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Abstract: We propose and demonstrate an ultra-broadband mode converter based on a
cascade chirped long-period fiber grating (CLPFG) written in a two-mode fiber. The mode
converter can convert fundamental mode (HEZ?" and HES{" modes) into the first order
cylindrical vector (CV) modes (TEos, TMos, HES?" and HESJ” modes). We design and analyze
the mode conversion characteristics of this kind of grating in theory. The simulation results
show a 10 dB bandwidth of 170 nm and 20 dB bandwidth of 145 nm can be achieved
by optimizing the parameters of the CLPFG. In the terms of experiment, we achieve the
broadband mode converter with 10 dB bandwidth of 170 nm from 1472 nm to 1642 nm.

Index Terms: Long-period fiber grating, cylindrical vector mode, mode converter,
ultra-broadband.

1. Introduction

Mode-Division multiplexing (MDM) system, which uses different modes in a few-mode fiber (FMF)
as independent channels to transfer different information, has a great potential in expanding the
transmission capacity in communication system [1]-[7]. And the mode converter is a key device
to transfer the fundamental mode to a higher order one in a MDM system. Generally speaking,
mode converters contain spatial devices [8], waveguides [9]-[12] and all-fiber devices [13]-[17].
Compared with spatial devices, all-fiber devices, such as mode-selective couplers and fiber gratings,
have the advantages of simpler structure, lower insert loss and easier to integrate with fiber systems,
which has become an excellent choice for fiber communication systems. Compared with the mode
selective coupler, the fiber grating is simpler in structure and less difficult to manufacture, so it is a
better choice as mode converter.

However, generally speaking, normal fiber grating used as mode converter only has dozens of
nanometers’ narrow operating bandwidth, which is a great restriction. For example, Giles et al. used
long period fiber grating (LPFG) as a mode converter by introducing a mechanical perturbation,
the 10 dB bandwidth is around 35 nm and the 20 dB bandwidth is around 10 nm [18]. Han et al.
proposed a controllable all-fiber converter using a uniform LPFG fabricated by a CO. laser, but
its 10 dB bandwidth is only 50 nm and the 20 dB bandwidth is less than 10 nm [19]. Zhao et al.
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fabricated tilted uniform LPFG in a two-mode fiber as mode converter and the 20 dB bandwidth are
still less than 30 nm [14].

Many methods have been used both in simulation and experiment to expand the working band-
width of LPFGs. Dong et al. expanded the 20 dB working bandwidth to 34 nm by reducing the
number of the grating periods to 15 [20]. Guo et al. reduced the number of the grating period to 8
and got a 15 dB operation bandwidth of 76 nm [21]. This is almost the broadest working wavelength
range which could be achieved using this method. They then proposed and demonstrated a LPFG
with a 15 dB bandwidth of more than 110 nm on account of a dual-resonance coupling mechanism
[22]. Ramachandran and his group did a lot of research on the dispersion properties and they fabri-
cated LPFG at turn-around-point to expand working bandwidth [23]-[26]. Through this way, they got
a mode converter which has a 20 dB bandwidth (corresponding mode conversion efficiency 99%)
over 63 nm [27]. However, this method requires special design of the fiber, otherwise the working
band is fixed. Dan et al. designed a chirped device to get a 99% (corresponding to 20 dB) working
bandwidth of 47 nm at 1090 nm, which is 5.8 times broader than the uniform gratings. Meanwhile, in
the experimental part, the bandwidth was improved by a factor of 5.4 times [28]. Ke et al. analyzed
the phase-shifted LPFG theoretically and the results showed that the phase-shifted LPFG can in-
crease the working bandwidth, but it will sacrifice the conversion efficiency [29]. Yao et al. analyzed
and optimized the transmission spectra of chirped LPFG and got a 60 nm 10 dB bandwidth in
simulation [30]. However, the introduction of chirp in LPFG will cause a reduction in the coupling
efficiency, although this method can achieve a broader working bandwidth. Wang et al. propose an
ultra-broadband mode converter based on the structure of a length-apodized long-period grating
fabricated on waveguide and the measured 20 dB bandwidth was about 120 nm [9]. However, the
rectangular waveguide structure is difficult to integrate with fiber system. So, getting a broadband
mode converter with a high coupling efficiency as well as a low insertion loss in all-fiber system is
still challenging.

