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Abstract: We propose and experimentally demonstrate light beam
coupling between a single-mode fiber (SMF) and a highly nonlinear
photonic crystal fiber (HN-PCF) based on the fused biconical tapering
(FBT) technique. In our experiment, a standard SMF is pre-tapered to match
its propagation constant to that of a HN-PCF. In order to remove the
condensation in the air holes, the temperature is increased gradually to
preheat the fibers. An appropriate level of hydrogen flow is administered to
avoid the air-hole collapse. As a result, coupling ratio exceeding 90%
between the SMF and HN-PCF is achieved. This technique avoids back
Fresnel reflection, mode-field diameter (MFD) mismatch and fiber-core
misalignment, bubble generation and air-hole collapse in the interface
fusion splice.
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1. Introduction
Photonic crystal fibers (PCFs) have attracted a lot of researchers’ interests due to such unique
characters as endless single-mode transmission, flexible chromatic dispersion, large mode
area, and high nonlinearity etc. [1-7]. Due to their flexible structures, PCFs have been used for
a number of fiber-optic devices—such as optical switches, wavelength converters, high-power
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fiber lasers, supercontinuum light sources, and gas sensors etc.—that are difficult to achieve
using conventional fibers [7-20].
The main causes of splicing loss are mode-field mismatch, core axis misalignment,
structure deformation, end face stuffing, and difference in softening temperature among
different fibers types. The flexibility in the design of the air-hole array make the MFDs of
PCFs vary from submicron to tens of microns. Furthermore, the softening temperature and
thermal expansion coefficients are different due to the differing material structural design
between PCFs and SMFs. Finally, the impurity that infiltrates into the air holes also changes
the characteristics of the PCF. Therefore, a low loss interface splice between the SMF and
PCF is very difficult to achieve. The large splicing loss restricts the applications of PCF based
devices because it is very difficult to incorporate such lossy devices into standard
communication or sensing systems.
Many researchers have investigated the splicing problem. The methods can be categorized
into three types: (I) Eelectric arc splicing technique [21-28]; (II) Carbon dioxide (CO2) laser
heating splicing technique [29, 30]; (III) Splice-free interfacing of photonic crystal fibers [31].
For Type I, although many experiments have been done, it is still very difficult to solve the
problem of MFD mismatch, air-hole collapse and bubbles growing during the fusion splicing
process. For Type II, the major problem is that it is not easy to align SMF core to that of PCF
with the later’s complicated structure. For Type III, the undrawn end of ferrule makes PCF
based devices very bulky and inflexible for many applications. Furthermore, for all the three
types, Fresnel back-reflection at the splice interface and the Fabry-Perot (F-P) resonant cavity
effect arising from the differences in properties of the two kinds of the fibers can cause system
instability and in the worst case cause damage to the system. It is clear from the above
discussion that low-loss splicing of a PCF to a conventional SMF is a very challenging
problem to be solved.
Besides interface fusion splicing, coupling is another effective method for transferring the
light power from one fiber to another. FBT technique is one of most widely methods used for
fabricating couplers. In this technique, two fibers are placed side by side and thermally fused
with hydrogen flame while being pulled until certain coupling ratio was achieved [32, 33].
Eom et al. [34] used the FBT technique to achieve coupling between PCFs with coupling
ratios of 67/33 and 52/48. Hokyung Kim et al. [35] demonstrated evanescent field coupling
between the core modes of two PCFs by using side polishing to bring the cores close to each
other and they showed that by adjusting the mating angle between the two side-polished
PCFs, 90% coupling ratio can be achieved.
In this paper, we describe a low loss method for transferring the power between a SMF and
a HN-PCF without the need for interface splicing. A HN-PCF is twisted with a pre-tapered
SMF before being tapered; the temperature is increased gradually to remove the condensation
in the air holes till it reaches the working temperature. In our experiment, more than 90%
coupling between a SMF to a HN-PCF is achieved. This method avoids the MFD mismatch
problem, Fresnel back-reflection and fiber-core nonalignment that exist inherently in the
interface splicing method.
2. Theory
Due to the flexibility in designing PCFs, the MFD of the PCFs are usually different from that
of the standard SMF. As suggested in Ref. [36], when the interface fusion splicing technique
is used to splice a PCF with a standard SMF, the splicing loss derived from the MFD
mismatch can be expressed as,
⎛

α = -20log ⎜ 2ωPCF ωSMF
⎜
⎝

(ω

2
PCF

+ ω SMF
2

)

⎞
⎟
⎟
⎠

(1)

where 2ωPCF and 2 ωSMF are the MFDs of the PCF and SMF, respectively. Besides the
mismatch in MFDs, splicing loss also increases due to the presence of bubbles caused by airhole collapse, which is caused by the difference in softening temperature between standard
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SMF and PCF and the condensation in the air holes. How to resolve the aforementioned
problems in the light beam coupling between SMF and PCF remains a key problem to be
solved.
According to the Coupling Mode theory, when two parallel fibers are sufficiently close, an
exchange of power takes place between the fibers in a periodic fashion along the direction of
propagation. When all the light is input from the entrance of Fiber 1, the powers in the two
fibers can be expressed as [32]
⎛

