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Abstract—We theoretically and experimentally proposed the (a) 0038 (b) 0.040 _
generation method of third-order orbital angular momentum 0036 i 0035 el
(OAM) modes with reduced losses by cascading two adiabatic mode g 5 £ 0030 O
selective couplers (MSCs), in which the LP;; mode produced as g 004 2 0025
an excitation mode was utilized to generate a higher-order mode §0~0~‘3 Z 0020
(LP31). The minimum excess loss and insertion loss of cascaded ¥ 0.030 Z 0015
MSCs were 3.7 dB and 5.3 dB, and had been greatly reduced 0.028 0.010
compared to a single MSC. Then, the third-order OAM mode 3 0 0 10 0008 501060
turned from LP3; mode was amplified in an all-fiber system, by ©) 145 Distance (um) (d) 475 Distance(pim)
which maximum mode gain after amplification can be achieved up SR SR B
to 23.2 dB. This generation and amplification system has promis- 1450 M s a
ing applications in the long-distance mode division multiplexing S ——a | F10 m
technology. &L T ass e .
Index Terms—Mode selective coupler, vortex beams, higher- 1446 323:3:3=3=3 1450} oo o0 o o o
order mode, fiber-optics amplifiers. 1.445

I. INTRODUCTION

ITH the rapid development of the modern society,
W single-mode fibers (SMFs) guiding only one mode have
been approaching their transmission capacity limit [1]. In order
to delay this capacity shortage, SMFs have gradually been
replaced by few-mode fibers, which can support considerable
eigenmodes transmission [2], [3]. When the degenerate modes
satisfy a phase difference of 7/2, a beam with orbital angular
momentum (OAM) can be produced, which is called an OAM
beam or an optical vortex beam [4]. Vortex beams have a spiral
phase wavefront and infinite topological charge numbers, there-
fore having applied in many advanced fields, such as particle
trapping [5], optical tweezers [6], optical sensor [7], photon en-
tanglement [8]. underwater wireless optical communication [9]
and optical fiber communication [10]. At present, there are two
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Fig. 1. Refractive index distribution of (a) FMF and (b) RCF (Insets: fiber
cross sections). Variation of neg distribution versus wavelength of (¢) FMF and
(d) RCE.

mainly generation methods of OAM modes, free space-based
and optical fiber-based methods, including spatial light modula-
tors [11], [12], fiber gratings [13], [14], helical long-period fiber
grating [15], [16] and mode selective couplers (MSCs) [17], [18],
[19], [20], [21]. Among these methods, MSC can be considered
valuable due to the virtue of low loss, small size, and easy to
couple with fibers. However, traditional MSCs can generate the
higher-order modes directly only from the fundamental mode,
resulting in high losses that is not conductive to the development
of optical communication.

In this article, we demonstrated an all-fiber excitation method
of third-order modes via cascaded adiabatic MSCs, from which
this cascade system enables decreased losses. Then, we realized
amplification of the third-order OAM mode generated by low-
loss cascaded couplers.

II. FIBER PARAMETERS

The optical fibers we used in the experiment include SMF
(Corning SMF-28e fiber), four-mode fiber (FMF), and ring-core
fiber (RCF) [21]. Fig. 1(a) and (b) show the cross sections
and refractive index (RI) profiles of the FMF and RCF. The
geometrical parameters of the two fibers are as follows. For
FMF, Dcore = 17.0 um, Deladding = 125.0 pm, and the RI
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difference between the core and cladding layer is ~0.006. For
RCF, Dcore =6.5 pm, Dring =18.0 pm, Dcladding =125.0 pm,
and the ring-shaped structure enables the RI difference between
the ring and cladding layer of 0.027.

