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Abstract: Dual-wavelength fiber lasers have become an attractive candidate for the last few years in the area
of optical imaging, optical communication, optical sensing, microwave, and terahertz signal generation. It
offers small size, inexpensive, and simple fabrication along with high scalability to the existing state-of-the-
art microwave-photonics networks. In this paper, we demonstrate experimentally a switchable dual-
wavelength fiber laser for the generation of the radio frequency signals in the millimeter band (up to 110
GHz). The fiber laser is based on a nonlinear polarization rotation ring-cavity consisting of erbium-doped
fiber and a high birefringence fiber of 1 m and 10 m length, respectively. By proper adjustment of the laser
cavity birefringence via controlling the polarization controllers in the laser cavity, the laser output spectrum
can be tuned to attain a dual-wavelength spacing in the range of 0.1 nm-0.89 nm to generate flexible and
stable millimeter waves with an adjustable span of 12.3 GHz to 110 GHz. The obtained results reveal the
potential of the proposed laser to be used to realize different microwave-photonic systems/networks, for
instance, 5G networks, internet of things, surveillance and monitoring, remote sensing, self-driving vehicles,
photonics-based radar systems, meteorology and so on.

Index Terms— Dual-wavelength Fiber lasers, microwave photonics, tunable fiber lasers, 5G.
1. Introduction.

Switchable and tunable multi and dual-wavelength fiber lasers (DWFL) have attracted significant research
interests recently due to their wide industrial applications, especially in the futuristic telecommunication
industry, meteorology, automotive industry, remote sensing, LiDAR industry, and material processing
related units. Such lasers have great potential and possibilities to be utilized in the implementation of
futuristic 5G networks like a radio over fiber systems [1, 2], free space optics [3, 4], hybrid microwave-
optics systems [5], intelligent transport systems [6,7], satellite communication systems [8], LiDAR [9-11],
and Terahertz (THz) radiation applications [12, 13]. Moreover, DWFLs are playing a significant role in
generating stable millimeter (mm) waves as compared to the conventional microwave signal generation
techniques. Though the generation of mm-wave signals has been traditionally limited exclusively within the
radio frequency domain, the recent developments in photonics have augmented the opportunities of the
generation of mm-waves optically. In addition, the significant benefit of this technique is the generation of
phase-coherence and low phase-noise mm-wave signals with a wavelength spacing corresponding to the
desired mm-wave band.

Various technigques have been explored for the generation of photonics-based microwave signals such as
dual lasers with different wavelengths locked by optical phase-locking and/or injection phase-locking
technique [14-15], external optical modulation [16], synchronized dual-mode laser [17], optical
heterodyning techniques [15]. These techniques are not only generating non-tunable mm-waves with low
phase-stability due to low phase coherence of the dual-lasers but also complex- and expensive- approaches.
Nevertheless, these systems can generate good quality beat signals and have established many applications,
however, they offer poor spectral purity and imperfect phase coherence. On the other hand, the fiber laser
as an optical mm-wave generation source offers low phase-noise, less power consumption, narrow
linewidth, and has been used as an alternative technology to overcome the weakness of the aforementioned
techniques. To generate dual-wavelengths using fiber lasers, the most widely used techniques are
incorporating of an optical filter into the laser’s cavity, for instance, Mach Zehnder interferometers [18],
fiber-based Sagnac fiber loop mirror [19] and Fabry-Pérot interferometers [20], fiber Bragg gratings (FBG)
[21, 22] superimposed chirped FBG [23, 24], large-angle tilted FBG [25], and multimode interference
(MMI1) [26] or by using graphene saturable absorber [27]. But, the homogeneous gain-broadening in the
gain-media causes a strong mode-competition and inherent instability. This is a big challenge to achieve a
stable dual-wavelength generation using erbium-doped fiber laser (EDFL) in the 1550 nm wavelength
region at room temperature. Moreover, it is difficult to achieve the stable dual-wavelength pulse-operation
by increasing the wavelength spacing. Many techniques for mitigating the mode-competition have been
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devoted to achieve stable dual-wavelengths, for instance, using inhomogeneous loss mechanisms [20], the
polarization hole burning-effect [28], cooled Er-doped fiber in liquid nitrogen (77K) [29]. Another approach
based on the nonlinear properties including four-wave mixing (FWM) [30-32], stimulated Brillouin
scattering [33, 34] and dual-wavelength phase-shifting interferometry [35, 36] have also been utilized to
enhance the stability of the multi-wavelength fiber lasers.

