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Frequency combs with mode spacing in the range of 10 to 20 gigahertz (GHz) are critical for increas-
ingly important applications such as astronomical spectrograph calibration, high-speed dual-comb spec-
troscopy, and low-noise microwave generation. While electro-optic modulators and microresonators can
provide narrowband comb sources at this repetition rate, a significant remaining challenge is a means
to produce pulses with sufficient peak power to initiate nonlinear supercontinuum generation spanning
hundreds of terahertz (THz) as required for self-referencing in these applications. Here, we provide a
simple, robust, and universal solution to this problem using off-the-shelf polarization-maintaining (PM)
amplification and nonlinear fiber components. This fiber-integrated approach for nonlinear temporal
compression and supercontinuum generation is demonstrated with a resonant electro-optic frequency
comb at 1550 nm. We show how to readily achieve pulses shorter than 60 fs at a repetition rate of 20 GHz
and with peak powers in excess of 2 kW. The same technique can be applied to picosecond pulses at 10
GHz to demonstrate temporal compression by a factor of 9× yielding 50 fs pulses with peak power of
5.5 kW. These compressed pulses enable flat supercontinuum generation spanning more than 600 nm af-
ter propagation through multi-segment dispersion-tailored anomalous-dispersion highly nonlinear fiber
(HNLF) or tantala waveguides. The same 10 GHz source can readily achieve an octave-spanning spectrum
for self-referencing in dispersion-engineered silicon nitride waveguides. This simple all-fiber approach
to nonlinear spectral broadening fills a critical gap for transforming any narrowband 10 to 20 GHz fre-
quency comb into a broadband spectrum for a wide range of applications that benefit from the high pulse
rate and require access to the individual comb modes. © 2023 Optica Publishing Group

http://dx.doi.org/10.1364/ao.XX.XXXXXX

1. INTRODUCTION

There is growing interest in broadband, low-noise optical fre-
quency combs at repetition rates in the range of 10 to 30 gigahertz
(GHz) for a wide range of applications such as astronomical spec-
trograph calibration [1–3], high-speed precision spectroscopy
[4–8], low-noise microwave generation [9–11], and optical ar-
bitrary waveform generation [12]. Our work is particularly
motivated by the need for simple and robust approaches to 10+
GHz comb generation for astronomical spectrograph calibration.
Initial efforts to generate such high repetition rate combs for as-
tronomy relied on filtering a subset of modes from mode-locked

lasers (MLL) [13–18]. However, studies have shown that this ap-
proach can lead to calibration errors due to the amplification of
unwanted modes through four-wave mixing [14, 19]. As a result,
recent works have directly realized astrocombs with large mode
spacings using electro-optic modulation (EOM or EO) [2, 20],
microcombs [3, 21] and cascaded four-wave mixing [22, 23].

Electro-optic modulation of a continuous wave (CW) laser to
generate frequency combs with GHz mode spacing has the addi-
tional benefits of simplicity, robustness, reliability, and flexibility
in independently tuning the operating wavelength as well as
the mode spacing [24–27]. However, generating EO frequency
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Fig. 1. All-fiber approach for nonlinear temporal compression. (a) Schematic of the all-fiber temporal compressor. The 10 GHz
comb pulses are amplified and sent through ND HNLF (β2 > 0) for spectral broadening and then through an appropriate length of
PM1550 with anomalous dispersion (β2 < 0) at 1550 nm to produce sub-50 fs pulses. (b) Simulated spectral evolution of an ideal
Gaussian pulse with full width at half maximum (FWHM) pulse duration of 250 fs and pulse energy of 250 pJ propagated through
the temporal compression stage consisting of 0.9 m ND HNLF (D = -2.6 ps/(nm· km)) and 21 cm of PM1550. (c) Simulated tempo-
ral evolution of the 250 pJ, 250 fs input Gaussian pulse through the all-fiber temporal compressor. The compressed pulse is 49 fs.
(d) Spectrograms of the pulse as it propagates through the all-fiber temporal compressor. The images correspond to the propagation
distances marked in parts (b) and (c). (e) Optimal ND HNLF length (in meters) for temporal compression of a Gaussian pulse with
initial duration and energy in the range of 0.2 ps - 1.5 ps and 50 pJ - 400 pJ. (f) Corresponding PM1550 length (in meters) required to
compensate the normal chirp due to the ND HNLF. (g) Pulse durations achievable through simulation of the all-fiber temporal com-
pressor with various input pulse durations and two different pulse energies of 100 pJ and 300 pJ. The parentheses list the required
ND HNLF and PM1550 fiber lengths (in meters).

combs with sufficient bandwidth typically requires a cascaded
series of phase modulators (PMs) driven with multiple Watts
of microwave power. For example, in order to generate a comb
with a bandwidth of 10 nm, each cascaded modulator is typi-
cally driven by radio frequency signals with average powers in
excess of 3 W. As a result, the entire comb generation process is
quite costly and the components require active cooling for long-
term operation. A simpler and more cost-effective approach
employs the novel technique of resonant EO modulation, as first
implemented by Kourogi et. al. [28]. Utilizing highly efficient,
resonant EO comb generators, frequency combs with tens of
GHz mode spacing and bandwidths of more than 50 nm can be
generated using about ten times lower RF power as compared to
cascaded EO modulators [29]. We leverage this comb generation
approach using a commercially available package, consisting of
a fiber-coupled waveguide EO phase modulator within a res-
onant Fabry-Pérot cavity [30], to generate frequency combs at
1.55 µm with repetition rates in excess of 10 GHz.

