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An ultra-broadband optical filter was proposed and demonstrated based on leaky mode coupling in a coated chirped
long-period fiber grating (CLPFG). The CLPFG was coated with a material whose refractive index (RI) was higher
than that of the fiber cladding, enabling the coupling of the core mode to leaky modes, to achieve a desired coupling
efficiency. Complex coupled-mode theory was used to investigate the power evolution of the core mode that resulted
from the coupling. From this, the conditions in which the core mode power attenuates the most rapidly were identified.
In addition, phase matching turning point (PMTP) was used in the design, to overcome the conflict between the range
of grating period change and the grating length in the CLPFG. Finally, an optimized CLPFG-based filter with a length

of 3.5 cm was obtained, which has a symmetrical attenuation band with an operating bandwidth over 300 nm. Within
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the operating bandwidth, the flatness is less than 2.5 dB and the transmittance is lower than 0.1%.
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A long-period fiber grating (LPFG) is a type of
mode-coupling device, which can couple the light of the
core mode to a phased-matched co-propagating cladding
mode at a specific wavelength!*. Owing to their advan-
tages of easy fabrication, high isolation and low
back-reflection, LPFGs have attracted considerable in-
terest in applications of optical communications and
sensing!>.

A chirped long-period fiber grating (CLPFQG) is a spe-
cial LPFG which has a varying period along its axis. It
retains the advantages of LPFG while has particular
properties, so it has attracted many researchers’ attention
and found important use in broadband filtering, disper-
sion control, multi-parameter sensing and mode conver-
sion™"]. One of the most particular properties of a
CLPFG is that it has broader bandwidth compared with
that of the LPFG. As the period is varying, the light of
the core mode in the CLPFG can couple to the cladding
mode in a certain wavelength range, and thus achieving a
broad bandwidth™'*"3]. Normally, a larger period change
corresponds to a broader bandwidth. However, for a
CLPFG with a constant length, a large period change in
the CLPFG would cause a short effective coupling length
for each single period, and a short effective coupling
length further leads to a low coupling efficiency. There-
fore, to obtain high efficiency, a correspondingly long
grating would be required, which limits the practical ap-

plications of CLPFG-based broadband optical fil-
ters*'“!]. Recently, ultra-broadband LPFG filters based
on phase matching turning point (PMTP) were re-
ported*'3). PMTP has been successfully used in sensi-
tivity enhancement of LPFG-based sensors and ul-
tra-broadband mode conversion between LP modes and
orbital angular momentum modes of fibers!"'". It’s
known that for a CLPFG-based filter, the slope of its
phase matching curves (PMCs) is directly proportional to
the broadening speed of its bandwidth, while the slope of
PMC at the PMTP reaches the highest. Thus, the using of
PMTP could greatly reduce the requirement of grating
period change for a broadband design. Although the
bandwidth of the CLPFG-based filter was broadened to
an ultra-large range, fluctuations on the attenuation band
were observed, which strongly influences the filtering
performance!'>"*!. To eliminate the fluctuations, an apo-
dized CLPFG with Tanh function and Gaussian function
was then utilized '"¥. However, the apodization may in-
crease the difficulty of fabrication. More importantly, the
apodization is hard or even impossible to be imple-
mented in some kinds of fiber gratings, such as chiral
fiber grating!'®'). Therefore, we will focus on an alterna-
tive method to achieve an ultra-broadband CLPFG-based
optical filter.

