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Decoherence of fiber laser sources is of great importance in imaging applications, and most current studies use or-
dinary multi-mode fibers (MMFs). Here, a newly designed single-trench fiber (STF) is investigated to reduce the spatial
coherence of fiber light source and compared with MMFs. By bending two fibers with different turns, speckle contrast of
a 0.8-m-long STF can be reduced from 0.13 to 0.08, while a 0.8-m-long MMF shows an inverse result. Through speckle
contrast and decoupling-mode analysis, the reason of this inverse trend is revealed. Firstly, the STF supports more modes
than the MMF due to its larger core diameter. Secondly, mode leak from the first core of the STF can couple to the sec-
ond core when bending the STF. Thus, power distribution among high and low-order modes become more even, reducing
the spatial coherence considerably. However, in the MMF, high-order modes become leaky modes and decrease slightly
when bending the fiber. This work provides a new method to modulate coherence of light source and a new angle to study

decoherence principle using special fibers.

Keywords: single-trench fiber, multi-mode fiber, bending fiber, speckle contrast
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1. Introduction

The mutual interference of light source can generate
speckle, which extensively occurs in optical systems.!!l Per-
formance of imaging systems illuminated with spatial coher-
ent light sources would be deteriorated by speckles, so it is
imperative to suppress speckles in these applications, such
as laser radar,[?! digital holography,>*! laser inherent field
imaging, ! speckle-free full-field imaging!® and optical co-
herence tomography (OCT).!”="] Researchers have come up
with practical methods to cope with this problem.!!%-13] The
typical methods for suppressing speckle include temporal av-
eraging with a moving diffuser, polarization diversity, wave-
length/angle diversity, temporal and spatial modulation.[!%13]
The aforementioned methods can achieve a partially coherent
or fully incoherent light. Apart from these methods, exploit-
ing MMFs to reduce speckles is also known as an effective
approach, due to its characteristics such as excellent direction-
ality as well as being compatible with fiber systems/devices.

It is known that spatial coherence can be reduced with

16,171 Therefore, a large-

excitation of more spatial modes.!
mode area step-index MMF, which supports a large number
of transverse/spatial modes, can be used to restrain speckle

18,191 Another key factor is to make the excited

formation.
spatial modes decoherent. The principle of decoherence in
MMFs is that with accumulation of dispersion, intermodal de-
lay can surpass the coherence length of light source. Usually,

this method requires a relatively long length of fiber to real-

DOI: 10.1088/1674-1056/abb65f

ize low coherence.[?"! For a fixed MMF structure, to get suffi-
cient low spatial coherence, apart from increasing the power
of light source,?! one should excite more effective spatial
eigenmodes of the MMF. This could be achieved by bending
the MMF used or off-set splicing of the initial light injection.
However, ordinary MMFs are poorly suitable to excite high-
order modes through bending, since the modes will become
leaky modes when bending the fiber.

In this paper, we design a novel fiber with special struc-
ture, called the single-trench fiber (STF, produced by Yangtze
Optical Fiber and Cable Joint Stock Limited Company), which
has two core layers and two cladding layers. On the one hand,
it can support more transverse modes with smaller effective re-
fractive index difference between neighboring modes.??! On
the other hand, high-order modes can continue to transport in
the second core layer as transmitting modes when bending the
fiber. Thus, power distribution among different modes of STF
can be modulated effectively through bending, thereby reduc-
ing coherence of the output light. Our results show that the
speckle contrast of output can be decreased considerably by
bending the STF. As a result, speckle contrast of less than 0.1
can be realized using a relatively short segment of the STF,
which can also be tuned easily by changing the bending turns.
However, compared with the STF, an inverse phenomenon
is found when using an MMF, e.g., as the MMF bends, the
speckle contrast of output increases. This work provides a
convenient and tunable way to control the output coherence,
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which is of great importance in applications such as free-space
optical telecommunications and speckle-free imaging.

2. Detail of the experiment

Schematic cross-section and refractive index profile of the
STF and MMF are shown in Fig. 1, where dark and bright re-
gions represent high (n; = 1.4681) and low (ny = 1.4420) re-
fractive indexes, respectively. As can be seen from Fig. 1(a),
there is a high-index core and the second core layer separated
by a low-index trench. The structure parameters marked in
Figs. 1(b) and 1(d) are d = 104 um, A =2 um, a = 20 um,
b =26 um, L =105 um and p = 20 pm. Figure 1(e) shows
the calculated effective refractive index (nqs) of the first 500
transverse modes supported by the two fibers with the help
of Mode Solution Software. With an increase of mode order,
the modal n.g of the STF decreases more slowly than that of
the MMF. This is because the STF has the second core layer
(which has a refractive index higher than the trench), which
causes negr of high-order modes increasing. As a result, it is
easier to tune the power distribution among different modes of
the STF through mode coupling.
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Fig. 1. Characteristics of the two fibers. (a)/(b) and (c)/(d) are schematic
cross-section/refractive index profile of the STF and MMEF, respectively.
(e) Calculated neg of the first S00 spatial modes. The dark and light line
represents the neg of STF and MME, respectively.