While electro-optic frequency combs and microcombs directly
provide mode spacings in the range of tens of GHz, a remain-
ing challenge for these sources lies in matching this large mode
spacing with the spectral coverage (hundreds of THz) required,
for example, to span the entire bandwidth of an astronomical
spectrograph. EOM combs [31, 32] and microcombs [3, 33, 34]
only give rise to a few hundred femtosecond (fs) pulses in the
time domain whereas traditional mode-locked lasers [35–40]
can directly yield sub-100 fs pulses as required for low noise
supercontinuum generation [41, 42]. Despite many efforts in
this direction, producing sufficient pulse peak power to initiate
nonlinear processes for broadband supercontinuum generation
still remains a big challenge for bulk as well as chip-integrated
frequency combs at tens of GHz repetition rates [43]. To this

end, previous studies have generally explored nonlinear tem-
poral compression from a few hundred femtosecond (fs) to ∼
50 fs in two ways: (i) soliton self-compression in fibers [44–46],
nanophotonic waveguides [47], and microresonators [48], (ii)
self-phase modulation in multi-pass gas cells (in the microjoule
pulse energy regime) [49, 50] or highly nonlinear fibers (HNLFs),
where the chirp on the resulting spectrally-broadened pulses
is compensated using diffraction gratings [29, 32, 51–53], pulse
shapers [54–56] or anomalous dispersion fibers [57–60].

In this work, we demonstrate a simple and all-PM-fiber ap-
proach to temporal compression of 20 GHz comb pulses from a
resonant EO comb generator to 57 fs. Careful compensation of
the nonlinear spectral phase results in pulses with less than 5%
of the total energy in the pedestals. Using the same technique,
we achieve pulses as short as 50 fs at 10 GHz repetition rate
and demonstrate temporal compression by a factor of 9× for
picosecond pulses at 10 GHz. Extending our fiber design, we
also predict generating a sub-60 fs pulse from the 2.2 ps wide
temporal output of a cascaded electro-optic comb. The nonlin-
ear temporal compression is followed by a flat broadband su-
percontinuum generation in carefully designed multi-segment
dispersion-tailored fibers or nanophotonic waveguides. The
entire nonlinear system of temporal compression and supercon-
tinuum generation has been modeled and the simulation results
show excellent agreement with the experiment. Our approach
to nonlinear spectral generation with off-the-shelf telecom com-
ponents achieves simplicity, robustness, and long-term stability
that can be applied to transform any narrowband frequency
combs at these repetition rates into a broadband spectrum.



2. ALL-FIBER APPROACH FOR TEMPORAL COMPRES-
SION TO FEMTOSECOND PULSES

Our all-fiber approach is based on self-phase modulation (SPM)
in a polarization-maintaining normal dispersion highly nonlin-
ear fiber (ND HNLF) and the subsequent dispersion compensa-
tion in an appropriate length of anomalous dispersion fiber. The
main advantage of this technique over soliton self-compression
is the lower noise amplification associated with the inhibition
of modulation instability in the normal dispersion regime. Fig.
1(a) illustrates our approach. The 10 GHz comb pulses are am-
plified and sent through ND HNLF for spectral broadening. As
a pulse with high peak power (P0) propagates through HNLF
with length L, an intensity-dependent nonlinear phase shift is
imparted to the pulse. The maximum value of this phase shift
is given by γP0L at the peak, where γ is the nonlinear coeffi-
cient of the fiber. As a result, the pulse acquires a normal chirp,
i.e. the leading edge of the pulse is red-shifted in frequency
and the trailing edge is blue-shifted. In the presence of normal
group-velocity dispersion (GVD), the red components travel
faster than the blue components, leading to additional chirp
on the pulse. We study the spectral broadening process via
numerical modeling of the pulse propagation by solving the
generalized nonlinear Schrodinger equation (GNLSE) as given
below through the split-step Fourier method in PyNLO [61, 62],

∂E(z, t)
∂z

= i∑
k≥2

ikβk
k!

∂kE
∂tk

+ iγ
(

1 +
i

ω0

∂

∂t

)

×
[
E(z, t)

(∫ t

−∞
R
(
t′
) ∣∣E

(
z, t− t′

)∣∣2 dt′ + iΓR(z, t)
)]

.

(1)

Here E(z, t) is the complex pulse envelope, βk refer to the second
and higher orders of fiber dispersion, the second term on the
right-hand side of equation 1 corresponds to the Kerr nonlinear
effects including self-steepening and the last term incorporates
Raman effects.

