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Abstract: A broad-band optical frequency comb with flexible frequency spacing and center wavelength is proposed and experimentally
demonstrated. The proposed scheme consists of a single continuous-wave laser, cascaded Mach-Zehnder modulator (MZM) and
phase modulator (PM), two-stage dispersion-flattened highly nonlinear fibers (DF-HNLFs) and a single-mode fiber (SMF) in between. A
narrow-band frequency comb is generated in the MZM and PM and a broad-band frequency comb is achieved by self-phase
modulation (SPM) based spectral broadening in DF-HNLFs. Since the DF-HNLF has low dispersion over a wide wavelength range, the
central wavelength of the generated frequency comb can be tuned from 1535 nm to 1564 nm. In addition, the central wavelength of
frequency comb has a potential to be extended to L-band according to the dispersion profile of the DF-HNLF and the operation
bandwidths of the MZM and PM. By tuning the driving radio-frequency (RF) signal, the frequency spacing of the generated frequency
comb can be tuned. In the experiment, the frequency spacing of 25 GHz and 40 GHz has been achieved.

Index Terms: fiber non-linear optics; frequency combs; fiber optics systems.

1. Introduction

The past several years have witnessed a phenomenon that optical frequency combs have been investigated in numerous
applications such as metrology [1], [2], spectroscopy [3], optical communications [4] and terahertz (THz) wireless technology
[5] and the chaotic systems [6]. In particular, high-quality frequency comb has recently become promising for coherent
communications, offering a large number of optical carriers for wavelength-division multiplexing (WDM) transmission system
[71, [8], [9], [10]. The tones of a frequency comb are intrinsically equally-spaced in frequency. In addition, the mutual carrier
coherence from the same source can also facilitate efficient mitigation of fiber nonlinearity in the transmission [11].

A typical technique to generate broad-band frequency comb is based on mode-locked lasers (MLL) [12], [13], however,
the tunability in terms of center wavelength and frequency spacing is severely limited. Another approach for frequency comb
generation is based on electro-optic modulators, which has been demonstrated with flexibility and tunability of frequency
spacing and center wavelength [14], [15], [16]. Although these demonstrations show the tunability of frequency comb without
compromising the complexity of the system, one common disadvantage is the generated comb has a rather narrow
bandwidth. To achieve a broad-band frequency comb, nonlinear spectral broadening based on self-phase modulation in a
highly nonlinear fiber (HNLF) is usually needed [17], [18], [19]. However, this usually leads to limited tunability of the center
wavelength of the frequency comb, since the center wavelength of the input pulse is usually required to be close to the
zero-dispersion wavelength of the HNLF. So far, a broadband frequency comb with widely tunable center wavelength and
frequency spacing has not been demonstrated yet.

In this paper, we experimentally demonstrate a broad-band frequency comb with widely tunable center wavelength and
frequency spacing, using cascaded electro-optic modulators and dispersion-flattened (DF)-HNLFs. In our scheme, a
continuous-wave (CW) light is modulated by a Mach-Zehnder modulator (MZM) and a phase modulator (PM), which is
compressed into a short pulse by passing through a dispersive element, and then launched into two-stage DF-HNLFs for
frequency comb spectral broadening. Since the DF-HNLF used in the experiment has a low dispersion over a broad
wavelength range, it allows for the tunability of the center wavelength. Frequency spacing can be tuned by changing
radio-frequency (RF) signal. In this experiment, the broad-band frequency comb with the wavelength tunability from
1535 nm to 1564 nm and frequency spacing of 25-GHz and 40-GHz has been achieved. For the 25-GHz frequency spacing,
the grenerated fEquencycombdhas as30rdBoaimawidithref:1RByMamohBR v servdd32t rprblatithiedential wavelehgthiels35 nm,
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1550 nm and 1564 nm, respectively; for the 40-GHz frequency spacing, the generated frequency comb has a 30-dB
bandwidth of 155 nm, 155 nm and 164 nm at the central wavelength of 1535 nm, 1550 nm and 1564 nm. Furthermore, we
also investigate the bandwidth of the broadened frequency comb for different launched powers into the DF-HNLFs.

2. Experimental Details
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Fig. 1. Experimental setup of generating broad-band optical frequency comb with tunable center wavelength and frequency spacing. CW-laser: continuous-wave
laser, RF: radio frequency, PM: phase modulator, MZM: Mach-Zehnder modulator, ODL: optical delay line, EDFA: erbium-doped fiber amplifier, PC: polarization
controller, Amp.: Amplifier, SMF: single mode fiber, HP-EDFA: high-power erbium-doped fiber amplifier, OBPF: optical bandpass filter, DF-HNLF:
dispersion-flattened highly nonlinear fiber, OSA: optical spectrum analyzer.

The block diagram of the experimental setup for broad-band frequency comb generation with tunable center wavelength and
frequency spacing is shown in Fig. 1. A CW light emitted from a tunable laser is modulated by cascaded MZM and PM,
which are driven by a RF sinusoidal signal. By changing the frequency of the driving RF signal, the frequency spacing of the
generated frequency comb can be adjusted. By adjusting the delay line in between the MZM and the PM, the positive chirp
generated in the PM is reserved and the negative chirp is removed due to pulse carving in the IM [20]. The positive chirp is
then compensated by passing through a 400 m single mode fiber (SMF) and the pulse is compressed into a short pulse with
a full width at half maximum of 2.5 ps. The short pulse is amplified by a high-power EDFA (HP-EDFA) and filtered by a 5-nm
bandpass filter before launching into DF-HNLFs. Based on the self-phase modulation (SPM), broad-band frequency comb is
generated in the DF-HNLFs. In this experiment, two-stage DF-HNLFs with the same physical property but different lengths
of 200 m and 400 m are used. A single mode fiber (SMF) is inserted in between two DF-HNLFs in order to compensate the
dispersion of the DF-HNLF1. The pulses at the output of the DF-HNLF1 are further compressed in time domain after the
dispersion compensation and the peak power of the pulses is increased, therefore the spectral broadening in the DF-HNLF2
is enhanced. It is noted that, as shown in Fig. 2, the DF-HNLF is designed to have low normal dispersion over a broad
wavelength range, making it possible to achieve SPM based frequency comb broadening at tunable center wavelengths
within C and L band. In the experiment, we have demonstrated center wavelength tunability from 1535 nm to 1564 nm for
the generated broad-band frequency comb.
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Fig. 2 Dispersion profile for the dispersion-flattened highly nonlinear fiber (DF-HNLF)

