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Abstract A novel broadband directional coupler based on an asymmetric dual-core photonic crystal fiber (PCF) is

proposed. The asymmetry in the fiber is introduced by the enlargement of one air-hole in dual-core PCF. Numerical

investigation demonstrate that broadband directional coupling with spectral width as large as 370 nm and polarization-
dependent loss and uniformity lower than 0.2 and 0.5 dB, respectively, can be achieved. In addition, the proposed
fiber shows large tolerance to the variation of the fiber parameters. In particular, the fiber length allows at least 10 %

derivation from the proposed fiber length of 7.7 mm.
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1 Introduction

Photonic crystal fiber (PCF)™~*!, a novel kind
of optical fiber composed of air-holes in the back-
ground of silica, has been put forward as a novel
method for fabricating optical fiber couplers''. Ap-
plications of dual-core PCFs as polarization splitters
[6~91 wavelength division multiplex components
, filters ™, and dispersion compensations''?’,
have been proposed. However, the application of
dual-core PCF as a directional coupler is generally
difficult due to the fact that the coupled energy in
dual-core PCF is generally polarization- and wave-
length-dependent, as a result of the high index con-
trast. Therefore, directional couplers based on
PCFs generally have low bandwidths and high polar-
ization losses. Recently, a novel design of broad-
band directional coupler has been proposed by
Lagsgaard et al. ™’ The twin-core PCF forms the
basis of an unusually broadband directional coupler,
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because the coupling length curve of the fiber can
be made extraordinarily flat over an extremely
broad frequency range. The design shows the great
versatility of PCF couplers, because it’s not easy to
realize broadband coupling in a conventional optical
fiber. However, the down-doped core in the fiber
coupler leads to the deformation of the mode field,
which induces additional insertion losses.

In this paper, a novel dual-core PCF coupler is
proposed and the cores of the fiber are designed to
be asymmetric. Asymmetry is introduced in the
otherwise dual-core PCF with two-fold symmetries.
The proposed coupler could work as a broadband di-
rectional coupler with large tolerance to the fiber
length. The coupler also shows polarization-depend-
ent loss (PDL) lower than 0.2 dB with spectral
width as large as 370 nm.

2 Numerical investigations

The configuration of the fiber is shown in Fig.
1. The fiber is characterized by the centre-to-cen-
tre distance of the two nearest air-holes A (pitch)
and the normalized rod diameter d/A. In addition,
the index of pure silica is set as n. = 1.45 and the
dispersion of silica is ignored. The configuration
shows here is very similar to a conventional hexa-
gonal-structure PCF except that an air-hole adjacent
to one of the cores is enlarged. The diameter of the
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enlarged air-hole is denoted as d,. The values of
the parameters are set as d/A =0.3, d,/A=0.47,
and A =9.3 pm, respectively.

Fig.1 Cross-section of the proposed PCF coupler

To investigate the transmission properties of
the proposed fiber, a full-vectorial finite-difference
beam propagation method ™! with transparent
boundary condition "' is applied. The power trans-
fer as a function of fiber length for the symmetric-
core PCF (d,/A=0.3) and the proposed PCF cou-
pler (d,/A=0.47), at the operating wavelength of
1.55 pm, are shown in Fig.2(a) and (b) respec-
tively. In the symmetric core PCF coupler, nearly
100% energy can be transferred between the two
cores, therefore, when used as a directional cou-
pler, the fiber length should be chosen as L, = L./2,
where L. is the coupling length of the fiber. The
coupling lengths of the x- and y-polarized states in
the fiber have been shown in Fig.2(a) and is denoted
as L., and L.,, respectively. However, the first de-
rivative of the curve is the largest when the propa-
gation distance is Lg, (or Ly, ), where Ly, and Ly,
denote the coupler lengths of the x- and y-polarized
states, respectively. Therefore, low bandwidth and
low tolerance to the fiber length are expected.
When asymmetry is introduced into the fiber, the
coupling efficiency will be reduced, owning to the
index mismatch. By appropriate selecting the diam-
eter of the enlarged air-hole, we can control the a-
mount of power transferred between the two cores
in the asymmetric PCF coupler. As shown in Fig.2
(b), by setting the diameter of the enlarged air-
hole to be d,/A =0.47, only about 50 % of power
can be transferred between the two cores of the
coupler. By setting the length of the coupler L. to
be L4, the field launching into one of the cores will
exit equally from the two cores. Also a low polari-
zation dependent coupling is found in the fiber. In
fact, the difference between the coupling lengths of
the two polarized states is lower than 0. 01 mm.
Therefore, low PDL is expected in the proposed fi-
ber coupler. In contrast to the asymmetric-core
PCF, the coupling length difference for the sym-
metric core PCF is 0.6 mm. Since the fiber length

of the asymmetric-core PCF is set at where the first
derivative of the normalized output power is zero,
the deviation of fiber length from the optimal value
only leads to very small influence on the output
power distribution in the two cores. Therefore, the
proposed fiber could have large tolerance to the fi-
ber length, as will be demonstrated in the next sec-
tion.
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Fig.2 Power transfers in the two cores of the symmetric
core PCF (d,/A=0.3) (a) and the proposed PCF
coupler (d,/A=0.47) (b). The solid and dashed
curves denote the powers in the left and right
cores, respectively. The curves with and without
circles denote the powers in the x- and y-polarized

