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Random Distributed Feedback Fiber Laser Generating Cylindrical Vector Beams
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We experimentally demonstrate a random distributed feedback fiber laser generating cylindrical vector
beams via a mode-selective coupler and a fiber ring resonator with 50-m-long single-mode fiber. Because
of random distributed feedback provided by the single-mode fiber, multimode interactions are suppressed
in the cavity, leading to modeless output. Azimuthally and radially polarized beams can both be obtained
by adjustment of the polarization controllers. Speckle contrast measurements are made to confirm the
effectiveness of the designed laser in reducing laser speckle. Apart from the low cost and simple technol-
ogy of such a laser, the cylindrical vector beams with modeless behavior may have applications in areas
such as laser radars, free-space communication, remote sensing, and biomedical imaging.
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I. INTRODUCTION

Random lasers with optical feedback provided by mul-
tiple scattering compared with a well-defined cavity in
conventional lasers have attracted a great deal of atten-
tion because of their low cost and special properties in
the past few decades [1–7]. In traditional random lasers,
laser output might suffer from problems such as complex
emission spectra and angular dependence, making them
less attractive in practical applications. To overcome these
problems, low-dimensional random systems (e.g., random
fiber lasers) were proposed to enhance the performance of
random lasers [8–10]. One of the most-significant break-
throughs was made by Turitsyn et al. [10], who proposed
a novel type of random fiber laser and named it a “random
distributed feedback (DFB) fiber laser.” In such a laser,
the laser feedback is provided by Rayleigh backscattering
resulting from refractive-index inhomogeneities of ultra-
long fibers. Different gains provided by stimulated Raman
scattering [10], stimulated Brillouin scattering (SBS) [11]
and active fibers [12] were used in random DFB fiber
lasers to achieve operation in different spectral bands. Sub-
sequently, the generation of multiple wavelengths [13],
tunable wavelength [14], and a narrow spectrum [15]
were realized in random DFB fiber lasers. Owing to their
attractive features such as low cost, simple technology,
and modeless behavior, random fiber lasers have poten-
tial applications in telecommunication, sensing, nonlinear
optics, and imaging [16–19].
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Cylindrical vector beams (CVBs), such as azimuthally
and radially polarized beams, due to their special polar-
ization and amplitude distributions [20], have shown great
utility in the fields of high-resolution imaging [21], optical
trapping [22], telecommunication [23], and sensing [24] in
recent years. Because of their low cost, high efficiency, and
good integration, all-fiber lasers have been successfully
used to generate CVBs [25–28]. Until now there has been
no report on a random DFB fiber laser generating CVBs.
The combination of the special properties offered by CVBs
and random fiber lasers would provide more potential
applications for biomedical imaging, laser radars, free-
space communication, and remote sensing. In the field of
biomedical imaging, low-temporal-coherence sources are
required in some technologies, such as optical coherence
tomography [29], which has been widely applied in medi-
cal diagnosis and scientific research. A random fiber laser
can achieve output with low temporal coherence, which is
a useful option for optical coherence tomography. Resolu-
tion is one of the most-important performance parameters
of an imaging system. A radially polarized beam has
shown great advantages in high-resolution imaging since a
tighter electric field spot can be obtained after tight focus-
ing through a lens compared with the well-known linearly
and circularly polarized beams [20,30,31]. The combined
system is expected to be applied in optical coherence
tomography to achieve high-resolution imaging. Besides,
the low temporal coherence offered by random fiber lasers
can be used to reduce laser speckle [32,33]. Low-temporal-
coherence radially polarized beams are expected to be
used in high-resolution biomedical imaging systems to
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provide better image quality. In practical application, some
optical systems such as free-space optical communica-
tion, remote sensing and laser radar systems, will often
suffer from turbulence-induced scintillation [34]. Both par-
tially coherent beams and radially polarized beams have
shown their effectiveness in reducing scintillation [35–38].
Recently, the scintillation index of a partially coherent
radially polarized beam propagating through thermally
induced turbulence was studied, showing that a partially
coherent radially polarized beam has an advantage over
a linearly polarized partially coherent beam in reducing
turbulence-induced scintillation [38]. The combined sys-
tem could be a high-integration miniaturization device
in free-space optical communication, remote sensing, and
laser radar systems. In addition, random fiber lasers are of
low cost, which is attractive in the practical applications
mentioned above.