In this paper, a new kind of chirp and cascading LPFG is proposed. Through designing elaborately
the chirp parameters and the number of the cascading grating, a controllable wavelength range
over 20 dB modulation depth can be achieved. We analyzed the effect of different parameters on
the mode conversion characteristics of the LPFG. Finally, we get an ultra-broadband LPFG both in
simulation and experiment. 10 dB bandwidth of the grating is over 170 nm and 20 dB bandwidth is
over 140 nm in simulation. And a 10 dB bandwidth of 170 nm from 1472 nm to 1642 nm is achieved
in experiment. The four cylindrical vector (CV) modes of LPy; mode group could be generated
and detected within this band. This kind of mode converter could be used in optical tweezers [31],
high-resolution imaging [32], surface plasmon excitation [33], material processing [34] and some
other fields.

2. Grating Design

General few-mode fiber satisfies the weak guide condition, so we can solve the electric fields to
acquire linearly polarized (LP) modes due to their convenient expression and application [35]. To
note that, LPgy mode is a superposition of HE®” and HESJ” modes, LP11 mode is a superposition of
TEo1, TMosy, HES®" and HESY® modes. The fiber we used is a kind of two-mode fiber and its core and
cladding radius are 9.5 um and 62.5 um, respectively. This fiber could support two LP modes (LPg4
mode and LP{; mode) for stable propagation when the wavelength is less than 1.8 ;um according
to the simulation result on COMSOL multiphysics (based on finite element method, FEM).
According to the phase-matching condition, the relationship between resonance wavelength and
the period (A) of fiber grating for coupling between LPyy and LP1y mode could be characterized by
the following equation [22]:
A — )Lres , (1)
Netf,LPo; — Neff,LP;

where the ng represents the effective refractive index of the mode in fiber. Fig. 1 shows the period
versus resonant wavelength of fiber grating for coupling between fundamental mode and first-order
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Fig. 1. Period of the LPFG versus different resonant wavelength.
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Fig. 2. Profile of the cascade CLPFG.

CV mode. From Fig. 1 we can see that, at the same wavelength, the period difference of fiber
grating is very small for the coupling between fundamental and different first-order CV modes. For
example, the difference of the period mentioned above is less than 3 um at 1550 nm. At the same
time, refractive index differences among four first-order CV modes is about 0.1% of the difference
between fundamental mode and first-order CV mode. In fiber system, the conversion between
four CV modes can be realized by introducing a perturbation (such as a polarization controller)
[36]. Therefore, we can simplify the four first-order CV mode refractive indexes into an LP{; mode
refractive index to make the following calculation simpler.

In order to achieve a broadband operation, we introduced a linear chirping into LPFG and
cascaded the CLPFG. A schematic diagram is shown in Fig. 2, Ad is used to describe the chirping
of the LPFG, and N represents the cascading parameter of the CLPFG. The starting period (A)
and end period (A + nAd) of the CLPFG is calculated by equation (1). When starting period, end
period and Ad are set, the parameter n can be calculated by them. For example, when starting
period is 1 mm, end period is 2 mm, Ad is 10 um, then n will equal to 10.

The energy conversion between two modes in this grating we designed could be described
by [37]

LPo1(2)) _ , L Po1 (0)
(LP11(Z))_MN...M,...M1(LP11(O)), @)



IEEE Photonics Journal Ultra-Broadband Mode Converter Using Cascading CLPFG

Transmission/dB

25

X TN /
\ / X /X
X v
30 - W/

.35 1 1 1 I
1450 1500 1550 1600 1650

Wavelength/nm

Fig. 3. The transmission spectrum of the demonstrated LPFG when N is increasing.

where the M; is the transfer matrix for the each CLPFG, and M; =

cos (y2) +i%sin(y2) i£sin (y2) 3
i£sin (yz) cos (yz) — i%sin (v2) |- )
In equation (3), A = 1[Bs — (B4 + qG)] reveals the parameter of phase mismatch, G equals to
27/A, and in general, we set the coefficient g = 1. Parameter « represents coupling constant
of the fiber grating. Parameter y is defined by equation y = </kk* + A2, and z represents the
distance in propagation direction. LPy1(0) and LP11(0) represent the intensity of incident light,
LPo1(z) and LP1(z) represent the light beam’s intensity at the z-coordinate along the propagation
axis, respectively. Usually, we set the input light LPy4(0) = 1 and LP11(0) = 0, which means that only
fundamental mode is launched into the LPFG. For a uniform grating, its normalized transmittance
can be expressed as [38]-[40]

