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Widely Wavelength-Swept
Single-Longitudinal-Mode Fiber Laser With
Ultra-Narrow Linewidth in C+L-Band

Da Wei, Ting Feng

Abstract—This study proposes and demonstrates a widely
wavelength-swept single-longitudinal-mode (SLM) erbium-doped
fiber laser (EDFL) enabled by a dual-coupler-ring based
compound-cavity (DCR-CC) filter, a fiber Fabry-Pérot tunable
filter (FFP-TF) and a C+L-band erbium-doped fiber amplifier
(EDFA). Moreover, it develops a novel methodology utilizing the
signal-flow graph combined with the matrix algebra to analyze the
DCR-CC filter and obtain its essential design parameters for SLM
selection of the EDFL. The C+L-band EDFA is constructed to
provide a gain range >90 nm. On the other hand, it demonstrates
that, under a sweep-rate <100 Hz, a lasing wavelength-swept range
>87 nm is obtained, the SLM operation is permanently guaran-
teed for every instantaneous lasing wavelength. Furthermore, the
instantaneous lasing parameters of an optical signal-to-noise ratio
>66 dB, a relative intensity noise <—153.33 dB/Hz@ >3 MHz,
a linewidth <625 Hz and a power fluctuation <0.704 dB are
achieved. The distinguished performance of the proposed fiber
laser enables it to have a significant potential for application in
optical frequency domain reflectometry, spectroscopy and Lidar
system.

Index Terms—Fiber laser, wavelength-swept laser, narrow
linewidth, compound-cavity filter, signal-flow-graph.

1. INTRODUCTION

ITH the gradual development and maturity of laser
W technology, fiber lasers are adopted or anticipated in
various optical systems, such as optical communication and
spectroscopy [1], fiber Lidar system [2], optical frequency
domain reflectometry (OFDR) [3], optical atomic clocks [4],
measurements of fundamental constants and physics [5], etc.
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As the preferred light source in multiple precision measurements
and sensing fields, the wavelength-swept fiber laser is promising
in terms of wavelength-swept range, instantaneous linewidth and
optical signal to noise ratio (OSNR). Furthermore, considering
the applications that require a long interference length and nar-
row linewidth (OFDR, for instance), the wavelength-swept fiber
laser is specifically required to operate in single-longitudinal-
mode (SLM) to improve the spatial resolution and reduce noise.

Distributed feedback and distributed Bragg reflector (DBR)
based ultra-short oscillating cavity structures are effective and
practical methods to achieve an SLM operation for fiber lasers.
However, most ultra-short cavity fiber lasers produce low output
power, have poor characteristics in linewidth and noise, and
need additional components to optimize their performance in
general [6], [7]. The high-quality long lasing-cavity with an
ultra-narrow filter is widely studied due to its flexible structure
and distinguished noise characteristics. In this setting, multiple
filter structures are able to perform mode selection, such as the
superimposed fiber Bragg grating (FBG) [8], silicon-micro-ring-
resonator [9], tapered non-adiabatic microfiber based Sagnac
mirror [10], polarization-maintaining chirped-Moiré FBG fil-
ter [11], short twin-core photonic-crystal-fiber (PCF), based
Mach-Zehnder interferometer [12], FBG embedded fiber modal
interferometer [13], erbium-doped PCF based equivalent filter
[14], etc. However, these filters suffer from their own limitations,
such as limited filtering bandwidth, high cost or poor stability.
In contrast, compound-cavity fiber filters, composed of several
single-coupler-rings and dual-coupler-rings (DCRs), are a group
of high-quality filters with ultra-narrow passband, ultra-low
cost and ultra-wide operation bandwidth, which enables them
to be used for SLM selection of fiber lasers, proved broadly
by the studied group and others [15], [23]. Particularly, the
DCR-based compound-cavity (DCR-CC) filter proves a favor-
able performance and application prospect in SLM fiber lasers
[22]. Moreover, we have proposed several effective research
methodologies to study compound-cavity filters dedicated to
SLM fiber lasers [22], [23]. Nevertheless, additional efficient
methods are still desired for analyzing various compound-cavity
filters. Furthermore, the application potential of the DCR-CC
filter in widely wavelength-swept fiber lasers is not verified until
present.

