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We propose a simple erbium-doped fiber ring laser. It consists of an inverse-Gaussian apodized fiber
Bragg grating filter which has two ultra-narrow transmission bands, and an unpumped erbium-doped
fiber as a saturable absorber. Stable dual-wavelength single-longitudinal-mode lasing with a wavelength
separation of approximately 0.082 nm is achieved. A microwave signal at 10.502 GHz is demonstrated by
beating the dual wavelengths at a photodetector.
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1. Introduction

Dual-wavelength single-longitudinal-mode (SLM) fiber laser
has attracted a lot of interests due to its ability to generate micro-
wave signals, which have potential applications in software-
defined radio, broadband wireless access network, optical sensing
systems and so on [1-3]. Such a dual-wavelength fiber laser is uti-
lized in microwave generation since it does not require a high-
quality microwave reference source and hence reduces the system
cost. So far, some works have been proposed to realize dual-
wavelength SLM lasing based on fiber Bragg grating (FBG) filters
[4-12], including phase-shift (PS) FBG [4,5], polarization-maintain-
ing (PM) FBG [6,7], equivalent phase shift (EPS) FBG [8,9], and an
FBG pair [10-12]. In this paper, we present a new method of gen-
erating a dual-wavelength SLM laser using an inverse-Gaussian
apodized (IGA) FBG (IGAFBG) that has been explained in detail in
our previous publications [13,14]. The system comprises an
IGAFBG and a saturable absorber (SA) in an erbium-doped fiber
ring laser configuration. It is found that this system produces stable
dual-wavelength SLM lasing with a wavelength spacing of
0.082 nm. The microwave signal thus generated at 10.502 GHz
beat frequency, by beating the two wavelengths at a photodetec-
tor, is also found to be extremely stable.
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2. Dual-wavelength passband filter based on an IGAFBG

The principle behind the use of IGAFBG as an ultra-narrow dual-
wavelength passband filter has been explained in [13,14]. A 20 mm
long IGAFBG was fabricated using the phase-mask scanning tech-
nique using a 53 mW UV light from a 244 nm frequency-doubled
argon laser focused through a cylindrical lens and a uniform phase
mask with a pitch of 1065.7 nm, onto the core of a hydrogen loaded
single-mode fiber. To realize the inverse-Gaussian apodization
function A(z) =1 — exp { [~4(In 2)22]/(L/3)2} (assuming that the
grating starts at —L/2 and stretches to L/2"in the z dimension),
we chose a scanning speed profile of the translation stage to be
V(z) =0.03 x (A(z) +0.1) "' mm/s to best fit the A(z) profile.
Fig. 1 shows the measured (solid line) and the simulated (dashed
line) transmission spectra of the IGAFBG. The two spectra are in
a good agreement with each other. The simulated result is obtained
using the transfer matrix method [15], with the effective refractive
index taken as 1.447, the grating length L taken as 20 mm, the grat-
ing period taken as 532.85 nm, the index modulation depth taken
as 1.6 x 107, and the inverse apodization function A(z) given
above. Two transmission bands at 1542.995 and 1543.077 nm with
ultra-narrow 3 dB bandwidths are observed in Fig. 1. Due to the
limited 0.01 nm resolution of the optical spectrum analyzer
(OSA) used in the experiment, the true 3 dB bandwidths of the
two transmission bands cannot be accurately resolved. The wave-
length spacing between the two channels is approximately
0.082 nm.
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Fig. 1. Transmission spectra of the IGAFBG filter with a wavelength spacing of
0.082 nm (two peaks are at 1542.995 and 1543.077 nm). Solid line, measured
spectrum. Dashed line, simulated spectrum.