In this paper, we propose and demonstrate a random
fiber laser with CVB outputs. A mode-selective coupler
(MSC) is inserted in the cavity as a mode converter to
achieve mode conversion from the linearly polarized 01
(LP01) mode to the linearly polarized 11 (LP11) mode.
The azimuthally and radially polarized beams are gener-
ated by our adjusting the polarization controllers (PCs) in
the designed laser. A fiber ring resonator (FRR) is applied
to provide random DFB. The light circulating in the FRR
generates backscattered light through Rayleigh backscat-
tering and SBS. Because of the random DFB, multimode
interactions are suppressed in the cavity, leading to laser
output with modeless and low coherence. The effectiveness
of the designed laser in reducing laser speckle is con-
firmed by speckle contrast measurements. The proposed
laser retaining the advantages of high integration and low
cost offered by traditional optical fiber lasers while achiev-
ing low-coherence output can be used as a multifunctional
laser source, which provides added value in many practi-
cal fields, such as laser radars, free-space communication,
remote sensing, and biomedical imaging.

II. EXPERIMENTAL SETUP

Figure 1 shows a schematic diagram of the proposed
fiber laser. A 1-m-long ytterbium-doped fiber (YDF) act-
ing as a gain medium is pumped by a 980-nm laser diode
through a 980-nm/1060-nm wavelength-division multi-
plexer. The YDF is followed by a FRR composed of a fiber
coupler with a coupling ratio of 90:10 and a 50-m-long
single-mode fiber (SMF) serving as one of the laser mirrors
to provide random DFB. Unwanted Fresnel reflection at
the output end of the fiber is eliminated by our inserting an
isolator to ensure the random distributed scattering is the
only feedback. A fiber loop mirror (FLM) made by a 3-dB
coupler is used to form another laser mirror. The MSC
is inserted between the FLM and the wavelength-division
multiplexer for mode conversion and power output. PC1

FIG. 1. The experimental setup of the proposed random DFB
fiber laser generating CVBs. ISO, isolator; LD, laser diode;
OSA, optical spectrum analyzer; PC1, polarization controller
1; PC2, polarization controller 2; WDM, wavelength-division
multiplexer.

placed between the FLM and the MSC is used to con-
trol the polarization state of the fundamental mode. PC2
is used to refine the polarization of the output high-order
mode. The laser output spectrum, power, and beam pro-
file are measured by an optical spectrum analyzer with a
resolution of 0.05 nm, a power meter and a CCD camera,
respectively.

The MSC based on the modal coupling mechanism
has been applied to generate CVBs successfully in previ-
ous studies [39–41]. A MSC is based on phase-matched
evanescent coupling between two dissimilar fibers: a SMF
and a few-mode fiber (FMF). According to coupled-mode
theory [42], the ratio of the optical power of the two output
ports of the MSC can be defined as α:

α = P2(l)
P1(l)

= K2 sin2 Cl
K

1 − K2 sin2 Cl
K

, (1)

where K = [1 + (β1 − β2)
2/4C2]−1/2, K2 represents the

maximum coupling power between two fibers, P1 denotes
the optical power of the LP01 mode in the SMF, P2 denotes
the optical power of the LP11 mode in the FMF, l is the
length of the coupling region, C is mutual-coupling coeffi-
cient, and β1 and β2 represent the propagation constants of
the LP01 and LP11 modes, respectively. When the phase-
matching condition is satisfied and the loss is ignored, the
mode-conversion efficiency γ from the LP01 mode at the
input port of the SMF to the LP11 mode at the output port
of the FMF can be written as

γ = P2(l)
P1(l) + P2(l)

= sin2 Cl. (2)