According to the fiber parameters of the FMF and RCF,
the mode effective refractive index (neg) was simulated by
the method of finite element analysis (COMSOL Multiphysics
software), as shown in Fig. 1(c) and (d). Note that FMF can
support LPyq, LP11, LP21, and LPys modes and RCF can support
LPyy, LP1, LPo;, LP3y, and LP4; mode. The n.g difference
between different order modes are more than 10~ in the two
optical fibers [22], which can effectively avoid the crosstalk
between different order modes to produce and transmit stable
OAM modes.

III. GENERATION OF LP3; MODE IN MSC

The principle of the MSC is closely following the coupled
mode theory [23]. The precondition of efficient coupling is the
same neg. Its content is that if the optical fiber coupling system
only consists of two fibers, we can get the coupling model
equation as:

A
(ciTz +ifaA(z) = —ikapB(2) M
dB
— +iBpB(z) = —ikpaA(z) 2

Where A and B are the excited mode amplitudes in each fiber,
respectively; 5 4 and (3 g are the propagation constants of excited
modes in two fibers, k4 p and kp4 are the coupling coefficients
and k4 p =~ kpa = k, which depends on the cross-section geom-
etry and index profile of the fibers. We assumed 54 = 55 = f3,
which means the phase mismatch is zero, a(z) = A(z)e?P4%,
and b(z) = B(z)e'P2*. After a detailed calculation and analy-
sis, the status of power between two fibers can be expressed as:

Py = |A(2)|* = cos?(kz) 3
Pp = |B(2)|* = sin?(kz) “)

Where P 4 and P g are the output power of fiber A and fiber B,
respectively. From the equations above, we notice that the power
presents a complete periodic transfer and can be fully converted
between two fibers.

Based on the coupled mode theory and the fused taper method
[24], we fabricated a MSC by utilizing the SMF and RCF
under adiabatic conditions [25]. The relationship between neg
of different-order modes in the SMF and RCF as a function of
fiber radius was investigated, as shown in Fig. 2(a). It can be seen
that for LP3; mode generation, the modes have the same value
of neg with a scaling factor p = Rgyp/Rrer = 3.1/6.4 = 0.48.
Thus, the SMF needed to be pre-stretched with a diameter of
60.0 um. The experimental pre-stretched diameter of the SMF
was ~62.4 um. Furthermore, the mode conversion process along
the coupler was simulated using a beam propagation method in
the commercial simulation software (RSoft), whose results are
shown in Fig. 2(b). The mode conversion from LPy; to LPs;
mode can be illustrated that (I) LPy; mode was launched into
the SMF; (II) The cladding layers of the two fibers gradually
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Fig. 2. (a) neg of different modes in SMF and RCF as a function of fiber core
radius. (b) Mode conversion process between the LPg1 in the SMF and the LP3;
mode in the RCF along the coupler.
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Fig. 3. Variation of losses and transverse mode patterns at positions ‘A’, ‘B’,
‘C’, and ‘D’ with different d (inset: cross section of coupling region of MSC).

merged along the coupling region, and the energy between the
LPy; mode in the SMF and the LP3; mode in the RCF proceeded
back and forth periodically with the increase of transmission
distance; (IIT) LP3; mode can be excited in the MSC.

One of the most important parameters of fiber coupler is
loss, which includes losses, excess loss (EL) and insertion loss
(IL). The losses refer to the general term for excess loss (EL)
and insertion loss (IL), while the lowest losses represent the
relatively minimum sum of EL and IL of fiber coupler. EL and
IL can be calculated using the following equations:

P:
EL =10lg — 5)
& Z Pout
Pin
IL =101 (6)
& Poutl

where P;,, 2P,y and P,y denote the input power, the total
output power and high-order mode output power of fiber coupler.
[ is the order of OAM mode, which can be taken as 1, 2 and 3.

