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Multi-Wavelength Fiber Ring Laser Based on Mach-Zehnder
Interferometer of Dispersion Compensation Fiber Connection Point
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Abstract Stable multi-wavelength lasing based on in-fiber Mach-Zehnder interferometer (MZI) introduced by
dispersion compensation fiber (DCF) in an erbium-doped fiber ring laser is presented. This interference effect
effectively suppresses the unstable mode competition caused by homogeneous line broadening which leads to the
generation of stable multi-wavelength lasing at room temperature. The dual-wavelength lasing is so stable and the
peak fluctuation is less than about 1.1 dB, while the peak fluctuation of the tri-wavelength lasing is much larger with
a value of about 4 dB.
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1 Introduction

Multi-wavelength erbium-doped fiber lasers are
focused on research in stable spectrum width and
narrower lasing line width due to their potential
applications in diverse fields including wavelength
( WDM )

systems, precise spectroscopy, optical fiber sensors,
[1-8]

division multiplexed fiber-communication

filter, and optical instrument testing

Wim HE: 2013-10-07; WEIMEMFHHEEA: 2013-11-13

To realize multi-wavelength oscillations at room
temperature, the unstable mode competition induced by
the homogeneous line broadening and cross-gain
saturation of erbium-doped fiber ( EDF) must be
suppressed. Polarization hole burning (PHB) effect™ ,

or nonlinear effects such as stimulated Brillouin

scattering™ ' and four-wave mixing™ "' into the laser

cavity have been proposed. In addition, stable multi-
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wavelength lasing can be obtained based on Mach-
Zehnder interferometer (MZD™ ', A dual-pass MZI
fiber device is used as a comb filter inside the laser
cavity. To achieve simultaneous multi-wavelength
lasing. the erbium-doped fiber was immersed in liquid
nitrogen (at a temperature of 77 K) to reduce the
homogeneous line width to 1 nm"™’. Although the
experiment can operate at room temperature, it has a
relatively complex formation™® .
In this

generation

paper, the L-band multi-wavelength

of fiber ring laser wusing dispersion
compensation fiber (DCF) based on MZI is presented.
Own to introducing the DCF into the laser cavity, we
can obtain stable multi-wavelength lasing at room
temperature. By increasing the pump power and
adjusting the polarization controller (PC), a different
number of stable multi-wavelength lasing lines can be

obtained.

2 Device fabrication and theoretical analysis

The diameters of core and cladding of the DCF are 4 pm
and 125 pm, respectively. The refractive indices of core
and cladding are 1. 473 and 1. 445, respectively. The
propagation mode properties of the DCF are analysed by
finite element method (FEM, COMSOL 3.5a). The DCF
used in our experiment can guide the modes of LP, and
LP,, at wavelength range from 1520 nm to 1600 nm.
Figure 1 shows the effective mode refractive indices as a
function of wavelengths from 1520 nm to 1600 nm and the
insets are the calculated mode field distribution of LP,,
(left) and LP, (right) by FEM at wavelength of
1590 nm. The effective mode refractive indices of LP,,
and LP,, at wavelength of 1590 nm are 1.46776 and
1.46001, respectively. Therefore, the refractive
indices difference Any is 0.00775.

Figure 2 presents a schematic of the SMF-DCF-
SMF MZI constructed by two ends of a DCF splicing
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Fig.1 Modal refractive indices of LPy and LP;, versus

wavelength. Inset are the calculated mode field
distributions of LPy, (left) and LPy, (right) by FEM

with single mode fibers (SMFs) using a commercial
fusion splicer ( Fujikura, FSM-60S). The core
diameter of SMF is 8.5 pm. Due to the mode
mismatch between the DCF and SMF, the insertion
loss of DCF is about 1.93 dB in the experiment.

SMF28 SMF28

Fig.2 Schematic of the SMF-DCF-SMF MZI

In Fig. 2, when the light through the SMF
reaches at first spliced point, high order modes in
The phase
difference of different modes dependes on the
wavelength and the length of DCF is produced
because of their different effective indices. When
the guided light in DCF arrives the second spliced

the core of DCF are motivated.

point, the excited different modes are re-coupled
back to the fundamental mode of SMF and cause the
generation of interference due to the phase
difference. The two spliced points act as couplers of
dividing or combining light powers in the arms of
the interferometer. In order to prove that stable
multi-wavelength lasing is obtained based on the
MZI introduced by DCF, rather than the influence
of other factors, an experiment is made to obtain
the MZI by using different lengths of DCF. Figure
3 shows the experimental setup which is formed by
an amplified spontaneons emission (ASE) light
source (C + L band, LIGHTCOMM ) and the
transmission spectrum is monitored by an optical
spectra analyzer (OSA, yokogawa, AQ6370B). The
MZI spectra corresponding to different lengths of
DCF are shown in Fig.4. The interference patterns
are not perfectly sinusoidal for different intensities
of the interferential modes. We can see that the
phenomenon of MZI becomes obvious and the fringe
spacing AA becomes smaller as the length of DCF
increases. Shorter length of DCF is helpful to
obtain larger fringe spacing. The total intensity of
the MZI spectrum can be expressed as
IQ) =L +LW +