Numerous wavelength-tuning methods are proposed in fiber
lasers, such as FBG stretching [16], [24], [25], multi-faceted
mirror grating rotating [26], acousto-optic modulator [27],
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Fig. 1. Schematic diagram of the proposed widely wavelength-swept fiber
laser (WWS-EDFL) system.

fiber Fabry-Pérot tunable filter (FFP-TF) [28], [29], etc. In
comparison, the FFP-TF presents clear advantages among
all-fiber structures such as stable performance, narrow
filtering bandwidth, large tuning range, high mechanical stability
and long service life. Thus, it is widely used in wavelength-
tuning/-sweeping and many other fields. This study proposes and
experimentally demonstrates a novel SLM widely wavelength-
swept erbium-doped fiber laser (WWS-EDFL), which is mainly
enabled by a DCR-CC filter, a C+L-band erbium-doped fiber
amplifier (EDFA) and an FFP-TF. Firstly, this study recommends
anew theoretical analysis method combing the signal-flow graph
with the matrix algebra, which is a general method for studying
various complicated compound-cavity filters. This method is
used to obtain the significant design parameters for the DCR-CC
filter. The C+L-band EDFA is designed to provide a gain range
>90 nm, which presents much lower phase-noise and relaxation-
noise than the wideband semiconductor optical amplifier. The
wavelength-sweeping is achieved by the FFP-TF, driven by a
scanning triangular voltage signal. The output performances of
swept-range, OSNR, stability and linewidth are characterized in
detail in the following sections.

II. EXPERIMENTAL SETUP, PRINCIPLE AND THEORY

A. Fiber Laser Configuration and Analysis

The diagram of the proposed WWS-EDFL is shown in Fig. 1.
The lasing gain part is a C+L-band EDFA, composed of a
C-band EDFA and an L-band EDFA in parallel, through two
C/L-band wavelength-division-multiplexers (WDMs, WDM-1
and WDM-2). The C-band EDFA and L-band EDFA contain
a 2 m long erbium-doped fiber (EDF) (EDF1, Fibercore, M12-
980-125) and a ~9 m long EDF (EDF2, LIEKKI™ Er80-8-125)
as the gain medium, respectively. Each EDF is pumped by a
980 nm laser diode (LD, LD-1 or LD-2) through a 980/1550 nm
WDM (WDMI1 or WDM?2). Two EDFAs adopt each a special
structure containing a circulator (Cirl or Cir2) and a Faraday
rotation mirror (FRM1 or FRM2), due to which the small laser
signal is amplified twice after being reflected by the FRMs to
use the gain ions of EDFs sufficiently. This is not only beneficial
for suppressing the high spontaneous emission noise but also
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helps to improve the pump laser utilization. Furthermore, the
FRMs avoid the formation of spatial hole burning in the EDFs.
In the C-band EDFA, a 7 m long single-mode fiber (SMF) is
inserted to assure a similar light path length to the L-band EDFA.
This means the C-band and L-band EDFAs are with symmetric
structures in the laser cavity to guarantee fine switching between
two EDFAs during wavelength-sweeping. An FFP-TF (Micron
Optics Cor., FFP-TF2) with a 3 dB passband (full-width at half-
maximum, FWHM) of 0.14 nm (corresponding to a frequency
bandwidth of ~17.5 GHz) and a fineness of 659 is employed
as the wavelength defining element. It is driven by a signal
generator (Tektronix, AFG3232C) through a power amplifier
(Aigtek, ATA-2021H). A DCR-CC filter, assembled using four
optical couplers (OC-1, OC-2, OC-3, and OC-4) and having
precisely designed fabrication parameters, is used as a narrow
passband comb filter to select only one longitudinal mode among
the dense modes of the main-ring cavity (MRC), assisted by the
FFP-TF. The FFP-TF part between two marked points, as shown
in the figure is replaced by a uniform FBG with a reflection band-
width approximately equal to the passband of the FFP-TP, with
the assistance of another circulator (Cir-3), to obtain the fixed
single-wavelength operation for further performance research.
The length of the MRC is approximately 26.20 m, indicating
that the longitudinal mode spacing is ~7.80 MHz. The laser
is extracted from the 10% port of another coupler (OC-5) for
measurement.

B. Theory of the DCR-CC Filter

As described in [23], [30], [31], the signal-flow-graph helps
understand the compound-cavity filter system operation, using
a pictorial representation, and to easily conclude the causal rela-
tionship between optical signal transformation and transmission.
Compared with the multi-beam interference method, the signal-
flow-graph considers a compound-cavity filter as a linear system,
which allows the filter to be solved by the algebraic equation,
similarly to the analysis of micro-ring resonators in dense WDM
systems [32], [33]. However, it is difficult to analyze the compli-
cated compound-cavity filter structure by solving the algebraic
equation. The advantage presented by the signal-flow-graph is
using the node, instead of each sub-cavity, as the smallest unit
to analyze, avoiding considering the most difficult energy and
signal interleaving between sub-cavities. That enables the intro-
duction of the simple numerical method-based matrix algebra
[34] to obtain the input-output relationship of the filter under
research. Therefore, this study uses the signal-flow-graph to
analyze the DCR-CC filter system and the matrix algebra to
solve the node-relationship.