There are many factors that affect the losses of couplers during
the taper process, such as fiber geometry structure, stretching
length, and core-to-core distance (marked as ‘d’). The influence
of d directly determined the degree of coupling between modes
in two fibers. Then, we will discuss how to reduce the losses
of couplers from this parameter. Subsequently, we explored the
losses, EL and IL, of the MSC with varying the d between the
SMF and RCEF cores [26], as shown in Fig. 3. Four different d
values 8.0, 11.0, 16.0, and 20.0 um were elaborated, in which
the simulated and experimental transverse mode fields were
exhibited as ‘A’, ‘B’, ‘C’, and ‘D’.
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Fig. 4. Modeling of the MSC. When a high-order mode was launched into the

FMEF, a LP3; mode can be generated.

In the simulation, EL is ~6.0 dB and IL is ~10.0 dB, while
experimentally EL is ~8.5 dB and IL is ~11.3 dB with the d
of 11.0 pm. The decreasing trend in EL before d = 14.0 pm is
attributed to the fact that the d is too small to mode crosstalk.
As the d value increases, more LPy; modes couple into LP3;
mode until d = 14.0 pm, then the EL becomes small and
remains almost unchanged because LPy; mode is difficult to
convert into LP3; mode. As a result, the power of the LPy;
mode increases while the power of the LP3; mode decreases. At
this point, the total power of the LPy; and LP3; modes output
from the coupler remains comparatively unchanged, resulting
in a relatively stable EL. As for IL, it is commonly used to
characterize coupling efficiency. The mode crosstalk before
d = 11.0 pm leads to a little output power of the LP3; mode
and low coupling efficiency. As d value increases, the likelihood
of LPy; coupling into LP3; increases. However, the coupling
becomes weaker after d = 11.0 ym, while the output power of the
LP3; mode sharply decreases, leading to a decrease in coupling
efficiency and impacting the IL trend. Under consideration of
factors, it is recommended to choose parameter of d = 11.0 um
for fabricating the coupler. However, the losses of MSC for
its forward applications are still too large to use. Therefore,
higher-order mode generation with cascading two couplers is
adopted to solve this problem.

IV. GENERATION OF THIRD-ORDER OAM MODE IN
CASCADED MSCs

For the above-mentioned LP3;-mode MSC, which is directly
excited by LPy; and drawn by SMF and RCF, has a signif-
icant difference in core size between two fibers. In order to
achieve a complete conversion process by matching the same
neg between LPy; in SMF and LP3; in RCEF, it is required to set
the pre-stretched length of SMF to a large value, which leads
to a smaller size SMF and increased mode leakage, resulting
in excessive losses of the MSC and difficulty in generating
higher-order modes. Accordingly, we altered the input mode
of MSC from fundamental mode to the lower-order modes as
the excitation mode to generate LPs3; to reduce the pre-stretched
length and minimize energy leakage, as shown in Fig. 4. At
the same time, we had also replaced SMF with FMF that can
transmit high-order modes to fabricate MSCs with RCF that can
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Fig.5. (a) neg of different modes of FMF and RCF as a function of fiber core
radius. Mode conversion process between the (b) LP11 and (c) LP2; modes in
the FMF and the LP3; mode in the RCF along the couplers.

be used to address the issue of low-loss and higher-order modes
in all-fiber systems.

Here we considered LP;; and LPy; modes as the input
modes and investigated the performance of the mode conver-
sion. Firstly, we fabricated a MSC1 with the SMF and FMF
to excite high-order modes, i.e., LP1; and LPs; modes. Then,
FMF and RCF were used to manufacture MSC2. Fig. 5(a)
shows the relationship between the neg of each mode of FMF
and RCF as a function of the fiber radius. It can be seen that
when the LPy; mode of FMF and the LP3; mode of RCF
have the same n.g to meet the mode conversion, in which the
scaling factor p = Rpyw/Rrer = 6.1/6.6 = ~0.92. At this
time, the FMF only needs to be pre-stretched as a diameter
of 115 pm, which can perform mode conversion with RCF
to generate LP3; mode. Similarly, when the scaling factor
p = Rror/Rrpmr = 6.6/8.3 = ~0.78, LP3; mode can be gen-
erated from LPy; mode. The fabrication of coupler has satisfied
adiabatic conditions as discussed previously. We simulated the
energy conversion and mode coupling between the LP;/LPy;
mode in FMF and the LP3; mode in RCF, as shown in Fig. 5(b)
and (c), respectively. Compared with Fig. 2(b), higher conver-
sion efficiency and higher output power of LP3; mode were
realized in these processes.

