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On-chip Brillouin purification for frequency
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In this Letter, for the first time, to the best of our knowledge, we harness on-chip Brillouin scattering for narrowband amplification and spectral purification of frequency
comb lines for coherent optical communications. A parametrically generated optical frequency comb with a low
carrier-to-noise power ratio was filtered through narrowband Brillouin amplification utilizing the same comb as
the optical pump. This was achieved on a photonic chip
to enable successful transmission of an advanced modulation format signal: 64-level quadrature amplitude modulation. 96 Gb/s data were modulated on two polarizations on
multiple comb lines across 1532.9–1557.5 nm, demonstrating the scalability of this concept for operation in wavelength division multiplexing applications. The small form
factor of the photonic chip reduces the polarization drifts
when compared to optical fibers and paves the way for
photonic integration. © 2017 Optical Society of America
OCIS codes: (290.5830) Scattering, Brillouin; (130.0130) Integrated
optics; (060.1660) Coherent communications.
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Optical frequency combs are laser sources that consist of a large
number of equally spaced frequencies or comb lines, and have
emerged as a key technology for various applications, including
astronomy [1], frequency metrology [2], microwave photonics
[3], and optical communications [4]. This has been enabled
through a rapid growth in techniques for comb generation,
including mode-locked lasers with spectral broadening through
a nonlinear media [5], microresonator combs [6], and optoelectronic techniques using cascaded modulators [7]. Several of
these comb generation techniques rely on nonlinear frequency
conversion, resulting in the generation of several spurious
frequencies and a large noise background which limits the
carrier-to-noise power ratio (CNPR). This low CNPR is especially detrimental in telecommunications applications based on
advanced modulation formats such as 64 quadrature amplitude
0146-9592/17/245074-04 Journal © 2017 Optical Society of America

modulation (QAM) and beyond which are highly sensitive to
phase noise, thus placing strict linewidth and CNPR requirements on the carrier laser [8]. Such lasers that can support 64
QAM and higher modulation format are bulky and increase the
cost of each wavelength channel significantly.
The modulation format supported by combs [4,9,10] has
been limited due to the low CNPR across the C-band associated with the generation of multi-gigahertz combs. Recently, a
technique was proposed to filter optical frequency comb lines
generated by a 10 GHz mode-locked ERGO laser using stimulated Brillouin scattering (SBS) in kilometers of optical fiber
[11]. The realization of comb purification circuits on a photonic chip will mitigate polarization drifts, as well as reduce
the size. There are several ongoing major research activities
on the development of on-chip frequency combs [12] to reduce
their cost and form factor, and it is therefore critical to develop
techniques to process comb lines on the same photonic chip.
In this Letter, we present an approach to process an optical
frequency comb using on-chip SBS to enable coherent optical
communications using advanced modulation format 64 QAM,
which was otherwise not feasible with the comb. Here, the noisy
frequency comb is used as a pump for the SBS process which
provides narrowband filtering and amplification on individual
comb lines, thus effectively improving the CNPR. This architecture is universal and can be used for any comb. The integration
of an on-chip optical frequency comb with our SBS purification
circuit is very promising for several applications beyond highcapacity optical communications requiring low-noise combs.
The principle of operation is shown in Fig. 1(a) and is based
on using SBS in a photonic chip. SBS is a nonlinear optical
process involving two optical waves and an acoustic wave and
has traditionally been detrimental for optical communications.
However, recently, SBS has found applications in communication systems [13–16]. Our concept relies on the narrowband filtering and amplification of a comb line using SBS to reject the
out-of-band (outside the Brillouin gain bandwidth) noise created
due to the parametric process of comb generation. As shown in
Fig. 1(a), an optical frequency comb with a high background
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Fig. 1. (a) Concept behind Brillouin purification of comb lines,
(b) experimental setup. DPMZM, dual parallel Mach–Zehnder modulator. MLFL, mode-locked fiber laser; XPM, cross-phase modulation;
DCF, dispersion compensation fiber; EDFA, erbium-doped fiber
amplifier; BPF, bandpass filter; HNLF, highly nonlinear fiber; OSA,
optical spectrum analyzer; PC, polarization controller; EOM, electrooptic modulator; PBS, polarization beam splitter; AWG, arbitrary
waveform generator; CW, continuous-wave.