In fact, the fluctuations on the attenuation band of the
CLPFG-based filter were caused by the periodic

*  This work has been supported by the National Natural Science Foundation of China (Nos.61405178 and 61505176), and the Zhejiang Provincial

Key Natural Science Foundation of China (No.LZ21F010001).
**  E-mail: 119029@zust.edu.cn



*0578 *

coupling between the core mode and the cladding mode.
From the coupled-mode theory, we know that there is a
total power conversion length (TPCL) for an LPFG
with a constant grating period at the phase-matched
wavelength, where the core mode couples 100% of the
power to the phase-matched cladding mode'"). However,
for a CLPFG with a varying period, it’s hard to ensure
that the effective coupling length for each
phase-matched wavelength is equal to the TPCL, be-
cause of the dispersion in optical fibers. When the ef-
fective coupling length is less than the TPCL, the core
mode cannot couple 100% of the power to the cladding
mode. When the effective coupling length is greater
than the TPCL, the power coupled to the cladding mode
will couple back to the core mode. Both of these cases
would induce a low coupling efficiency, and fluctua-
tions appear on the attenuation band.

Based on the above analysis, in this paper we pro-
pose a method by using a high refractive index (RI)
coated CLPFG to increase the coupling efficiency and
achieve an ultra-broadband filter. When the CLPG is
coated with high RI material, guided cladding modes in
the CLPFG will turn into leaky ones and the core mode
will couple with these leaky modes instead of guided
cladding modes?”. Because of leakage, the power cou-
pled to these leaky modes from the core mode will ra-
diate out of the fiber and cannot be recoupled back to
the core mode, which resolves the conflict between
effective coupling length and the TPCL, making a filter
with both high efficiency and compact structure possi-
ble. With this method, an ultra-broadband filter with
high efficiency can be achieved by simply coating the
CLPFG with high RI material, instead of resorting to
other complicated techniques, such as apodization'?.

Fig.1(a) shows the theoretical model of the CLPFG
coated by a material whose RI (7;) is higher than that of
the cladding, and Fig.1(b) shows the corresponding RI
profile of a reference fiber, where n, and n., 7., and r
are the RIs and radii of the core and cladding, respec-
tively. The thickness of the coating is assumed to be
large enough for the effect of air on the fiber modes to
be neglected. Moreover, since the coating RI is higher
than that of the cladding, guided cladding modes of the
reference fiber do not experience total internal reflec-
tion and thus turn into leaky modes®”’. In our simula-
tion, leaky modes in the reference fiber, which is re-
ferred to as a leaky or hollow dielectric waveguide'),
were solved by making use of an equivalent model ter-
minated by a perfect electric conductor-backed per-
fectly matched layer (PEC-backed PML)??, and the
coupling between guided core mode and leaky modes
was analyzed by a unified complex coupled-mode
analysis!**!.

For a uniform LPFG with a constant grating period,
the complex coupled-mode equation describing the cou-
pling between core mode and a phased matched leaky
mode can be expressed as!**!
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where A4, and 4, are the amplitudes of core mode and nth
leaky mode in the reference fiber, respectively, and K,
and K, are the self-coupling coefficient and
cross-coupling coefficient, respectively. It should be
noted that K,,; is a complex number, but its imaginary
part was ignored in the following analysis and simula-
tions because of its small magnitude and negligible con-
tributions to the coupling process. v is the fringe visibil-
ity of the index change. Af, is the phase detuning factor
and defined as

1 2n
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where A is the period of the LPFG, and 8, and j3, are the
propagation constants of the core mode and nth leaky

mode, respectively.
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Fig.1 (a) Theoretical model of the coated CLPFG; (b)
RI profile of the reference fiber

As f, is a complex number due to the leakage property
of the nth leaky mode, Af, is complex and can be rewrit-
ten as AB,=Af+jAa. Here, Aoa=—Im(p,)/2, since the
propagation constant of the guided core mode f, is real.

To solve Eq.(1), a parameter transformation was used
as follows

: KH .
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Then, Eq.(3) was inserted into Eq.(1) and the coupled
first order differential equation group was turned into a
second order differential equation only on E|, deriving
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where the phase matching condition is
K
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and the initial conditions £,(0)=1 and E,(0)=0 were used.
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%Kln was replaced by C in Eq.(4) for simplicity of the

expression.