The schematic diagram of the DCR-CC filter is shown in
Fig. 2(a). It is composed of two cascaded DCRs. Each DCR
is composed of two 2 x 2 fiber OCs. 1-16 and EI-E16 are
respectively set as the light ports of 4 OCs and the corresponding
electric-field amplitudes. The signal-flow-graph of DCR-1 is
shown in Fig. 2(b). Ports 1-8 are represented by 8 photonics
nodes. The straight transmittance C; of OCs is defined as

Ci =TT —ri(i=1,234). (D
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(a) Schematic diagram of DCR-CC filter. (b) Signal-flow-graph of

The cross-coupling transmittance Y; of OCs is as follows

The propagating gain 7T; of fiber optical paths is as follows
Ty = V1 —del~otiPLi (j = 1,2 3 4), (3)

where L; is the length of the i-th fiber, x; (i = 1,2, 3,4) and
~i (i =1,2,3,4) are the coupling ratio and insertion loss of the
i-th OC respectively, « is the fiber loss coefficient, d is the fusion
splicing loss, 5 = 27mn. s /A is the light propagation constant,
neyy is the effective refractive index, A is the light wavelength
and 7 is the imaginary part. The inflow and outflow relationships
of the optical signal between neighboring nodes are represented
by a set of inhomogeneous linear equations, as expressed in (4),
where E'1 is equal to 1 and E'5 is equal to 0.

FE =1

Ey =TyE,

Es =Y1E + CEs

Ey=CLE +1E;

By =0 ' @
Es =T E3

E; =Y2E5 + CyEg
Eg = CoFs + Yo Eg

Generally, the transmission relation of DCR-1 between the
input and output is derived from (4) directly, as

By
E,
T T=aV1=0 /R Rgel ot L1

T1- VI=VI=72V/I=k1vI=ka(1 — §)el-atif) (LatLa) |

S
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Itis clear that (5) is identical to the analytical solution acquired
by another method proposed in previous work [22]. However, it
is difficult to obtain an analytical solution for the transmission
relation of a compound-cavity filter having a complicated struc-
ture with numerous photonics nodes. Fortunately, matrix algebra
is used to acquire the numerical solution directly. Hence, the (4)
is modified as

FEi1=1

By +TyEr =0
YiE1+ CiEy — Es=0
CiE1+Y1Ey — E; =0
E5 =0 '
T\Es— FEg=0

YoEs5 + CoFg — E7 =0
CoEs + YyEg — Es = 0

(6)

Three matrices are decomposed from Eq. (6), which are the
coefficient matrix M, the output field matrix Eo,¢ and the
input or initial field matrix E;,. Thus, the following equation
is obtained

MEout = Ejn. (7
The matrices’ elements are expressed as
1.0 0 000 0 0] [ By ]
0-10 0 0 0173 0 FEs
Y1C;-10 0 0 0 O FEs
|Gt Ys 0-10 0 0 O | Es
M=105000100 0| Buw= Es |’
0 07y 0 0-10 O FEg
0 00 0Y,Cy—-10 E;
|0 0 0 0 CaYy 0 —1] | Es |
1
0
0
0
En= |, (®)
0
0
_O_

Then the Eq ¢ is directly solved numerically as
Eout = MilEin- (9)

Similarly, the Fs of DCR-1 and E44 of DCR-2 are acquired,
respectively. Moreover, the transmittance of the DCR-CC filter
is expressed as

Tout = (Es-Ts - Ey6) - (Es - Ts - Eig)". (10)

In the WWS-EDFL, the FFP-TF is used as a wavelength-
defining and sweeping device. Since the FFP-TF, as well as
the DCR-CC filter, are corporately used to select the SLM in
the laser cavity, the free spectrum range (FSR) of the DCR-CC
should be 0.5-1 times the FFP-TF’s FWHM. Secondly, in order
to select one expected mode from the dense longitudinal modes
of the MRC, the longitudinal mode spacing should also be
0.5-1 times the DCR-CC’s transmission FWHM. When the
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Fig. 3. (a) Simulated transmission spectrum of DCR-CC filter. (b) Details of
a certain transmission channel.

above-mentioned two aspects are satisfied, only one longitudinal
mode lasing exists continuously in the cavity, regardless of
the wavelength-sweeping or fixed-wavelength operation mode.
Therefore, the FSR of the DCR-CC should be 8.75—17.50 GHz
according to the FFP-TF’s transmission FWHM of 17.50 GHz.
The DCR-CC’s FSR is calculated as
c