Fig. 1(b) and (c) show the simulated spectral and tempo-
ral evolution of a Gaussian pulse with full width at half maxi-
mum (FWHM) of 250 fs and 250 pJ energy (average power of
2.5 W at 10 GHz) as it propagates through the temporal com-
pression fiber stage comprised of 0.9 m ND HNLF and 21 cm
of PM1550. Here, we are using the parameters of commercial
(OFS) ND HNLF with dispersion values of -2.6 ps/(nm·km),
Dslope of 0.026 ps/(nm2·km), and nonlinearity parameter of 10.5
W−1km−1 at the pump wavelength of 1550 nm. In simulations,
the pulse propagates through ND HNLF until the broadened
spectrum supports the shortest possible pulse (sub-100 fs). How-
ever, longer HNLF adds higher order dispersion terms to the
spectral phase of the pulse that cannot be compensated by the
quadratic anomalous dispersion of polarization-maintaining
1550 nm fiber (PM1550). Taking into account both these counter-
acting effects, the ND HNLF length is fixed at 0.9 m such that
the broadened bandwidth supports a short, sub-100 fs pulse
while minimizing the higher order spectral phase. The pulse
spectrogram at different positions through ND HNLF is shown
in Fig. 1(d), which clearly illustrates the normal chirp imparted
to the pulse, as well as the spectral and temporal broadening.

In order to obtain close to transform-limited pulse duration,
the normal chirp has to be compensated. This is usually done
with a grating compressor to provide the required anomalous
chirp [29, 51, 52]. Here, we use an all-fiber approach in which
an appropriate length of PM1550 with anomalous dispersion
at 1550 nm replaces the grating compressor. The nonlinearity

of PM1550 is quite low compared to HNLF. As a result, further
spectral broadening is insignificant, and the dispersion compen-
sation is employed to get near transform-limited pulse durations.
Fig. 1(c) illustrates the temporal evolution of the given input
pulse in the all-fiber temporal compressor to give a compressed
pulse duration of 49 fs with 4.4 kW peak power. The output
pulse spectrogram in Fig. 1(d) shows that most of the normal
chirp imparted to the pulse from ND HNLF has been compen-
sated on propagation through PM1550.
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Fig. 2. Overview of the peak powers obtained through state-
of-the-art nonlinear temporal compression of GHz frequency
combs. The inset figure shows a zoomed-in portion of the plot
as marked by the box at 10 GHz repetition rate. The maximum
peak powers achieved in this work at repetition rates of 10
GHz and 20 GHz are labeled as red stars.

We generalize this design for various comb generation ap-
proaches by performing simulations to estimate the lengths of
fiber required to compress a given input pulse at ∼10 GHz repe-
tition rates to sub-150 fs. Fig. 1(e) shows the approximate length
of ND HNLF and Fig. 1(f) shows the corresponding PM1550
length required for temporal compression of a given input pulse
with duration ranging from 200 fs to 1.5 ps and energy varying
from 50 pJ to 400 pJ. These values correspond to an average
power of 0.5 W to 4 W at 10 GHz repetition rate. Using this
combination of ND HNLF and PM1550, Fig. 1(g) provides the
achievable compressed pulse duration for given input pulse
characteristics. With this technique, it is possible to compress
a 1.4 ps input pulse to 150 fs at pulse energies as low as 100 pJ.
Even though this gives an estimate of the achievable compressed
pulse duration, for the best prediction of the actual compressed
pulse duration it is necessary for the input pulse in the simula-
tions to resemble the experimentally recorded one. Fig. 1(g) also
illustrates the applicability of this simple technique to a wide
range of input pulse durations from hundreds of fs to ps and
energies typical of various techniques of GHz comb generation.
As we show below, this all-fiber nonlinear temporal compres-
sion approach has been applied to a resonant electro-optic comb
generator at microwave frequencies of 10 and 20 GHz to obtain
pulse durations between 50 fs and 60 fs. The peak powers of the
compressed pulses achieved in this work, labeled as red stars
in Fig. 2 are comparable to state-of-the-art nonlinear temporal
compression approaches for GHz repetition rates [63–77]. A few
important features differentiate our work from the previously
reported high peak powers at these repetition rates. The average
power at 10 to 20 GHz repetition rates in our work is ∼ 4× lower
as compared to the mode-filtered cases where the comb is ampli-
fied to average powers of 12 W to 15 W to get compressed pulse



durations of 130 fs to 140 fs [17, 18]. The peak power of ∼ 6.9 kW
inferred from [29] involves a second stage of supercontinuum
generation in silicon nitride waveguide and the subsequent dis-
persion compensation using silica glass in free space in addition
to the initial stage of spectral broadening in highly nonlinear
fiber and temporal compression using diffraction gratings.