The analytical solution of Eq.(4) could be derived eas-
ily, and from this it was possible to deduce how coupling
with the leaky mode led to the evolution of the core
mode power. As Eq.(4) has a similar form to that of the
damped oscillations, the evolution of the core mode
power could further be explicitly categorized into three
cases by an analogy, which is illustrated in Fig.2. When
Aa<C, the core mode power transmits periodically along
the coupling length with an attenuation, which corre-
sponds to the under-damped state of damped oscillations.
When Ao>C, the core mode attenuates monotonously,
which corresponds to the over-damped state of damped
oscillations. When Ao=C, the core mode attenuates mo-
notonously, too, but with a higher attenuation rate, it
corresponds to the critically-damped state of damped
oscillations. Consequently, to achieve a desired coupling
efficiency with a short coupling length, the value of Aa/C
needed to be set at around 1, where the core mode power
attenuated monotonously and most rapidly. In addition,
the value of Aa/C less than 1 is preferable to the value of
Aa/C greater than 1, as the core mode power attenuates
more rapidly in this case.

The analysis of core mode and leaky mode coupling in
a uniform LPFG showed clearly how the complex prop-
agation constant of the leaky mode affected the evolution
of the core mode power. It also provided a way to opti-
mize an ultra-broadband filter based on a CLPFG.

For the CLPFG, which had a varying period, the corre-
sponding complex coupled mode equation had the same
form as Eq.(1), but with a varying phase detuning factor
Ap,. Because of the varying AfS,, it was difficult to solve
Eq.(1) as done for the uniform LPFG. The transmission
characteristics of the CLPFG were analyzed using the
transfer matrix method, where the CLPFG was divided
into NV sections and each section was regarded as a uniform
LPFG. Therefore, the transmission properties of the core
mode for each section were the same as that in Fig.2. The
transmission spectrum of CLPFG can be considered as a
superposition of the N spectra of N uniform LPFGs.
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Fig.2 Variations of the core mode power with the
coupling length for different Aa/C values
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Simulations of the coated CLPFG were based on the
theoretical analysis above. The parameters were
Feo=2.5 pum, r¢=62.5 um, n,,=1.458, ny=1.45, and v=10".
First, with the phase matching condition indicated by
Eq.(5), PMCs for core mode and leaky modes were cal-
culated as shown in Fig.3, which clearly revealed the
relationship between resonant wavelength and grating
period. Fig.3 gives the PMCs only for several high-
er-order leaky modes. PMCs for lower-order modes
overlapped with their neighboring ones and we had to
take numerous leaky modes in the analysis, which made
the design of an ultra-broadband filter complicated,
hence higher-order leaky modes were preferable. As
shown in Fig.3, if the period of PMTP was set as the
maximum grating period of CLPFG, the attenuation band
of the CLPFG broadened both to longer wavelength and
to shorter wavelength as the grating period decreased. As
a result, the grating period change required for a broad-
band filter will decrease dramatically by taking advan-
tage of PMTP. This property is similar to that of cou-
pling with guided cladding modes!'?. In addition, if the
maximum grating period of CLPFG is set at the PMTP,
the central wavelength of the attenuation band of the
CLPFG-based filter corresponds to the resonant wave-
length at PMTP, and the minimum grating period is de-
termined by the bandwidth of the filter. Taking the HE, ;5
leaky mode as an example, to achieve a design band-
width of 400 nm, the grating period range is from
139.5 pm to 142.5 pm, as marked by the dashed lines in
Fig.3. Furthermore, within this range, only the HE, 5
mode has the chance to fulfill the phase matching condi-
tion with the core mode. Therefore, only the HE, ;5 leaky
mode needs to be considered in the coupled mode equa-
tion, which greatly simplifies the analysis.
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Fig.3 Phase matching curves of higher order leaky
modes

Besides the grating period change, another parameter
that needed to be considered for a coated CLPFG-based
broadband filter was the coating RI, #g. In the simulation
of PMCs in Fig.3, the coating RI was set to be 1.55. In
fact, as the real part of the propagation constant of leaky
mode was insensitive to ns[zo], PMCs which were deter-
mined by the real part of the propagation constant would
be the same for various ng, as long as ng>n.. By contrast,
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the imaginary part of the leaky mode propagation con-
stant depended strongly on the coating RI. As the core
mode attenuation rate was strongly affected by the im-
aginary part of the leaky mode propagation constant, as
shown in Fig.2, the coupling efficiency between core
mode and leaky mode could thus be improved by careful
selection of the coating RI.