According to Eq. (2), the mode-conversion efficiency is
related to the length of the coupling region. During the fab-
rication process, the SMF and the FMF are twisted, fused,
and stretched together to form a coupling region [43]. The
output mode is confirmed by our observing output beam
profiles through a CCD camera. The ratio of the output
power of the SMF and the FMF is around 90:10 as mea-
sured by the power meter, indicating an output ratio of
about 10% for the laser.
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III. EXPERIMENTAL RESULTS AND DISCUSSION

Figures 2(a)–2(e) show the spectral characteristics of
output 1 at different pump powers. When the pump power
is below the lasing threshold of 75 mW, the output spec-
trum exhibits the behavior of amplified spontaneous emis-
sion, as shown in Fig. 2(a). When the pump power exceeds
the threshold marginally, several spikes appear, as shown
in Fig. 2(b). Figures 2(c)–2(e) show the measured spectra
for pump powers of 120, 185, and 240 mW, respectively.
Two parameters are proposed to quantitatively analyze
the relationship between the spikes and the pump power;
namely �λ and N , where �λ represents the spectral width
for the spikes whose intensity is 10 dB lower than the
maximal intensity of the spikes and N represents the num-
ber of spikes in the corresponding spectral width. Figure
2(f) shows the evolution of �λ and N versus the pump
power.

The inset in Fig. 2(f) shows the frequency autocorre-
lation function of the lasing spectra. The horizontal axis
of the inset shows the frequency shift, and the vertical
axis stands for the normalized amplitude. The first peak,
at around 14 GHz, corresponds to the separation of the

(a) (b)

(c) (d)

(e) (f)

FIG. 2. Laser spectra at different pump powers of (a) 72 mW,
(b) 80 mW, (c) 120 mW, (d) 185 mW, and (e) 240 mW. (f) The
evolution of �λ and N versus the pump power. The inset shows
the frequency autocorrelation function of the lasing spectra at a
pump power of 240 mW.

lasing spikes at approximately 14 GHz (0.056 nm), which
confirms that the spikes must be the Stokes lines of SBS.
The light circulating counterclockwise in the FRR gen-
erates the backscattering light in the clockwise direction
through Rayleigh scattering serving as the feedback into
the cavity. The backscattering light is amplified as it passes
through the YDF and couples back into the FRR. The light
intensity in the FRR can be enhanced effectively due to
coherent phase matching provided by the FRR. Accord-
ing to Ref. [44], the threshold of SBS in the FRR is given
approximately by

Pth = 2Aπ

gLF
, (3)

where F is the finesse of the FRR, L is the length of the
FRR, g is the Brillouin gain coefficient, and A is the effec-
tive core area. Using the parameters of the FRR applied in
our experiment, we calculate the threshold of SBS in the
FRR to be about 1.7 mW. The threshold input power of
the FRR is even lower (approximately 0.18 mW) accord-
ing to Eq. (6) in Ref. [44]. Since the threshold of SBS is
quite low, the SBS process in the FRR can occur at low
pump power. When the light intensity in the FRR reaches
the threshold of SBS, the light is sent back by the SBS with
high reflectivity [45]. With the increase of pump power, the
power of lower-order SBS Stokes components is amplified
enough to excite the higher-order SBS Stokes components
in the FRR. Thus, more and more SBS Stokes components
are generated in the laser cavity, leading to an increasing
number of spikes in the output spectra.

The laser power at output 1 and output 2 versus pump
power is shown in Fig. 3. When the pump power is below
the threshold of 75 mW, the output power is close to 0
mW, but increases linearly with the pump power after the
pump power exceeds 75 mW, presenting the same thresh-
old behavior, which confirms the spectral analysis above.
According to the red curve in Fig. 3, the slope efficiency