Similarly, the losses of MSC2s generated from LP;; and
LP5; modes were analyzed with different d values, as shown
in Fig. 6(a) and (b) respectively. The same tendency of losses as
that in Fig. 3 were obtained. We consider that when d decreases,
it will cause strong coupling effect, leading to crosstalk between
the lower-order mode in FMF and the high-order mode in RCF,
resulting in increasing losses. At the same time, decrease in
d also means that the diameter of the fiber should be smaller,
which will cause more energy leakage in high-order modes.
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When d increases, the lower-order modes in FMF enter the
cladding, and are difficult to couple into the core of RCF to
convert into high-order modes, resulting in increasing losses.
However, the IL of the LP3;-mode MSC2 excited by the LPy;
mode rapidly increased after d = 14.0 pm, which is higher
and steeper compared to MSC2 excited by the LP; mode, as
brown line shown in Fig. 6(b). This indicates that MSC2 excited
by LPs; is highly sensitive to variations in fiber structure and
exhibits a stronger dependence on d. Additionally, in Fig. 6(a),
three specific d values 9.0, 16.0, and 22.0 ym were demon-
strated to observe the transverse mode fields of LP3; mode
excited by LPy;. The optimal d with relatively low losses was
16.0 pum, while experimental d value was ~16.2 um. Likewise,
in Fig. 6(b), the LP3; mode excited by LPy; with d values 9.0,
16.0, and 22.0 pm were explored, where 12.0 pm was optimal,
and the experimental value was ~11.7 pm.

We then summarized the losses of different mode generation
methods with optimal d values, and provided the models of
single MSC and cascaded MSCs, as shown in Fig. 7. In model of
cascaded MSCs, P represents the input power of LPy; mode,
P represents the output power of lower-order modes in MSCl1,
and Py represents the final output power of LP3; mode.

When the LP3; mode was directly generated from LPy;
mode, EL and IL were respectively 6.2 dB and 10.7 dB. When
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high-order modes, LP1; and LP5; modes, were used to excite
LP3; mode, EL were 2.8 dB and 3.5 dB, as well as IL were 3.9 dB
and 4.7 dB, as shown in Fig. 7. The losses corresponding to
MSCI1 and MSC?2 in cascading are shown in the insert of Fig. 7.
Due to the high losses when MSC1 generated LP;, the loss
when using LP;;-mode MSC1 to excite MSC2 to generate LP3;
with cascaded method is relatively small. Therefore, cascaded
MSCs with LPy; mode excitation can realize the minimum
losses.

We established an all-fiber third-order OAM mode generation
system, which was mainly composed of a MSC1, a MSC2, and
a real-time monitoring system, as shown in Fig. 8(a). A tunable
laser (TLS, Santec TSL-710) was used as a signal light, whose
wavelength range was from 1480 nm to 1640 nm. The signal
light was divided by a coupler with the optical splitter of 3:7
into two paths. One path was used for a reference beam; the
other path was connected to the MSC1-fabricated with the SMF
and FMF - that converted the fundamental mode into LPy; or
LP5; modes. Then, it was launched with the MSC2 fabricated
with the FMF and RCF - that converted the input lower-order
mode into a higher-order mode, LP3; mode. The pulling rate
before coupling, after coupling and the correction stage were
set to 100-150 pm/s, 40-70 pm/s and 10-30 pm/s. According to
the simulation results, the pulling length of MSC2 were set to
approximately 17973 and 20648 pm while injecting LP;; mode
or LP2; mode. The polarization controller (PC) was employed to
tune the polarization state of the output mode from LP3; mode
to the third-order OAM mode. The character ‘M’ referred to
a reflection mirror. The higher-order mode and the reference
beam were combined by a beam combiner (BC). A neutral
attenuator (NA) can balance the power of beam in both, channels
and a charge-coupled device (CCD, HAMAMATSUC10633)
camera was used to observe the transverse mode fields and the
corresponding interference patterns.