However, these techniques are costly, complex, and require high-quality tunable microwave reference
source. Therefore, it becomes imperative to explore some alternative simple and cost-effective switchable
DWFLs having the potential to generate high phase-stable mm-wave signals over a wide spectral range.
Subsequently, in this paper, the authors demonstrate a switchable DWFL laser for generating the radio
frequency signals in the mm-wave band with high quality and stability in a simple, compact and economical
fashion in the laboratory environment. The proposed dual-wavelength laser is carried out by incorporating
a 10 m of HiBi fiber in a ring-structure cavity along with two polarization controllers. Further to use it as a
birefringent filter, we used the HiBi fiber to mitigate the inhomogeneous broadening of the Er-doped gain
fiber. It is also easily integrated into the fiber-laser cavity that allows the accurate wavelength filtering to
provide uniform wavelength-spacing. Moreover, the spacing between the generated dual-wavelengths can
be switched over a wide range of spectral regions (ranging from 0.1 nm to 0.89 nm) in order to generate
mm-wave signals with frequency-tuning capability over the range of ~12.3 GHz to ~110 GHz in a tunable
step of ~10 GHz. This can be attained by beating the two wavelengths via a simple adjustment of the state
of polarization (SOP) in the laser-cavity. The presented work is structured as: Section 1 describes the earlier
reported work for different techniques used to generate mm waves; Section 2 describes the experimental
setup of the proposed DWFL laser; Section 3 discusses the outcomes of the proposed DWFL and is followed
by the concluding part as Section 4.

2. Experiment Setup.

A simple and compact configuration of the proposed switchable DWFL set-up in the lab environment is
illustrated in Fig. 1(a). A 980-nm laser diode is used as a pump source to pump a 1-m single-mode erbium-
doped active fiber (Liekki Er80-8/125) via a wavelength-division-multiplexer (WDM-980/1550 nm). Two
polarization controllers (PCs) are used inside the cavity to perform the nonlinear polarization rotation
(NPR). Also, the set-up includes a polarization-independent optical isolator to ensure unidirectional
propagation. The laser-cavity also contains a bow-tie geometry of high birefringence (HiBi) fiber of 10-m
length with a numerical aperture of 0.125. The core and cladding diameters of HiBi fiber are 8.5 um and
125 um, respectively. A 90:10 fused fiber output coupler is used to redirect the 90% of the signal power to
the laser cavity and 10% of it for the spectral and temporal analysis. Therefore, the overall cavity length is
measured as 20.1 m.

The authors used HiBi fiber as an optical filter inside the laser cavity to enhance the dual-wavelength
stability by preserving the state of polarization (SOP). This fiber boasts an extreme birefringence with the
polarization beat-lengths approaching 2.5 mm. Hence, the laser net cavity-birefringence is the entirety of
HiBi and SMF fibers birefringence that have been controlled using the two PCs in order to attain a stable
lasing action in/out of the lab environment. Also, HiBi fiber can be easily incorporated into the laser-cavity
and offers an accurate wavelengths-filtering over a broad spectral-band (provides a usable bandwidth of 100
nm) to attain a uniform channel-spacing in comparison with the existing filtering techniques. However, the
existing filtering techniques in the literature experience some limitations including complex fabrication,
non-tunable, and highly sensitive to the environment.

Fig. 1(b) shows the measured output power from 10% of the output coupler vs pump power. Further, the
laser output is observed by using a photo-detector (InGaAsUDP-15-IR-2_FC) with a bandwidth of 17 GHz
connected to a 2.5 GHz sampling oscilloscope (Tektronix DPO7254). The polarization properties have been
studied using a commercial polarimeter (Thorlabs IPM5300) with 1 ps resolution with an interval of 1 ms
(25-40000 round-trips) to measure the normalized Stokes parameters Si, Sz, S3, and degree of polarization
(DOP). The Intra-cavity PCs are tuned to study the polarization dynamics. An optical spectrum analyzer
(Yokogawa AQ6317B) with a maximum resolution of 20 pm, and radio frequency spectrum analyzer (FSV
Rohde Schwarz) were used to observe the optical and the RF spectrums respectively.
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Fig. 1. (a) The experimental setup of the proposed switchable dual-wavelength fiber laser; (b) the measured output
power from the 10% of the output coupler vs pump power.