FIG. 3. Laser output power versus pump power.
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of CVBs at output port 1 is about 1.2%. The slope effi-
ciency at output port 2 is about 2.1%, as shown in Fig.
3 by the blue curve. The total slope efficiency is calcu-
lated to be 3.3%. By adjusting the intracavity PCs, we
can obtain azimuthally and radially polarized beams with
doughnut-shaped intensity profiles as shown in Figs. 4(a)
and 4(f), respectively. PC1 is used to control the polar-
ization of the fundamental mode in the cavity. PC2 in the
few-mode fiber is used to refine the polarization of the out-
put higher-order mode such that the TE01 and TM01 modes
can be selected [25–28,40,41]. By our rotating a linear
polarizer inserted between the collimator and the CCD, the
polarization states of output beams can be confirmed. Fig-
ures 4(b)–4(e) show the intensity profiles of the beam after
the azimuthally polarized beam has passed through the lin-
ear polarizer at four transmission axes (denoted by the
white arrows). Figures 4(g)–4(j) show the intensity profiles
of the beams after the radially polarized beam has passed
through the linear polarizer. By using the fiber bending
method proposed in Ref. [25], we measure the mode puri-
ties of the azimuthally and radially polarized beams to be
about 95% and 94.5%, respectively.

In imaging, laser speckle is one of the important factors
affecting imaging quality. There are various ways to reduce
speckle, including applying low-coherence sources. CVBs,
because of their special polarization distributions, have
low spatial coherence compared with ordinary linearly

(a) (b) (c)

(d) (e)

(g)(f) (h)

(i) (j)

FIG. 4. (a) Intensity profiles of the azimuthally polarized beam
and (b)–(e) the corresponding evolution after the beam has
passed through a linear polarizer with four orientations denoted
by the white arrows. (f) Intensity profiles of the radially polarized
beam and (g)–(j) the corresponding evolution after the beam has
passed through the linear polarizer.

polarized beams, so CVBs can be used to reduce laser
speckle. Since the cylindrical vector modes (namely, the
TE01 mode and the TM01 mode) have an axial-symmetry
polarization distribution, they can be decomposed into two
orthogonal linearly polarized modes [30]. The applica-
tion of orthogonal linearly polarized beams has shown its
advantage in decreasing speckle contrast compared with
use of a linearly polarized beam alone [32]. To confirm
the effectiveness of the designed laser in reducing laser
speckle, speckle contrast measurements are performed.
Plots (a)-(c) in the top row in Fig. 5 show the intensity
distributions of the single-wavelength linearly polarized
beam, the single-wavelength radially polarized beam, and
the multiwavelength radially polarized beam generated by
the designed random DFB fiber laser. The emission spec-
tra are shown in the second row in Fig. 5. The third
row in Fig. 5 shows the speckle patterns of the corre-
sponding beams passing through the diffuser, where the
corresponding speckle contrasts are also marked. We can
see that speckle contrast decreases by about 21% when the
single-wavelength radially polarized beam is used com-
pared with when the single-wavelength linearly polarized
beam is used. The use of the multiwavelength radially
polarized beam reduces the speckle contrast by a further
16% compared with the use of the single-wavelength radi-
ally polarized beam. The results show that the designed

(a) (b) (c)

FIG. 5. The top row shows the intensity distributions of (a)
the single-wavelength linearly polarized beam, (b) the single-
wavelength radially polarized beam, and (c) the multiwavelength
radially polarized beam generated by the designed random DFB
fiber laser. The second row shows the emission spectra of the cor-
responding beams. The third row shows the speckle patterns of
the corresponding beams passing through the diffuser, where cor-
responding speckle contrasts are marked in the upper-left corner
of the speckle patterns.
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laser can be used to reduce the influence of laser speckle,
which is useful in many imaging systems.

IV. CONCLUSIONS

In summary, a random DFB fiber laser generating CVBs
is successfully demonstrated. Owing to random DFB pro-
vided by the FRR with a 50-m-long SMF, the laser
achieves CVBs with modeless behavior. The increase in
the number of spikes in the output spectrum with increas-
ing pump power is attributed to the cascaded SBS mecha-
nism. The relatively low efficiency of the designed laser
is attributed to the insertion of the MSC, and the effi-
ciency could be enhanced greatly by improvement of
the technique for fabrication of the MSC. High-purity
azimuthally and radially polarized beams are produced by
our controlling the polarization states in the fiber cavity.
Speckle contrast measurements show the effectiveness of
the designed laser in reducing laser speckle. The designed
laser has typical characteristics of random fiber lasers, such
as low cost, high integration, and output with low coher-
ence but high intensity, which may have applications in
laser radars, free-space communication, remote sensing,
and biomedical imaging.
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