’;"; sin2 (y2) . (4)

ILPo1 (2) /LPo1 (0))2 =1 —

From equation (4), we can see that for a single uniform grating, its transmission spectrum is mainly
determined by coupling constant, length and period of the LPFG. When using the transmission
matrix to calculate transmission spectrum of the cascaded CLPFG, we need to segment the chirped
grating, and each segment is approximated as a uniform grating. The transmission spectrum of the
entire structure is superimposed by these uniform gratings.

According to the simulation result shown in Fig. 1, we set starting period A = 1.11 mm and end
period A + nAd = 1.2 mm, which corresponds to the resonant wavelength 1650 nm and 1450 nm,
respectively. Firstly, we set coupling constant « to 550 m~" in order to figure out how the length of
grating influences the transmission spectrum. To note that, when coupling constant «, starting period
A and end period A + nAd are set, the length of CLPFG is determined by cascading parameter N
and chirped parameter Ad. In Fig. 3, we firstly analyzed the influence of the N when Ad = 5 um. We
can see the coupling efficiency increases when N is rising from 1 to 4 and get maximum coupling
efficiency at N = 4. But when N is over 4, the coupling efficiency begins to decrease.

We then set N = 4 to analyze the influence of the change in Ad on the transmission spectra.
In Fig. 4, we can see when Ad rises from 3 um to 5 um, the coupling efficiency increases, while
Ad continues to rise, the coupling efficiency will decrease. And from the result we can see that
when N = 4 and Ad = 5 um, we can get the best result that the coupling efficiency is over 20 dB
(corresponding to 99%) in a large operation range.
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Fig. 5. The transmission spectra when coupling constant is changed while Ad =5 um and N = 4.

After that, we set Ad =5 um, N = 4, and change the coupling constant « to see its influence on
transmission spectra. As shown in Fig. 5, we calculated transmission spectra at different coupling
constant to search for the best result. Fig. 5(a) is a large-scale adjustment and Fig. 5(b) is a fine-
tuned result on the basis of Fig. 5(a). Finally, when coupling constant x = 551 m~', we get a 20 dB
bandwidth of 145 nm from 1485 nm to 1630 nm and its 10 dB bandwidth is 170 nm from 1472 nm
to 1642 nm(red curve in Fig. 5(b)).

Considering that if we use the optimized parameters above to fabricate the CLPFG, the total
length is about 87.78 mm, which is too long to fabricate. Therefore, we adjust the length of the
CLPFG by changing the cascading number N to 2 and optimize the parameter again. At last, we
get a 15 dB bandwidth of 102 nm from 1505 nm to 1607 nm, and a 10 dB bandwidth of 129 nm
from 1492 nm to 1621 nm when Ad =5, N =2 and « = 521 m~' (shown in Fig. 6).

From the examples we showed above, we can see that we get an ultra-broadband operation
range with a high coupling efficiency using the cascade chirped LPFG. Especially, the operation
range is controllable by the phase matching condition, which means it could be applied to any
band. The feature of transmission spectra has been analyzed clearly and shows a good application
potential as a mode converter.
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Fig. 7. (a) The transmission spectrum when Ad =5 um and N = 2. (b) The corresponding experimental
result.

3. Experimental Results and Discussion

In experimental part, we use a CO, laser (CO,-H30, Han’s Laser, the maximum power of laser
is 30 W) to fabricate the LPFG we proposed above. At first, light from a supercontinum source
launches into the FMF and then passes through a 3 m single mode fiber. After that, an optical
spectrum analyzer (OSA, TOKOGAWA, AQ6375) detects the transmission spectrum of the LPFG.
We set the output power of CO, laser 7% and change the coupling constant « by change the writing
times.