The variations of Aa/C for the HE, ;; leaky mode with
wavelengths at different n, were given in Fig.4. We can
see that the value of Ao/C is larger for longer wave-
lengths, which results from the weaker restriction of light
for a fiber operating at longer wavelength. In addition,
the value of Aa/C decreases when increasing 7 at the
same wavelength. This is because the leaky modes are
formed by partial reflection from the interface of clad-
ding and coating, when the coating RI increases, leaky
modes are better confined, leading to a smaller Aa.

To achieve a high coupling efficiency between the
core mode and leaky mode, 1.59 was selected from the
four simulated cases in Fig.4, under which the value of
Aa/C ranged from 0.6 to 1.2 for a design bandwidth of
400 nm. However, it should be noted that, from Fig.4 we
can only roughly determine a comparatively optimal
coating RI for the design, as the variations of Aa/C with
ns is continuous and Aa/C is a range for the ultra-broad
design bandwidth. Further improvement of coating RI
can be taken through the simulated spectra of the
CLPFG.
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Fig.4 Variations of Aa/C with wavelength for different
ns values

Using these parameters, the transmission spectrum of
the CLPFG with a length of 3.5 cm was simulated and
was shown by the solid line in Fig.5. We can see that the
attenuation band is symmetrical, and the bandwidth co-
incides with that designed based on PMCs in Fig.3.
However, there was a small peak at the center of the at-
tenuation band, as can be seen in Fig.5. As a flat attenua-
tion band is more desirable in practice, this small peak
should be eliminated.

As the center of the attenuation band corresponds to
the resonant wavelength of the maximum grating period,
where the efficient coupling length between core mode
and leaky mode is shorter compared with other wave-
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lengths, this small peak appears. To increase the efficient
coupling length at the center of the attenuation band, the
maximum grating period should be expanded. Through
simulation analysis, 143.2 pm was determined as the
expanded maximum grating period. Meanwhile, the
minimum grating period was expanded to 139.2 um to
achieve desired attenuation at the two ends of the at-
tenuation band. The transmission spectrum for the ex-
panded grating period range is shown by the dashed line
in Fig.5, a flat but still symmetrical attenuation band is
achieved. Additionally, the transmission spectra of the
CLPFG with different coating RI around 1.59 was also
given in Fig.5, it can be seen that when #; is greater than
or less than 1.59, the attenuation in lower wavelength
range increases or decreases, respectively. In view of
flatness of the attenuation band, the coating RI of 1.59 is
preferable and the corresponding spectrum is replotted in
Fig.6, as shown by the dashed line, to describe its oper-
ating bandwidth and flatness concisely. It needs to be
noted that, as flatness within the operating bandwidth is
also a key measure for the performance of a filter, we
suggest the central part of the attenuation band with flat-
ness less than 2.5 dB be the operating bandwidth for
practical applications, as indicated in Fig.6. What’s more,
the transmittance of the core mode within the operating
bandwidth is lower than 0.1%.
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Fig.5 Transmission spectra of the CLPFG

