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Abstract: The generation of high-repetition-rate optical frequency combs
with an ultra-broad, coherent and smooth spectrum is important for many
applications in optical communications, radio-frequency photonics and
optical arbitrary waveform generation. Usually, nonlinear broadening
techniques of comb-based sources do not provide the required flatness over
the whole available bandwidth. Here we present a 10-GHz ultra-broadband
flat-topped optical frequency comb (> 3.64-THz or 28 nm bandwidth with
~365 spectral lines within 3.5-dB power variation) covering the entire C-
band. The key enabling point is the development of a pre-shaping-free
directly generated Gaussian comb-based 10-GHz pulse train to seed a
highly nonlinear fiber with normal dispersion profile. The combination of
the temporal characteristics of the seed pulses with the nonlinear device
allows the pulses to enter into the optical wave-breaking regime, thus
achieving a smooth flat-topped comb spectral envelope. To further illustrate
the high spectral coherence of the comb, we demonstrate high-quality
pedestal-free short pulse compression to the transform-limited duration.
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(060.5060) Phase modulation; (060.5530) Pulse propagation and temporal solitons; (190.7110)
Ultrafast nonlinear optics; (230.2090) Electro-optical devices; (320.5520) Pulse compression.
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1. Introduction

Optical frequency combs with a high degree of coherence, excellent spectral flatness,
stability, as well as a broad bandwidth at high repetition rates are desirable for various
applications such as wavelength division multiplexing [1], optical orthogonal frequency
division multiplexing [2], and optical arbitrary waveform generation [3].

The most recent efforts to generate very broad optical frequency combs with high
repetition rates in the range of 10 to 1,000 GHz involve the use of parametric frequency
conversion in ultrahigh-quality-factor monolithic microresonators [4] or cascaded highly
nonlinear fibers (HNLF) [5]. Although very promising due to the huge spectral bandwidth,
these approaches do not provide the high degree of flatness [4] or reconfiguration flexibility
[5] required by some mentioned applications. Furthermore, the microring-resonator based
combs may be temporally partially coherent which limits the performance in, e.g. short pulse
generation [6-8].

Alternatively, a more established approach to generate optical frequency combs with
repetition rates up to tens of GHz is by employing cascaded electro-optic modulators [9—-11].
This approach is very versatile because the comb’s repetition rate can be continuously tuned
independently of the optical center frequency. Unfortunately the efficiency of the electro-
optic modulation limits the resulting bandwidth to several nanometers at best without
compromising the complexity of the setup. Instead, one can use nonlinear optics to achieve
further broadening [12—14]. This has been reported using dispersion-flattened fiber [12] or
dispersion decreasing fiber [13,14]. However, typical electro-optic frequency comb
generators are configured to provide a relatively flat optical spectrum, and the corresponding
sinc-like temporal profile is far from optimum to preserve the flatness while achieving the
broadening [13,14]. Reference [15] is an exception, in which the comb bandwidth is
broadened while keeping the flat-topped comb profile based on a cascaded four-wave mixing
scheme in a length of HNLF with near zero dispersion. However to increase the flat comb
bandwidth to >10 nm is experimentally very challenging.

Prior investigations in spectral broadening of high-rep-rate temporal pulse trains from
actively mode-locked lasers [16-20] or electro-optic frequency comb generator [21] showed a
high degree of flatness with broad bandwidth when sech [17,18], parabolic [18,19] or
Gaussian [20,21] profile pulses are launched into an HNLF operating in the normal dispersion
regime. However, achieving this kind of temporal pulse shapes directly (i.e., without optical
pre-shaping [21-24]) from an electro-optic frequency comb generator has remained
challenging. Recently, we have shown the synthesis of a Gaussian-shaped comb [25] using
the concepts of time-to-frequency mapping [26—29]. Here, we show that the temporal profile
emerging from this comb can be used as a seed to achieve an ultra-broad optical spectrum (>
3.64-THz or 28-nm) with excellent flatness (more than 365 lines within 3.5 dB power
variation) and a high-degree of coherence. To illustrate the high-degree of stability and
coherence of the source, we demonstrate pulse compression to the transform-limited duration.