FSR = ner AL’
where ¢ is the speed of light in vacuum, and AL is the
cavity length difference between the DCR-1 and DCR-2.
Furthermore, the DCR-CC’s transmission FWHM should be
~7.80—15.60 MHz according to the MRC’s longitudinal mode
spacing of ~7.80 MHz. The final specially designed transmis-
sion response of the DCR-CC simulated is shown in Fig. 3. As
shown in Fig. 3(a) and 3(b), the FSR of the designed DCR-CC
filter is 15.72 GHz with a transmission FWHM of 11.12 MHz,
which conforms to the aforementioned expected parameter re-
quirement, and the suppression ratio (SR) is 0.52, indicating an
adequate filtering effect. The simulation parameters used are kK =
0.1, AL = 1.30 cm, DCR-1’s and DCR-2’s lengths of 50.70 cm
and 52.00 cm respectively, « = 0.2 dB/km, 6 = 0.01 dB, ~;
(i=1,2,3,4) =0.09dB, and n.;; = 1.468.

The above-mentioned parameter design process is almost sim-
ilar to that in [22]. Firstly, according to the handwork tolerance
and operation error of fiber splicing and (11), it is imperative
to start by determining a AL(1.3 cm) for the DCR-CC filter.
Afterward, the cavity lengths (Lpcr-1 and Lpcr-—2) of the
DCR-1 and DCR-2 should be both the integer multiple of AL to
obtain the optimal flatness of the transmission envelope and the
smallest SR for the DCR-CC filter [35]. Under the determination
of Lpcr-1 = 50.70 cm and Lpcgr-2 = 52.00 cm, the design

an
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Fig.4. Design curves of the DCR-CC filter. (a) Variations of FWHM, transmit-
tance and SR with changing of coupling ratio x of four OCs used. (b) Variations
of SR and FWHM with changing of Lpcr-1/AL.

curves of the DCR-CC filter are given in Fig. 4(a), where it is
clear that the FWHM, transmittance and SR of the DCR-CC
filter are dependent on one another with the changing of the
coupling ratio s of four OCs. The « = 0.1 for four OCs is
determined after considering a tradeoff among three parameters.
Furthermore, with x = 0.1, the SR and FWHM of the DCR-CC
filter versus the ratio of Lpcr—1/AL which is given as integers,
as shown in Fig. 4(b), are studied. The two curves exhibit that
the ratio Lpcr—1/AL (50.70/1.30 = 39) which is chosen for
the DCR-CC design is reasonable.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Measurement of the DCR-CC

According to the acquired parameters, the DCR-CC filter is
fabricated, and its transmission spectrum measured using the
measurement system, which is described in a previous work [22].
As shown in Fig. 5(a), the FSR is 15.78 GHz, which is consistent
with that obtained in the simulated transmission spectrum. The
minor transmittance discrepancy among different transmission
channels is caused mainly by the handwork induced error for
cavity length difference AL and the minor deviations of four
OCs’ coupling-ratios « from the designed value of 0.1. Fig. 5(b)
shows a typical transmission channel of a DCR-CC filter, and
the measured SR is 0.63. The FWHM of the main channel is
12.51 MHz, as shown in inset-1, which guarantees that a SLM is
able to pass through it. Note that the slight fluctuation presented
in the curve in inset-1, is caused by the minor frequency jitter
and scanning nonlinearity of the tunable laser source.

To verify the ultra-wide working band of the DCR-CC filter,
this study measured its transmission spectra at the wavelength
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regions around 1530 nm, 1570 nm and 1590 nm respectively,
as shown in Fig. 6(a) to (c). It is clear that the filtering char-
acteristics in all three wavelength regions are similar to that
around 1550 nm. Minor differences in the FSR and FWHM in
different wavelength regions are mainly due to the variations
of wavelength-dependent parameters of OCs and the chromatic
dispersion of the silica SMF used.

B. Performance in Wavelength-Swept Lasing Mode

The amplified spontaneous emission (ASE) spectrum of the
C+L-band EDFA and the possible laser wavelength-tuning
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Fig.7. (a) Amplified spontaneous emission spectrum of the C+L-band EDFA.
(b) Tunable range of the WWS-EDFL.

range of the WWS-EDFL are firstly investigated using an optical
spectrum analyzer (OSA, Yokogawa AQ6370D) with a resolu-
tion of 0.02 nm and a data sampling interval of 0.001 nm. By
adjusting the two 980 nm pump lasers’ powers to suitable values,
the ASE of the EDFA at the position behind the C/L.-WDM2
is measured, as shown in Fig. 7(a), which covers the whole
C+L-band with a wavelength range of almost 90 nm. Note that
the abnormal notch at ~1567 nm is caused by the inherent 3 dB
loss of the C/L-WDMs at the splitting wavelength. In order
to find the lasing wavelength range of the WWS-EDFL, the
FFP-TF2’s driving voltage is tuned from 1.2 V to 23.6 V to
observe the lasing output of the fiber laser. The largest tunable
range obtained is 89.630 nm, from 1522.520 nmto 1612.150 nm,
as shown in Fig. 7(b).