noise is split into two sections: (1) the signal path on which data
is to be modulated, and (2) the pump path. The signal path is
coupled into the SBS waveguide, while the pump path is frequency-shifted using a dual parallel Mach–Zehnder modulator
(DPMZM) biased for single-sideband modulation, and an optical bandpass filter further improves the rejection of the sideband to the carrier. The pump is then counter-propagated
with the signal in the SBS medium. If the frequency shift is
exactly equal to the frequency Brillouin shift (Ω) for the pump
wavelength [17], then the signal experiences narrowband gain
over the linewidth of the Brillouin resonance. It is important
to note that, although the Brillouin amplification can introduce
noise only within the narrow linewidth of SBS (∼30 MHz) [18],
this is only a fraction of the data bandwidth (∼10 GHz for a
baud rate of 8 GHz) that is modulated on the comb line.
This effectively amplifies the carrier power without amplifying
the parametric noise (beyond the narrow Brillouin bandwidth)
resulting from the comb generation process, thus increasing the
CNPR [11]. Any noise present around the carrier within the
modulation bandwidth would be detrimental for the successful
modulation and demodulation of complex data. For lower
modulation formats such as 16 QAM and quadrature phase shift
keying (QPSK), the requirements on the CNPR are relaxed and,
thus, combs with high parametric noise can be used. However,
64 QAM is an advanced modulation scheme that requires a
high-quality spectral line carrier [8]. This has limited the use
of frequency combs for such high-level formats in previous demonstrations. Since through the use of our proposed technique,
the out-of-band noise is effectively suppressed, it can thus purify
comb lines for 64 QAM modulation. The key to this approach is
the use of SBS which achieves frequency self-alignment to the
target comb line and intrinsically delivers functionalities of a
high-resolution filter and amplifier.
The schematic of the experimental setup is shown in
Fig. 1(b). The frequency comb [19] was generated using a
commercially available harmonically mode-locked fiber laser
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(Pritel Inc., UOC-40) which was driven by a 40 GHz radio frequency (RF) signal generator, resulting in pulses of 2 ps width
and a pulse repetition rate of 40 GHz. The phase stability of such
a laser was poor due to a long cavity length and was improved
through cross-phase modulation (XPM) of the pulses with a continuous-wave (CW) laser in a 100 m long highly nonlinear fiber
(HNLF) [19]. The stabilized comb sideband formed through
XPM was selected using a WDM coupler, and the CW probe
was suppressed using a fiber Bragg grating (10 nm bandwidth).
This was then passed through another 300 m long HNLF for
nonlinear spectral broadening to cover the C-band from 1530 to
1565 nm. This also results in a degraded CNPR.
The SBS medium used in the experiments was a chalcogenide waveguide on a silica substrate for efficient opto-acoustic
interactions [20,21]. The waveguide had a rib geometry with a
width of 2.4 μm, height of 930 nm, and an etch depth of
330 nm. The waveguides were designed to be spiral coils with
a length of 23.7 cm in a physical chip footprint of only
2 cm × 1 cm. The chip had a propagation loss of 0.3 dB/cm.
A 1 nm slice of the C-band-spanning, phase-stabilized frequency comb was amplified using an erbium-doped fiber amplifier (EDFA) and then split using a 50:50 coupler. The signal
path was passed through a circulator into the SBS waveguide.
The pump path was sent through an in-phase and quadrature
(IQ) modulator, driven by an RF signal generator at 7.7 GHz
(which is the Brillouin shift in the chalcogenide waveguides, Ω)
to suppress the carrier and the lower sideband. This was then
passed through a low noise amplifier and a narrowband filter
(∼7 GHz) to further improve the suppression of the lower sideband and carrier. After amplification, this pump beam was
counter-propagated to the signal using a circulator in the waveguide to impart Brillouin gain on the signal. The amplified
signal was monitored using a 1% tap on an optical spectrum
analyzer (OSA). A high-resolution (∼7 GHz) filter was installed
in the signal path to select one comb line and to reject the strong
back-reflected pump from the facet of the waveguide.
The selected signal comb line was then amplified and sent to
a polarization controller and polarization beam splitter before
amplification and then sent to an IQ modulator driven by an
arbitrary waveform generator delivering 64 QAM data at
8 Gbaud encoded from a pseudo random bit stream with the
length of 211 − 1. A polarization multiplexer then combined
two copies of the original signal on dual orthogonal-polarization
(OP) states resulting in a 96 Gb/s-DP-64 QAM output.