3. Microwave generation from the proposed dual-wavelength
SLM fiber ring laser

The schematic diagram of the proposed dual-wavelength SLM
fiber ring laser is shown in Fig. 2. A 4 m long erbium-doped fiber
(EDF), pumped with a 1480 nm laser diode through a 1480/
1550 nm wavelength division multiplexer (WDM), serves as the
gain medium. An IGAFBG of length 20 mm, and whose transmis-
sion spectrum is shown in Fig. 1, acts as a dual-wavelength pass-
band filter with a wavelength spacing of 0.082 nm. A uniform
FBG with a Bragg wavelength at 1542.75 nm, transmittivity of
35dB, and a 3 dB bandwidth of around 0.16 nm, is tuned by
applying a strain along the fiber axis, to select and reflect the
two transmission bands of the IGAFBG. Fig. 3 shows the experi-
mentally measured transmission spectrum of the uniform FBG. A
2 m long unpumped EDF with an absorption coefficient of 5.2 dB/m
at 1530 nm serves as an SA (see Fig. 2) while the polarization
controller (PC) is used to fine tune the cavity birefringence. Laser
output was coupled out via the 10% port of the 90/10 optical
coupler (OC), of which 10% of it was monitored by an OSA. The
other 90% output power was channeled to the photodetector
(PD) after the amplification by an erbium-doped fiber amplifier
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Fig. 2. Schematic diagram of the proposed fiber ring laser.
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Fig. 3. Experimentally measured transmission spectrum of the uniform FBG.

(EDFA). The microwave signal at the output of the photodetector
was monitored using an electrical spectrum analyzer (ESA). By
adjusting the PC carefully under a 230 mW pump power, we
obtained a stable dual-wavelength lasing. Fig. 4a shows the
repeated scans of the two lasing lines at a 6-min interval over an
hour at room temperature. The laser emits simultaneously at
1542.996 and 1543.078 nm with a wavelength separation of
0.082 nm, which match the two transmission bands of the IGAFBG
shown in Fig. 1. The optical signal-to-noise ratio (OSNR) for these
two lasing lines is more than 30 dB. The laser output power fluctu-
ation is shown in Fig. 4b, which shows that the maximum power
fluctuation at the dual wavelengths is less than 1 dB, illustrating
good stability in the output power of the fiber laser. The wave-
length variation is beyond the resolution limit of the OSA, which
is shown in Fig. 4c. A microwave signal was observed in the ESA
and Fig. 5a shows the measured result in a 20 GHz span with a res-
olution of 1 MHz. Only one beat frequency was observed, which
suggests that the dual-wavelength fiber laser is operating in SLM
at the lasing wavelengths. Fig. 5b shows the result in a 2 MHz span
with a resolution of 10 kHz. The central frequency of the micro-
wave signal is approximately 10.502 GHz, corresponding to a
wavelength separation of 0.082 nm of the two lasing lines. The
central frequency shift is within 1 MHz, and shows good stability
with time. The 3 dB bandwidth of the microwave signal is less than
10 kHz.

4. Discussion

It should be noted that, without the injection of the unpumped
EDF as an SA, the SLM operation cannot be obtained in such a long
cavity laser. The reason is explained as follows. In our experimental
setup, the total cavity length of the fiber ring laser is approximately
equal to 15 m when the SA is removed. Therefore, the free spectral
range (FSR) of the laser cavity will be close to 13.3 MHz and to
achieve an SLM operation, the 3 dB bandwidth of each of the two
transmission bands in the IGAFBG must be smaller than twice
the cavity FSR, which is around 26.6 MHz, corresponding to a
0.21 pm bandwidth. Although it is confirmed that the proposed
IGAFBG consists of two ultra-narrow bandwidth transmission
bands, their actual bandwidths cannot be determined using the
0.01 nm low-resolution OSA. Hence it is possible that the 3 dB
bandwidths of the two transmission bands are greater than
0.21 pm, in which case no SLM operation can be achieved, as veri-
fied experimentally. However with the SA incorporated into the
ring cavity, we were able to obtain an SLM operation successfully.

