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Abstract—We have systematically studied the 45<tilted fiber
grating (45TFG) as a functional device for Erbium doped fiber
laser (EDFL) mode locking. A number of 45TFGs with different
polarization dependent loss (PDL) have been fabricated. Mode
locked Erbium doped fiber laser using these devices have been
characterized in terms of threshold, pulse duration, signal to noise
ratio (SNR), and spectral width. Our results show that a 45TFG
with higher PDL could achieve better laser results. By using a
45TFG with 24dB PDL, the mode locked laser has 8.1%
conversion efficiency and a threshold of 200mWw.

Index Terms—fiber gratings, fiber lasers, laser mode locking

1. INTRODUCTION

LTRAFAST fiber lasers emitting ultrashort pulses have

attracted a lot of attention in the past decade due to their
compact size, high beam quality, low cost, maintenance free and
alignment free. They have been found wide applications in the
areas of ultra-precision, metrology, micro machining, medical
imaging, telecommunication and fundamental scientific
research [1]-[5]. To obtain ultrashort pulses, the laser generally
require a saturable absorber to achieve the mode locking
mechanism. Various approaches have been developed since the
early days of ultrafast lasers including physical light intensity
absorbers such as semiconductor saturable absorption mirrors
(SESAMs) [6], [7], carbon nanotubes [8], [9], graphene [10],
[11], topological insulators [12], [13], black phosphorous [14],
[15], and most recently transition-metal dichalcogenides
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(TMDs) [16], [17]. However, these physical absorbers either
have bandwidth limitation or stability issues. Furthermore, the
production of these materials are not very much low cost.
Moreover, the implementation of these absorber materials
always break the all-fiber structure of the laser system. On the
other hand, artificial saturable absorbers based on Kerr
nonlinearity of the optical fiber generally use low cost telecom
fiber components and are inherently fiber compatible i.e.
nonlinear optical loop mirror (NOLM), nonlinear amplifying
loop mirror (NALM) and nonlinear polarization rotation (NPR).
Among these, NPR is still the driving horse of the artificial
mode locker which currently outputs the shortest light pulse
duration from the oscillator at 1.5 pm region [18].

Fiber gratings, firstly demonstrated in 1970s [19], have been
extensively investigated from the fundamental theory to
applications in optical communication [20], nonlinear signal
processing [21], various types of sensors and lasers [22], [23].
With its inherent fiber format, the fiber grating devices have
been intensively applied as reflection mirrors of fiber laser
cavity [24]. Standard fiber grating devices have a typical
periodic structure of refractive index modified planes
perpendicular to the light propagation direction or fiber axis.
This one dimensional photonic crystal structure allows coupling
of the forward propagating core mode into either backward
propagating core mode [25] or forward propagating cladding
modes depends on the grating structure [26].

Furthermore, another type of fiber grating with tilted grating
planes have attracted a lot of attention in the last decade. By
breaking the symmetry of the fiber cylinder structure, these
titled fiber grating devices always possess polarization
properties. One specific TFG is the 45TFG that the grating
planes tilt at 45° with respect to the fiber axis. Based on the
Brewster angle principle, such device shows strong polarization
dependent loss (PDL) across a wide range of wavelength.
Various applications have been implemented using the 45TFGs
such as PDL equalizer [27], in-fiber polarimeter [28], in-fiber
polarizer [29], spectrometer [30], interference filter [31] and
fiber lasers [32]. We have previously demonstrated that 45TFG
can effectively mode lock an Erbium fiber laser in a soliton
regime. In this paper, we systematically study how the
properties of a 45TFG affect the fiber laser mode locking
performance.

The paper has been organized as following. In section II, we
will briefly describe the principle, fabrication of 45TFG. A
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series of 45TFG with various PDL has been fabricated. In
section III, the experimental detail of the soliton fiber laser will
be given. In section IV, experimental results of soliton laser
with different 45TFG will be compared in terms of pulse
duration, bandwidth, time bandwidth product (TBP), SNR,
output power, calculated timing jitter etc. Finally, the discussion
and conclusion will be given in section V.