Afterward, the characteristics of wavelength-swept mode of
the WWS-EDFL are studied under different sweep rates. The
driving signal of the FFP-TF2 is a triangular voltage with a tun-
able sweep rate (10 Hz, 50 Hz, 100 Hz and 150 Hz) and an offset
voltage of 24.40 V. The peak-to-peak voltage is 24.86 V when
the sweep rate is equal to 10 Hz. As the sweep rate increases,
the peak-to-peak voltage eventually increases to 27.43 V. Note
that since the WWS-EDFL might generate strong Q-switched
pulses in the process of wavelength-sweeping due to the non-
linear Kerr effect [27] - which may damage the fiber-endface
reflective coatings of Fabry-Pérot cavity of the FFP-TF - the
pump power at a suitable level of ~200 mW is controlled and the
DCR-CC filter is placed in front of the FFP-TF2 for additional
protection. Using the maximum-hold (MH) mode of OSA and
after repeatedly scanning the spectrum, the wavelength-swept
ranges are measured for four sweep rates respectively, as shown
in Fig. 8(a) to (d), where it is clear that the entire wavelength
sweep ranges are larger than 85 nm for all four sweep rates.



7134810

20 AL Ll o ] 20
30} 30
87 nm
-50 -50
-60 (a) L -60

87 nm

Power (dBm)
A
(=3
Power (dBm)
A
(=]

RF power (dBm)
Lo
\O~JN D
SoSS

~~
o
N
_
=)
S
[\
S
S
W
S8
!
N
N
(=)
(=)

(b)

0 -70
1510 1532 1554 1576 1598 1620 1510 1532 1554 1576 1598 1620
Wavelength (nm)

Wavelength (nm)

-20 -20
g 300 100 Hz g 30
3 40 87 nm =2 40 ~—— 8 nm
5 5}
z -50 z -50
£ £
-60 (C) -60 (d) L.
-70. - - -70 - .
1510 1532 1554 1576 1598 1620 1510 1532 1554 1576 1598 1620
Wavelength (nm) Wavelength (nm)
Fig. 8. Typical laser spectra when voltages applied on FFP-TF2 with sweep

rates of (a) 10 Hz, (b) 50 Hz, (c) 100 Hz, and (d) 150 Hz, respectively.

Moreover, the power of the laser spectrum in the middle part
decreases with the increase of the sweep rate. This phenomenon
is due to two reasons. First of all, when working at a high driving
frequency, the response of the piezoelectric-transducer (PZT)
assembled in the FFP-TF is not perfect at the turning points of
the triangle-wave driving signal. Subsequently, the wavelength-
sweeping speed around the turning points, corresponding to both
sides of the spectrum, is obviously lower than that in the middle
linear region of the driving signal, corresponding to the spectral
middle part. However, the OSA requires a sufficient integral time
to acquire every data point when functioning with a given high
resolution. Therefore, when the dwell time of a transient lasing
mode is less than that measurement integral time, the measured
spectral power level is negatively correlated with the instanta-
neous wavelength-sweeping speed and hence, the middle part
of the spectrum is inferior to its both sides. The second reason
is that the longitudinal mode of the proposed WWS-EDFL may
not be stable enough in the high-speed wavelength-swept mode.
This is induced mainly by the limitation of the laser establishing
time for a certain longitudinal mode, which is subject to further
explanation, subsequently.

To verify the SLM operation of the WWS-EDFL in
wavelength-swept mode, the self-homodyne method with a
400 MHz photodetector (PD, Thorlabs PDB470C) and a radio
frequency (RF) electrical spectrum analyzer (ESA, Keysight
NO9010A) is used for measurement. The RF noise spectra over
0—400 MHz are measured under four sweep rates with a res-
olution bandwidth (RBW) of 51 kHz, as shown in Fig. 9. As
seen in Fig. 9(a) to (d), when the sweep rate is inferior to
150 Hz, no obvious beating signal is captured, indicating that
the laser maintains the instantaneous SLM operation in the
wavelength-swept mode. On the contrary, when measuring via
the MH mode of ESA, the beating noise is higher than that
measured in the corresponding single-scanning mode of the ESA
for each sweeping rate, as shown in Fig. 9(e) to (h), respectively.
It is believed that the captured higher noise is mainly due to
the extremely fast mode-switching from an unstable mode to
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Fig.9. REF beating spectra measured by self-homodyne system in swept mode
of WWS-EDFL with a triangular driving voltage for FFP-TF2 at sweeping rates
of (a) 10 Hz, (b) 50 Hz, (c) 100 Hz and (d) 150 Hz respectively using ESA’s
single-scanning mode, and at sweeping rates of (e) 10 Hz, (f) 50 Hz, (g) 100 Hz
and (h) 150 Hz respectively using ESA’s maximum-hold (MH) mode.