Some representative field distribution of low-order and
high-order modes of the two fibers are shown in Fig. 2. It is ob-
served that, in the STF, the low-order modes distribute mainly
in the first core region, and the high-order modes distribute in
both the first and second core regions. This is different from
the MMF and results in different decoherent procedures when
bending the fiber. For example, the leaky modes of the first
core may couple into the second core layer when bending the
STF, which increases the mode number and is helpful to re-
duce the spatial coherence.
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Fig. 2. The power distribution of low-order and high-order modes in
the STF and MMF.
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Fig. 3. Schematic diagram of experimental setup. ASE, amplified spon-
taneous emission. SWTL, swept-wavelength tunable laser. VOA, vari-
able optical attenuator. STF, single trench fiber. MMF, multimode fiber.
GG, ground glass.

The experimental setup is schematically shown in Fig. 3.
An amplified spontaneous emission (ASE) source with a cen-
tral wavelength of 1530 nm and bandwidth of ~7 nm or
a swept-wavelength tunable laser (SWTL) light source is
launched into a variable optical attenuator (VOA) which is
used to control the optical power. A 3 dB coupler, splitting
the input light into two beams, is connected with the end of
the VOA. One output port of the coupler is followed by a
power meter to monitor the optical power and the other port
is sliced with a segment of the STF or MMF to reduce the
spatial coherence.??! Speckle patterns are measured by an in-
frared camera (Xenics, Bobcat-640-GigE) after the light is col-
limated by a lens (focal length of 6.2 mm) and passing through
a ground glass (GG) diffuser. To tune the spatial coherence,
the STF and MMF are bent with a bending radius of 1 cm. As
for bending loss, we once performed an experiment to study
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the change of C when we winded the two fibers. The result
shows that the C does not change significantly with the change
of bending radius. Thus it is not considered in the following
analysis.

3. Study of spatial decoherence

Firstly, output field patterns of the 0.8-m-long STF
(Figs. 4(a)-4(e)) or MMF (Figs. 4(f)—4(j)) bent into differ-
ent turns are recorded using the camera. In the STF, the field
distribution extends outwardly and becomes more even with
increasing turns of bending, indicating that high-order trans-
verse modes are excited through mode coupling. In the MMF,
the field distribution becomes more localized when increasing
turns of bending, as the excited high-order modes partially be-
come leaky modes.

0 turn 3 turns 5 turns 6 turns

1 turn

Fig. 4. Mode field profiles of output from the STF (a)—(e) and the MMF
(£)—() bent 0, 1, 3, 5, 6 turns. The bending radius is 1 cm.

Under the same experimental conditions, the speckle pat-
tern of the output is also measured via inserting a ground glass
(GG) before the camera. It can be seen from Figs. 5(a)-5(d)
that speckle formation from the output of STF is well pre-
vented and the power distribution becomes more averaged as
the number of turns increasing. While the output of the MMF
shows an inverse trend, as presented in Figs. 5(e)-5(h), more
speckle grains appear with increasing the turns. Linking these
speckle patterns with mode field profiles aforementioned in
Fig. 4, it is obvious that the more the power profile is aver-
aged, the fewer the speckle grains occur in speckle patterns.

1 turn 4 turns 6 turns

0 turn

STF

MMF

Fig. 5. Speckle patterns formed after light passing through a ground
glass diffuser for the STF (a)—(d) and the MMF (e)—(h) bent 0, 1, 4, and
6 turns. The bending radius is 1 cm.

Spatial coherence can be analyzed quantitatively through
speckle contrast C of the speckle patterns, which is defined as

C = o7/(I) (where oy is the standard deviation of the intensity

).2425] Figure 6 shows the value

and (I) is the average intensity
of C as a function of bending turns N for different lengths of
the STF and MMF. When the length is 0.8 m, the blue line
marked by circles shows that C of the STF decreases with N,
while C of the MMF (the green line with circles) shows an in-
verse trend. These are in agreement with the results of speckle
patterns shown in Fig. 5. The change of speckle contrast is
listed in Table 1. In particular, for the first two turns (N = 2),
C of the STF decreases by around 35% dramatically and keeps
almost unchanged (around 0.0855) for further increase of N.
While C of the MMF keeps increasing with NV, e.g., C increases
by 58.6% from N =0 to N = 6. When the length is 0.4 m,
the result is similar. When the length increases to 3 m, C be-
comes less than 0.1 and varies little with N for both the STF
and MMF. This is due to the fact that intermodal delay sur-
passes the coherence length of the input light as dispersion in-
creases with transmission length, which is consistent with the
theory given in Ref. [20]. We also find that, for the same value
of N, the longer the fiber, the smaller the value of C. However,
compared with changing the length of the fiber, fiber bend-
ing would be more preferred in some applications, since it can
modulate the coherence of output more flexibly. Theoretically,
the number of spatial modes that effectively?®! affect C can be
estimated by M = c? /2, where the denominator 2 refers to
polarization mixing in the fibers. Taken N = 2 and 0.8-m-long
length as an example, the numbers of spatial modes in the STF
and MMF are around 30 and 20, respectively.