3. Results and discussion
3.1. Broad-band optical frequency comb generation with flexible central wavelength

We first investigate the tunability of center wavelength for the generated frequency comb with 25-GHz frequency spacing.
Since the DF-HNLF used in the experiment has low dispersion in a wide wavelength range, the central wavelength of the
frequency comb can be tuned flexibly. By tuning the wavelength of the CW laser and center wavelength of the optical
bandpass filter, the broad-band frequency comb can be generated at the center wavelengths of 1535 nm, 1550 nm and
1564 nm, respectively, as shown in Fig. 3, Fig. 4 and Fig. 5. For the launched power of 30 dBm, the 30-dB bandwidths of
the generated frequency combs are 125 nm, 132 nm and 132 nm for the center wavelengths of 1535 nm, 1550 nm and
1564 nm, respectively. The bandwidth of the frequency comb is slightly larger for the longer wavelength since the DF-HNLF
has lower dispersion at the longer wavelength.
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Fig. 3. Broad-band frequency comb generation with the center wavelength of 1535 nm and the frequency spacing of 25-GHz. (a) with 24 dBm launched power; (b)
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Fig. 4. Broad-band frequency comb generation with the center wavelength of 1550 nm and the frequency spacing of 25-GHz. (a) with 24 dBm launched power; (b)
with 27 dBm launched power; (c) with 30 dBm launched power.

—
QD
T

Power
(10 dB / div)
T
1

~—~

b)[

Power
(10 dB / div)

~—~

30dB

it ufsaneun. | T

1460 1480 1500 1520 1540 1560 1580 1600 1620 1640 1660
Wavelength (nm)

Power
(10 dB / div)

Fig. 5. Broad-band frequency comb generation with the center wavelength of 1564 nm and the frequency spacing of 25-GHz. (a) with 24 dBm launched power; (b)
with 27 dBm launched power; (c) with 30 dBm launched power. Inset is the zoom-in of measured frequency comb with 30 dBm launched power.
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Fig. 6. Broad-band frequency comb generation with the frequency spacing of 40-GHz and 30 dBm launched power. (a) with the central wavelength of 1535 nm; (b)
with the central wavelength of 1550 nm; (c) with the central wavelength of 1564 nm.

For the 25-GHz frequency comb with 1564 nm center wavelength and 30 dBm launched power, there are totally ~660
comb lines within the 30-dB bandwidth, therefore the average power per comb line is ~1 dBm taking into account of ~1 dB of
insertion loss of the DF-HNLFs. The linewidth of the generated frequency comb is supposed to be preserved compared to
the seed laser, as expected given the correlated phase of the seed laser [21]. In addition, we also investigate the impact of
the launched power on the bandwidth of frequency comb. When the launched power is higher, the bandwidth of the
frequency comb becomes larger. As shown in Fig. 3, the 30-dB bandwidth of the generated frequency comb with 25-GHz
spacing is 55 nm, 94 nm and 125 nm, respectively, for the launched power of 24 dBm, 27 dBm and 30 dBm.

3.2. Broad-band optical frequency comb generation with frequency spacing

Furthermore, the tunability of frequency spacing is also investigated for the generated frequency comb. In order to tune the
frequency spacing of the frequency comb from 25 GHz to 40 GHz, the driving RF signal is adjusted to 40 GHz and the
driving narrow-band RF amplifier is replaced by the one with a center frequency of 40 GHz. As shown in Fig. 6, the
frequency comb with 40-GHz frequency spacing is generated with center wavelengths of 1535 nm, 1550 nm and 1564 nm.
For the launched power of 30 dBm, the generated frequency comb with 40-GHz frequency spacing has a 30-dB bandwidth
of 155 nm, 155 nm and 164 nm at the central wavelength of 1535 nm, 1550 nm and 1564 nm, respectively. The dispersion
profile of the DF-HNLF is not uniform along the fiber and there are dispersion variations over a broad wavelength range,
which causes the varying spectral envelope of the generated comb.

4. Conclusions

In summary, we have experimentally demonstrated a broad-band frequency comb with flexible center wavelength and
frequency spacing. Broad-band frequency comb is achieved by using cascaded intensity modulator and phase modulator
followed by two-stage DF-HNLFs. By adjusting the seed laser wavelength, the center wavelength of the broad-band
frequency comb can be tuned, since the DF-HNLFs have a low dispersion over a broad wavelength range. By adjusting the
driving RF signal, the frequency spacing the frequency comb can be adjusted. For the launched power of 30 dBm, the
generated 25-GHz frequency comb has a 30-dB bandwidth of 125 nm, 132 nm and 132 nm and the 40-GHz frequency
comb has a 30-dB bandwidth of 155nm, 155 nm and 164 nm at the wavelength of 1535 nm, 1550 nm and 1564 nm,
respectively.
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