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Theoretical and experimental investigations are conducted into the thermal effect on resonance conditions of microfibre double-knot resonators.
A double-knot microfibre resonator which utilises heat for optical path correction is introduced to increase the finesse. The proposed resonator
consists of two knots with radii of 357.66 and 357.73 pm which are placed in series. Each individual knot has a finesse of 5 and an extinction
ratio of 6 dB. When placed in series, the extinction ratio of the comb spectrum varies from 3.5 to 15 dB by controlling the resonance wavelength
of both knots through optical correction. Optical path correction is implemented by placing a hot metal bar with a temperature of 30°C close to
the smallest knot. This path resulted in a flat comb spectrum with a high extinction ration of 15 dB. The produced resonance has an unchanged
free spectral range of 715 pm, a quality factor of 20 000, FWHD of 85 pm and a finesse of 9.5.

1. Introduction: Microfibre resonators have progressed as alternative
and complementary elements of photonic integrated circuits in recent
years. To date, a variety of microfibre resonators have been fabricated
and introduced such as the microfibre ring [1-3], knot [4], racetrack
ring-resonator based on two U-bent microfibres, coil [5—7] and
Mach-Zehnder structures [8]. Among these resonators, the
microfibre knot has found a very promising position because of its
firm structure and easy manipulation compared with the others. The
microfibre knot shows stable light coupling and supports
single-mode operation readily. These characteristics have allowed
this structure to be considered as modulators and converters [9, 10],
time delay [11] and tunable lasers [12, 13]. Besides, it has
functioned as a wide range of sensors for humidity, electricity
currentsensing, temperature [14—17] and magnetic field sensors [18].
These sensors are based on the environmental effect on the
resonance spectrum. Therefore, it is possible to take advantage of
these effects to tune the resonance characteristics such as the
extinction and suppression ratio, bandwidth and resonance
wavelength, which can be applied to filters, lasers and modulators.
Temperature is one of the most applicable environment factors and
any change in its range has a major influence on the output spectrum
of microfibre resonators. Previously, a microfibre knot resonator
(MKR) was demonstrated as a temperature sensor with a sensitivity
0f0.27 nm/°C [19]. In another work [14], a microfibre loop resonator
embedded in low refractive index polymer was demonstrated to
exhibit a linear reduction of the extinction ratio against temperature
at a rate of about 0.043 dB/°C. In 2007, an MKR was reported as
an all fibre add-drop filter, while there are a few works that show
the finesse of a microfibre knot or loop resonator spectrum will be
dropped when the extinction ratio increases [20, 21]. In this Letter,
a double microfibre knot is employed to improve both the finesse
and the extinction ratio simultaneously. The same structure has
been demonstrated for multi-point temperature sensing by taking ad-
vantage of the thermal effect on the structure [22]. However, in this
Letter, the thermal effect is utilised to achieve a tunable high-order
filter that improves the finesse and extinction ratio using the
Vemier effect. It is found that the output comb filter of the proposed
structure can be filtered by controlling the optical path length differ-
ence via a heating technique. This technique indicates that one can
probably manipulate the spectrum as well as optimising the heating
condition to maximise the finesse as well as the extinction ratio.
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Theoretical analysis is presented based on the transfer matrix to ap-
proximate the characteristics of the output comb.

2. Theory and discussion: This part focuses on the performance of
the double-knot filter in comparison with the single knot one. The
filter response of a filter can be expressed as [23]
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This describes how the filter output spectrum behaves away from
the resonance wavelength. The output field for a single knot is
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Therefore, the response of a single knot is in the order of 1/K and
the output port intensity behaves as 1/(1+ike™ *“*(1 —iKL))?
that follows the Lorentzian response which shows a sharper
roll-off for higher orders. The filter response of the structure can
be expressed based on the transfer matrix method [24] as
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The field components £; and E, represent the input and the output
fields, respectively. E, and Ej are the field components inside the
structure. Moreover, k= yk' and k' =—isin zL/2L,. k, and k, are
the coupling coefficients of microfibre segment 1 belonging to
knot (a) and knot (b), respectively. &’ is the coupling coefficient
of the microfibre segment 2, whereas L. and L, are the physical
coupling length and coupling length in order [25, 26]. y in the
above equation is the coupling loss. The exponential expression
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in (1) represents the round-trip loss of the light propagating through
the knots while the constant « is the loss coefficient. L, and L, are
the round-trip lengths for knots (a) and (b), respectively (Fig. 1a).
The constants A, n and A are the operating wavelength of input
light, the effective index of the microfibre and the length between
the coupling regions of the two knots.