states, respectively

Insertion loss of the fiber coupler is defined as
the ratio of the optical power launched at the input
port of the coupler to the optical power from any
single output port, expressed in dB. The PDL is
defined as the difference between the insertion los-
ses of the two polarized modes in the same output
port. The output power of the two cores of the fiber
as a function of the operating wavelength is shown
in Fig. 3. If the available bandwidth is defined as
the wavelength range within which the uniformity
is lower than 0.5 dB, that is, the insertion losses of
the two cores are in the range of 3.0 £ 0. 25 dB,
and PDL is lower than 0.2 dB, they can cover the
wavelength range from 1.41 to 1.78 pm. There-
fore, the bandwidth can be as large as 370 nm. If
PDL lower than 0.1 dB is required, the wavelength
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range can still cover from 1.41 to 1.66 pm, and the
bandwith is 250 nm. The power transferring as a
function of wavelength for the symmetric-core PCF
coupler with L =5.7 mm is plotted in Fig. 4. The
coupler shows available bandwidth lower than
40 nm with the uniformity lower than 0.5 dB and
almost invariant PDL of 0.2 dB for the entire band-
width range.
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Fig.3 Insertion losses of the proposed fiber coupler as a
function of wavelength with fiber length L, =7.7 mm
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Fig.4 Insertion losses of the symmetric fiber coupler as a
function of wavelength with fiber length L, =5.7 mm

Figures 5(a) and (b) show the power transfer-

ring in the two cores of the symmetric dual-core
PCF coupler and the proposed coupler with the op-
erating wavelength A set as 1.45, 1.55 and 1.65 pm.
When the operating wavelength is longer or shorter
than the center wavelength of 1. 55 pm, there’s
large difference between the output power in the
two cores of the symmetric-core coupler. There-
fore, the bandwidth is limited. For the proposed
coupler, the coupling length increases when the op-
erating wavelength reduces, but at the same time,
the coupling coefficient reduces. On the other
hand, when the operating wavelength increases,
the coupling length reduces, but the coupling coef-
ficient increases. As a result, the difference be-
tween the output power in the two cores is still
small for longer and shorter wavelengths. This ex-
plains why the wide operating bandwidth can be

achieved in the proposed coupler.
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Fig.5 Power transfers in the cores of the symmetric-
core PCF (a) and the proposed fiber (b)

3 Discussions

One important issue about dual-core PCFs is
the tolerance of the structure parameters. Numeri-
cal investigation demonstrates that the proposed fi-
ber shows low sensitivity to the variation of fiber
parameters. We will present here the investigation
on the variation of the diameter of the enlarged air-
hole and the fiber length on the properties of the
proposed coupler.

Figure 6 shows the output power in the cores
of a fiber with the normalized diameter of the en-
larged air-hole d,/A = 0. 465 and 0. 475, respec-
tively. The reduction of the air-hole diameter leads
to the movement of available wavelength region to
short wavelength, whereas the increase of the air-
hole diameter leads to the movement of available
wavelength region to long wavelength. The wave-
length ranges where the insertion loss is within 3 +
0.25 dB and the PDL is lower than 0. 2 dB are
[1.374, 1.600] pm and [1.448, 1.697] pm for the
fiber with d,/A = 0.465 and 0. 475, respectively.
In either case, it covers the wavelength of 1.55 pm.
This means that the proposed fiber allows at least a
tolerance of * 1% for the large air-hole in size,
that is, the air-hole should allow a tolerance of
+46.5 nm in diameter. It is now possible to manu-
facture the microstructure in air-glass PCF to accu-



638 2l 5]

oo e 36 &

racy of 10 nm on the scale of 1 ym "'. Therefore,
the proposed fiber can be fabricated by the up-to-
date techniques.

3.6 g\(a) - w—polarized, left core
rrrrrrrrrrrr x—-polarized, right core
m34l\ ——— y-polarized, left core
s \\\\\ rrrrrrrrrrr y-polarized, right core
)] ..
E 3.2
§
k= 3.0
<5}
0
2.8
2.6
1.4 1.5 1.6 157 1.8 1.9 2.0
Wavelength /um
38 ® x-polarized, left core
,,,,,,,,,,,, x-polarized, right core
& 3.6 NN ——y-polarized, left core
<34 DN y-polarized, right core. ~ "
232
830
g8
=26
241

1.3 14 15 1.6 1.7
Wavelength /um

Fig.6 Insertion losses of the proposed fiber coupler as a
function of wavelength with L, = 7.7 mm and en-
larged air-hole normalized diameter d, = 0. 465
(a) and 0.475 (b), respectively
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Fig.7 Insertion losses of the proposed fiber as a function
of wavelength with fiber length L, = 6.9 mm (a)
and 8.5 mm (b), respectively

The output power in the cores of a proposed fi-
ber with d,/A =0.47 are shown in Fig.7 with the

fiber length Ly =6.9 mm and 8.5 mm, respectively.
As shown in the figure, when a short fiber length is
chosen, the centre wavelength of 1.55 pm is within
the range, in fact, lower PDL is found. The availa-
ble wavelength range is from 1. 502 to 1. 82 um
with the PDL lower than 0.1 dB and uniformity
lower than 0.5 dB for the fiber with Ly =6.9 mm.
And the available wavelength range is from 1.34 to
1.586 pm with the PDL lower than 0.13 dB and
uniformity lower than 0. 25 dB for the fiber with
L,=8.5 mm. Therefore, if the fiber length L, is
chosen to be 7.7 mm, we can allow a variation of at
least *10% deviation of the fiber length.

4 Conclusion

We proposed the design of a directional coupler
based on a novel PCF configuration. The coupler is
realized by the deliberately introduced asymmetry
in the dual-core PCF. The main advantages of the
proposed fiber are the large bandwidth, low polari-
zation loss, and short fiber length. The fiber con-
tains a core similar to that of a conventional PCF,
which leads low splice loss. In addition, the large
tolerances to the fiber length and air-hole diameter
allow the fabrication of the fiber by the up-to-date
techniques.
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