another one. In particular, for the sweeping rate of 150 Hz, as
shown in Fig. 9(h), a clear noise is captured in the MH mode,
indicating that the WWS-EDFL is unable to obtain enough stable
instantaneous longitudinal-mode lasing under a sweeping rate
larger than 150 Hz.

C. Performance in Fixed Wavelength Lasing Mode

Although several effective techniques are proposed and
demonstrated to measure the instantaneous spectrum of swept
lasers [36]-[39], they all suffer from various limitations and are
not able to directly measure the instantaneous laser linewidth as
narrow as <10 kHz of an SLM WWS-EDFL with a sweeping
range >80 nm. Furthermore, the creep effect of the PZT-based
FFP-TF induces the lasing wavelength unstable, even when
using a constant driving voltage for the FFP-TF. Therefore,
this study proposes an indirect method to characterize the laser
output quality of the WWS-EDFL by further using four FBGs
with different center wavelengths of 1530 nm, 1550 nm, 1570 nm
and 1590 nm in turn, with the assistance of a circulator to replace
the FFP-TF, as shown in Fig. 1. All FWHMs of four FBGs
are close to that of the FFP-TFs. Using the four FBGs in turn,
the output laser spectra are measured as shown in Fig. 10(a) to
(d). In each figure, the measurement is performed by repeatedly
scanning the OSA with a time interval of 4 min. The measured
lasing wavelengths are centered at A1 = 1530.0223 nm, A2 =
1550.0587 nm, A3 = 1569.9302 nm and A4 = 1590.0985 nm,
respectively. The OSNRs are all >66 dB. Almost no wavelength
fluctuation exists for all four lasers, and the maximum fAi (i =
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Fig. 11. RF spectra of four lasers measured by ESA. (a) Self-homodyne RF
spectra measured in a range of 0-400 MHz using MH mode of ESA in ~10 min
with RBW of 51 kHz; Inset-1 showing the similar RF spectra after the DCR-
CC replaced by SMF, measured in 0-100 MHz. (b) Delayed self-heterodyne
measurement RF spectra measured in a range of 175-225 MHz using MH mode
of ESA in ~20 min with RBW of 51 kHz; inset-2 showing similar RF spectra
measured in 0-250 MHz in ~30 min with RBW of 30 kHz.

1,2, 3,4)is only 0.006 nm, less than the resolution of the OSA.
Moreover, the maximum fpi (i = 12,34) is <0.704 dB.

Using the self-homodyne method again, the SLM character-
istics of four lasers are measured, as shown in Fig. 11(a). Using
the MH mode in a ~10 min measurement, no beating signal
is captured for all four lasers, which means that the EDFL is
working properly in SLM lasing. Using a section of SMF to
replace the DCR-CC filter to ensure that the MRC’s length is
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fitting implemented to each spectrum.

unchanged, the RF beat spectra of four lasers are measured again,
as shown in the inset-1 of Fig. 11(a). It is clear that multiple
beating frequency signals are captured, indicating that all the
lasers are functioning in a dense multi-longitudinal mode lasing.
That verifies the capability of SLM selection of the DCR-CC
filter in the fiber laser. As shown in inset-1, the spacing of
adjacent peaks is ~7.80 MHz, corresponding to a MRC’s length
of ~26.19 m, which is consistent with the measured length of
~26.20 m of MRC. Note that the noise level increases along
with the frequency in Fig. 11(a) due to the inherent property of
the PD.

The mode-hop characteristics of four lasers are studied using
adelayed self-heterodyne measurement (DSHM) system, which
is composed of a 400 MHz PD, a Mach-Zehnder interferometer
(MZI) and an ESA. On the other hand, the MZI is composed
of a 200 MHz acousto-optic modulator (AOM) in one arm
and a 100 km long SMF in the other. Using ESA’s MH mode
for ~20 min measurement, the beating spectra are shown in
Fig. 11(b) in a frequency range of 175—225 MHz with an RBW
of 30 kHz. Moreover, Inset-2 presents the measurement results
in the frequency range of 0—250 MHz with an RBW of 51 kHz.
It is clear that only the 200 MHz strong beat frequency signal
introduced by the AOM is captured for each laser measurement.
Considering that the longitudinal mode interval of the MRC is
~7.80 MHz, it is believed that the fiber laser functions in a stable
SLM without mode-hop for a significant period of time.