As shown in (3), the response of the structure is in the order of
1/K?. Tt has a sharper roll-off than a single knot. The interference
between the individual knot’s responses result in a flatter top com-
pared with that which the single knot filter can obtain. Fig. 2a com-
pares the simulation results of the double-knot structure spectrum
(bold line) and a single knot spectrum (dashed line) filter. The
Vernier effect obtains sharper roll-off when the number of resona-
tors with similar resonance wavelength increases.

Fig. 1 illustrates the proposed resonator that consists of two cas-
caded knots in series as well as an optical microscopic image of the
structure. The two knots are assembled based on a single tapered
microfibre. First, a standard single-mode fibre is tapered adiabatic-
ally down to 8 um of waist diameter by using the flame brushing
method. Then it is cut in the middle into two parts where each
part is used to fabricate the single knot. In the experiment, the
knots are formed based on a traditional method of knitting a
woolen or string, where one of the microfibre parts is looped
around and two non-stick separated bars before a knot is formed
by micro-manipulation. The two bars are then pressed close to
each other to separate the sticky microfibre from the bars and
then pulled up to form the knot. The second knot is formed based
on the same technique using the other part of the microfibre.
Both knots are then cascaded together by attaching and coupling
two microfibre ends via van der Waals and electrostatic forces
and denoted as knot (a) and knot (b). The radii of knot (a) and
knot (b) are 357.66 and 357.73 um, respectively. During the fabri-
cation process, the transmission spectrum of the resonance structure
is monitored by injecting amplified spontaneous emission light.
This light comes from an erbium-doped fibre amplifier through
the input port, whereas the output port is connected to the optical
spectrum analyser. The environment was controlled during the fab-
rication process and the measurement through vibration control and
keeping a constant temperature.

Figure 1 L, and L, are round-trip lengths for knots (a) and (b), respectively
a Schematic diagram of proposed microfibre cascaded knots structure
b Microscopic image of proposed setup for optical path correction
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Figure 2 Simulation results of the double-knot structure spectrum (bold
line) and single knot spectrum (dashed line) filter

a Simulation result of output spectrum for a single-knot (dashed line) and
double-knot structure (bold line)

b Simulation and experimental curves fittings of the output comb spectrum
for the knot with a ring radius of 357.66 um

At the coupling region of the knot resonator, the microfibre is
represented by segment 1 and segment 2; segment 1 represents
the ingoing and outgoing lights and segment 2 the light energy ex-
change between the two segments.

3. Experiment and results: Fig. 25 shows the output spectrum of
the fabricated knots before and after assembling them separately.
The theoretical investigation curve is also included in Fig. 2b as
shown by a dashed line for comparison. Fig. 2b demonstrates the
output spectrum of knot (a) with the ring radius of 357.66 pm.
The spectrum in this Figure is monitored separately by attaching
another microfibre at the output end of the knot (a) before it was
assembled with the second knot. On the basis of the experimental
spectrum (solid line) analysis, the quality factor (1o/A1) of the
knot is calculated to be about 11000, while the free spectral
range (FSR), full-wave half maximum (FWHM), finesse and
extinction ratio are obtained at about 715 pm, 137 pm, 5 and 6
dB, respectively. The best-fit curve is obtained at the coupling
coefficient of 0.7. Sequentially, combining the two knots in series
with a distance A, estimated to be 2000 um, a new comb filter
with a complex spectrum is obtained at the output (Fig. 3a). In
which of two attenuated wavelengths are excited at peak of each
ripple of that comb of single knot. As can be clearly seen from
Fig. 3a, the extinction ratio has diminished from 6 to about 3.5
dB compared with the extinction ratio at the single knot. This is
due to the slight mismatch in the radii of the knots of about ~70
nm, which corresponds to a significant phase difference between
the two spectrums.