2 VLQOL Q) cosCrAngL/2), (1D
where I, (1) and I, (1) are the intensities of the two
interferential modes at wavelength of A. L is the
length of MZI. Ang is the effective indices
difference of two modes. ¢ = 2rnAnyL/A is the
phase difference of two modes, and it is dependent
on wavelength. Transmission dips appear when
phase matching is satisfied with
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Fig.3 Experimental setup of MZI
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Fig.4 MZI spectra corresponding to different lengths
of DCF

¢ =2nAng L/ = 2n(nfs — nif"OL/A =
(2k+ Dm.

where k is a positive integer; n

(2

cre, niM represent the

efi » Mg
effective mode refractive indices of the fundamental
mode and the high order mode, respectively. From the
phase matching condition., the fringe spacing AA of the
MZI spectrum can be expressed as
AL =27/ (Ang D). (3
It indicates that the fringe spacing AX is in inverse
proportion to the length L of MZI , which is consistent

with the experimental results.

Figure 5 shows the MZI spectrum caused by the DCF of
0.7 m. The fringe spacing AX is obtained to be 0.5 nm at
wavelength of 1590 nm. Via Eq. (3) and the MZI
the the effective

difference Any of LP,; and LPy, can be calculated and

spectra in experiment, indices
table 1 shows the effective indices difference from
1520 nm to 1600 nm calculated by FEM and Eq. (3),
respectively. It shows that the result calculated by
FEM matches well with the experimental result which
indicates that the interference fringe is caused by LPy,

and LP,, modes interference.
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Fig. 5 MZI spectrum caused by the DCF of 0.7 m

Table 1 Effective indices difference between LP,; and LPy,

Refractive indice Refractive indice Aneg
Wavelength /nm AX /nm of LPy, of LPy, Ang (FEMD) (experiment)
1520 0.46 1.46813 1.4609 0.00723 0.00717
1530 0.464 1.46807 1.46077 0.0073 0.00721
1540 0.468 1.46802 1.46065 0.00737 0.00724
1550 0.48 1.46797 1.46052 0.00745 0.00715
1560 0.484 1.46792 1.46039 0.00753 0.00719
1570 0.492 1.46786 1.46027 0.00759 0.00716
1580 0.496 1.46781 1.46014 0.00767 0.00719
1590 0.5 1.46776 1.46001 0.00775 0.00723
1600 0.512 1.4677 1.45989 0.00781 0.00714

3 Experimental setup

Figure 6 is schematic diagram of the experimental
setup. A highly-doped erbium doped fiber (EDF) is
employed to provide broadband gain for the generation

of L-band multi-wavelength lasing. The absorption
coefficient in the erbium-doped fiber at1. 53 pm is about
80 dB/m. A 980 nm laser diode (LD) is used for pumping
the EDF with length of 1.5 m through a wavelength
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A PC is
employed to adjust and match the state of polarization

division multiplexing ( WDM ) coupler.
of the propagating light. An optical isolator (ISO) is
used for the unidirectional operation of the ring laser.
A 10/90 coupler is inserted to extract 10% coupling
output of the laser monitored by the OSA while the
remaining 90% radiation is incident to laser cavity.
The DCF-MZI is the most important component for the
generation of multi-wavelength oscillation. When the
fundamental mode that propagates along the SMF
DCF, it will different
interference modes at the SMF-DCF splice point due to

couples into the excite
the large core diameter mismatch™ and generate the
interference pattern. Thus it results in the different
distributions of gain and loss along the laser cavity at
different wavelengths and finally suppresses the
unstable mode competition caused by homogeneous line
broadening which leads to the generation of multi-

wavelength lasing.

laser
diode

output
coupler

Fig.6 Schematic diagram of experimental setup
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4 Results and discussion

DCFs with lengths of 0.1 m and 0.7 m are used to be
put respectively into the laser cavity and stable multi-
wavelength lasing is obtained. Figure 7 shows the MZI
spectrum caused by the DCF of 0. 1 m and the
corresponding laser output spectrum. It can be seen
that the fringe spacings (AX) of the MZI spectrum and
the laser output spectrum are equal to each other with
the value of 3.48 nm. Figure 8 shows the MZI spectrum
caused by the DCF of 0. 7 m and the laser output
spectrum, and the AX of the MZI spectrum and the laser
output spectrum are 0.5 nm and 0.47 nm, respectively.
The results show that the MZI spectrum coincides with
the laser output spectrum with the same length of DCF.
Thus, stable multi-wavelength lasing is obtained based
on the MZI introduced by DCF. And the results also
show that a multi-wavelength laser with wavelength
spacing of 0.47 nm can be obtained using DCF of 0.7 m
while the wavelength spacing of multi-wavelength lasing
using DCF of 0.1 m is at least 3.48 nm. Because the
wavelength spacings of dense wavelength division
multiplexing (DWDM) system at 1.55 pm in modern
communication are usually 0.8 nm and 0.4 nm,
corresponding to 100 GHz and 50 GHz, respectively.
Therefore, the length of DCF used in the multi-
wavelength laser should be long enough to get shorter
wavelength spacing suitable for the application of
modern communication.

