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Abstract: Long-period waveguide grating based filters have attracted attention due to their flexible
fabrication, a variety of materials and structures, low back reflection, low insertion loss, and
excellent performance in the tuning range and temperature sensitivity. To our knowledge, for the first
time, a two-segment polymer long-period waveguide grating was cascaded to implement a filter with
a narrower bandwidth. Experimental results showed that the device had a maximum extinction ratio
of 24dB at 1577 nm, and the 12dB bandwidth was 10 nm. The temperature sensitivity of the
fabricated device was 1.79nm/C.
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1. Introduction

Long-period gratings (LPGs), generally refer to
gratings with a grating period of tens to hundreds of
microns, including
(LPFGs) and long-period waveguide gratings
(LPWGs) [1, 2]. Compared with long-period Bragg
gratings,

long-period fiber gratings

which are mainly used for reverse
transmission coupling conversion, LPFGs are easier
to transfer modes in the same direction with the
simple fabrication process, low reverse reflection,
and suitable tuning wavelength [3].

LPWGs based on polymer materials can make
full use of the advantages of low cost, ease to
fabricate waveguides on different substrates and end
faces, high thermal-optical coefficient, low dielectric
constant, fast response time, adjustable refractive
index, etc., to achieve more sensitive wavelength
selection [4]. It greatly promotes the research of
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various applications of LPWGs such as the mode
division multiplexer, refractive index sensor, and
mode converter [5—11].

In this paper, we proposed a strategy to enhance
the device wavelength selectivity by cascading two
segments of long-period waveguides (LWGs) to
realize a filter with the narrower bandwidth. Our
proposed device with the simple manufacturing
process worked based on two core modes in a
multimode waveguide. Experimental results showed
that the device resonance wavelength was 1577 nm,
the maximum extinction ratio was 24dB, the 12dB
10 nm, and the

bandwidth was temperature

sensitivity was 1.79nm/C.
2. Theory

We fabricated two LPWGs with the same period
on one multimode waveguide, as shown in Fig. 1.
The pump laser launched from the input facet was
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transmitted in the waveguide core in the form of the
fundamental mode (A) and was partially coupled to
a higher-order mode (B) after passing through the
LPWGI according to the phase matching equation
(By,— B, )A=2m, where [, and f, represent
the propagation constant of the fundamental mode
and higher-order mode, and A is the grating
period.

-
L with no
N gratings grating

Fig. 1 Schematic diagram of the cascaded LPWG structure.
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The higher-order mode (B) and the remaining
fundamental mode (A) transmitted in the waveguide
layer independently. By reasonably designing the
distance (L) between the two LPWGs, a phase
difference = was generated after transmission. At
LPWG?2, the high-order mode was re-coupled and
converted to a fundamental core mode. Due to the 7
phase difference, interference cancellation occurred
which
narrowed the stopband bandwidth of the transmission

between the two fundamental modes,
spectrum.

The transfer matrix method was used to analyze
the proposed structure. The LWG what we set was
uniform, so that the mode coupling amount C and
the phase shift ¢ caused by each periodic grating
were the same. And the none grating waveguide
with the length L made a phase difference of #
between the two modes at the resonant wavelength:

By = Bo)L=C2M + D)7 (1)
where M is an integer. At the LPWGI1 input port,
only the fundamental mode is included, so the
amplitude is 4;, (Bi, = 0), and the amplitudes at the
LPWG2 output port are Ay and B, The mode
transmission in the LPWG can be expressed as

N KK ‘Al
|: out:| T H (T T |:Bm:| (2)

where N is the number of gratings in the LPWG,
T/ is the mode coupling matrix, and T, is the
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transmission matrix. The mode transmission in the
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So the output of total structure is
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no-LPG segment is
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4)
where N, and N, are the grating numbers of the
LPWGI1 and LPWG2, respectively. When CN, =
37/4 and CN, = ©/4, both the LPWG1 and LPWG2
are equivalent to a 3dB.

3. Designing and simulation

Based on this idea, the device structure what we
finally fabricated is shown in Fig.2. The input and
output were composed of single-mode channel
waveguides with a width of W,. The middle part of
the device was a multimode waveguide with a width
of W,, and two LPWGs were cascaded on the
sidewall with a distance of L,. The single-mode
waveguides at the input and output ends and the
multimode waveguide were connected by tapered
transitions [12, 13].

Fig. 2 Schematic diagram of the device structure.

The sidewall gratings supported the coupling
between the E1; and E;, modes [14], which could
increase the overlap between the two coupled modes
and reduced the coupling length. Since the £,; mode
is anti-symmetric, we designed an offset of A/2
for the grating on the left and right sidewalls.
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We used polymer Epocore (n = 1.5715) as the
core, polymer Epoclad (n = 1.5587) as the upper
cladding, and SiO, as the lower cladding. Based on
the effective index method and commercial model
solving software COMSOL, the width of the
multimode waveguide was 8.6 um and the grating
depth was 0.6 um. The height and width of
the single-mode waveguide were 7 pum and
4 um, respectively. The thicknesses of upper
and lower claddings were 15 pum and 13 pm,
respectively.