3. DEMONSTRATION IN A RESONANT ELECTRO-
OPTIC COMB

A. All-fiber temporal compression to sub-60 fs
Our electro-optic comb generation employs a fiber-integrated
waveguide phase modulator in a resonant Fabry-Pérot cavity
(model: WTEC-01) [30]. The so-called resonant electro-optic
comb generator (REOCG) has the advantages of highly efficient
resonance modulation and built-in RF phase noise filtering [78].
Fig. 3 shows the schematic of our experimental setup. A cavity-
stabilized continuous wave laser at 1550 nm is used to seed the
comb generator. A dielectric resonant oscillator (DRO Synergy
model: KDFLOD1000-8) phase-locked to a 10 MHz maser signal
is frequency doubled to 20 GHz and then amplified to an aver-
age power of 1 W. The REOCG is driven by this 1 W microwave
signal at 20 GHz that is a multiple of the Fabry-Pérot cavity’s
free spectral range (FSR = 2.5 GHz). The optical spectrum of the
resonant EOM comb has a double-sided exponentially decaying
shape as shown in Fig. 3. More details about the REOCG can be
found in the Supplement. The comb pulses are sent through a
programmable pulse shaper for dispersion compensation and
to apply the required group delay across one side of the spec-
trum in order to overlap the two interleaved pulse trains while
maintaining the entire optical system in fiber-coupled compo-
nents. The pulse shaper is not critical for achieving close to
transform-limited pulses since it can be replaced by an appropri-
ate length of single-mode fiber for nearly quadratic dispersion
compensation. The 20 GHz pulse train is then amplified to 3 W
average power using an erbium-doped fiber amplifier (EDFA).
The intensity autocorrelation width of the amplified pulses after
nonlinear broadening in erbium-gain fiber is measured to be ∼
300 fs (inset in Fig. 4(b)). Assuming a Gaussian pulse shape with
a deconvolution factor of 1.41, the resultant pulse duration is
212 fs which is close to the band-limited pulse duration of 195 fs.
This deconvolution factor has been verified in all cases by calcu-
lating the autocorrelation pulse duration from the band-limited
pulse.

Although the REOCG generates pulses as short as 212 fs after
amplification, previous studies have shown that pulse durations
greater than 100 fs adversely affect the bandwidth as well as
the coherence of the supercontinuum generated in anomalous
dispersion fibers [41, 42]. In order to overcome this issue, we
compress this pulse to less than 60 fs using an all-fiber approach
as described in the previous section. Fig. 1(g) shows that ∼2 m
of normal-dispersion (ND) highly nonlinear fiber (HNLF) broad-
ens an ideal Gaussian pulse of 200 fs and 100 pJ to a spectral
bandwidth that supports a 50 fs pulse. Assuming an average
power of 2.95 W (pulse energy of 148 pJ at 20 GHz), simula-
tion results show that 1.2 m of ND HNLF is required for the
first stage of spectral broadening through self-phase modula-
tion (SPM) as depicted by the dotted red trace in Fig. 4(a). To
maintain close agreement with the experiment, we anomalously
chirp the Fourier transform-limited pulse of the amplified 20
GHz comb spectrum and use it as input to the simulations. On
propagating the spectrally broadened pulse through 22 cm of
PM1550 to overcome the normal chirp, modeling predicts a com-

pressed pulse duration of 52 fs (Fig. 4(b)). Experimentally, we
were able to measure a broadened spectrum (solid red trace in
Fig. 4(a)) and compressed pulse with full width at half maxi-
mum (FWHM) of 57 fs after propagating the amplified pulses
through 1.2 m of ND HNLF and 22 cm of PM1550, in exact
agreement with the model. Fig 4(b) shows the autocorrelation
traces at the output of PM1550 in our setup (red solid curve)
as well as through simulations (dotted green curve) and again
demonstrates excellent agreement between the two. The average
output power from the PM1550 fiber is measured to be 2.8 W.
This results in a 57 fs pulse with a peak power of ∼ 2.4 kW.

In order to demonstrate the robustness of our temporal com-
pression scheme in tunable comb systems, we changed the rep-
etition rate of our resonant electro-optic comb to 10 GHz and
employed the same setup as illustrated in Fig. 3. Here, the pulse
shaper is used to remove half of the optical spectrum to generate
a single 10 GHz pulse train (more information is provided in the
Supplement). The 10 GHz pulses are amplified to 3 W using an
EDFA and the resultant intensity autocorrelation pulse duration
is measured to be 270 fs, which corresponds to a pulse duration
of 191 fs assuming a deconvolution factor of 1.41 (inset in Fig.
4(d)). On propagating these amplified pulses through the same
fiber compression stage consisting of 1.2 m long ND HNLF (D
= -2.6 ps/(nm·km)) and 22 cm PM1550, the pulse duration is
reduced to 50 fs. The corresponding measured autocorrelation
(orange trace) shows good agreement with the simulated result
(dotted green trace in Fig. 4(d)). The Fourier transform-limited
pulse duration of the spectrum recorded after the compression
fiber stage is ∼ 30 fs. The compressed pulse is slightly chirped
as opposed to the 20 GHz case since the fiber compressor design
is not optimized for the 10 GHz system.