To demonstrate the influence of different lengths of
DCF on pump threshold and stability, DCFs with lengths
of 0.1 m and 0.7 m are used respectively. We begin
this experiment using DCF of 0.1 m and continuous
wave lasing starts at pump power of 40 mW. By
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Fig.7 MZI spectrum caused by the DCF of 0.1 m and the laser output spectrum
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adjusting the PC, a different number of multi-
wavelength lasing lines can be obtained. The output
spectra with one-wavelength to tri-wavelength lasings are
shown in Fig.9(a) to Fig.9(c). The signal to noise ratios
(SNRs) of one-wavelength to tri-wavelength are 46, 45

and 54, respectively. The resolution and the sensitivity
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of OSA are set to be 0.02 nm and middle, respectively.
Figure 10 shows the laser output spectrum without
DCF, which is only one wavelength. It further proves
that the multiwavelength output is caused by the MZI in
DCF, and the DCF acts as a filter here.

0.50 nm

1580

1590

1600

Wavelength /nm

S B L Tt L IR 1T i B |

Power /dBm

A1=0.47 nm

1580 1584 1588

1
1592 1596 1600

Wavelength /nm

Fig.8 MZI spectrum caused by the DCF of 0.7 m and the laser output spectrum
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Fig.9 Output spectra with (a) one-wavelength lasing, (b) dual-wavelength lasing and (¢) tri-wavelength lasing

For the dual-wavelength and the tri-wavelength lasings,
the fluctuation in output power at each wavelength is
measured for five minutes, respectively. Figures 11 and 12

0
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Fig.10 Laser output spectrum without DCF

show the experimental results and the insert diagram shows
the repeated scanning output spectra of the dual-wavelength
and the tri-wavelength lasings, respectively. For the dual-
wavelength lasing, the maximum power fluctuation at the
wavelengths of 1593. 56 nm and 1596. 88 nm are about
1.08 dB and 0. 77 dB. respectively, which proves the
output powers are so stable. For the tri-wavelength lasing,
the maximum power fluctuations at the wavelengths of
1590.19, 1593.57, 1596.96 nm are about 3.32 dB,
4.0 dB and 1.69 dB, respectively. The maximum power
fluctuation of the tri-wavelength lasing is much bigger
than the dual-wavelength lasing because there are more
wavelengths competition so that each wavelength is
affected by more factors and becomes unstable.
Correspondingly, DCF with length of 0.7 m is used
and continuous wave lasing starts at pump power of
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Fig.11 Power fluctuation of the dual-wavelength lasing
during scanning. Insert shows the repeated
scanning output spectra of the laser
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Fig.12 Power fluctuation of the tri-wavelength Ilasing
during scanning. Insert shows the repeated
scanning output spectra of the laser
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Fig.13 Power fluctuation of the dual-wavelength lasing
during scanning. Insert shows the repeated
scanning output spectra of the laser

50 mW. The cavity loss increases with the length of
DCF. It results in the enhancement of the pump
threshold. By adjusting the PC., we can obtain a dual-
wavelength lasing and its output power fluctuation is
measured, the experimental results are shown in
Fig.13 and its insert diagram shows the repeated

scanning output spectra. The maximum power
fluctuations at the wavelengths of 1587. 33 nm and
1589.19 nm are about 1.06 dB and 1.52 dB,
respectively. It is higher than that using DCF of 0.1 m.
Therefore, the shorter the DCF is, the more stable the
multi-wavelength laser is. However, the longer the
length of DCF is, the shorter wavelength spacing in the
multi-wavelength laser can be obtained. Hence
optimizing of the length of DCF is very important if this
kind of multi-wavelength laser is applied in the DWDM
system.

5 Conclusion

In conclusion, we proposed a simple approach that
successfully obtains stable multi-wavelength lasing
based on DCF MZI at room temperature in erbium-
doped fiber ring laser. The stability of the dual-
wavelength lasing is so well with peak fluctuation of
1.1 dB and much better than the tri-wavelength lasing.
This kind of multi-wavelength laser has a potential
application in DWDM system for its features of simple
and low-cost. The length of DCF should be optimized to
make the wavelength spacing and the stability of multi-
wavelength laser suitable for the application of DWDM
system in modern communication.
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