To overcome the radii mismatching, this Letter proposes a
method that provides a simple solution for optical path correction
by heating up a small section from the loop of the smallest knots by
placing a hot metallic wire close to the loop with a pitch of ~60 pum.
As shown in Fig. 3b, this eliminates the attenuated wavelengths at
the peak of the output comb filter of the double-knot structure,
showing a flat comb filter with a high extinction ratio of about
15 dB. Such filtering indicates that a proper optical path correction
has been made. According to Fig. 3b, a significant change in the
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Figure 3 Simulation and experimental curves fittings of output comb spec-
trum for

a Structure before heating

b After heating
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Figure 4 Spectrum tuning

a Experimental result of output spectrum for a single-knot (dashed line) and
double-knot structure (bold line)

b Experimental curves of output spectrum for cascaded knot structures
before heating (dashed line) and after heating (bold line)

output spectrum of the structure after heating knot (a) can be clearly
observed. As a result of the temperature increase of the metallic
wire from the room temperature of 28-30°C, the round-trip
length of knot (a) extended to few nanometres.

Fig. 3b shows the best-fit curve (dashed line) from the experi-
mental result using a fitting coupling coefficient of 0.7 for both
knots. The simulation for the single knot and the structure is
based on (2a) and (3) in order. Figs. 3a and b both show a
sub-plot from two individual knots (a) and (b) spectra which
demonstrates when those are out-of-phase and in-phase lead to
the spectrum in Figs. 3a and b in order. On the basis of the calcula-
tions, the resonance characteristics of the structure have been
changed where the quality factor increased to 20 000, with reducing
in FWHD of 85 pm, and thus, improve the finesse to 9.5 as well as
increasing the extinction ratio to 15 dB. There is an obvious differ-
ence between the calculations and experimental results because of
the approximation in estimating the coupling length in each knot.
Moreover, there might be slight error while measuring the actual
radii of the two knots. Regardless of the slight difference between
the simulation and experiment, the proposed method of optical
path correction shows that the extinction ratio can be significantly
improved by keeping both resonators in phase.

The same approach can also be used for spectrum manipulation
using thermal effects. Thermal effect can help to tune the character-
istics of the output spectrum and possibly to eliminate unwanted
attenuated wavelengths and enhance some other parts of the spec-
trum. It is shown in Fig. 4a that the double-knot structure (bold
line) obtains a sharper roll-off than that of a single knot (dashed
line) filter due to the Vernier effect, where the finesse increases to
about two times that of a single knot. Spectrum tuning is shown
in Fig. 4b when the knots are out-of-phase (before heating) and
when the optical temperature is applied to bring the two resonances
in phase as shown by the solid line.

4. Conclusion: A double-knot microfibre resonator has been
successfully fabricated using a flame brushing technique. It
consists of two similar knots with radii of 357.66 and 357.73 pm
with an almost similar individual resonance characteristics of
(FSR =715 pm, quality factor ~11000, FWHM = 137 pm, finesse
=5 and extinction ratio=6 dB). In the proposed structure, the
two knots are combined in series with a distance between two
coupling regions of 2000 um. The smallest knot is slightly heated
to change its path length to be matched with the second knot
resonator’s path length. Consequently, the output spectrum
transforms to a new comb spectrum with an improved quality
factor and extinction ratio of 20000 and 15 dB, respectively. In
this work, it has been found that using the thermal effect helps to
tune the characteristics of the output spectrum. Such tuning is
very useful for different applications specially at filtering and in
fibre laser. Manipulation of the spectrum opens up a way to
transfer a multi-knots spectrum to a single knot with high quality.
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