At the receiver end, the local oscillator laser (LO) was amplified
and filtered using a 0.5 nm bandpass filter to remove the amplified spontaneous emission (ASE) noise. The LO (∼100 kHz)
and the signal were then detected by a polarization diversity coherent receiver. The detected signals were captured using a
real-time oscilloscope for offline digital signal processing (DSP)
and bit error rate (BER) counting [19].
The spectrum of the C-band 40 GHz optical frequency
comb described in the previous section was measured on an
OSA (APEX) with 5 MHz resolution and is shown in Fig. 2(a).
Nonlinear mixing between the comb lines leads to the creation
of spurs in the spectrum. 64 QAM data were modulated onto
individual comb lines and was demodulated at the receiver end
and the BER was calculated using offline DSP. This reference
data without the SBS stage shows that the BER was below the
forward error correction (FEC) limit only for comb lines at
1537.5 nm and 1546.2 as shown in Fig. 3(a). At the extremities
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of the comb, the CNPR is reduced as seen from Fig. 2(a)
which limits the successful modulation and demodulation of
64 QAM data and results in increased phase noise as seen from
the constellation diagrams of Fig. 3(b).
Next, the Brillouin filtration stage was inserted in the setup
and a part of the comb was frequency-shifted and a single line
was amplified to 24 dBm to act as the SBS pump. As a result, a
Brillouin gain (ΔG) of ∼20 dB was imparted on the comb line.
The SBS amplifier was operated in a heavily saturated regime,
i.e., with high signal powers to minimize the noise added due to
the SBS amplification [18]. The normalized OSA measurements of the comb line with and without Brillouin amplification are shown in Fig. 2(b). It can be observed that the ∼20 dB
SBS gain translates to a similar level of noise suppression
beyond the SBS bandwidth. A strong peak is observed on
the optical spectrum around 8 GHz, due to back-reflections
from the end-facet of the SBS waveguide.
After data modulation and demodulation, bit error rates
(BERs) were measured for different SBS gains as shown in
Fig. 4(a). This was done at 1557.5 nm, where the comb
CNPR is low (and thus the 64 QAM signal goes above the
FEC limit without the SBS stage) to illustrate the advantage
of our technique. With the SBS stage, a clear improvement
is observed in the BER which goes below the FEC limit for
an SBS gain of only 10 dB. On increasing the SBS gain,
the BER drops to 2.5 × 10−3 . This is expected since the increase
in gain enhances the CNPR as already seen from Fig. 2(b).
However, at a gain beyond 20 dB, the BER is found to deteriorate. This is due to the broadening of the bandwidth of the SBS
resonance due to pump saturation effects [22], thus increasing
the bandwidth of the Brillouin filter. Therefore the optimum
gain of 20 dB was employed for all ensuing experiments.
Next, the receiver OSNR was varied by noise loading with
an ASE source and the BER is plotted as a function of the
OSNR in Fig. 4(b). The BER versus OSNR was also plotted
for the case of using an external cavity laser (ECL) for reference
rather than optical frequency comb as the signal source. Since
the BER was well above the FEC limit for the highest achievable OSNR for the comb line without the SBS stage at
1557.5 nm, the BER versus OSNR was not plotted. It is observed that the SBS purification stage allows the noisy comb
line to operate below the FEC limit for an OSNR larger than
34 dB, while without SBS, the comb line was well-above the
FEC limit even for an OSNR of 38.2 dB. With a similar comb
using SBS in ~4.5 km fiber, we have shown that BER close to
that of the reference case of narrow linewidth (<100 kHz) external cavity laser was achieved, indicating that performance is
dominated by insufficient CNPR of the comb [23]. As explained previously, SBS filters the noise beyond the narrow

Fig. 2. (a) Generated C-band 40 GHz optical frequency comb with
the XPM-laser line marked, and (b) normalized comb power with and
without SBS demonstrating a noise suppression of ∼20 dB.
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Fig. 3. (a) BER for different comb lines without and with the SBS
stage, and (b) the constellation diagrams for OPs at 1532.9 nm without and with the SBS stage.