2. System setup and results

|r ~ ::_ T Ea]?_s@f@se__érﬁr&u;n ________ : If 1. SPM-Broadened | Iﬁﬁ Short Pulse Generation |
110 GHz | l—’, || Comb Generation | (Spectral Window |
| DC Bias %) DC Bias %jDC Bias AMP sS4 T : | + Phase Compensatlon) :
| F 1 Il |

cw I\ [Pulse '
:—‘IM1— M3 — PM2 i Horoe — AC
| SMF740m shaper I

Fig. 1. Experimental scheme to generate supercontinuum flat-topped comb and the application
for high quality temporal pulse compression. CW: continuous wave; IM: intensity modulator;
PM: phase modulator; PS: phase shifter; AMP: RF amplifier; SMF: single-mode fibers; PC:
polarization controller; OFA: Er-Yb-doped optical fiber amplifier; HNLF: highly nonlinear
fiber; AC: autocorrelator.
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Figure 1 shows the system setup to generate super-continuum flat-topped optical comb and
the application for high-quality short-pulse compression. The whole setup is composed of
three subsystems as follows:

2.1. Gaussian pulse generation

The first part of Fig. 1 explains our Gaussian-shaped comb generation scheme [25]. Briefly,
the synthesis concept is based on time-to-frequency mapping theory, where quadratic and
periodic temporal phase causes the spectral envelope generated at the output of the phase
modulators to mimic the input intensity profile [26-29]. The Gaussian comb is generated by
cascading three intensity modulators (IMs) for gating Gaussian pulses and two phase
modulators (PMs). The PMs are driven by a “quasi-quadratic” temporal signal, which is
formed by combining the first and second harmonics from an RF oscillator with an
appropriate power ratio which improves the approximation to the target quadratic phase
profile [25], resulting in significantly improved time-to-frequency mapping [11]. By
cascading two phase modulators driven at their maximum RF input power (30 dBm), we
double the total modulation index seen by the gated Gaussian pulse and double the number of
comb lines. The RF oscillator in our experiments is set to 10 GHz, which determines the
repetition rate of the comb to 10 GHz. At 10 GHz, V, is ~9 V for the IM’s and ~3 V for the
PM’s. IM1 and IM2 are both biased at 0.5 V, with RF drive amplitude 0.5 V. IM3 is biased
at the maximum transmission point with RF drive amplitude V, .

We note that to scale the scheme presented here to substantially beyond the current 10
GHz repetition rate raises practical challenges, both because of the need for the frequency
doubler circuit itself and because the phase modulators must have a bandwidth equal to twice
the repetition frequency. Our group has recently demonstrated similar improvements in the
comb spectrum by exploiting four-wave-mixing in HNLFs and achieved ultraflat [15] or
Gaussian-like [30] optical frequency comb generators without the use of a frequency doubler.
These related schemes may be better suited for scaling to higher repetition rates. The 10 GHz
repetition rate demonstrated here is already sufficiently high for application to comb-based
RF photonics amplitude [25] and phase [31,32] filters.

. ! p 1
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Fig. 2. Experimental results [25]. (a) Experimentally measured optical spectrum of the
frequency comb generated from Fig. 1 (blue) with Gaussian fit (red); (b) Experimentally
measured comb phase (blue) with quadratic fit (red) vs. comb line number which increases in
wavelength; (c) Normalized intensity autocorrelation (blue) of the output pulse after comb
propagation through 750 m of SMF and calculation (red) based on the comb spectrum in (a)
assuming a flat phase on a linear scale.

Figure 2(a) shows the optical spectrum of the output comb, which has ~40 lines, and
whose shape agrees very well with a Gaussian fit. The power in the central 23 lines matches
within a standard deviation of 2% to an ideal Gaussian shape. Figure 2(b) shows the spectral
phase of the comb (blue) vs. comb line number which increases in wavelength measured
using a linear optical implementation of spectral shearing interferometry [33]. The phase has
quadratic profile (red), as expected. This indicates that pulse compression can be
accomplished using the appropriate length of single-mode fiber (SMF). The blue solid curve
in Fig. 2(c) shows on a linear scale the measured intensity autocorrelation of the output pulse
after passing the comb in Fig. 2(a) through 740 meter of SMF. The theoretical intensity
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autocorrelation (red dashed curve) taking into account the measured comb spectrum and
assuming a flat phase is plotted as well. The excellent agreement between the two curves
indicates high-quality pulse compression to the bandwidth-limit duration. The measured
autocorrelation trace shown in Fig. 2(c) has 4.35 ps full width at the half maximum (FWHM),
corresponding to a deconvolved 3.1 ps pulse width assuming a Gaussian pulse shape.

2.2. SPM-Broadened flat-topped supercontinuum comb generation
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Fig. 3. Simulation results (a) Propagating Gaussian pulse in 150 m HNLF with 1.7 W average
power. Initial pulse with 3-ps FWHM (black), output pulse (blue) and corresponding
autocorrelation trace (red); (b) Output optical spectrum envelope (blue) and phase (black) with
quadratic fit (red).

