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Abstract: We have theoretically investigated the dispersion characteristics
of dispersion compensating fibers based on dual-core liquid-filled PCFs. A
very high negative chromatic dispersion value D = –19000 ps/(nm-km) can
be achieved at 1.55-μm wavelength by an appropriate design. By varying
the geometry of the PCF and the index of the filling liquid, the phasematching wavelength and dispersion values are shown to be well tuned to
desired values. The proposed structure also demonstrates good tunable
properties with operation temperature for optical communication systems.
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1. Introduction
Chromatic dispersion in single-mode optical fibers causes broadening of optical pulses and
has drawn a limitation on the high-speed data transmission rate in broadband wavelength
division multiplexing (WDM) systems. It is required to employ dispersion compensating
components for the considerable positive dispersion of installed optical fibers in the long
distance optical communication systems. In order to reduce the additional losses, the
dispersion compensating components should be as short as possible with a large magnitude of
the negative dispersion value at the transmission wavelength. Several techniques have been
proposed to compensate the effect of chromatic dispersion, including chirped fiber Bragg
gratings [1,2], dispersion compensating filters [3], high-order mode fibers [4,5], and the most
widely used dispersion compensating fibers (DCFs) [6–9]. These DCFs contain two spatially
separated asymmetric concentric cores which support two supermodes: inner mode and outer
mode. By an appropriate design, mode matching of these two supermodes can be achieved at
a specified wavelength λp with a high negative dispersion coefficient D. DCFs have been

#91947 - $15.00 USD

(C) 2008 OSA

Received 22 Jan 2008; revised 13 Mar 2008; accepted 14 Mar 2008; published 18 Mar 2008

31 March 2008 / Vol. 16, No. 7 / OPTICS EXPRESS 4444

theoretically investigated to provide –5100-ps/(nm-km) dispersion compensation [6] and
experimentally shown to have a dispersion value of –1800 ps/(nm-km) at the wavelength λ =
1.55 μm [7].
Except for DCFs, photonic crystal fibers (PCFs) with periodic air holes along its entire
length have also been demonstrated to possess the ability of dispersion tailoring [10,11] and
the potential to function as useful dispersion compensating devices [12–15]. By adjusting the
geometric parameters of PCFs, including the lattice constants and the sizes of air holes, high
negative dispersion values over a wide wavelength range can be achieved. Similar to the basic
design of DCFs, an outer ring with larger refractive index than that of the photonic crystal
cladding is introduced in the PCF structure to form a dual-core PCF [16–20]. The inner core is
fabricated by a missing air hole in a two-dimensional triangular photonic crystal cladding and
the larger index of the outer ring can be accomplished by replacing the original air holes with
smaller ones or just by filling up these holes with silica. Prior theoretical investigation [17]
has achieved –2200-ps/(nm-km) dispersion value at λ = 1.55 μm with lattice constant Λ = 2.3
μm, air-hole diameter d = 1.4 μm, and a smaller air-hole diameter φ = 0.51 μm in the outer
ring. The value of the dispersion coefficient D and the phase-matching wavelength λp can be
tuned by adjusting the air-hole diameters and the lattice constants. But it is hard to fabricate
such smaller air holes in the outer ring with a specified hole diameter.
To obtain a larger magnitude of the negative dispersion value, a doped inner core was
introduced in the dual-core PCF structures [18,19]. The dispersion value can be highly
improved to be –55000 ps/(nm-km) [18] which is better than other similar structures.
However, a highly doped core will lead to possible occurrence of higher order modes which
may interfere with the fundamental mode. Besides, a MCVD process is needed to realize such
a high-index core in the fabrication [19].
Instead of decreasing air-hole sizes, one can also insert liquid in the cladding region to
form an outer core. Several techniques have been proposed for selectively filling the air holes
in PCFs with liquid for useful applications, such as tunable optical filters [21], sensors [22],
and supercontinuum generation [23]. By utilizing the fusion splicing technique with tailored
electric arc energies and fusion times, one can selectively fuse the cladding region of the PCF
[24]. Through different flow speeds of the liquid in air holes of various sizes, one can
selectively fill liquid in the air core or air cladding in hollow PCFs [25]. To make it more
precisely, the photo-lithographic masking technique [26] can be adopted to block unwanted
air holes at the end-face of PCFs to achieve the selective filling.
For these improvements in selectively filling air holes with liquid in PCF structures, we
propose another design for DCFs based on dual-core PCFs with the fourth layer of air holes
filled with high-index liquid. A full-vector finite-difference frequency-domain (FDFD)
method [27] will be adopted to find out the effective indices of the guided modes as well as
the corresponding dispersion values. By varying the air-hole diameters and liquid indices, the
dispersion characteristics of the proposed DCF structures will be investigated. We also
analyze the temperature dependence of the dual-core liquid-filled PCFs to design a tunable
dispersion compensating device for optical communication systems.
2. Geometry and the numerical methods
The outer core of the dual-core PCF can be fabricated by selectively filling air holes with
liquid in the cladding region. In addition to the mentioned selectively filling techniques [24–
26], the dual-core liquid-filled PCF can also be fabricated by the following steps. Start with a
fiber preform composed of silica capillaries and a silica rod at the center. Using a drawing
tower, we can have a microstructured PCF connected with the microscopic preform as
demonstrated in Fig. 1(a). It is relatively approachable to precisely insert the liquid into the
microscopic fiber preform than into the microstructured PCF. Thus, we can simply pour the
liquid into the selected capillaries in the preform and drift it to the PCF through the connected
air channel by an applied pressure.
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Fig. 1. (a) Illustration of possible fabrication for selectively inserting liquid into the PCF
through the fiber preform. (b) Cross-sectional view of the dual-core liquid-filled PCF for
dispersion compensation.