P1 = P0 ⎜1 −
⎝

P2 = P0

KC

KC

⎞
2
δ eff Sin (δ eff z ) ⎟⎠

(2)

2

2
δ eff Sin (δ eff z )

(3)

where P0, P1 and P2 are the input power, the power in Fiber 1 and the power in Fiber 2,
respectively. δ eff =

( β1 − β 2 )

2

+ K C , where β1 and β2 are the propagation constant
2

of Fiber 1 and Fiber 2, respectively. It can be seen from the equations that β1 should be
matched to β 2 so that the coupling ratio is high. It also can be seen from the equations
that the coupling ratio will reach the maximum when δ eff z = ± (2n+1) π , where n is an
2
integer. KC is the coupling coefficient, which is determined by the properties of the fibers
and the space between the fiber cores. In order to enhance the coupling effect between
the fibers, the cores of the fibers have to be close to each other.
We use the Beam Propagation Method to simulate the coupling between tapered
waveguides. In Fig.1, the left figure is the model of the coupling between the tapered
waveguides. The graph on the right shows that the normalized powers in the two
waveguides vary along the tapering axis. It can be seen that coupling will occur when the
waveguides are close to each other.

Fig.1. The model of coupling between tapered waveguides

3. Experiment

Figure 2 shows the experimental setup. H1 and H2 are fiber holders. After being stripped off
their polymer coating, a SMF (black line) and a HN-PCF (red line) were put into the Vgrooves and clamped after twisting. When the hydrogen flame torch is fired up, the fibers are
heated up to their softening temperature then tapered and fused with the holders moving along
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the orbit in opposite direction. Coupling occurs between the SMF and the HN-PCF when their
cores move so close that their mode fields overlap. LD is a laser diode with a center
wavelength of 1550nm. PD1 and PD2 are power detectors. C is a computer, which is used to
control H1, H2, PD1 and PD2.
PD1

H1

H2
PD2

LD

C
Fig. 2. The experimental setup
Table 1. The parameters of the coupler station

Value

Parameter Name

60.000002

Drawing speed (60-300um/sec)

21.300000

Package Forward (0-22.5mm)

6.100000

Package Height (0-7.5mm)

2.000000

Pre-Heating Time (sec)

40.000000

Fiber Holder Spacing, Standard (35-55mm)

40.000000

Fiber Holder Spacing, Wideband (35-55mm)

2.000000

Torch Height, Standard (0-12.7mm)

0.999000

Stop Coupling Ratio, Std (0.001-0.999)

5.000000

Pre-Draw Length (0.001-20.0mm)

2.000000

Number of Fibers

55.00000

Hydrogen flow (A.U.)

Nomalized Power

1.0
0.8
0.6

Power in the SMF 1
Power in the SMF 2

0.4
0.2
0.0
0

5

10

15

Taper length / mm
Fig. 3. Power conversion in the SMFs with the taper length increasing.
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Firstly, coupling between SMFs is done in order to test the performance of the experiment
setup. Table 1 shows the experimental parameters. Figure3 shows the power conversions in
the SMFs with the taper length increasing. It can be seen that coupling takes place when the
taper length is almost 9.5mm, and almost all the power is transferred into SMF 2 from SMF 1
when the taper length is 12.8nm. Moreover, the period of coupling declines with the taper
length increasing, which results from the substantial increase in coupling coefficient when the
taper becomes thinner. The results are in good agreement with Eq. (2) and (3).

Fig.4. The Transverse section of the HN-PCF

1.0

Nomalized Power

0.8
Power in the SMF
Power in the HN-PCF

0.6
0.4
0.2
0.0
0

5

10

15

20

Taper length / mm

Fig. 5. The coupling result of the SMF to the HN-PCF directly with the parameter as shown in
Table 1.

In our experiment, a HN-PCF fabricated by Yangtze Optical Fiber and Cable Company
LTD. (YOFC) (Code: APR00042DB0) is used to splice with an SMF. The cross section of
the HN-PCF is shown in Fig. 4. It can be seen that the core diameter of the HN-PCF is far less
than that of SMF. In our experiment, the highest coupling efficiency achieved with direct
splicing technique is less than 0.113, which is very low. Fig.5 shows the coupling result of an
SMF coupled directly to the HN-PCF with the parameters shown in Tale 1. It can be seen that
coupling starts at a taper length of about 8mm, but the maximum achievable coupling ratio is
only about 10%. The low coupling ratio is partly due to the mismatch in propagation constants
of the two fibers and partly due to air hole collapses.