Next, in order to perform spectral broadening, the transform-limited Gaussian pulse was
amplified with an Er-Yb-doped optical fiber amplifier (OFA) and fed into 150 meters of
HNLF with dispersion —1.88 ps/nm/km (as specified by the manufacturer), nonlinear
coefficient of 10 (W+km)™" and fiber attenuation of 0.22 dB/km as shown in the second part of
Fig. 1. Figure 3 shows our simulation results from solving the nonlinear Schrodinger equation
using the split-step Fourier method [34]. For a qualitative study, we simulate the initial input
pulse as a single perfect Gaussian-shaped profile with 3-ps FWHM as shown in black dotted
trace of Fig. 3(a). The blue trace in Fig. 3(a) shows the output broadened pulse. Figure 3(b)
shows the simulated output comb spectrum envelope (blue) and phase (red) with quadratic fit
(black). The spectral phase has a quadratic profile within the turning points of the shoulders
of the comb spectrum. From a practical perspective, a specific length of SMF can be used to
compensate for most of the spectral phase. Figure 4 shows the experimental output ultra-
broadband flat-topped optical frequency comb spectrum when we tune the power of the OFA
to 1.7 Watt. This comb shows excellent broadening and a flatness corresponding to 3.5 dB
variation over 3.64 THz (28 nm or 365 lines), similar to the simulation prediction in Fig. 3(b).
The characteristics of this comb source are promising for the realization of high-performance
microwave photonic filters [30], where the ultimate limit in the achievable time-bandwidth
product is directly proportional to the number of comb lines. This supercontinuum comb has
already been demonstrated to be a promising source for such applications, with excellent
stability in spectral amplitude, a large number of comb lines, and a broad bandwidth
contributing to programmable microwave photonic phase filters with record time-bandwidth
product [32].

We note that regions of the simulated intensity profile of Fig. 3(a) exhibit a nearly vertical
rise or fall. Furthermore, the simulated and experimental spectra, Figs. 3(b) and 4,
respectively, show clear spectral sidelobes on either side of the flat-topped central region.
These observations are indicators that the pulse has entered into the wave-breaking regime
[34-36]. This nonlinear phenomenon has been exploited as a route to achieve smooth and
broad spectra with a high degree of stability [35] when pumped with bell-shaped pulses, and
is gaining increasing popularity for applications requiring high-quality ultrashort-pulse
compression [37]. Our experiments indicate that this phenomenon can also take place in the
high-repetition-rate regime and is indeed suitable for applications involving electro-optic
frequency comb generators.
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Fig. 4. Experimental optical power spectrum after propagation in 150-m HNLF with 1.7-W
pulse average power before HNLF measured with 0.01nm OSA resolution. A spectral window,
equivalent to a bandpass filter, keeps the center spectrum with linear chirp.

We have also performed measurements — at a lower average power level (0.75 W) — to
test the stability of the comb. Figure 5 (a) shows the simulated optical spectrum (blue) with
spectral phase (black) and quadratic fit (red) at 0.75 W average power. Comparing with the
simulated comb spectrum at 1.7 W average power in Fig. 3(b), the comb bandwidth in Fig.
5(a) is somewhat decreased due to the reduced pump power. We repeatedly measured the
comb spectrum using an OSA set for 0.01 nm spectral resolution, recording 14 spectra over a
period of approximately 70 minutes. The output comb spectrum has 237 lines (18.6 nm or
2.36 THz) within 4.5 dB power variation as shown in Fig. 5(b). Figure 5(c) provides data on
the stability of each of the individual comb lines over this data set. Most of the comb lines
have variations with standard deviation below 0.1 dB. The average and median standard
deviations of all the comb line variations are 0.08 dB and 0.09 dB, respectively. The largest
fluctuations are observed for the four lines closest to the input CW laser (1542 nm), with a
standard deviation ranging from 0.35 dB to 0.66 dB. Overall, this indicates the stability of this
comb source can be very good.
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Fig. 5. Stability analysis: (a) Simulated optical spectrum (blue) with spectral phase (black) and
quadratic fit (red) at 0.75 W average power. (b) Optical spectrum measured with 0.0lnm OSA
resolution. (c) Stability analysis which shows spectral amplitude standard deviation of each
comb line versus the number of comb line and wavelength after approximately 70 minutes of
measurements.
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2.3. Application for short pulse compression