II. FABRICATION & CHARACTERIZATION OF 45TFG
The 45TFG has been UV inscribed in hydrogenated SMF28

fiber using typical phase mask scanning technique. In [31], C. B.

Mou et al describe the detailed fabrication of 45TFG. Four
45TFGs have been fabricated under the same UV exposure
fluence and scanning length with various scanning speed. In our
experiment, all the gratings have a fixed scan length of ~25mm
that is defined by the physical length of the effective area of
phase mask. To characterize the 45TFGs, a commercial optical
component analyzer (LUNA vector analyzer) incorporated an
external high precision tunable laser (Agilent 8164, 1pm
resolution) was utilized. The measured PDLs of the four
45TFGs have been shown in Figure. 1(a). The PDL values of
45TFGs are 54 dB, 9 dB, 14 dB, and 24 dB under the
wavelength of ~1555 nm, respectively. It is found
experimentally that a lower scanning speed would lead to
45TFG with strong PDL. This corresponds well with our
theoretical prediction that under the same UV fluence and
scanning length, the slow speed indicates a large index
modification hence a stronger grating i.e. strong PDL [30]. The
measured insertion losses (ILs) of these fabricated elements are
depicted in Fig. 1(b). We can see from Fig. 1(b) that, all the ILs
are controlled around 4 dB. The reason why IL looks so large is
owing to the fact that this IL contains both s-light and p-light.
Actually, p-light shows low IL when the light transmit through
the 45TFG. In both measured PDL and IL spectra, the curves
looks slightly noisy and rippled, this is mainly due to the
application of high resolution tunable laser and refractive index
mismatch of air/cladding [32]. Nevertheless, one could notice
that the spectra of the 45TFG are rather flat without obvious
spectral features. This also proves the excellent property of a
broadband polarizer. The measurement in our experiment is
limited by the wavelength tuning range of the tunable laser. As
one may be aware that the strong PDL and low IL could further
extend to wavelength region less than 1530 nm. This is indeed
expected based on the previous theoretical study [33]. In this
paper, we will focus on the polarization properties of 45TFG
around 1550nm region.

III. FIBER LASER CONFIGURATION

The schematic of the passively mode locked Erbium doped
fiber laser based on a 45TFG is shown in Fig. 2. The laser
consists of ~62.5 cm of commercial Erbium doped fiber (EDF,
Liekki ER 80-8/125) as the gain medium with a peak absorption
of 80 dB/m. The dispersion of the EDF is estimated to be -20
ps?km. 2.2 m corning flexcor optical fiber corresponds to

pigtails of wavelength division multiplexor (WDM) with
anomalous dispersion of -5.8 ps?’km. The remainder is
composed of SMF-28 with anomalous dispersion B, = -22.8
ps*/km. Therefore, the whole laser cavity is ~17 m, fitting well
with the measured fundamental repetition rate of ~12 MHz. A
980nm laser module is employed to pump the laser cavity
through a WDM. The maximum power of the pump LD is
660mW. 20% of the laser light has been extracted out of the
cavity through a fused 20:80 fiber coupler. A polarization
independent isolator (PI-ISO) is used to ensure single direction
operation of the fiber laser cavity. The 45TFG is spliced into the
cavity to maintain the all fiber format configuration. Two in-line
polarization controllers (PCs) have been mounted at each end of
the 45TFG to perform NPR mode locking. To maintain the
comparison consistent, the 45TFGs spliced into the laser cavity
have been carefully controlled with similar length (~50mm).
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Fig. 1. (a) PDL profiles, and (b) IL spectra of 45TFGs from 1525 nm to 1608
nm.

