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Abstract: We demonstrate frequency comb sources based on silicon-
organic hybrid (SOH) electro-optic modulators. Frequency combs with line
spacings of 25 GHz and 40 GHz are generated, featuring flat-top spectra
with less than 2 dB power variations over up to 7 lines. The combs are used

for WDM data transmission at terabit/s data rates and distances of up
to 300 km.
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1. Introduction

Optical frequency combs are key elements for a multitude of applications such as optical
metrology [1], arbitrary-waveform generation [2], and terabit/s communications [3]. In many
cases, narrow optical linewidth and the ability to freely choose center wavelength and line
spacing are essential. Moreover, dense integration of comb sources along with other devices
is important to realize miniaturized systems with high degrees of complexity. This applies
especially to high-speed data transmission, where line spacings of tens of GHz are needed for
spectrally efficient super-channel transmission with terabit/s data rates [4]. A particularly
suitable and versatile approach for integrated frequency comb generation is based on periodic
modulation of a continuous-wave (cw) laser with electro-optic phase shifters in an appropriate
arrangement [5—8]. In such schemes, the optical linewidth is determined by the cw laser, the
line spacing can be adjusted via the modulation frequency, and the number of comb lines
depends on the modulation depth and the number of cascaded devices [9—11]. In cases where
modulation depth is limited, the bandwidth of the comb spectrum can be increased by
inserting the phase modulator in an amplifying feedback loop [12—14]. However, this leads to
a restriction of the line spacing due to the round-trip time of the loop, where a resonance
condition must be fulfilled. Previous demonstrations of modulator-based frequency combs
have mainly focused on using conventional lithium niobate devices [6, 9, 11, 15] along with
discrete fiber-optic components. Integrated comb sources have been realized on the InP
platform by inserting a phase modulator into an amplifying ring resonator [14]. This
arrangement enables generation of 6 lines with a spacing of around 10 GHz and a spectral
flatness of 5 dB. However, for many applications, it would be highly desirable to realize
miniaturized frequency comb sources on the silicon photonic platform, thereby
complementing the already rich portfolio of available devices [16]. One of the main obstacles
towards silicon-based comb sources is the limitation associated with currently available phase
modulators: Fast modulation is possible with depletion-type pn-junction phase shifters, but
these devices feature relatively large voltage-length products U, L of typically more than
10 V. mm [17-19]. Injection-type phase shifters, on the other hand, have smaller U, L, but
modulation bandwidths are limited by the carrier lifetime [20].

In this paper we demonstrate the first modulator-based comb source on a silicon-on-
insulator (SOI) substrate. We use the concept of silicon-organic hybrid (SOH) integration
[21-25] which combines nanophotonic SOI waveguides with organic cladding materials to
realize highly efficient broadband phase shifters [26]. The devices exhibit voltage-length
products as small as U,L =2 V mm at DC. Using a dual-drive Mach-Zehnder modulator
(MZM), we demonstrate generation of a flat-top frequency comb comprising 7 lines with a
spacing of 40 GHz and a spectral flatness of 2 dB [27]. We demonstrate the viability of SOH
comb sources in a series of data transmission experiments, where we explore different line
spacings, symbol rates, pulse shapes, and modulation formats. A total line rate of 1.152 Tbit/s
and a net spectral efficiency of 4.9 bit/s/Hz are achieved by using a comb with 25 GHz line
spacing. In this experiment, 9 carriers are modulated with Nyquist pulses at a symbol rate of
18 GBd using 16-state quadrature amplitude modulation (16QAM) and quadrature phase shift
keying (QPSK). In a similar experiment, we reduce the complexity by using QPSK on 7
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channels only, thereby enabling transmission over a distance of up to 300 km. For a comb
with 40 GHz line spacing and conventional non-return-to-zero (NRZ) QPSK signals, we use a
symbol rate of 28 GBd on 9 channels to transmit an aggregate line rate of 1.008 Tbit/s over
up to 300 km.