It is well known that, a large absorption coefficient of an EDF
corresponds to a small optical power within the fiber laser and vice
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Fig. 4. (a) Lasing spectra taken at a 6-min interval over 1 h with dual-wavelength at
1542.996 and 1543.078 nm, (b) output power fluctuation and (c) emitting
wavelength variation with scanning time.

versa. When lightwave propagates into the unpumped EDF, a
standing wave can form within the fiber, which then distributes
the spatial optical power periodically along the full length of the
unpumped EDF. This leads to a periodical variation of the absorp-
tion coefficient along its length and hence a periodical refractive
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Fig. 5. Electrical spectrum of the beat signal. (a) 20 GHz span with resolution of
1 MHz and (b) 2 MHz span with resolution of 10 kHz.

index variation along the unpumped EDF based on the Kramers-
Kronig relation [16], thus inducing a weak FBG. In our experiment,
the unpumped EDF has a low Er ion concentration of 3 x 10'8 Er**/
cm? and the average injection power is less than 20 mW, so that
the average refractive index change is estimated to be less than
3 x 1077 [17]. The 3 dB bandwidth of the induced FBG can then

be calculated using Af = ((:/).)[ZAn/(neff)h)]\/(An/2neﬁ)2 + (A/Lg)?
[18,19], where c¢ is the speed of light in vacuum, and
A = 2/(2neg) is the grating period. Here we have used a wave-
length 2 = 1540 nm, a grating length L, = 2 m, an effective refractive
index ng =148, and an average refractive index change
An < 3 x 1077 to estimate the 3 dB bandwidth of the self-induced
FBG. The estimated 3 dB bandwidth is Af< 14.3 MHz. With the
cavity length of the fiber laser being approximately 19 m after
incorporating the SA, which corresponds to a 10.5 MHz cavity
FSR, it is obvious that the 3 dB bandwidth of the induced weak
FBG is less than twice the laser cavity’s FSR and hence an SLM oper-
ation with the dual-wavelength lasing is guaranteed.

Although in principle, an SLM operation can still be obtained by
removing the SA from the cavity, it will require a short laser cavity
length to ensure a sufficiently large cavity FSR. This can be
achieved by shortening the length of the pumped EDF. However,
such shortening will lead to an unexpected drop in the round-trip
medium gain of the laser, resulting in a loss of lasing with time.
One way to compensate for this loss of gain due to the shortened
EDF is to replace it with a highly doped EDF. Such EDF has a high
absorption coefficient which will cause its inherent temperature
to increase thus affecting the stability of the fiber laser.

It may also be argued that, two cascaded uniform FBG at differ-
ent Bragg wavelengths or a single sampled FBG can substitute the
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IGAFBG filter to generate an SLM operation. Unfortunately, the two
reflected peaks provided by the two cascaded FBGs can hardly
achieve the small wavelength spacing of 0.082 nm, since the band-
width of each uniform FBG is broad and the two reflected peaks
will overlap when cascaded. Furthermore, IGAFBG has advantages
over a sampled FBG, since it has no physical gaps in its grating
structure [14].

By changing of the IGAFBG with different wavelength spacings,
e.g., 0.146 nm, 0.1 nm and 0.07 nm [13], microwave signals at
around 18.25 GHz, 12.5 GHz and 8.75 GHz can be generated in
principle, which shows the flexibility of the proposed technique.
Furthermore, as discussed in [14], the wavelength spacing between
the two passbands of an IGAFBG could be continuously tuned
through a tunable linear chirp on the grating, which may be real-
ized by applying a strain gradient. The simulation result in [14]
shows that it is possible to continuously change the wavelength
spacing from 0.164 nm down to 0.14 nm for an IGAFBG. Hence,
the proposed fiber laser may generate a tunable microwave signal
from ~20.5 GHz to ~17.5 GHz.

5. Conclusions

We have demonstrated a stable dual-wavelength SLM laser
based on an IGAFBG filter and a saturable absorber, with a wave-
length spacing of 0.082 nm. A microwave signal at 10.502 GHz
has been generated, whose stability is better than 1 MHz and a
3 dB bandwidth of less than 10 kHz at room temperature. It has po-
tential applications in wireless communication, sensing systems
and radio-over-fiber systems.
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