The observation results at positions ‘A’, ‘B’, ‘C’, and ‘C” are
shown in Fig. 8(b). It can be seen that the third-order OAM
can be generated by cascading two MSCs. When the output of
MSCI1 was LP1; mode (EL = 0.6 dB, IL = 1.7 dB), the overall
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TABLE I
PERFORMANCE COMPARISON OF OAM MODES GENERATION IN MSCS

Order of OAM EL (dB) IL (dB) Scaling factor Purity (%) Ref.
1st — 1.2 0.63 72 [17]
1st/2nd 0.4/2.5 — 0.68/0.40 — [18]
1st/2nd — 1.3/3.1 — — [19]
2nd 3.5 4.1 0.45 — [20]
1st/2nd/3rd 1.0/5.0/9.0 1.7/5.6/10.1 0.94/0.66/0.54 — [21]
3rd 6.24/8.5° 10.7%/11.3% 0.48%/0.50° 51 This work
3rd 2.84/3.7° 3.9¢/5.3b 0.92/0.89° 92 This work®
2 Simulation; ® Experiment; ¢ Cascading MSCs.
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Performance parameter of FM-EDF: (a) refraction index distribution and the cross-sectional image (inset), (b) absorption spectrum, (c) simulated negr as

a function of the wavelength, and (d) excitation-emission spectra and fluorescence decay curves (inset).

EL and IL of the cascaded couplers were 3.7 dB and 5.3 dB at
the d of MSC2 of ~16.2 pum. When MSC1 output LP2; mode
(EL = 2.6 dB, IL = 3.5 dB), the overall EL and IL were 5.4 dB
and 6.3 dB, and the d of the MSC2 was ~11.7 ym. Moreover, we
summarized the performance of several OAM mode generation
methods based on MSCs, as illustrated in Table 1. Relatively
lower losses can be obtained for the lower-order OAM modes,
whereas the higher losses occurred in the generated third-order
OAM modes. In other work, the EL and IL of the third-order
OAM modes were as high as 9.0 dB and 10.1 dB, respectively.
On the contrary, cascading MSCs proposed in this work can
effectively reduce losses to 3.7 dB and 5.3 dB. And the purity
of the third-order OAM mode excited by LP;; at wavelength
1550 nm was up to ~89%.

Fig. 9(a) shows the refractive index distribution and cross-
section image of the FM-EDF. The core and cladding diameters
are 20.6 pum and 125.0 pum, respectively. The refractive index
difference between the core and cladding layer is approximately
0.011. Fig. 9(b) shows the absorption spectrum, in which four
typical absorption peaks of Er ion exist at 653 nm, 795 nm,

979 nm, and 1529 nm. Especially the absorption coefficient can
reach 11.1 dB/m at 979 nm. According to the fiber parameters,
the effective mode refractive index (n.g) of each mode in the
FM-EDF was simulated, as shown in Fig. 9(c). It should be
noted that in theory the FM-EDF are able to support up to 14
vortex modes, i.e., |l| = 3, for data transmission respectively.
In addition, the excitation-emission spectra of the FM-EDF are
shown in Fig. 9(d), where the excitation and emission peaks are
located at 979 nm and 1530 nm, respectively. The fluorescence
lifetime of erbium ions on FM-EDF is 10.4 ms under 980 nm
excitation.