2. SOH modulators for frequency comb generation

The SOH phase shifter [26, 28] consists of an optical slot waveguide [29] electrically
connected to copper slotlines through 60 nm thick doped silicon strips. A schematic cross
section and simulated mode profile of the optical slot waveguide are depicted in Fig. 1(a).
The modulation voltage applied to the electrodes drops across the narrow slot, resulting in a
high electric field that strongly overlaps with the optical mode. This leads to highly efficient
electro-optic interaction and hence to a low voltage-length product U,L. The silicon
waveguides are fabricated on a SOI wafer with a 2 pm thick buried oxide and a 220 nm thick
device layer using 193 nm deep-UV lithography. After processing, the SOI waveguides are
covered with the electro-optic chromophore DLD164 [30], which entirely fills the slot. The
electro-optic cladding is applied by spin coating and poled at elevated temperatures with a DC
voltage applied across the slotline electrodes. More details about the phase shifter can be
found in [28]. Our comb generators consist of two phase shifters in a Mach-Zehnder
interferometer. These phase shifters are either driven independently in a dual-drive
configuration, or in push-pull mode using a single drive signal that induces opposite phase
shifts in the two arms. We investigate two MZM types: A 2 mm long dual-drive modulator,
and a 1 mm long single-drive device.

n*-Si Si strip

\ daal/

Slot

1536
Wavelength [nm]

1538

= but

Fig. 1. Dual-drive frequency comb generator and spectrum. (a) Schematic cross-section and
simulated optical mode of a silicon-organic hybrid (SOH) phase modulator. The two rails of a
silicon slot waveguide are electrically connected to metal electrodes by 60 nm high n-doped
silicon strips. The waveguide is covered by an electro-optic cladding material (DLD164),
which entirely fills the slot. (b) Integrated dual-drive frequency comb generator: A tunable
laser source (TLS) is coupled to a dual-drive SOH Mach-Zehnder modulator (MZM) via
grating couplers. The arms are driven by two sinusoidal 40 GHz signals. Flat combs are
obtained by carefully adjusting the signal powers and phases along with the bias voltage Ugi,s.
Fiber-chip coupling losses are compensated by an erbium-doped fiber amplifier (EDFA).
(c) Flat-top spectrum obtained for electrical drive powers of 28 dBm and 23 dBm measured at
the output of the amplifiers, showing 7 lines within 2 dB flatness. The lines are spaced
by 40 GHz.

The experimental setup with a dual-drive MZM is shown in Fig. 1(b). A tunable laser source
(TLS) is coupled to the chip via grating couplers [31], and the electrodes for the sinusoidal
drive signals are contacted with RF probes. The generated frequency comb has a flexible line
spacing determined by the modulation frequency. Using sinusoidal drive signals with
carefully adjusted amplitude and phase [5], a spectrally flat frequency comb can be generated.
The voltage-length product of each phase modulator was measured at DC to be U, L =2V
mm. This allows an efficient generation of higher-order optical sidebands with electrical drive
powers of approximately 28 dBm and 23 dBm in the respective arms. The resulting optical
spectrum is shown in Fig. 1(c). We achieve a spectral flatness of 7 lines within 2 dB. The line
spacing amounts to 40 GHz. By comparing the measured optical spectrum to simulations, we
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estimate the peak-to-peak modulation depth in the two MZM arms to be 3.6 # and 2.7 7,
respectively. The phase difference of about 7 matches nicely to theoretical predictions for an
optimally flat comb [5].

Spectrally flat frequency combs are advantageous for WDM transmission, since low-power
lines are avoided and all WDM channels have the same signal quality. However, the use of a
single-drive MZM simplifies the experimental setup considerably, because only one electrical
amplifier is needed. A single-drive device is demonstrated using the setup depicted in Fig.
2(a). For the push-pull device, the voltage-length product of each individual phase modulator
amounts to U, L =2 V mm. Figure 2(b) shows the comb spectrum generated by an electrical
drive signal with a frequency of 25 GHz and a power of 23 dBm measured at the output of the
amplifier. The spectrum has 7 lines within a power range of 10 dB. Figure 2(c) shows the
optical spectrum generated with a 40 GHz drive signal. Here, a slightly higher amplifier
output power of 29 dBm is used to overcome the frequency-dependent increase of electrode
losses and to enable larger optical bandwidth. We obtain a comb featuring 7 lines with a
flatness of 7 dB. In contrast to the dual-drive comb generator, the spectral flatness cannot be
optimized by adjusting the drive parameters, and an external optical filter is required to obtain
flat-top comb spectra, see Section 3.2. As the dual-drive MZM chip broke during preliminary
data transmission experiments, we continued the experiments with single-drive devices.