B. Supercontinuum generation in anomalous dispersion
HNLF and SiN waveguide

The compressed pulse at 20 GHz is then passed through anoma-
lous dispersion (AD) HNLF for supercontinuum generation. We
studied the supercontinuum generated in two AD HNLFs with
different dispersion characteristics independently and observed
that a flat broadband spectrum is generated on propagation
through multi-segment AD HNLF at the point of soliton fis-
sion. Fig. 5 shows the corresponding spectra obtained exper-
imentally (solid curves) as well as through modeling (dotted
curves). The blue trace corresponds to the supercontinuum
generated using 31 cm long HNLF with lower anomalous dis-
persion at the pump wavelength (D = 2.2 ps/(nm·km), and
Dslope = 0.026 ps/(nm2·km). The green trace indicates the su-
percontinuum obtained in 17.5 cm long HNLF with higher AD
(D = 5.4 ps/(nm·km), and Dslope = 0.028 ps/(nm2·km)). The
HNLF with lower AD generates a dispersive wave (DW) around
1345 nm (blue trace) whereas the one with higher AD can pro-
duce DW at 1156 nm, wavelengths further away from the pump
(green trace).The total splicing loss through the combined tempo-
ral compression and supercontinuum generation fiber system is
measured to be ∼ 1.5 dB. This loss is attributed to the splicing be-
tween PM1550 and smaller core HNLF and has been included in
the input pulse energy to the respective fibers in the simulation.
Since the dispersion parameters of HNLF given by the manufac-
turer are only valid over a small wavelength band of ∼ 100 nm
around 1550 nm, the fiber dispersion parameters in simulations
were tuned to match the location of the dispersive wave in the
broad supercontinuum observed experimentally. This tuning
is performed after initially fixing the input pulse duration and
energy to the measured values. The corresponding dispersion
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tinuum generator, OSA: optical spectrum analyzer, RFSA: radio frequency spectrum analyzer.
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Fig. 5. Supercontinuum spectra generated with the com-
pressed pulses shown in figure 4. The blue, green, and red
traces are from the 57 fs driving pulse at 20 GHz in differ-
ent lengths of AD HNLF with dispersion values of D = 2.2
ps/nm.km (blue), D = 5.4 ps/nm.km (green) and hybrid (red).
The purple trace corresponds to an octave-spanning super-
continuum obtained in a 5 mm long SiN waveguide from the
50 fs driving pulse at 10 GHz. Experimental and simulation
results are shown as solid and dotted lines respectively. The
inset shows the 20 GHz comb modes around 1319 nm of the
supercontinuum generated from hybrid AD HNLF. The blue,
green, and red traces are vertically offset by 20 dB, and the
purple trace by 30 dB for clarity.

parameters used in simulations are D = 2 ps/(nm·km), Dslope

= 0.034 ps/(nm2·km) and D = 4.9 ps/(nm·km), Dslope = 0.023
ps/(nm2·km). This approach gives an efficient way to determine
the dispersion parameters of the commercially available HNLF
over a broad spectral range.

A smooth supercontinuum spanning 1150 nm to 1700 nm (red
trace in Fig. 5) is generated in a hybrid HNLF consisting of 19
cm long D = 2 ps/(nm·km) and 12 cm long D = 4.9 ps/(nm·km).
The length of the first lower dispersion AD HNLF is fixed before
the point of soliton fission and then the pulse train is propagated
through an appropriate length of the second AD HNLF to obtain
a flat broader spectrum. The zoomed-in trace of the resolved 20
GHz comb modes of the supercontinuum at 1319 nm measured
at 0.02 nm resolution on an optical spectrum analyzer is shown
in the inset of Fig. 5. The total average power measured in
free space after the multi-segment AD HNLF is ∼ 2.5 W, which
corresponds to more than 20 µW/mode around the dispersive
wave at 1150 nm.

In order to use these broadband spectra for high-impact
metrology applications, we need a self-referenced frequency
comb which in turn requires an octave-spanning spectrum. We
show that the temporally compressed 50 fs, 10 GHz comb source
developed in this work can readily generate an octave-spanning
spectrum (purple trace in Fig. 5) in a dispersion-engineered sili-
con nitride (SiN) waveguide. The waveguide fabricated by the
open access foundry Ligentec is 5 mm long with a cross-section
of 800 nm × 2500 nm and is silica clad. The average power
incident on the waveguide is 2.8 W and the measured total inser-
tion loss is ∼ 4.3 dB. Considering this reduction in input pulse
energy as well as the calculated frequency-dependent effective
index and nonlinearity parameter of the waveguide via finite
difference mode solver, the simulated spectrum (dotted purple
trace in Fig. 5) closely agrees with the recorded one.

C. Extending this approach to picosecond input pulses
Since electro-optic comb generators generally give picosecond
pulses in the time domain, we designed and implemented our
all-PM fiber temporal compression technique for longer picosec-
ond input pulses. Initially, the spectral bandwidth of our 10
GHz comb is reduced using the pulse shaper such that the in-
tensity autocorrelation after amplification to 3 W gives 923 fs
pulse on deconvolution (inset in Fig. 6(b)). Then, we propa-
gate the amplified pulses through 8.4 m of ND HNLF (D = -2.6
ps/(nm·km)) and 2 m of PM1550 to achieve a compressed pulse
duration of 100 fs as shown by the orange autocorrelation trace
in Fig. 6(b). Assuming chirped transform-limited pulses of the
amplified comb spectrum as the input, modeling results on the
propagation of the amplified pulses through 8.4 m of ND HNLF
and 1.82 m of PM1550 gives a compressed pulse duration of 93
fs, which is in close agreement with the experiment.

The resulting 100 fs pulse is then sent through a different
multi-segment dispersion-tailored AD HNLF for supercontin-
uum generation. Fig. 6(d) shows the supercontinuum (blue
curve) generated in hybrid AD HNLF consisting of 23 cm long
D = 2 ps/(nm·km) fiber and 8 cm long D = 5.6 ps/(nm·km)
fiber, and the corresponding modeled spectrum is depicted in
the red dotted trace. These fiber dispersion parameters and the
nonlinearity parameter value of 10.5 W-1km-1 are given by OFS.
The simulation results demonstrate better agreement with the
experiment on tuning the HNLF dispersion parameters to be
D = 1.3 ps/(nm·km), Dslope = 0.03 ps/(nm2·km) and D = 5.8
ps/(nm·km), Dslope = 0.027 ps/(nm2·km) respectively for the
given input pulse. The lengths of the fibers were fixed so that
soliton fission happens at the end of the multi-segment fiber
stage to produce a broad flat spectrum from 1160 nm to 1660 nm
as shown in the green trace of Fig 6(d). The 10 GHz comb modes
around 1375 nm are depicted in the inset of Fig. 6(d).

