iS f f t t T , where FFT represents the fast Fourier 

transform. The quantity Δt is the sampling interval, and T  is the total sample duration. 

In the first series of simulations, OptSim laser models were made to have similar FM-

noise characteristics as the actually measured Tx and LO comb lines of Channel 1 . We did 

so by phase modulating the light emitted from the ideal OptSim laser models with the 

measured phase fluctuations  comb t  of the Tx and LO comb lines of the channel under 

consideration. The resulting signals from the laser models emulate the actual comb lines, and 

are then used as the signal and LO tones for a transmission experiment simulation. The 

obtained dependence of BER for a 16QAM signaling on the optical signal-to-noise ratio 

(OSNRref) is shown by the red trace in Fig. 7(e). Here, the OSNRref is defined as the ratio of 

total signal power and noise power measured in a reference bandwidth of 12.5 GHz (0.1 nm). 

In the second series of simulations, Lorentzian lineshape laser models without high-

frequency FM-noise were used as provided by OptSim. For a realistic connection to the 

measured data, the Lorentzian linewidths (LLW) of the Tx and the LO comb lines in the 

simulation are chosen as 
whiteLLW 2 ( )FS f  , where 

white( )FS f  is the flat FM-noise 

component in the low-frequency region of the measured FM-noise spectra ( )FS f  of Channel 

1  [30]. Using this procedure, the linewidth in the simulation is set to be 70 kHz (120 kHz) 

for the Tx (LO) laser. The FM-noise spectra of the OptSim Lorentzian lineshape laser models 

are also depicted as green traces in Fig. 7(d). As expected, the BER is better for the simulated 

Lorentzian lineshapes as compared to the sources which feature additional high-frequency 

FM-noise, see green trace in Fig. 7(e). The difference becomes more pronounced as the 

OSNRref level increases. 

In our experiment, a direct measurement of the OSNRref was not possible due the densely 

packed channel spectra that made it impossible to measure the noise background of the data 

signal. Hence, a direct comparison of the simulation results to the measured BER is difficult. 

However, in the presence of high-frequency FM noise, the simulated BER of approximately 

4 × 10
4

 in the limit of high OSNRref compares well to the best experimentally obtained BER 

of 6 × 10
4

 observed for Channel 1 , see Fig. 7(b). This indicates that high-frequency FM-

noise in GSCS limits the received signal quality, indeed. The limitations could be overcome 

by adjusting the injection locking parameters and balancing spectral flatness and FM-noise 

level of the GSCS which leads to a reduction of high-frequency FM-noise [26]. 

5.3 Scalability and power consumption 

As it is not possible to generate a significantly larger number of lines from our GSCS, we 

will need to use multiple transmitter/receiver groups to further increase the overall 

transmission capacity. This can be done by integrating multiple GSCS on one chip [25]. 

In general, frequency combs have the advantage of a greatly simplified wavelength 

stability of the individual carriers as the control of center frequency and FSR is sufficient to 

stabilize and synchronize all Tx and Rx comb lines. This advantage becomes particularly 

important for large channel counts. Of course, nothing comes for free, and the power per line 

decreases as the number of lines increases, which in our experiment requires an additional 

EDFA before the modulator (EDFA1 in Fig. 6). Taking this amplifier into account, we obtain 

between 10 dBm and 14 dBm of optical power per tone, which compares well to the optical 

output power of common integrated tunable laser assemblies (ITLA) [31]. At the same time, 

the electrical power consumption of an integrated GSCS is estimated to be about 2 W per 
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line, taking into account a power consumption of 10 W for the GSCS [13] and an additional 8 

W for the EDFA [32]. This total power consumption is already slightly below that of a 

commercial ITLA [31]. The advantages of using frequency combs become even more 

pronounced when moving to higher channel counts. We have recently shown WDM 

transmission using approximately 100 carriers derived from a so-called Kerr soliton comb 

[14, 33]. For this device, we estimate an overall power consumption of less than 1 W per line, 

including all EDFA required to boost the comb to optical power levels of about 10 dBm per 

line. We hence are convinced that the concept of using frequency combs is an attractive 

option to realize highly scalable optical multi-wavelength sources for WDM transmission. 

6. Summary 

We demonstrate that a GSCS is suitable to serve as a multi-wavelength local oscillator (LO) 

for intradyne reception of WDM signals. Center frequency and FSR of the LO comb are 

synchronized to the transmitter frequency comb. We demonstrate the viability of the concept 

in a proof-of-principle experiment by transmitting a net aggregate data rate of 1.032 Tbit/s 

through a 10 km long SSMF with a net spectral efficiency of 5.16 bit/s/Hz. Using simulations 

based on measured phase-noise characteristics, we show that the performance is limited by 

the presence of high-frequency FM-noise which, however, can be decreased by a proper 

parameter optimization of the comb sources. 
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