An optical spectrum analyzer (OSA, Yokogawa AQ6370C),
a commercial autocorrelator (AC, Femtochrome FR-103HS), a
high speed photodiode (PD, Newport 818-BB-51F), a RF
spectrum analyzer (RFSA, Siglent SSA3032X) and an
oscilloscope (OSC, Tektronix MSO04104) are used to
characterize the laser performance. A commercial optical power
meter (OPM, Thorlabs PM 100D) is employed to collect the
data of average output power.
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Fig. 2. Schematic of mode locked Erbium doped fiber laser based on a 45TFG.

IV. EXPERIMENTAL RESULTS

At first, we build a mode locked fiber laser based on a 45TFG
with the PDL value of 5.4 dB. By carefully adjusting the intra
cavity PCs, we can achieve a typical soliton-like spectrum
centered at 1559.1 nm with a bandwidth of 2.5 nm under the
pump power of 160 mW as shown in Fig. 3(a). The typical Kelly
side bands structure indicates strong soliton pulse shaping
within the laser cavity. The pulse duration is measured to be 1.5
ps through the corresponding autocorrelation (AC) trace that
fits well with Sech?. Then, we replace the 45TFG with different
PDL including 9 dB, 14 dB and 24 dB while keeps the total
length of the cavity almost constant. This was confirmed by the
measured similar repetition rate of each laser. As described in
Fig. 3(b)-(d), the pulse width is measured to be 1.3 ps, 860 fs,
and 830 fs with the optical spectral bandwidth of 2.8 nm, 4.1 nm
and 4.4 nm. All the optical spectra features soliton type Kelly
side bands and all the AC traces match well with Sech? fitting.
The reason why we choose the 160 mW as the reference is due
to the fact that continuous wave (CW) component will occur
from time to time when the mode-locked threshold is reached
based on the low PDL 45TFG. Owing to the mode locking
hysteresis [34] and the reduction of the intra-cavity nonlinearity,
the optical spectra were recorded in the state without CW
component when the pulse trains are stable. However, stable
mode locking without CW component were easily observed
while we use a 45TFG whose PDL value is larger than 10 dB.
Therefore, we usually employ those 45TFGs with large PDL
value to carry out ultrafast laser experiments [35]. It can be seen
from Fig. 3(a)-(d) that the central wavelength of mode locked
laser has a slightly shift when the 45TFG changed. Since the
state of PC is different under each individual mode locking state,

the intra-cavity nonlinearity will change to cause spectra shift
[36].
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Fig. 3. Optical spectra and AC traces (inset) of passively mode locked Erbium
doped fiber laser based on 45TFGs with PDL of (a) 5dB, (b) 9dB,(c) 14 dB,
(d)24dB under the pump power of 160 mW.



(@)

=
=}
!

|83.9ns |

Voltage (a.u.)
o
T

0.0

-500 0 500
Time (ns)

(b)

&
o
N

61.9dB

I
S
N

IIntensity (dBm)

=

o

o
1

-120

12.0
Frequency (MHz)

11.6 12.4

IN
o
!

60

Intensity (dBm)
o)
o

-100

0.0 0.5 1.0
Frequency (GHz)

Fig. 4. (a)Mode locked pulse trains showing in the oscilloscope, (b) Typical RF
spectrum of fundamental repetition rate with the span of 1 MHz and resolution
bandwidth (RBW) of 1 kHz, (c) RF spectrum with the span of 1GHz and RBW
of 10 kHz.

Figure. 4(a) depicts the typical measured mode locked pulse
trains with a period of 83.9 ns according well with the length of
cavity by employing both of OSC and PD. The RF spectrum is
brought to characterize the stability of output laser. It can be
seen clearly from Fig. 4(b), the signal of fundamental repetition
rate centers at ~11.9 MHz with a SNR of 61.9 dB which shows
highly stable pulse generation. | GHz RF spectrum with RBW
of 10 kHz in wide frequency range indicates a desired mode
locking operation described in Fig. 4(c).