Figure 1(b) is the cross-sectional view of the dual-core liquid-filled PCF. The liquid with
the refractive index larger than air raises the effective index of the fourth layer which
functions as the outer core in the dual-core PCF. In this design, the refractive index and the
shape of the inner core remain unchanged as the original PCF to keep the single-mode
operation in the inner-core region. The full-vector FDFD method which is an efficient and
accurate numerical mode solver for the analysis of optical waveguides and PCFs [27–29] is
utilized to obtain the propagation characteristics of the dual-core liquid-filled PCF. For the
symmetric geometry, only one quarter of the PCF is taken into account with perfectly matched
layers (PMLs) as the absorbing boundary conditions. After finding out the effective indices
neff’s of the fundamental guided modes on the PCF at various wavelengths, the dispersion
values D can then be deduced according to
D=

2
−λ d neff
c dλ2

(1)

where c is the speed of light in vacuum. To improve numerical accuracy, the proper boundary
condition matching scheme is adopted in our FDFD mode solver to deal with the dielectric
discontinuities in the PCF structure [27].
3. Dispersion characteristics
We first consider the DCF based on the dual-core liquid-filled PCF shown in Fig. 1(b) with
Λ = 2.3 μm, d = 1.2 μm, and the refractive index of the liquid nq being 1.3875. The fourth
layer of air holes is filled with liquid to form the outer core in the PCF with phase-matching
wavelength λp around 1.55 μm for optical communications. By utilizing the FDFD mode
solver, we can obtain the modal effective indices neff’s of the guided modes on the PCF
structure, shown in Fig. 2(a), as well as the field distributions of the fundamental mode at
variant wavelengths, displayed in Fig. 3. In Fig. 2(a), the solid and dashed lines represent
effective index curves for the fundamental and second-order modes, respectively. For λ < 1.55
μm, the inner mode is the fundamental mode with the transmitted power well confined in the
central region as shown in Fig. 3(a) for λ = 1.52 μm. Around λ = 1.55 μm, the neff’s of these
two modes are so close as optical coupling between them can be induced. In Fig. 3(b), we can
see that the light field starts to spread out from the inner core to the outer core and a rapid
change in the slope of the effective index curve can be observed in Fig. 2(a). For λ > 1.55 μm,
most power spreads from the inner core to the outer core and is well confined in the outer core
region as illustrated in Fig. 3(c) for λ = 1.58 μm. Thus, the outer mode possesses larger neff
than the inner mode as shown in Fig. 2(a). The corresponding losses of the guided modes
versus the wavelength are demonstrated in Fig. 2(b). One can see that both the fundamental
(solid line) and second-order (dashed line) modes possess small propagation losses. Besides,
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the loss of the fundamental mode rises sharply around the phase-matching wavelength and
increases slowly as the outer mode being the fundamental mode as shown in Fig. 2(b).
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Fig. 2. (a) Effective indices and (b) losses versus the wavelength for the fundamental (solid line)
and second-order (dashed line) modes.