3. Results and Discussions.

Dual-wavelength output spectra of the demonstrated experiment are shown in Fig. 2 at a pump power of 20
mW. By the adjustment of the laser net-birefringent cavity via a controlled tuning of the PCs, a dual-
wavelength lasing is attained with a wavelength spacing of 0.1 nm as shown in Fig. 2(a) that analogous to
12.3 GHz. It is worth noting that the dual-wavelength output is located at 1560.0 nm and 1560.1 nm, with a
very narrow linewidth of 0.125 nm and 0.13 nm, respectively. By tuning the two PCs carefully, the two-
wavelength lasing peaks are shifted and the wavelength-spacing is increased from 0.1 nm to 0.89 nm
sequentially which corresponds to the beating frequency in the span of 12.3 GHz to a 110 GHz as shown in
Fig. 2(b-g) over a span of 4 nm. The largest wavelength spacing is 0.89 nm which corresponds to a beating
frequency of 110 GHz, which is achieved with the demonstrated experiment. And, the two laser peaks are
located at 1559.54 nm and 1560.43 nm with a narrow linewidth of 0.12 nm and 0.1 nm, respectively.
Moreover, the adjustment of the PCs tunes the HiBi based mode-beating filter to control the total cavity
birefringence. This leads to generating a dual-wavelength lasing action at the low pump-power with tunable
wavelength-spacing and hence, increases the free spectral-range of the HiBi filter. It is apparent from Fig.
2 that the generated dual-wavelength has a small and slow amplitude variation which may be attributed to
the wavelength dependence of the phase-shifts between the two PCs. Further, the beat signals corresponding
to the wavelength-spacing of the demonstrated laser output are measured after the photo-detection using the
computer-based Optisystem™ photonic software as shown in Fig. 3. The RF spectra show the beat signals
of the last four highest frequencies 56 GHz, 77 GHz, 86 GHz, and 110 GHz corresponding to the
wavelength-spacing 0.48 nm, 0.63 nm, 0.7 nm, and 0.89 nm respectively. The outcomes reveal that by a
controlled tuning of the laser cavity birefringence, the demonstrated DWFL laser has the ability to generate
such high carrier frequencies that can be used in different 5G networks and LiDAR-based applications.
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Fig. 2. Switchable DWFL based generation of  Fig. 3. Measurements of Beat signals after photo-detection
waveforms with wavelength-spacing of (a) 0.1  at (a) 59.1 GHz, (b) 77.6 GHz, (c) 86.2 GHz, and (d) 110
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nm; (f) 0.7 nm; and (g) 0.89 nm.



It is also observed from the carried out experiment that the center-wavelength of the laser-cavity is fixed
around 1560 nm, while the passbhand spacing between the two defined wavelengths is varied from~ 0.1 nm
to ~ 0.89 nm via a controlled adjustment of the two PCs. Moreover, the center-wavelength is observed well
consistent with the passband spacing defined by the HiBi fiber. Upon entering through the HiBi fiber, it
preserves the state-of-polarization of these emitted wavelengths at the linearly polarized state inside the
laser-cavity. The fine-tuning of the PCs produce the output of the demonstrated dual-wavelength laser with
nearly identical peaks with a maximum power of ~-11.48 dBm and ~ -10.64 dBm as shown in Fig. 2. It is
also observed that the distribution of the dual-wavelength in the laser-cavity is highly dependent on the
polarization states of the two emitted wavelengths.