Synthesizer b)g © c)g 0 J
= 25 GHz = 40 GHz
- el !
50Q @ -20 o -20
= =
= [y o 8 g
N——7
TS [ EDFA E 1539 1540 1541 E 1538 1540 1542
DUT = Wavelength [nm] Wavelength [nm]

Fig. 2. Single-drive frequency comb generator and spectra. (a) Schematic of the single-drive
push-pull frequency comb generator: A tunable laser source (TLS) is coupled to the SOH
MZM via grating couplers. The device is driven by sinusoidal signals of different frequencies,
thereby defining the line spacing of the generated comb. The operation point can be chosen
with the bias voltage Ug;,s. The electrodes are terminated with 50 Q. Fiber-chip coupling losses
are compensated by an erbium-doped fiber amplifier (EDFA). (b) Resulting optical spectrum
using an electrical drive signal of 25 GHz and a RF power of 23 dBm, yielding 7 lines with a
spectral flatness of 10 dB. (c) Resulting optical spectrum using an electrical drive signal of
40 GHz and a RF power of 29 dBm, yielding 7 lines with a spectral flatness of 7 dB.

All generated combs feature excellent wavelength stability of = 2.5 pm and linewidths in
the order of 100 kHz, solely governed by the cw laser. The line spacing is determined to an
accuracy of better than 10~ by the synthesizer that is used to drive the modulators. The
stability of the power per line is mainly given by the ability to maintain constant driving
conditions. Since the modulators were operated without thermal stabilization at relatively
high optical and electrical power levels, it was necessary to manually adjust the bias voltage
in intervals of several minutes to compensate thermal drift and to preserve the spectral
envelope of the comb. Bias point drift can be overcome by temperature stabilization of the
device or by electronic feedback control.

3. Terabit/s data transmission using SOH frequency comb sources

To demonstrate the viability and the flexibility of SOH frequency comb sources, we perform
a series of data transmission experiments using different symbol rates, pulse shapes, and
modulation formats. For maximum spectral efficiency, dense line spacing of 25 GHz is used
in combination with Nyquist pulse shaping. This allows generation of a data stream with an
aggregate line rate of 1.152 Tbit/s and a spectral efficiency of 4.9 bit/s/Hz. The experiment
was performed with a single-drive push-pull device, resulting in comb lines with noticeable
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power differences. A homogeneous power distribution among the optical channels can be
achieved by using a programmable optical filter for spectral flattening. In combination with
more robust QPSK modulation, this enables transmission of a 504 Gbit/s data stream over a
distance of up to 300 km. In simpler transmission schemes where spectral efficiency is not of
prime importance, conventional NRZ pulses may be used in combination with larger channel
spacing. We generate a line spacing of 40 GHz by simply increasing the modulation
frequency of our comb source, allowing transmission of 28 GBd NRZ-QPSK signals without
undue cross talk between neighboring channels. Using this scheme, we demonstrate
transmission with an aggregate line rate of 1.008 Tbit/s over up to 300 km.

(A (Mot PO ((Eperinent ) (7 Deiedng

! X Multi-Format } b2b | vz !

| 'LO s ol |

1 | Tx 1 | Experiment 2:| & | . 1 |88
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Fig. 3. Data transmission setup. A wavelength-selective switch (WSS) splits the comb into
even and odd carriers which are modulated independently in a multi-format transmitter. The
two sets of channels are recombined, and polarization multiplexing (PoIMUX) is emulated by
creating time-shifted copies of the data stream and merging them on orthogonal polarizations.
Experiment 1: In a first experiment, the data is fed directly into the receiver (back-to-back,
b2b). Experiment 2: Up to 4 spans of 75 km SMF are used for transmission over up to 300 km.
At the receiver, the signal is amplified and the channels are demultiplexed and detected by an
optical modulation analyzer (OMA). A free-running external cavity laser acts as a local
oscillator (LO) for coherent reception.