Fig. 3. Field distributions for the fundamental modes on the dual-core liquid-filled PCF for λ =
(a) 1.52 μm, (b) 1.55 μm, and (c) 1.58 μm, respectively.

We can then obtain the values of the dispersion D deduced according to Eq. (1) for the
fundamental and second-order modes of the dual-core liquid-filled PCF by an efficient
scheme using Chebyshev-Lagrange interpolation polynomials [30]. The two curves show
highly symmetric properties owing to the coupling between the two modes as seen in Fig. 4.
Due to the rapid slope changes of the modal index curves caused by the mode coupling, very
large values of D appear around λp for both the fundamental and second-order modes. By a
proper design, the value of D for the fundamental mode can reach –19000 ps/(nm-km) at λ =
1.55 μm. The very high negative D value can help us decrease the length of the DCF
structures and reduce possible losses. Moreover, the negative dispersion slope for λ < λp could
also be useful for some applications in WDM systems.
Figure 5(a) shows the effective index curves of the same PCF with the liquid filled in
variant air-hole layers and the corresponding dispersion values are displayed in Fig. 5(b). As
we increase the number of air-hole layers between the inner and outer cores, the appearance of
rapid slope changes in the index curves due to the optical coupling moves toward larger
wavelength. The solid and dashed lines in the inset of Fig. 5(a) represent the calculated index
curves for the original PCF without liquid and PCFs with only an outer core containing liquid,
respectively. One can observe that the effective index decreases as we move the liquid-core
ring outward, leading to the phase-matching wavelength shifting to the larger wavelength.
Besides, larger distance between the inner and outer cores will also suppress the occurrence of
optical coupling between two cores, resulting in more incisive tips on the index curves and
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narrower full-width at half-maximum (FWHM) with a highly increasing dispersion value as
shown in Fig. 5(b). Although D = –28000 ps/(nm-km) can be achieved with liquid filled in the
fifth layer, we will focus on the dispersion properties of dual-core PCFs with the fourth airhole layer filled with liquid in the following discussion.
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Fig. 4. Dispersion values versus the wavelength for the fundamental and second-order modes.
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Fig. 5. (a) Effective index curves for the dual-core PCF in Fig. 1(b) with the liquid filled in
variant air-hole layers. (b) Dispersion values of the dual-core PCF with the liquid filled in
variant air-hole layers.
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Figure 6 demonstrates the dispersion values of dual-core liquid-filled PCFs with the airhole diameter being 1.1 μm, 1.2 μm, and 1.3 μm, respectively. Unlike the variation of the
liquid filled in variant air-hole layers, the change in the air-hole diameter dramatically moves
the position of λp due to the different matching claddings. Similar to the liquid filled in outer
air-hole layers, larger air-hole possesses relatively large negative D values and sharper deeps
at longer λp as shown in Fig. 6. For example, D = –48000 ps/(nm-km) can be achieved for d =
1.3 μm at λ = 1.645 μm. By appropriately designing the geometry of the PCF, we can realize a
DCF with a very large negative dispersion at the desired wavelength for optical
communications.
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Fig. 6. Dispersion values of dual-core liquid-filled PCFs with variant air-hole sizes.
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Fig. 7. (a) Dispersion curves for dual-core liquid-filled PCF in Fig. 1(b) with various liquid
indices nq. (b) Corresponding phase-matching wavelengths and dispersion values for various
liquid indices nq.