Finally, we demonstrate 10 GHz supercontinuum generated
from this 100 fs pulse in a specially designed fiber-packaged
tantalum pentoxide (Ta2O5) or tantala waveguide module fab-
ricated by Octave Photonics. The tantala waveguide is 19 mm
long with a cross-section of 800 nm × 2300 nm (Fig. 6(c)). The
waveguides have silica cladding and are fabricated on a silicon
wafer. The average power incident on the waveguide is ∼ 1.7 W
and the total insertion loss is measured to be 5.4 dB. We observed
a flat supercontinuum extending from 1050 nm to 1700 nm in
wavelength (blue trace in Fig. 6(d)). The simulation result in
tantala waveguide given by the purple dotted trace in Fig. 6(d)
shows reasonable agreement with the experimentally measured
spectrum. We estimated the nonlinearity parameter of Ta2O5
at 1550 nm to be 1.2 W−1km−1 and calculated the frequency-
dependent effective index of the waveguide via finite difference
fully vectorial mode solver in our nonlinear pulse modeling.

4. CONCLUSIONS AND FUTURE WORK

We presented a simple, all-PM-fiber approach for efficient non-
linear temporal compression to femtosecond pulses and super-
continuum generation from 10+ GHz frequency combs. Using
this scheme, we generated ultrashort pulses of duration 50 fs
and 57 fs with peak powers of 5.5 kW and 2.4 kW respectively
at 10 GHz and 20 GHz repetition rates. These pulses originated
from a resonant fiber-integrated waveguide-type electro-optic
comb generator. We have also demonstrated a flat supercontin-
uum spanning over 500 nm with more than 20 µW/mode from
these compressed pulses in a multi-segment dispersion-tailored
AD HNLF. The compressed pulses enabled the generation of an



AmplifiedND HNLF 
+ PM1550

(a)

(b)

Hybrid ADHNLF expt.

Hybrid AD HNLF
Simulation

Tantala
waveguide expt.

(d)

Tantala
Simulation

(c)
Chip

Si

Thermal SiO2

ICP - PECVD
SiO2 Ta2O5

w = 2300 nm

h = 800 nm

𝜏P = 923 fs 

𝜏AC
𝜏P = 100 fs

Measured

Simulated

Delay (ps)

Wavelength (nm)

dBm/nm

Fig. 6. (a) Optical spectra after amplification of the spectrally compressed, 920 fs 10 GHz comb pulses to 3 W (purple trace) and
propagation through a temporal compression stage consisting of 8.4 m of ND HNLF and 2 m of PM1550 (orange trace). The dotted
orange trace shows the simulated spectrum. The traces are offset by 18 dB for clarity. (b) Measured autocorrelation after amplifi-
cation (purple trace) and temporal compression (orange trace) of the 10 GHz comb. The measured pulse duration (τP = 100 fs) is
calculated from the autocorrelation width (τAC) considering a deconvolution factor of 1.41. The dotted green trace shows the cal-
culated autocorrelation of the compressed pulse (duration of 93 fs) obtained from the NLSE simulation. (c) Fiber-connectorized
tantala (Ta2O5) chip and its waveguide cross-section. (d) Supercontinuum spectra generated from the compressed 100 fs 10 GHz
pulses in a multi-segment AD HNLF (green trace) consisting of 23 cm of D = 2 ps/(nm·km) and 8 cm of D = 5.4 ps/(nm·km), and in
the tantala waveguide (blue trace). The dotted traces represent simulation results in the multi-segment AD HNLF (red) and tantala
waveguide (purple). The inset figure shows the 10 GHz comb modes around 1375 nm of the supercontinuum obtained using the
hybrid AD HNLF.

octave-spanning spectrum in a SiN waveguide, which in turn
showed the potential to stabilize our 10 GHz comb through self-
referencing. By employing this pulse compression scheme, we
achieved a high temporal compression ratio of 9× for picosec-
ond input pulses at 10 GHz and generated a supercontinuum
that spans 1050 nm to 1700 nm in tantala waveguides. The
simulation results on nonlinear pulse propagation have shown
excellent agreement with the experiment throughout.