Fig. 10 is a diagram of an all-fiber OAM amplification sys-
tem. TLS provides signal light with wavelengths ranging from
1520 nm to 1570 nm, taking a wavelength every 5 nm interval;
Wherein MSC1 and MSC2 were excited in parallel to generate a
third order OAM as an amplification mode; The output power of
the 980 nm laser exceeds 1 W to provide sufficient pump power
for the amplification system. Few-mode wavelength division
multiplexer (FM-WDM) fabricated with few-mode optical fiber;
which combines the OAM pump and signal into the few-mode
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Fig. 11. Measured results of the third-order OAM amplification: (a) mode gain and output power as a function of signal power at wavelength of 1550 nm,

(b) mode gain as a function of pump power at a signal wavelength of 1550 nm, (c) output power and mode gain as a function of wavelength over the C-band, and

(d) mode purity as a function of wavelength.

erbium doped fiber (FM-EDF) with the length of 1.4 m. Band-
pass optical filter (BF, Thorlabs FB1550-12, FWHM = 12 nm)
was employed to filter out the narrow-band beam and reduce the
amplified spontaneous emission (ASE) effect. And FM-WDM
fabricated with the homemade RCF can maintain the OAM mode
transmission. The isolator (ISO) in the measurement system
was used to prevent laser oscillation and protect the optical
spectrum analyzer (OSA, Yokogawa AQ6370D, Japan). The
center wavelength and bandwidth range of the isolator were
approximately 1310 nm and £30 nm.

Here, the output power and mode gain as a function of input
signal power at 1550 nm were measured, as shown in Fig. 11(a),
and the maximum mode gain and maximum output power were
measured as 24.7 dB and 6.2 dBm. Moreover, the mode gain
versus the pump power for the third-order OAM mode was
depicted in Fig. 11(b). With increasing the pump power, the
mode gain increased and tended to saturate at 800 mW, which the

saturation value became higher with increasing the signal power.
The recorded mode gain and output power of the third-order
OAM mode after amplification are shown in Fig. 11(c). The
mode gains of third-order OAM mode were beyond 19.1 dB over
the C-band, which the power of the signal light and the pump
power are fixed at —20 dBm and 800 mW. And the maximum
output power is 6.3 dB at the wavelength of 1530 nm under the
pump light with the power of 800 mW. Based on the calculation
method for the first-order OAM mode purity proposed by N.
Bozinovic [27], The mode purity of third-order OAM mode be-
fore and after amplification at different wavelength is calculated
by adding the left-handed and right-handed components in the
third-order OAM mode, as shown in Fig. 11(d). The third-order
OAM mode purity before amplification with an average mode
purity of 87%. The mode purity of the third-order OAM mode
after amplification was slightly reduced with an average mode
purity of 74%.
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Fig. 12. Helical interference fringes and transverse mode fields of the third-
order OAM before and after amplification.

Then, we took out some point sites at different wavelengths
(1530, 1550, 1560, and 1570 nm) from the spectrum, as shown in
Fig. 12, and observed helical interference fringes of third-order
OAM before and after amplification. This method to generate
and amplify higher-order OAM modes could be applied in long-
haul optical fiber communication systems in the future.

V. CONCLUSION

We employed MSCI1 fabricated with SMF and FMF that can
generate LP1; or LPy; mode as an excitation mode, which was
further injected into MSC2 fabricated with FMF and RCF to
produce LP3; mode. The conversion process and power variation
of the higher-order mode were accomplished theoretically and
experimentally. The experiment results show that the minimum
EL and IL obtained in a single MSC system were ~8.5 dB
and 11.3 dB, whereas those in cascaded MSCs system were
~3.7 dB and 5.3 dB. Therefore, compared with traditional
MSC, cascaded MSCs can realize desirable performance of low
loss and handy fabrication. Furthermore, we tuned LP3; mode
to the third-order OAM modes and thus established an OAM
amplification system. The high mode purity can be completed, in
which maximum mode gain and purity could reach 23.2 dB and
81%. This method to generate and amplify higher-order OAM
modes can be widely applied in long-distance mode division
multiplexing technology.
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