3.1 Generation of Terabit/s data streams using dense combs and Nyquist pulse shaping

To generate a data stream with high spectral efficiency, we use the experimental setup shown
in Fig. 3. The frequency comb is obtained from a single-drive push-pull MZM driven by a
25 GHz sinusoidal signal, see Fig. 2(b) for the raw comb spectrum prior to data modulation.
A programmable optical filter (Finisar WaveShaper, wavelength selective switch, WSS) is
then used to separate even and odd carriers, which are modulated with independent pseudo-
random bit sequences (PRBS) of length 2° — 1. Modulation is done by multi-format
transmitters, generating Nyquist pulses [32] at a symbol rate of 18 GBd and enabling a wide
variety of different modulation formats [33]. Polarization-division multiplexing (PDM) is
emulated by splitting the data stream, delaying one part with respect to the other, and merging
them in a polarization beam combiner on orthogonal polarization states. The signal is
received and characterized by an optical modulation analyzer (OMA, Agilent N4391A) with a
free-running external cavity laser as local oscillator (LO). Digital signal processing is
performed for polarization demultiplexing and equalization. We record the constellation
diagrams and extract the error vector magnitude (EVM) as a measure for signal quality for
each channel and each polarization.

The results are depicted in Fig. 4. The strongest carriers 2 ... 8 were suitable for PDM-
16QAM modulation, whereas the two weakest carriers 1 and 9 supported PDM-QPSK signals
only. All channels show measured bit error ratios (BER) better than 4.3 x 107, which is
below the hard-decision forward-error correction (FEC) threshold of 4.5 x 107 [34]. The
aggregate line rate is 1.152 Tbit/s. Taking into account a 6.7% overhead for the hard-decision
FEC, we obtain a net spectral efficiency of 4.9 bit/s/Hz. In the current experiment, we chose a
line spacing of 25 GHz, which is in accordance with standards recommended by the
International Telecommunication Union [35]. In principle, this would enable a symbol rate of
25 GBd per channel, since no spectral guard band is needed for Nyquist-WDM [36].
However, the actual symbol rate was limited to 18 GBd by our current transmitter hardware.
As a consequence, parts of the spectrum had to remain unused, thus offering potential for
further increasing spectral efficiency in future experiments. Transmission of the signal over
large distances was not possible due to insufficient BER margin, which was mainly caused by
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the rather high on-chip insertion loss of the modulator amounting to approximately 21 dB.
We attribute this loss to an imperfect fabrication of the multi-mode interference couplers used
in the MZM. With improved fabrication steps we would expect an on-chip loss of
around 6 dB.
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Fig. 4. Results of back-to-back data transmission. A total of 9 carriers spaced by 25 GHz were
generated by an integrated SOH comb source. Optical spectrum of the modulated carriers (left)
and constellation diagrams (right) for all channels and both polarizations are depicted along
with measured EVM values. The 7 strongest carriers were modulated with Nyquist pulse-
shaped 16QAM signals, whereas QPSK was used for weaker carriers 1 and 9. The symbol rate
is 18 GBd. We obtain BER values below the hard-decision threshold for all channels, yielding
an aggregate line rate of 1.152 Tbit/s.
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Fig. 5. Results for data transmission of QPSK signals: (a) Optical spectrum of the modulated
carriers. The 7 strongest carriers are spectrally flattened by the WSS. (b) The average EVM of
both polarizations over channel number are shown color-coded (and slightly offset for clarity
of presentation) for each length of fiber span (0 km, 75 km, 150 km, 225 km, 300 km). Drift of
the operation point of the integrated comb source leads to some deviations from equal optical

power for each channel, but BER below 10 are achieved for all channels nonetheless.
(c) Constellation diagrams of all 7 channels and both polarizations after 300 km transmission.

y-pol

3.2 Transmission of a Nyquist-WDM signal with spectrally flattened comb

To improve the signal quality of the data transmission, the experiment was repeated using
QPSK and the 7 strongest lines, which were in addition spectrally flattened with the WSS for
a more homogeneous channel performance. For this experiment, we use a different comb
generator with a voltage-length product of U, L =3.2 V mm at DC, which is slightly larger
than the value for the devices used in the previous section. All carriers were modulated with
sinc-shaped Nyquist pulses at a symbol rate of 18 GBd using PDM-QPSK signals. The
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resulting spectrum consists of 7 channels with similar optical power, Fig. 5(a). In Fig. 5(b),
the average error vector magnitudes (EVM) of both polarizations are shown for all channels
and all transmission distances (0 km, 75 km, 150 km, 225 km, 300 km). The EVM of all
channels are smaller than 21.2%, which corresponds to a BER of 107 and is indicated by a
dashed red line in Fig. 5(b) [37]. Figure 5(c) shows the constellation diagrams of all channels
and both polarizations after transmission over 300 km. The demonstrated line rate amounts to
504 Gbit/s. The operation point of the comb generator was not stabilized, leading to some
residual drift. This drift caused variations in channel performance during the measurements.
A bias stabilization scheme could avoid this impairment in future experiments.