Furthermore, the linewidths of four lasers are studied via the
DSHM system. For each measurement, 100 times scans are
repeated using the average mode of ESA. Fig. 12(a) to (d) show
the measured RF beat spectra of the four lasers, respectively.
The Lorentz fitting is implemented to each measured spectrum,
and the Adj. R-Square values are 0.96786, 0.97058, 0.96802
and 0.96969, respectively. As shown in the four figures, by
calculating the 1/20 of 20-dB bandwidth of the fitted curves, the
linewidths of four single-wavelength lasers are 625 Hz, 552 Hz,
565 Hz and 597 Hz, respectively. Note that the 100 km SMF in
the DSHM provides a measurement resolution of 2 kHz, so the
20-dB bandwidths reading out from four figures are accurate.
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Fig. 13.
similar measurements in 0-500 kHz with RBW of 100 Hz.

However, in theory, the longer difference between the lengths of
MZI’s two arms is adopted, and the closer measurement result
of the true linewidth of a laser is obtained from the DSHM
system. However, a too long SMF delay will introduce a strong
1/f noise, which will cause the measurement linewidth to widen
from the Lorentz type to the Gauss type [21]. Considering that
a high R-Square value is obtained for each curve fitting, it is
believed that the measured linewidths can be used as the natural
conservative linewidths of four lasers.

The relative intensity noise (RIN) of each lasing wavelength
is measured via the 400 MHz PD, an oscilloscope (Tektronix,
TDS2024C) and the ESA. The oscilloscope is used to measure
the DC signal output voltage of the PD to calculate the power in
the ESA, while the ESA is used to measure the power spectral
density of the PD output. As shown in Fig. 13(a) to (d), the
RINs for fours lasers are all lower than —153 dB/Hz when the
frequency is >3 MHz. From inset-1 to inset-4 of Fig. 13, the
relaxation oscillation peaks are all close to 48.50 kHz, while all
the peak values of four lasers are <—100 dB/Hz. The position of
the relaxation oscillation peak is mainly induced by the cavity
length, while the relaxation oscillation noise is mainly induced
by the combining influences, including the pump power, cavity
loss, mechanical vibration and thermal disturbance [40]. As the
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cavity length increases, the position of the relaxation oscillation
peak moves in a descending frequency direction.

D. Performance Analysis of Wavelength-Swept Mode

This section theoretically verifies that the performance of the
proposed WWS-EDFL in the wavelength-swept mode under a
given sweep rate is comparable with that in the fixed lasing
wavelength mode, characterized above. According to the laser
principle, it is known that a small light signal needs time to
propagate enough loops and obtain enough gain in the laser
cavity, in order to become a stable laser. This indicates that
for a wavelength-swept fiber laser enabled by an FFP-TF, the
passband of the scanning filter must remain for a sufficient period
Tmode t0 make any single lasing mode oscillate. In that situation,
the instantaneous lasing property is almost similar to that in the
fixed lasing wavelength mode. In other words, if the sweep rate
is extremely large, the instantaneous lasing property is degraded
due to insufficient oscillation. For the suggested WWS-EDFL,
the wavelength-swept range of 87 nm contains 691 transmission
channels of the DCR-CC filter. Subsequently, in each sweep
period, the passband of the FFP-TF is able to scan over 1382
lasing modes. Therefore, to obtain sufficient oscillation for each
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mode, the following relationship must be satisfied.
1
1382 x f’

where f is the sweep rate of the FFP-TF. For the typical sweep
rates of 10 Hz, 50 Hz, 100 Hz and 150 Hz used in experiments,
the corresponding Ty,0qe calculated are 72.3585 us, 14.4717 us,
7.2358 s and 4.8239 us, respectively.