The polarization of the mode was TE
polarization by default, and the effective refractive
index of the E;; mode was 1.5679, the effective
refractive index of the E,; mode was 1.5636, and the
grating period was 397 um calculated according to
the phase matching equation. When the incident
wavelength was 1550nm and the number of the first
grating was fixed to be 6, as shown in Fig.3(a), then
we could couple about 52% of the E;; mode to the
E>; mode, and the number of the second grating was
also set to be 6, so that all energy in the £, mode

was coupled back to £, mode.
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The intermediate distance L, should be set to
enable a phase difference of 7 after the two working
modes passed. From the relationship (1) between Lj
and the propagation constants of the two working
modes, we could get the relationship of the distance
L, between the two gratings periods:

L= 2M +1 A 5)

2

When the two modes passed the distance L, there
would be a phase difference of 7. We selected

different grating pitches to verify the filtering effect
of the device. The determined parameter was used to
establish the device model in Rsoft. The simulated
transmission spectrum is shown in Fig. 3.

The result showed that the cascade structure
reduced the bandwidth of the filter by more than half,
and the greater the distance between the two
gratings (the larger M) was, the narrower bandwidth
of the transmission spectrum stopband was. It was
proved that the cascaded long-period sidewall
waveguide grating was an effective method to
achieve narrowband filters. So we selected M as 19
for experimental preparation.
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Fig. 3 Simulated transmission diagrams: (a) simulated conversion efficiency of the £, mode to E,; mode at the first LPWG with
6 gratings and (b) simulated transmission spectrum. Single LPWG, M=10 (green line with triangle); cascaded-LPWGs, M=10 (blue

line with circle); cascade-LPWGs, M=19 (orange line with square).

We fabricated the proposed device by using the
standard photolithography process, as shown in Fig.
4. We first spin-coated a lower cladding on a Si
substrate and then a core layer was spin-coated

either. When the pattern of the core containing
sidewall LPGs was formed by the photolithography
process with the designed mask, an upper cladding
was spin-coated.
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Fig. 4 Fabrication process.

4. Experimental results

The experimental setup was the same as our
previous work in [15]. To characterize the fabricated
device, the output light from a C+L-band amplified
(ASE) (B&A
Technology AS4600) was launched into the center

spontaneous  emission  source
of the access core through a single-mode fiber
(SMF). The output light signal was collected via
another SMF and monitored with an optical
spectrum analyzer (OSA, Anritsu MS9740A). The
first SMF was a lensed fiber and the second was a
simple fiber. The sample pictures and microscope

diagram of LWGs are shown in Fig.5.
(b)

198.5 um

198.5 um

(©) (d)

Fig. 5 Sample pictures and test spot: (a) fabricated sample
picture, (b) diagram of LWGs under the microscope, and (c) and
(d) are the test spot results of the £/, mode and the £,; mode,
respectively.

From Figs.5(c) and 5(d), we could get the great
spot difference between the £;; mode and £,; mode.
By slightly adjusting the relative position between
the fibers and the device, we could observe the
brightest circular spot, which meant that the E),
mode could not be excited or excited as little as
possible, and then normalized transmission spectrum
data under the highest light intensity were obtained
on the spectrometer.

As shown in Fig.6(a), it could be seen that the
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experimental transmission spectrum resonance
wavelength was centered at 1577 nm, the extinction
ratio of the device was 24 dB, and the 12 dB
bandwidth was about 10nm, which was almost the
same as the simulation result in Rsoft in Fig. 6(b).
The resonance wavelength was offset from the
simulated resonance wavelength of 1 550 nm.
Possible reasons include: the difference of the film
thickness caused by uneven rotating coating of the
glue machine, the difference of device temperature
between the simulation and actual test, and the
change of refractive index caused by device

temperature and experimental time.
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Fig. 6 Device transmission spectrum: (a) device transmission
spectrum after experimental testing and data processing by
origin and (b) simulated transmission spectrum by Rsoft.

The refractive indices of the waveguide material
Epocore and Epoclad varied with temperature, so it
would eventually cause the resonant wavelength of
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the device shifting. We conducted experiments to
test the temperature drift characteristics of the
device. By changing the temperature of the heating
plate, the corresponding output spectra were
recorded from OSA, as shown in Fig.7(a). It could
be found that the resonant wavelength shifted to the
long wavelength as the temperature rose, and the
isolation of the stopband had basically been not
changed.

The result of linear fitting to the obtained data is
shown in Fig. 7(b). The temperature sensitivity of

the filter was about 1.79nm/°C. We could find that
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the resonant wavelength of the filter had a nearly
linear response to the change of temperature, so we
could achieve the purpose of tuning by changing the
external temperature of the device.

Moreover, according to the previous analysis of
Ly, as long as M was an arbitrary positive integer, no
matter how the temperature changed, there must be a
phase difference of 7 when the two working modes
passed the length of L,. Therefore, changing the
temperature would only change the resonant
wavelength and would not change the isolation of
the transmission spectrum.
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Fig.7 Transmission spectrum of the fabricated device: (a) normalized transmission spectra at different temperatures and (b) fitting

curve of temperature and central resonance wavelength.

5. Conclusions

In conclusion, we achieved a further increase in
the filter bandwidth by cascading two polymer
LPWGs. The experimental results showed that the
device had a resonance wavelength at 1577 nm at
room temperature and an isolation of 24 dB, with
a 12 dB bandwidth of 10 nm. We obtained
the temperature tuning characteristics of about
1.79nm/°C. Compared with the fabrication process
of microrings, the polymer waveguide process used
in this study only needed to control the
photolithography time to fabricate the waveguide,
eliminating many technological requirements and
enabling more flexible tuning by selecting different
polymer materials. In addition, we could further

reduce the size of the device by increasing the

effective refractive index difference of the two

operation modes and increasing the cascaded

distance to achieve a narrower bandwidth.
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