3.3. Terabit/s WDM transmission using NRZ-OPSK

To demonstrate data transmission with conventional NRZ pulses and symbol rates of 28 GBd,
we increase the line spacing of our comb to 40 GHz. The comb spectrum comprises 9 lines
that are usable for data transmission, see Fig. 2(c). The optical spectrum of the modulated
carriers can be seen in Fig. 6(a). Figure 6(b) depicts the average EVM of both polarizations
for all channels and various transmission distances (0 km, 75 km, 150 km, 225 km, 300 km).
The EVM of all channels is below the threshold for hard-decision FEC, which corresponds to
a BER of 4.5 x 107 and is represented by the red dashed line in Fig. 6(b) [37]. The total line
rate amounts to 1.008 Tbit/s. As before, slight variations in channel performance during the
measurements are caused by drift of the operating point and can be mitigated by using
electronic bias point stabilization in future experiments.
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Fig. 6. Results for data transmission of NRZ QPSK signals: (a) Optical spectrum of the
modulated carriers for 40 GHz spacing and 29 dBm of RF power measured at the output of the
drive amplifier. (b) Average EVM of both polarizations over channel number. The results
obtained for different fiber spans (0 km, 75 km, 150 km, 225 km, 300 km) are color-coded and
slightly offset for clarity of presentation. Drift of the operating point of the comb source leads
to variations of the BER obtained for different transmission distances. Nonetheless, BER
values below the hard-decision threshold of 4.5 x 107 are achieved for all channels, yielding a
gross line rate of 1.008 Tbit/s.

4. Future research directions

A key aspect of SOH devices is the long-term stability of the poling-induced molecular order.
The material used for the current experiments consists of a rather loose arrangement of
DLD164 electro-optic chromophores and hence has a relatively low glass transition
temperature of only 66°C. This limits the on-chip power dissipation. In our experiments, the
devices were operated at lasers powers of up 18 dBm, measured in the input fiber, which
corresponds to 12 dBm of on-chip laser power, taking into account typical fiber-chip coupling
losses of 6 dB. At the same time, up to 28 dBm of RF power was continuously coupled to the
chip. Still, even at these power levels, the material was stable enough to enable the presented
experiments under ambient atmosphere in a normal lab environment.

We expect that stability of the electro-optic material can be significantly improved by
synthetically modified DLD164 chromophores that bear specific crosslinking agents for post-
poling lattice hardening. The viability of this approach has already been demonstrated for
similar classes of electro-optic compounds, yielding materials being stable for temperatures of
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up to 250 °C [38,39]. It has also been demonstrated experimentally that these techniques can
be applied to realize temperature-stable all-polymeric MZM [40]. For DLD164, the addition
of crosslinking agents to the side groups can be realized without affecting the electro-optic
activity of the chromophore or the interaction of the side chains. This is subject to ongoing
research.

Moreover, the insertion loss of the device is currently limiting its practical applicability.
In addition to approximately 6 dB of fiber-chip coupling loss per interface, the device features
an on-chip loss of approximately 21 dB. Moreover, modulation distributes the incoming
power over many spectral lines, resulting in typical output powers between —27 dBm and
—17 dBm per comb line, measured in the fiber immediately after the modulator. We expect
that the overall insertion losses can be reduced dramatically by systematic optimization of
fiber-chip coupling [41], and by improving device design and fabrication.

5. Summary and conclusion

We demonstrate modulator-based frequency comb generators fabricated on the silicon-
organic hybrid (SOH) platform. Using a dual-drive MZM, we generate flat-top frequency
combs featuring 7 lines with a spacing of 40 GHz and a spectral flatness of 2 dB. This
performance can well compete with integrated InP-based comb generators, where a phase
modulator inside an amplifying ring was used to demonstrate 6 lines with a spacing of around
10 GHz and a spectral flatness of 5 dB. The viability of the SOH comb generators is
confirmed in a series of data transmission experiments, where we demonstrate line rates of
more than 1 Tbit/s and transmission distances of up to 300 km. Spectral efficiencies of up to
4.9 bit/s/Hz are achieved by using 16QAM signals along with a line spacing of 25 GHz and
Nyquist pulse shaping at a symbol rate of 18 GBd. We believe that SOH comb sources can
become essential elements within the already rich silicon photonic device portfolio.
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