The simplicity and robustness of our nonlinear spectral broad-
ening technique with off-the-shelf telecom components make
it compatible with other techniques for comb generation and
well-suited for applications such as astronomical spectrograph
calibration and fast acquisition of precise spectroscopic data.
Our 10+ GHz comb system also shows promise for generating
visible astrocombs via sum frequency generation in periodically
poled lithium niobate waveguides [79] and mid-infrared combs
for high-speed spectroscopy via intra-pulse difference frequency
generation in nonlinear crystals [52, 80]. Future work will in-
clude the study of the coherence and RIN of the supercontinuum,
with a focus on understanding the effect of the intrinsic electro-
optic cavity filtering on broadband microwave thermal noise.
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1. RESONANT ELECTRO-OPTIC COMB GENERATOR

We employ a compact Fabry-Pérot electro-optic frequency comb generator originally developed
by Kourogi et. al [1]. It consists of a fiber-integrated waveguide phase modulator in a resonant
Fabry-Pérot cavity that was fabricated by coating high-reflection films on the facets of a lithium
niobate waveguide (Fig. S1(a)). The finesse and free spectral range (FSR) of the optical resonator
are 58 and 2.5 GHz, respectively [2], which allows us to generate frequency combs with repetition
rates at integer multiples of the cavity FSR. This commercially available resonant electro-optic
comb generator (REOCG, Optocomb model: WTEC-01 [2]) is kept inside a metal housing as
shown in Fig. S1(b). The REOCG has a built-in temperature control unit and the temperature
of the cavity can be easily tuned to reach the resonance condition. The main advantage of this
resonant electro-optic comb generation over the cascaded EO modulators approach is its highly
efficient resonance modulation. It requires ∼10 times lower microwave power to generate the
same or even larger bandwidth spectra and it requires no external cooling for long-term use.

Temperature Control & Housing(a) (b)

Mirror Mirror

Fig. S1. (a) Schematic of the resonant electro-optic frequency comb generator (REOCG) that
consists of a fiber-integrated waveguide phase modulator with high reflection films on each
facet. (b) The commercially available REOCG is kept inside a metal housing.

One of the most interesting features of this resonant comb generator that distinguishes it from
cascaded EOM combs is its unique output characteristics in the frequency and time domains
[3–5]. In the frequency domain, the comb envelope resembles a double-sided exponential as
shown in Fig. S2(a). A symmetrical comb spectrum with maximum bandwidth is generated when
both the optical and microwave signals are resonant inside the cavity. As the beam circulates
forward and backward through a phase modulator inside the cavity, the comb modes above and
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below the seed frequency develop linear spectral phases with different slopes. This gives rise to a
fixed group delay between the two time-domain pulse trains that come into resonance with the
cavity as the effective cavity length is modulated (shown as the red and blue Lorentzian traces in
Fig. S2(b)). As a result, the time-domain output of the REOCG consists of two interleaved pulse
trains with a relative time delay. This time delay varies from zero to half the modulation period
depending on the detuning between the CW laser and the cavity resonance. At resonance, the
two interleaved pulse trains appear as a single pulse train at a repetition rate that is twice the
modulation frequency applied. In this work, we either overlap the two interleaved pulse trains or
remove one of them to achieve higher pulse energy by applying a group delay (in the case of 20
GHz) or by removing half of the optical spectrum (in the case of 10 GHz) using a pulse shaper.
When both the seed laser and microwave signal are resonant inside the cavity as in the ideal
condition, transmission through the REOCG can be approximated by modifying the transmission
formula for a Fabry-Pérot cavity by including the phase shift from the modulator. Using this
assumption, the transmitted electric field from the REOCG in time domain can be written as [3–5]

Et(t, β) ≈ √η
1− R

1− Rη exp [−iβ sin (2π fmt)]
Ei, (S1)

where η is the single-pass power transmission efficiency of the waveguide modulator (η = 0.976
[5]), R is the reflectance of the Fabry-Pérot mirrors (R = 0.97), β = π(V/Vπ) is the modulation
index (β ∼ 3 for 1 W RF power) and fm is the modulation frequency. In our device, the total
insertion loss is measured to be ∼ 25 dB. This includes the fiber-to-waveguide coupling loss
as well as the waveguide propagation loss. Interestingly, Loncar et al. have demonstrated an
improved pump-to-comb conversion efficiency for the resonant EO comb generator on thin-film
lithium niobate using two mutually coupled resonators [6].

192.2 192.25

Measured

Simulated

(a) (b)
192.25192.2

Fig. S2. (a) Optical spectral output of the REOCG. The measured spectrum is shown by the
green trace. The simulated spectrum is given by the red and blue traces. The rise in noise floor
due to amplification has not been considered in the simulated spectrum. The inset figure shows
the zoomed-in 10 GHz comb modes. (b) Temporal output of the REOCG showing the inter-
leaved pulse trains. Each pulse train corresponds to one side of the spectrum as indicated by
the red and blue colors.

Fig. S3 shows the Pound-Drever-Hall (PDH) technique [7, 8] employed for locking the comb
generator cavity length so that the detuning between the CW laser and the cavity resonance is held
at zero. In this scheme, the CW laser is amplified using an erbium-doped fiber amplifier (EDFA)
and then sent to the resonant electro-optic comb generator (REOCG) via a fiber circulator. The
light reflected from the comb generator is then collected through one of the circulator ports and
measured on a photodetector (PD). The PD output is compared with a phase-shifted modulation
signal (10 or 20 GHz) via a mixer. The mixer output signal is then sent to a servo (image shown
in Fig. S3). The phase of the modulation signal is adjusted to compensate for the unequal delay
between the two paths. The proportional and integral gain knobs are then tuned so that the DC
output from the servo locks the cavity length to the minimum of the reflected signal.