The necessary cycle number for a cavity mode to form a stable
laser oscillation is determined by the net gain of open loop G,
which is expressed as

(13)

Tmode =

Ghret = Gepra — Afiter — Aother — Aoc, (14)

where Ggpga is the gain of the EDFA, Agye, denotes the insertion
loss of the FFP-TF, Ao denotes the attenuation introduced
by other passive devices and loss of fiber pigtails in the laser
cavity, and Agc is the loss induced by the output coupling ratio
of OC-5. According to the estimation and measurement, the
GEDFA» Aﬁher, Aother and AOC are ~20 dB, 4.56 dB, ~5 dB
and 0.46 dB, respectively. Therefore, the G, is calculated to
be equal to 10 dB approximately. According to the measured
output OSNR of ~67 dB for the proposed fiber laser, as shown
in Fig. 10, the OSNR should be about 77 dB considering the
10% output ratio of OC-5. Consequently, a certain longitudinal
mode must oscillate 8 loops to be considered a stable laser.
However, given the gain saturation effect presented in the EDF,
the required cycle number should be larger than 8 loops, while
15 loops should be sufficient for achieving a high-performance
laser. Furthermore, the DCR-CC filter is a ring oscillating cavity
device. Thus, the desired filtering effect is obtained based on
a sufficient light oscillation in the two subring cavities. Based
on the analysis method suggested in previous work [22], the
transmittance Tpcr-—1 1S expressed as

(=) (&)

LY+ Y YiLiYa - (C1LyCaLa)™
N=1

Tocr-1 =

X

ViLiYa+ Y YiLiYs- (ClLlchz)Nl :
N=1
15)
where N is the cycle number of lights inside the ring oscillating
cavity. Using the parameters given in Section II.B, the transmit-
tance spectra of DCR-1 under different cycle numbers are calcu-
lated as shown in Fig. 14(a). Similarly, the transmittance spectra
of DCR-2 are theoretically obtained, as shown in Fig. 14(b).
Hence, for two subrings, when both their cycle numbers are
superior to 40, the transmittance and passband are stabilized.
According to the previous analysis, in order to achieve stable
lasing, a longitudinal mode in the laser cavity needs at least a
time 7 to oscillate, where 7 is expressed as

o Nivops * Tefi - [Lmcr + (Lpcr-1 + Lpcr-2) « Niieer
c

(16)
where, Nigops = 15 and Npyer = 40, respectively, denote the
cycle numbers of light necessary in the active main ring cavity
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Fig. 14.  Simulated transmission spectra of (a) DCR-1 and (b) DCR-2, under
different cycle numbers of lights inside the subrings.

(MCR), and two passive subrings, Lyicr = 26.20m, Lpcr-1 =
50.70 cm and Lpcr—2 = 52.00 cm represent the lengths of the
MCR and two subrings and c is the light speed in a vacuum,
respectively. Therefore, a minimum time 7of a stable laser
established in the laser cavity is calculated to be 4.9383 pus.
Compared with the 7,04 for four typical sweep rates, only for the
sweep rate of 150 Hz, the 7,04 1S inferior to the 7, in which the
instantaneous lasing mode is unable to oscillate sufficiently. That
is exactly consistent with the result acquired and analyzed in the
experiment shown in Fig. 9(d). Therefore, it is concluded that,
conservatively under a sweep rate <100 Hz for the WWS-EDFL,
the instantaneous lasing performance in the wavelength-swept
mode is similar to that in the fixed wavelength lasing mode.

IV. CONCLUSION

This paper reports a WWS-EDFL enabled by a DCR-CC
filter, an FFP-TF, and a C+L-band EDFA. A novel methodology
that utilizes signal-flow-graph combined with matrix algebra
to obtain the significant design parameters of the DCR-CC
is introduced. This can be a general method to analyze the
compound-cavity filter used for mode selection in fiber lasers.
Furthermore, this study designed and fabricated the DCR-CC
filter with an FSR of 15.78 GHz and an FWHM of 12.51 MHz.
The C+L-band EDFA is established to reach a wavelength-
sweptrange >87 nm. Theoretically, this paper verified that under
a sweep rate <100 Hz, the proposed WWS-EDFL possesses
the output performance in any instantaneous lasing wavelength
comparable with that in the corresponding fixed wavelength
lasing mode. Four typical FBGs with the center reflection
wavelengths of 1530 nm, 1550 nm, 1570 nm and 1590 nm,
respectively, are used to replace the FFP-TF for wavelength
defining. Afterward, the corresponding fixed single-wavelength
operations are characterized in turn. All lasers have an OSNR
>66 dB, a RIN <—153.33 dB/Hz@ >3 MHz, and a linewidth
<625 Hz. Furthermore, the power fluctuation is <0.704 dB,
and no mode-hopping is observed within 20 min for all lasers.
The obtained performance parameters for fixed wavelength las-
ing are considered as an estimation for those of the proposed
WWS-EDFL under a sweep-rate <100 Hz. Moreover, the laser
output power in swept-mode is easily further amplified using
an extra EDFA for high power application requirements. It is
believed that, if with specialized temperature compensation and
vibration isolation, the proposed WWS-EDFL can be as an
ideal alternative laser source in OFDR, spectroscopy and Lidar
systems.
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