#101935 - $15.00 USD

(C) 2009 OSA

Received 23 Sep 2008; revised 18 Nov 2008; accepted 3 Dec 2008; published 17 Feb 2009

2 March 2009 / Vol. 17, No. 5 / OPTICS EXPRESS 3120

T1 T2 T3

4

T4

T5

T6

HN-PCF
SMF

0

40

45

50

55

60

65

70

Hydrogen Flow / A.U.
Fig. 6. The melting process schematic of the HN-PCF and the SMF

In the tapering process, the twisted fibers are heated above the softening temperature and
melted together to achieve the power coupling. For a PCF, the rate of air hole collapse is
given by [36],

Vcollapse = γ

2η

(4)

where γ is the surface tension and η is the viscosity. The viscosity, which is a function of
temperature, is the most important property of silica glass and affects its structural formation.
When the temperature of heated PCFs exceeds the softening point by a great deal, the surface
tension will overcome the viscosity and cause the PCF’s cylindrical air holes to collapse.
Furthermore, the softening point of the PCFs is lower than that of SMFs because PCFs have a
smaller average solid silica diameter (due to air–silica structures) than that of conventional
SMFs [30]. Assuming that the heat absorption coefficient is almost the same for PCFs and
SMFs, the surface tension of silica is not very sensitive to temperature over the range
encountered in tapering, but the viscosity of silica sharply decreases with increasing
temperature, so the rate of air hole collapses increases with temperature. Therefore, the PCF
needs a lower temperature to melt the fiber if the absorption coefficient is almost constant for
both fibers.
Figure 6 shows the melting process schematic of the HN-PCF and SMF with the hydrogen
flow. It can be seen that the HN-PCF starts to soften at temperature T1, which is lower than
that of SMF T2; and the HN-PCF will melt to liquid at temperature T5, which is also lower
than that of SMF T6. For the SMF taper we choose temperature T4. In order to avoid air hole
collapse, we have to reduce the hydrogen flow to accommodate the different optical properties
of the two fibers. The hydrogen flow used is sufficiently low so as not to damage the HN-PCF
but higher than T2 so that the SMF can be softened, in other words, the heat temperature is
lower than T4 but higher than T2, such as T3.
Moreover, the optical fiber material consists of silicon (Si) and oxygen (O). Any
composition introduced in the fiber will reduce the number of bridging oxygen atoms in the
Si–O bond and will decrease the fiber’s viscosity. For example, water condensation reduces
the fiber viscosity and may cause significant depolymerization [29].
Si − O − Si + H 2O → 2 Si − OH
(5)
So the HN-PCF should be pre-heated so as to reduce the condensation in the air holes.
In our experiment, because the propagation constant of the HN-PCF is less than that of the
standard SMF, the SMF is pre-tapered with a pre-tapered length of 4mm in order to make its
propagation constant close to that of HN-PCF. The pre-tapered SMF is twisted with the HNPCF and put into the fiber holders. In order to remove the condensation in the air holes, the
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hydrogen flow is increased from 30a.u. to 50.3a.u. at a speed of 2a.u./s. The hydrogen flow
level of 50.3a.u is the critical hydrogen flow level which makes the air-hole collapse speed
equals to the taper speed in our experiment.
Figure 7 shows the power conversion in coupling process between SMF and HN-PCF based
on the FBT technique. It can be seen that the coupling ratio is almost 90% at a taper length of
13mm. The coupling period decreases when the taper length increases, this is because the
coupling coefficient gets larger when the taper length increases. The maximum coupling ratio
fluctuates when the taper length increases. This is because the air-holes will collapse with
stable hydrogen flow when the HN-PCF getting thinner. The burrs on the coupling curves are
a result of the coupling between the fundamental mode of SMF and cladding modes of the
HN-PCF.

1.0

Nomalized Power

0.8

Power in the SMF
Power in the HN-PCF

0.6

0.4

0.2

0.0

0

5

10

15

20

Taper length / mm
Fig. 7. The power transfer varies with the taper length in the coupling process between SMF
and HN-PCF based on FBT technique.

Fig. 8. The coupling ratio varies versus wavelength in the range of 1530~1610nm. The inset is
the scanning electron microscope (SEM) images of the cross section of the fused PCF.

A SMF and HN-PCF coupler with coupler ratio of 90% at wavelength of 1550nm is
achieved when the taper length is about 13mm. It can be seen from Fig.8 that coupling ratio
will decrease when the wavelength deviates from 1550nm. The wavelength dependent
property of the coupling ratio is due to the propagation constant varying versus the
wavelength in the HN-PCF [1, 37]. As the waist of the fused PCF is so thin that its facet is
very hard to be cleaved flatly, the cleaving point has been slightly off from the exact taper
waist. The SEM image of the fused HN-PCF is shown in Fig. 8. Comparing the SEM image in
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the Fig. 8 to that in the Fig. 4, it can be seen that the structure of the HN-PCF is well
preserved in the coupling process.
4. Conclusions

To sum up, we propose that power can be transferred between a standard SMF and a HN-PCF
by using the FBT technique instead of interface fusion splice. In our experiment, the SMF is
pre-tapered to match its propagation constant to that of the HN-PCF. The twisted fiber is preheated before tapering to remove the condensation in the air-holes. Using an appropriate level
of hydrogen flow to regulate the heating temperature is critical for preserving the HN-PCF’s
air holes to avoid collapse and softening the SMF. A coupling ratio of 90% is achieved in our
experiment. The harmful Fresnel back-reflection, the large loss due to the MFD mismatch,
nonalignment, air-hole collapse and bubble generation are avoided because of the FBT based
coupling technique we use.
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