2. TEMPORAL COMPRESSION OF A CASCADED EOM COMB

To further show the versatility of our all-fiber temporal compression design, we tried employing
the same approach to the output of a frequency comb generated using cascaded electro-optic
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+550 nmCW 
1550 nm

10 GHz

REOCG

Temporal Temporal Temporal Compression and
Supercontinuum Generation

EDFA

PS×
PD Splitter

Servo

DC

Circ

Fig. S3. The basic layout of the Pound-Drever-Hall technique used for locking the comb gener-
ator cavity to the cavity-stabilized continuous wave (CW) laser. EDFA is erbium-doped fiber
amplifier, Circ is a fiber circulator, REOCG is the resonant electro-optic comb generator, PD is a
photodiode, and PS is a phase shifter.

modulators. In what follows, we describe the details of numerically modeling the comb generator
as well as the fiber temporal compression design.

58 fs

EOM output

EOM + 27 m PM1550

2.2 ps 411 fs

(a)

(b)

(c)

Fig. S4. (a) Optical spectral output of the cascaded EOM consisting of two phase modulators
(PM) and one intensity modulator (IM). (b) Schematic of the all-fiber temporal compressor. (c)
A compressed pulse duration of 58 fs is obtained on simulating the propagation of the band-
limited EOM output through 27 m PM1550 and then through the temporal compression fiber
design consisting of 3.2 m of ND HNLF (D = -2.6 ps/(nm·km)) and 56 cm of PM1550. The inset
shows the band-limited pulse of the EOM output assuming a flat spectral phase (blue trace)
and then propagating it through 27 m of PM1550 for initial temporal compression through
soliton effects (orange trace).

Initially, we simulated a general case in which a CW laser at 1550 nm seeds two phase mod-
ulators (PM) and one intensity modulator (IM) arranged in series. Each PM is driven by a 2 W
microwave signal at 10 GHz. The resulting simulated 10 GHz comb spanning ∼ 0.34 THz (or 3
nm) is shown in Fig. S4(a). The normal chirp from the phase modulators can be compensated
on propagation through PM1550 to obtain a band-limited pulse duration of 2.2 ps (blue trace in
the inset of Fig. S4(c)). The above band-limited pulses are then amplified to 3W (pulse energy
of 300 pJ at 10 GHz). In order to compress an input pulse duration greater than 1.5 ps with 300
pJ energy using our current all-fiber approach, the simulation (Fig. 1(g) in the main document)
predicts more than 36 m of ND HNLF (D = -2.6 ps/(nm. km)) to produce sub-100 fs pulse. It
may be possible to shorten the length of ND HNLF required by choosing the HNLF with a larger
normal dispersion value at 1550 nm or using additional phase modulators. However, in order to
get around this issue, we simulated propagating the 2.2 ps pulse through PM1550 for an initial
temporal compression via soliton self-compression (Fig. S4(b)). This occurs due to the combined
effect of anomalous dispersion and self-phase modulation which leads to the formation and
propagation of a higher-order soliton. The simulations show that the pulse duration reduces to
411 fs after propagation through 27 m of PM1550 (orange trace in the inset of Fig. S4(c)).
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The resultant pulse duration of 411 fs is then considered as input to our temporal compression
fiber design. Further compression can be efficiently achieved by spectral broadening in ND HNLF
and chirp compensation in PM1550. The simulation results give a compressed pulse duration of
58 fs on propagating through 3.2 m of ND HNLF and 56 cm of PM1550 as shown in Fig. S4(c).
Using this all-fiber design, we are able to predict a compression factor of ∼ 38 which is even
greater than that achieved in nonlinear nanophotonic waveguides [9].

Synthesizer Dielectric 
Resonant 

Oscillator (DRO)

SNR ~ 33 dB SNR ~ 37 dB

575 kHz 217 kHz(a) (b)

Fig. S5. Heterodyne beat between the optically filtered supercontinuum and a 1319 nm CW
laser with (a) an Agilent synthesizer, and (b) a DRO as source of the initial 20 GHz signal. The
linewidth and SNR of the beat signals are noted.

3. SUPERCONTINUUM COHERENCE

We performed optical heterodyne measurements as an initial step to check the coherence of the 20
GHz supercontinuum obtained with multi-segment AD HNLF. Initially, the supercontinuum is
passed through a bandpass filter centered at 1319 nm with a bandwidth of 12 nm. The heterodyne
beat between the filtered 20 GHz comb modes and a stable 1319 nm CW laser (JDSU model:
M126N-1319-350) on a photodiode is amplified and observed on the radio frequency spectrum
analyzer (RFSA) as shown in Fig. S5. We also studied the impact that the choice of the RF
oscillator had on the phase noise of the comb modes. The signal-to-noise ratio of the heterodyne
beat increased from ∼ 33 dB (Fig. S5(a)) with an Agilent E8257N synthesizer to 37 dB using a
dielectric resonant oscillator (DRO) as RF source (Fig. S5(b)). Both signals were measured on an
RFSA with a resolution bandwidth (RBW) of 100 kHz. It is also observed that the 3 dB linewidth
of the beat signal reduces by more than a factor of two on using the DRO as an RF source instead
of a synthesizer. These results indicate that we can improve the coherence of our supercontinuum
to a large extent by using low-noise RF oscillators and phase-locked loops. In the future, we plan
to extend this heterodyne beat measurement to frequencies further away from the pump and
study in detail the impact of input amplitude noise, and of the built-in cavity’s filtering of the
broadband microwave thermal noise, on the coherence of the generated supercontinuum.
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