SBS bandwidth of ∼30 MHz around the carrier, which is only
a fraction of the signal bandwidth of 10 GHz. However, in this
case it was found that the SBS-filtered comb does not perform as
well as the ECL. This is because of the back-reflected pump
which is not sufficiently suppressed (suppression ∼30 dB) using
a narrowband filter. This back-reflected pump 7.7 GHz away
from the signal acts as noise at the receiver thus corrupting
the data. This can be improved in the future by improving
the anti-reflection coating on the waveguide end-facet. Finally,
different comb lines were modulated across the C-band and a
universal improvement in the BER was observed as seen from
Fig. 3(a). Without the SBS stage, only comb lines at 1537.5
and 1546.2 nm were well-below the FEC limit, while with
the SBS stage this coverage was significantly improved to
1532.9–1557.5 nm. To demonstrate the low performance penalty due to SBS amplification and filtering, the laser used for
XPM stabilization [1546.2 nm, marked in Fig. 2(a)] was also
modulated with 64 QAM data. As seen from the similar
BERs with and without the SBS stage in Fig. 3(a), SBS amplification does not lead to significant penalty in the data transmission. While reasonably constant BER is expected for different
comb lines [23], dispersion in the BER values across the C-band
is observed which can be attributed to the variation in the level of
suppression of the back-reflected pump achieved by the manually
tuned narrowband line filter. The measured constellation diagrams for the 1532.9 nm comb line with and without the
SBS stages for both polarizations are shown in Fig. 3(b). It
can be seen that, without the SBS stage, the demodulated constellations are quite noisy. However, as seen from the constellation
diagrams, it is interesting to note that such a noisy comb line is
still sufficient for 4 QAM or even 16 QAM (the inner 4 and 16
constellation points, respectively, are well resolved), which is why
most of the previous demonstrations of optical frequency combs
in optical communications experiments have demonstrated only
lower modulation levels. By inserting the SBS stage, the quality
of the constellations was improved since the signal was being
modulated on a higher quality comb line (better CNPR).
64 QAM is extremely sensitive to phase and intensity noise,
therefore our experiments confirm the modest noise added by
the narrowband SBS amplifier in a highly saturated regime. It
has been shown that the noise figure of SBS filters reduces significantly under strong saturation [18]. The noise added by the
SBS may be approximated to be white Gaussian noise over a
bandwidth of ∼10 MHz [11] in comparison to ∼4 THz for
an EDFA. This is an important point to note, and it has been
shown theoretically and experimentally [11] that in this regime
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Fig. 4. (a) BER versus SBS gain compared to BER without the SBS
stage for the 1557.5 nm comb line, and (b) BER versus receiver OSNR
for the comb line without the SBS stage and with SBS amplification
for a reference ECL laser.

the SBS noise leads to very low performance penalty in the transmission of high-level QAM data. In [11] it was also theoretically
shown that an increase in the bandwidth of the filter leads to a
reduction in the performance. This was confirmed here experimentally from the increase in BER in Fig. 3(a) due to an increase in the bandwidth caused by strong pump saturation [22].
In this Letter, for the first time, to the best of our knowledge,
we have proposed and demonstrated a novel technique for the
on-chip spectral filtering of an optical frequency comb using
SBS. We have successfully employed a 24 cm long waveguide
as the SBS medium to improve the performance of a 40 GHz
comb generated from a harmonically mode-locked laser.
This is a universal technique for filtering out-of-band noise of
frequency combs irrespective of their generation method.
While it is possible to achieve MHz-resolution filters using fiber
Bragg gratings [24], the advantage of our technique is the inherent self-referencing of the SBS filter with the comb line
without the requirement of tracking electronics to match the
filter passband and the comb line. Furthermore, since SBS is
inherently an amplifying process, this technique can be of great
interest for applications requiring a high power per comb line
that cannot tolerate lossy filtering. 96 Gb/s was successfully
transmitted on a single comb line using an advanced modulation format: 64 QAM, demonstrating a clear improvement in
the BER through Brillouin amplification. The wavelength
range over which the data were successfully modulated and
demodulated was 1532.9–1557.5 nm. Such an integrated
comb purification circuit is compatible with other on-chip
frequency combs generated via microresonators or through
on-chip mode-locked lasers [25,26] opening the pathway for
highly integrated low-noise frequency combs for future highcapacity communication networks.
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