We fabricate the LPFG with different repeated times and make a contrast to the simulation results.
From Fig. 7, we can see the spectra with repeated times of 10, 20, 50 and 80 are corresponding
to the simulation results when coupling contrasts are fixed at 500 m~!, 510 m~', 520 m~' and
530 m~'. This means coupling constant could be controlled by changing the repeated times,
coupling constant will increase as the repeated times rising. Maximum insertion loss of the LPFG
is 1.75 dB and there are many oscillations in the transmission spectra which is mainly caused
by intermodal interference. As a result, we can see that when repeated times is 80, the 10 dB
bandwidth (whose conversion efficiency is 90%) is 170 nm from 1470 nm to 1640 nm and the 13 dB
bandwidth (whose conversion efficiency is 95%) is 145 nm from 1487 nm to 1632 nm, which has
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Fig. 9. Experimental set up: pol: polarizer, obj: objective lens, TA: tunable attenuator, SMF: single-mode
fiber, TMF: two-mode fiber, PC: polarization controller.

a good agreement with the simulation results. We also measure polarization depended loss (PDL)
of the CLPFG in Fig. 8 using a tunable laser and a polarization control system(1454 nm-1640 nm,
KEYSIGHT, 8164B, N7786B) [13]. The incident light from tunable laser could be tuned to any
polarization state under the control of computer so PDL could be calculated, and the maximum
PDL is 11.41 dB at 1504.87 nm. Except for the maximum value, PDL in measured wavelength
range is below 10 dB, which is similar to the value of uniform LPFG [14]. PDL is caused mainly by
the asymmetrical refractive index modulation due to the asymmetric fabrication, which will lead to
a strong birefringence [41]. We can reduce PDL in the future by means of symmetric fabrication or
some other ways.

We build detection system shown in Fig. 9 to detect the CV mode converted by the CLPFG we
fabricated. Start from the tunable laser, CW laser is first adjusted to an appropriate intensity by a
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Fig. 10. Intensity profile of the four first order CV modes without polarizer and with different orientations
of the linear polarizer at 1564 nm.

tunable attenuator (TA), and then enters a polarization controller (PC1) to adjust the polarization
state in order to get the best conversion efficiency. After that, CW laser enters TMF and passes
through a mode stripper to ensure only fundamental mode is launched into the CLPFG. Output
light of the CLPFG has been converted into first-order CV modes. Then we can get four pure
first-order CV modes by adjusting another polarization controller (PC2). An objective lens is used to
collimate the output laser from TMF so that the CCD camera could detect the light field distribution
conveniently.

By adjusting PC2 to a proper position, TEqs, TMo1, HES?" and HESZ? modes with doughnut shape
could be detected. In order to distinguish which CV mode the doughnut-shaped light field belongs
to, we added a polarizer before the output beam is detected by CCD camera and set it at different
angles. Fig. 10 shows the field distribution of the four CV modes at 1564 nm. The first vertical row
shows the field distribution without polarizer. And the rest rows are the field distribution when we
set the polarizer at 0°, 45°, 90°, and 135° (we set the x-axis as the 0°), from which we can judge
the four CV modes. In the meantime, we shows the field distribution of HES"" mode at different
wavelength in Fig. 11. The other CV modes at these wavelengths can also be detected by adjusting
PC2 into a proper position, which shows that the CLPFG we fabricated can achieve a broadband
working range.

The proposed mode converter can reach a broadband working range as well as a high conversion
efficiency, which shows a great potential in optical communication systems and some other areas.
The combining of chirp and cascading don’t increase the difficulty of fabrication. What's more, the
way we design the mode converter doesn’t have any special demand on the structure designing or
dispersion properties of fiber.
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4. Conclusions

We have demonstrated a new way to realize an ultra-broadband mode conversion by cascading
chirped long-period fiber grating. In simulation part, we analyzed the effects of each parameter
on the designed CLPFG and get a 20 dB bandwidth of 145 nm from 1485 nm to 1630 nm, as
well as a 10 dB bandwidth of 1770 nm from 1472 nm to 1642 nm when Ad = 5, N = 4 and
x = 551 m~'. In the meantime, experimental results are in good agreement with the theoretical
simulation and finally we got a CLPFG whose 10 dB bandwidth is 170 nm from 1470 nm to 1640 nm,
and 13 dB bandwidth is 145 nm from 1487 nm to 1632 nm. This mode-conversion device provides
a convenient way to realize a tunable broadband mode conversion operation and could be used
in optical tweezers, high-resolution imaging, surface plasmon excitation, optical data transmission,
and material processing.
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