4. Tunability properties of dual-core liquid-filled PCFs
Although PCFs possess the attractive properties of tailoring dispersion by geometric
parameters, the dispersion characteristics of a PCF is fixed once it is fabricated. To obtain an
optimal or a slightly different design, one should produce a newer one with different geometry.
Thanks to the liquid-filled outer core, we can introduce tunable dispersion properties in our
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dual-core PCFs by choosing liquid with various refractive indices. Figure 7(a) shows the
dispersion D of the DCF in Fig. 1(b) with nq being 1.3866, 1.3875, and 1.3883, respectively.
One can see that the liquid index changes the position of the phase-matching wavelength as
well as the value of dispersion. We further vary the liquid index nq from nq = 1.384 to nq =
1.391 and calculate the corresponding phase-matching wavelengths λp and the largest values
of D. Both the values of λp and D display linear-like dependence on the liquid index as shown
in Fig. 7(b). With increasing nq, the effective index of the outer core mode is raised, which
moves λp to shorter wavelengths. Meanwhile, the values of D remains larger than –16000
ps/(nm-km) as we change the liquid index. Thus, we can easily tune the position of λp to our
desired value by inserting the outer core with liquid having various refractive indices.
To demonstrate the tunability of the dual-core liquid-filled PCF for dispersion
compensation, we choose the filling liquid from Cargille Laboratories with nq close to 1.3875
at 25°C. The thermo-optic coefficient of the liquid is –3.45×10-4 °C-1 which is much larger
than that of the fused silica. By controlling the operation temperature, the value of nq can be
varied and the phase-matching wavelength λp can be well tuned. Figure 8(a) shows the
calculated dispersion curves for the dual-core liquid-filled PCF operated at 17.5°C, 25 °C, and
32.5 °C, respectively. In our simulations, the material dispersions of silica and filling liquid
are also taken into account, which should have less effect than the waveguide dispersion. It
can be seen that the phase-matching wavelength moves to larger wavelength with the raise of
the temperature. We also calculate the values of λp for various temperatures as shown in Fig.
8(b) and a linear relationship between λp and the temperature can be observed with the
positive slope 4.31 nm/ °C.
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Fig. 8. (a) Dispersion curves for a dual-core liquid-filled PCF operated at variant temperatures.
(b) Phase-matching wavelengths for a dual-core liquid-filled PCF operated at variant
temperatures.

By considering the material loss of the filling liquid provided by Cargille Laboratories, the
calculated propagation loss of the dual-core liquid-filled PCF is 2.86 dB/km at λ = 1.55 μm.
Since our proposed structure possesses a very high negative chromatic dispersion value D, the
length of the device can be efficiently reduced as well as the total propagation loss. For
example, for a 20-km SMF-28 we only need a 18-m dual-core liquid-filled PCF to perform
the required dispersion compensation and the propagation loss is 0.05 dB. This kind of device
also has the potential to be employed in other optical applications which only require a short
device length. However, the theoretical coupling loss of our proposed structure to the SMF-28
is 4.22 dB. This high value is mainly due to the mismatch of the mode field diameters (MFDs)
of these two waveguides. To reduce the coupling loss, we can adopt another PCF having
similar MFD with that of the SMF-28 or use tapered PCFs [31] or microtips [32] to increase
the coupling between the small PCF and the SMF-28.
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From these calculated results, one can see that our proposed dual-core liquid-filled PCFs
not only function as useful tunable dispersion compensating devices for optical
communication but also can help to correct possible fabrication errors in the geometry of PCF
structures. Even we have mismatch in the produced PCF structures with the optimal design by
simulation, the phase-matching wavelength can still be tuned to our desired value by varying
the liquid index with operation temperature, which does help a lot for the development of
DCF structures.
5. Conclusions
We have proposed a dispersion compensating structure based on the dual-core liquid-filled
PCF with one of the outer rings filled with liquid. Applying the full-vector FDFD mode solver,
we can obtain the effective indices and the field distributions of the guided modes on the
proposed structures. By varying the layer of the liquid-core and the sizes of air holes, we have
investigated the dispersion characteristics of the dual-core PCFs. A very high negative
chromatic dispersion value D = –19000 ps/(nm-km) can be achieved at λ = 1.55 μm and the
phase-matching wavelength can also be tuned by the geometry of the PCF. We also
demonstrate the tunability properties of the proposed devices. The phase-matching
wavelength can be well tuned by the liquid index which can be controlled by the operation
temperature. The tunability of the dual-core liquid-filled PCF can be utilized to work in wide
wavelength range and can help correct possible fabrication mismatches in the geometry of
PCF structures.
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