Further, to investigate the stability of the generated dual-wavelength lasing, the authors have measured
the output spectra over 60 min as illustrated in Fig. 4(a), with an interval scanning of 10 minutes. It is
apparent from Fig. 4(a) that the optical-spectra shows a high stable laser-output without displaying any
wavelength-shift during the observation period of measurements. Also, a high optical signal-to-noise ratio
(= 40 dB) for both the peaks is measured. The dual-wavelength modes are observed at 1559.5 nm and
1560.35 respectively with a wavelength spacing of 0.85 nm. The wavelength fluctuations of 0.04 nm and
0.03 nm along with their power fluctuations of 0.46 dB and 0.32 dB, respectively, are measured over the
observation period of 60 minutes which claims a good power uniformity and stability. The stable dual-
wavelength operation may be attributed to the upholding of SOP using HiBi fiber and to effectively suppress
the mode-competition of the homogenous line-broadening and cross-gain saturation in the Er-doped fiber.
However, the insertion of the PCs with HiBi into the cavity provides a wavelength-dependent polarization
rotation and varies the SOPs across the multiple wavelengths. The authors also believe that both the PCs
and HiBi together help to achieve an optimum amplification performance at low pump-power by managing
the SOPs to attain a linearly polarized output. This further leads to a stable and switchable DWFL laser in
the laboratory environment. Further, the beat length (Ls) is calculated (Fig. 4(b)) as a function of the dual-
wavelength spacing that fluctuates from ~1.3 mm to ~12 mm. This computes the difference between the
two orthogonal polarization refractive-indices and is measured in the range of minima to maxima as
1.35x10™ to 1.2x107 in this experiment.
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Fig. 4. (a) The stability spectra of the switchable DWFL-based generation with wavelength-spacing of 0.85 nm at
observation time of 60 minutes; (b) the beat-length and the two orthogonal polarization refractive-indices variation as
a function of different dual-wavelength spacing.

Therefore, the authors have characterized the SOP dynamics using a polarimeter by measuring the
normalized Stokes parameters, i.e. S1, Sz, S3, and the degree of polarization (DOP). Fig. 5 illustrates a stable
polarization operation for most of the observed dual-wavelength regimes (as for 0.1 nm-0.48 nm) in the
Poincare sphere with the axis defined by the three Stokes parameters. These stable and slow polarization
dynamics indicate a high coherent coupling between the two orthogonal polarization which leads to
producing a single-pulse (mode-locked) regime due to the synchronization of two orthogonal SOPs.
Furthermore, in the cases of 0.7 nm and 0.89 nm, it is observed that the laser system starts desynchronizing
the two orthogonal SOPs at 0.7 nm while it attains a complex chaotic regime at 0.89 nm as shown in Fig.
5 (a). This indicates an incoherent coupling between the two orthogonal polarizations as the DOP is
decreased to less than 40% (Fig. 5(b)). Moreover, this synchronization and coupling behavior can be
described via the vector resonance multimode instability [37].
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Fig. 5. (a) the SOP; (b) DOP of the switchable dual-wavelength fiber laser-based generation at different wavelength
spacing, 1 - 0.1 nm; 2-0.29 nm; 3 - 0.48 nm; 4 - 0.7 nm; and 5 — 0.89 nm.

Furthermore, the authors have measured the corresponding radio frequency (RF) spectrum, with a resolution
bandwidth of 3 Hz as shown in Fig. 6(a). When the pump power increases to 20 mW, it is observed that the
self-started pulses occur with a repetition rate of 9.945 MHz. As shown in Fig. 6(a), the central frequency
is 9.945 MHz with a spectral width of 3.46 kHz, which agrees with the pulse repetition rate interval of 100.5
ns shown in Fig. 6 (b). The signal-to-noise-ratio (SNR) is measured as =~ 70 dB, indicating the high stability
of the laser output. Fig. 6(c) shows the measured pulse duration of about 1ps at the stability of the switchable
DWFL-based generation at 0.85 nm.
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Fig. 6(a). The frequency spacing between the neighboring beat-signals is 9.945 MHz, (b) corresponding time interval
of 100.5 ns which corresponds to a cavity length of about 20.1 m; (c) the measured pulse duration at the stability of
the switchable DWFL-based generation at 0.85 nm.

4. Conclusions.

We demonstrated experimentally a simple, economical, highly phase-stable, easily scalable, and a
switchable dual-wavelength fiber laser successfully for the generation of millimeter waves over a wide
frequency range in mm-wave band. A controlled and fine-tuning of the laser cavity birefringence via a piece
of HiBi fiber in conjunction with two PCs, the generated dual-wavelength can be switched over a broad
wavelength-spacing range, i.e. 0.1 nm to 0.89 nm which corresponds to the beating frequency of ~12.3 GHz
to =110 GHz. The authors believe that the proposed dual-wavelength fiber laser could have potential
opportunities in the development and implementation of the futuristic 5G and LiDAR transmission systems
along with some state-of-the-art meteorology and high-precision spectroscopy applications.
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