0.26

—+—0.4m STF
0.24 } 0.4 m MMF
——0.8 m STF
0.22} 0.8 m MMF
—+-3'm STF
0.201 3 m MMF
g -
@ 0.18
£ o016
S 0.4}
0.12f
0.10}
0.08 2
0.06

0 1 2 3 4 5 6
Turns

Fig. 6. Speckle contrast of the STF and MMF as a function of the turn.

Bending radius is 1 cm. Blue lines and green lines correspond to the

STF and MMEF, respectively. Here %, o and A correspond to 0.4 m,

0.8 m and 3 m fibers, respectively. The specific change of C is listed in

Table 1.

Table 1. Change of speckle contrast.

Length/m Minimum C Maximum C AC

0.4(STF) 0.1016 0.1485 —31.6%
0.8(STF) 0.0855 0.1315 —35.0%
3.0(STF) 0.0786 0.0794 —1.0%
0.4(MMF) 0.1590 0.2102 +32.2%
0.8(MMF) 0.1520 0.2411 +58.6%
3.0(MMF) 0.0797 0.0917 +15.1%
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Power distribution among different modes can be further
analyzed using the mode decomposition method.?”?8! To get
intensity fluctuation of specific regions of the output field as
a function of wavelength (i.e., transmission spectrum), the
mode profile is recorded continually by the camera when in-
put wavelength is scanned (by the SWTL) from 1520 nm to
1540 nm with 0.5 nm wavelength intervals. Figure 7 gives
the transmission spectra of the STF/MMF and the correspond-
ing fast Fourier transform (FFT). The dark-color curve cor-
responds to N = 2, and the light-color curve corresponds to
N =0.
bent fibers (dark curves) are lower than naturally stretched-

It is obvious that the transmission spectra of the

out fibers (light curves). The gap between the dark and light
curves for the STF is smaller than that for the MMF, which
also indicates that the STF has less leaky modes due to the

6.33 T

6.321 () .
g oo AP AN NN
T 6.30p V :
—

g 6.29+ 1
x 6.28¢ -2 turns 1
6.27+ unbended
0]
1520 1524 1528 1532 1536

Wavelength/nm
6.46 T T T T T ]
= 6.44f (c)
B 6.42f
5 640}
2
ch 6.38}
—2 turns
6.361 unbended
634 . . . . . .
1520 1524 1528 1532 1536
Wavelength/nm

1540

1540

protection of the second core region.

The FFT curves in Figs. 7(b) and 7(d) reflect that com-
ponents of the transmitted light arrive at the output end with
different delays (taking the fundamental mode as a reference).
Especially, several peaks appear, corresponding to different or-
ders of mode, and the peaks with larger delay correspond to
higher order modes. In Fig. 7(b), we can see that amplitude
of high-order modes in the bent fiber is larger than that in the
unbent fiber when time delay > 2 ps. This reflects that the
power couples from low-order modes to high-order modes and
distributes more even when bending the STF. This is in accor-
dance with the conclusion in Ref. [29]. Figure 7(d) reflects that
the power of high-order modes decreases due to mode leaking
when bending the MMF. All these are in accordance with the
conclusion from Figs. 5 and 6.

8 T T T T T
m i (b) -2 turns
° T unbended
~~
) L
°
z of| |
= L ANEA |
3, N G
£ 5¢ \//\/ -
< L ,
4 I I I I I
0 1 2 3 4 5 6
Time delay/10712 ps
8.5 T
as) (d) ~2 turns
T 75| unbended
k3 I |
£ 6.5}
3, I S~ 1
E 550\ D ~
4.5

0 1 2 3 4 5 6
Time delay/10712 ps

Fig. 7. Transmission spectra of the two fibers and their FFT curves. Bending radius is 1 cm. (a) and (b) Optical spectra of the STF and its FFT

result. (c) and (d) Optical spectra of the MMF and its FFT result.

4. Conclusion

In summary, we have proposed an STF and it is used
to reduce speckle contrast of fiber light source, the result is
also compared with an MMF. It is found that speckle con-
trast of light sources can be reduced efficiently by bending the
STF with only a few meters of length, while the MMF has
an inverse influence on the speckle contrast when bending it.
Through optical field imaging and decoupling-mode analysis,
it is revealed that the inter-mode power distribution in the STF
becomes greater even because its second core layer can sup-
port high-order modes to transport in it, and this contributes to
the reduction of the speckle contrast (i.e., spatial coherence),
while high-order modes become leaky modes in the MMF
when bending it, and this results in increase of the speckle
contrast. The proposed work provides a significant way to an-
alyze/understand modal evaluation in special fibers, as well as
to modulate spatial coherence of light source, which are use-
fully in applications of optical sensing, speckle-free imaging

and illuminating. 3!
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