In order to have a better understanding about the influence on
laser output performance by changing the PDL of 45TFG, we
have carried out four sets of similar experiments. By increasing
the pump power monotonically, we effortlessly get the mode
locking thresholds and conversion efficiencies of four EDFLs.
As shown in Fig. 5(a), an intuitive diagram about the

relationship between pump power and output power can be
achieved. Along with the enhanced PDL value from 5.4 dB to
24 dB, the threshold decreases from 310 mW to 220 mw when
the conversion efficiency of EDFL increases from 3.9 % to
8.1 % monotonically as depicted in Fig. 5(b). Under the pump
power of 160 mW, we investigate whether the value of PDL has
an impact on TBP, SNR, time jitter and energy fluctuation based
on the same laser cavity. In this case, TBP and SNR basically
maintain a stable state with the increase of PDL. Thus, we also
can infer from Fig. 5(c) that 0.015 and 1.6 dB variation of TBP
and SNR are achieved, respectively. According to the methods
depicted in [37], we can estimate At/T = 7.7 x 107,
corresponding to the time jitter At = 6.5 ps. In addition, we also
can apply the before-mentioned approach to calculate the pulse
energy fluctuation AE/E ~ 0.08 %. By comparing the lasers with
45TFG under different PDL values, it is noticed that the
changes in the calculated time jitter and energy fluctuation are
so small shown in Fig. 5(d). This is useful because slight change
(a few dBs) in PDL could be easily obtained during the
fabrication, the output performance of the mode-locked EDFL
will not be significantly affected. Therefore, 45TFG is an ideal
in-fiber polarizing element in mode locking fiber lasers.
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Fig. 5. (a)Average output power variations with the increasing pump power
(red line is the linear fitting of the relationship between output power and pump
power), (b) Threshold and conversion efficiency variations of the enhancing
PDL value, (c) TBP and SNR changes with different PDL value under the pump
power of 160 mW, (d) Calculated time jitter and energy fluctuation along with
elevating PDL value under the pump power of 160 mW.

V. DISCUSSION & CONCLUSION

In summary, we have done a systematic experiment about
performance of laser output by using the same all-fiber Erbium
doped laser cavity based on 45TFGs which own different PDL.
In particular, this EDFL based on a 45TFG with a PDL value of
24dB owns a repetition rate of 11.9 MHz, a bandwidth of 4.4 nm,
a SNR of 61.9 dB, a pulse duration of 830 fs and an average
output power of 6.6 mW. With the PDL value enhanced from
5.4 dB to 24 dB, threshold variation from 310 mW to 220 mW
has been obtained under the conversion efficiency variation
from 3.9 % to 8.1 %. In addition, the TBP, SNR, calculated time
jitter and energy fluctuations keep a small floating state under
the same pump power of 160 mW. It can be seen from the results
that a 45TFG with high PDL would generate shorter pulse
duration with lower threshold. A higher conversion efficiency
could also be achieved under the soliton pulse regime. For
future work, we would like to explore fabrication of 45TFG
with much higher PDL i.e. >40dB to achieve better laser results.
The ultimate goal is to fabricate 45TFG with polarization
properties comparable to existing bulk polarizers. On the other
hand, we are developing 45TFGs in short length i.e. <Imm with
high PDL. This would be useful for building lasers with high
repetition rate. Moreover, the timing jitter of the demonstrated
laser is not of practically low. We would also like to carry out
further studies on reducing the phase noise of mode locked fiber
laser based on 45TFGs.

The systematic investigation of 45TFGs as functional in-fiber
polarizers indicates that all-fiber mode locked lasers based on a
45TFG could have wide range of practical applications as an
efficient seed in ultra-wide spectrum generation, nonlinear
optics, spectroscopy, and micromachining, etc. Demonstrations
of applications of 45TFG in ultrashort pulse generation in other
wavelengths have also been successful [33], [38]. We believe
the 45TFG could be an effective all-fiber polarizing device for
more versatile mode locked fiber laser systems across a broad
wavelength range.
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