Furthermore, to examine the robustness of the coated
CLPFG-based filter, we investigated the influence of
temperature on its transmission spectra. As the optimal
RI of the coating is 1.59, polystyrene (PS) is a preferred
material that can be used as the coating!®. PS has small
absorption in optical communication band and good
compatibility with optical fiber, besides, its RI is just
1.59 at room temperature®. The thermo-optic coeffi-
cients of PS and silica are —1.2x10™/°C and 8.3x10°°/°C,
respectively!”***. The thermal expansion coefficients of
PS and silica are 2.2x10%/°C and 1.1x10°/°C***], re-
spectively. With these parameters, the variation of
transmission spectra of the coated CLPFG-based filter
with temperature was simulated, as shown in Fig.6. It
can be seen that when the temperature changes from 0 °C
to 80 °C, the transmission spectra has only slight change
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with loss, while the central wavelength and operating
bandwidth are nearly unchanged, proving the robustness
of the filter. This phenomenon is quite different with that
of the uncoated LPFG™, because the coupling, in high
RI coated fiber grating, is between core mode and leaky
modes, and the phase constant of leaky mode is insensi-
tive to the coating RI”*".

0 . : . .
-5r |
@-10f |
Z
5-15¢ |
E.20f |
é perating bandwidt
=-257 305 nm —0°C
--20°C
W selsme—r - oY
3 ' : : .~ 80°C
1.0 12 14 16 L% 0
Wavelength (um)

Fig.6 Transmission spectra of the CLPFG under vari-
ous temperatures

To further show the design mechanism, the transmis-
sion of the core mode along the coupling length for dif-
ferent wavelengths is shown in Fig.7, with grating period
range from 139.2 um to 143.2 pm. The wavelengths of
1.34 um and 1.72 pm correspond to the edge of the de-
sign bandwidth, where the transmission loss of the core
mode is 25 dB. Moreover, the core mode power attenu-
ated basically monotonously along the coupling length,
which is the basic reason for achieving this compact ul-
tra-broadband CLPFG-based filter without using apodi-
zation technique. The monotonous attenuation of core
mode power along the coupling length was quite differ-
ent from that of coupling with cladding modes, where
periodic power exchange is observed!'?. Additionally,
we can see that each curve had a sharp drop where the
phase matching condition was closely fulfilled.

Transmission (dB)

35
0000 0005 0010 0015 0020 0025 0030 0035
Coupling length (m)

Fig.7 Transmission spectra of the core mode along
the coupling length at different wavelengths

An ultra-broadband fiber filter based on a coated
CLPFG was proposed and demonstrated by simulations.
The RI of the coating material over CLPFG was chosen
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to be higher than that of the fiber cladding, to introduce
the coupling of core mode with leaky modes. Because of
leakage, the power coupled to the leaky modes from core
mode will leak out of the fiber and cannot be recoupled
back to the core mode, which is desired for a high cou-
pling efficiency. The coupling between core mode and
leaky mode was analyzed with complex coupled-mode
theory. The core mode power evolution resulting from
coupling with leaky modes was revealed, and the condi-
tions in which the core mode power attenuates the most
quickly were identified. In addition, the PMTP was used
in the design, which can help to resolve the conflict be-
tween the range of grating period change and the grating
length in the CLPFG.

Based on the theoretical analysis, simulations were
done. The HE, ;5 leaky mode was used as an example,
and a filter with a bandwidth of over 300 nm, an attenua-
tion loss over 30 dB, a flatness of less than 2.5 dB and a
length of 3.5 cm was demonstrated, exhibiting both a
high coupling efficiency and a wide symmetrical at-
tenuation band. The CLPFG-based filter is simple in
structure, easy to be fabricated and compact in size, it
will be promising in the applications of optical commu-
nications and sensing.

In the design of this filter, we took advantage of the
unidirectional coupling from the core mode to leaky
modes as well as the small period range requirement for
a large band at PMTP. Because of the unidirectional
coupling, a high coupling efficiency can be achieved by
carefully selecting the coating material of the CLPFG,
instead of resorting to other techniques, such as apodiza-
tion''?. The coupling property with leaky mode illus-
trated and the designing idea proposed in this paper may
inspire the design of other fiber-based devices.
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