Maintaining a high degree of coherence across the entire bandwidth of the supercontinuum
obtained by picosecond pump pulses is challenging [16]. According to a previous study, the
situation improves when the HNLF is designed to have a normal dispersion profile [14], since
the amplification of input noise due to modulation instability is avoided. Thus, apart from
offering a smooth and broad spectrum, an HNLF with normal dispersion should provide a
supercontinuum with high degree of coherence too. In order to demonstrate the high quality
of our broadened comb as well as the spectral stability, we perform a pulse compression
experiment in this section. The broad supercontinuum was attenuated by 10-dB and sent to a
commercial pulse shaper (FinisarWaveshaper 1000S), as indicated in Fig. 1. The output from
the shaper was measured with an autocorrelation apparatus. When the pulse shaper was
programmed as an all-pass filter, the autocorrelation trace has a roughly triangular shape,
much broader than the initial Gaussian pulse [black dotted trace in Fig. 6(a)] before the
HNLF. The approximately triangular autocorrelation is roughly as expected for the flat-
topped intensity profile predicted in the nonlinear wave-breaking regime in Fig. 3. The slight
narrowing of the experimental autocorrelation trace (Fig. 6(a)) relative to the simulated one
(Fig. 3(a)) is attributed to the dispersion in the short SMF between HNLF and the pulse
shaper. From Fig. 3(b), one can conclude that the central part of the spectrum can be easily
compensated for by introducing the right amount of dispersion. In order to compensate for the
comb phase, we first programmed the pulse shaper to apply the amount of quadratic spectral
phase that maximized the second-harmonic generation (SHG) at the zero delay position of the
autocorrelation setup. Figure 6(b) shows the measured autocorrelation trace (blue) with very
large pedestal. Similar to what was observed in [18], the measured trace does not match the
calculated autocorrelation based on the input comb spectrum assuming a flat phase. An
explanation is that the outer part of the spectrum, as shown in the simulation of Fig. 3(b),
deviates from quadratic phase. To overcome this limitation, we programmed the pulse shaper
to apply a spectral window [38] that selects the central 20 nm of the supercontinuum comb as
shown in Fig. 4. In this region the phase remains approximately quadratic and the spectrum
maintains an approximately rectangular profile. Again we programmed the pulse shaper to
apply the amount of quadratic spectral phase that maximized the SHG at the zero delay
position. The autocorrelation now shows a high-quality pedestal-free trace as shown in the
blue curve of Fig. 6(c), which has an excellent correspondence with the calculated one taking
into account the measured spectrum after windowing and assuming a flat spectral phase. The
ability to achieve pulse compression to the transform-limit indicates a high degree of
coherence across the comb spectrum —i.e., the relative phase of the different comb lines do
not vary significantly in time [39]. The autocorrelation width is 533 fs FWHM. To estimate
the actual pulse width, we calculate the transform-limited intensity profile and estimated its
width to be 490 fs FWHM, as shown in Fig. 6(d).
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Fig. 6. Application of the flat-topped super-continuum comb for short pulse compression.
Measured autocorrelation traces of the initial Gaussian pulse, after compression, at the output
of the first box in Fig. 1 shown as black traces in (a)-(c)); (a) Blue trace: measured
autocorrelation trace of pulse with the whole spectrum of super-continuum comb without
phase compensation; (b) blue trace: measured autocorrelation trace of pulses with the whole
spectrum of super-continuum comb after quadratic phase compensation; red trace: calculated
autocorrelation trace with the input super-continuum comb assuming a flat phase; (c) blue
trace: measured autocorrelation trace of pulse with the truncated spectrum of super-continuum
comb after quadratic phase compensation; red trace: calculated autocorrelation trace with the
truncated super-continuum comb assuming a flat phase. An excellent agreement between the
experimental and simulated autocorrelation traces indicates accurate spectral phase
compensation. Inset is the zoom-in of measured pulse autocorrelation trace. The corresponding
pulse shape is calculated in (d).

3. Conclusion

In summary, we have generated a flat-topped optical frequency comb at 10-GHz repetition
rate covering the whole C-band with >3.64 THz or ~365 lines within 3.5 dB power variation
by seeding a directly generated 3.1-ps Gaussian pulse train from an electro-optic modulated
comb followed by a HNLF in the normal dispersion regime. The combination of broad
bandwidth, flatness and the demonstrated high degree of coherence should enable further
applications in ultrafast photonics such as microwave photonic phase filters [31,32], for
which the accurate synthesis of optical waveforms with a large time-bandwidth product is of
paramount importance.
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