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The dispersion compensation properties of dual-concentric core photonic crystal fibers are theoretically
investigated in this letter. The effects of geometric structure on the dispersion properties of dual-concentric
core photonic crystal fibers are carefully studied by finite element method. The first layer of holes around
the core area is enlarged in a new manner with the near-core point fixed. Considering the tradeoff among
several parameters, results show that the dispersion compensation wavelength and strength can be tuned
to desired values by constructing an appropriate design of the geometric structure of photonic crystal
fibers.
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Chromatic dispersion is one of the most important pa-
rameters of optical communication system[1]. The in-
creasing use of operating wavelength at 1.55 µm caused
by the low-loss window of fibers has resulted in a problem
wherein the nonzero chromatic dispersion of silica fibers
at this wavelength leads to serious restrictions in optical
communications. One of the best approaches to reducing
chromatic dispersion is to use dispersion-compensating
fibers (DCFs), which show a high value of negative dis-
persion in optical communication systems[2−4]. Photonic
crystal fibers (PCFs) have outstanding properties and
great versatility. These materials are very useful for chro-
matic dispersion management. Obtaining very large dis-
persion compensate coefficient is possible when disper-
sion compensation PCFs (DC-PCFs) are used[5−8].

The chromatic dispersion coefficient Dis used to quan-
tify the amount of chromatic dispersion and can be de-
scribed as

D =
λ

c

d2neff

dλ2
, (1)

where λ is the operating wavelength, c is the speed of
light in a vacuum, and neff is the effective indices of
the fundamental mode at various wavelengths. Dual-
concentric core fibers compensate for chromatic disper-
sion based on the coupling of the inner mode (i.e., the
mode propagating in core region) and the outer mode
(i.e., the mode propagating in cladding defect area).

In a dual-concentric core fiber, the fundamental mode
is confined in the core region as the inner mode, where the
wavelengths are shorter than the phase-matching wave-
length λ0. Subsequently, the fundamental mode switches
to the cladding defect area as the outer mode, where the
wavelengths are longer than λ0. Based on Eq. (1), the
dual-concentric core fiber shows a large negative disper-
sion D around the phase-matching wavelength because of
the fundamental mode switch. DCF with larger negative
dispersion compensates for the dispersion of single-mode

fiber (SMF) with shorter length, which can reduce the
losses and nonlinearity of the compensation. Therefore,
studying DCF with large negative dispersion is substan-
tial.

In this letter, chromatic dispersion property of PCF
is studied and optimized for dispersion compensation at
wavelength 1550 nm using both geometric and liquid-fill
schemes with finite element method (FEM). We change
the size of first-layer holes through both the regular
method (with center fixed) and the new method (with
near-core point fixed) to increase slope difference of in-
dex curves between the inner and outer mode. Changing
the size of first-layer holes with near-core point fixed af-
fects mode indices less at short wavelengths. This process
also reduces the change of couple wavelength. All modes
in this letter refer to fundamental modes of PCF. Based
from the numerical result, compared with regular chang-
ing of the first-layer hole sizes, the new method is found
to exert less effects on the index curve of inner mode at
short wavelengths than long wavelengths. In addition,
the new method shows much less influence on the shift
of phase-matching point.

The cross-sectional view of the DC-PCF model con-
sidered in the present study is shown in Fig. 1; where
d1 is the first-layer hole diameter, d is the background
and ring-core hole diameter (i.e., holes aside from the
first-layer holes), and Λ is the hole pitch of the triangle
lattice structure. The background material is made of
pure silica, whose refractive index can be described using
Sellmeier equation[9]:

n(λ) =
[

1 +
0.6961663λ2

λ2
− (0.0684043)

+
0.4079426λ2

λ2
− (0.1162414)2

+
0.8974794λ2

λ2
− (9.896161)2

]
1

2

. (2)

The solid core is formed by removing a central air hole,
and the sixth-layer ring holes that are filled with liquids
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(with refractive index nR = 1.3069)[7] form the outer ring
core. The background holes are temporarily filled with
air (with refractive index nb = 1). The filling material is
changed in the following paragraphs.

Filling liquid into specified air holes can be achieved by
connecting a DC-PCF to a preformed section before fill-
ing the holes. Filling the liquid into the preformed fiber
is more convenient than into the microstructured PCF[8].

In Fig. 1, first-layer hole diameter is larger than the
rest because increasing the slope difference between the
inner and outer mode would cause a large negative dis-
persion coefficient, which can be seen from Eq. (1). Thus,
the main target of optimization is to increase the slope
of inner mode index curve and reduce the slope of outer
mode index curve. For the mode with a shorter wave-
length, its electromagnetic energy mainly concentrates
in inner-silica-core region; whereas for the mode with a
longer wavelength, the energy expands into the outer-
air-hole region. Therefore, enlarging the first-layer hole
diameter has larger impact on effective index reduction
at long wavelengths than at short wavelengths, as shown
in Fig. 2.

Figure 2 shows the dependence of inner mode effective
indices on wavelengths for PCFs crystal fibers with dif-
ferent first-layer hole diameters. Enlarging the first-layer

Fig. 1. Cross-sectional view of DC-PCF structure. Λ =
2.4 µm, d= 0.96 µm, d1 = 1.2 µm, nR = 1.3069, nair = 1.

Fig. 2. Dependence of inner mode effective indices on wave-
length for PCFs with different first-layer hole diameters.

Fig. 3. Variation in phase-matching wavelength with different
first layer diameters.

Fig. 4. Two different methods of enlarging the first-layer
holes: (a) center fixed (method 1), and (b) near-core-point
fixed (method 2).

Fig. 5. Effective indices on various wavelengths of: PCF 1: d1

= 1.2 µm; PCF 2: d1 enlarged to 1.92 µm with fixed near-core
point; PCF 3: d1 enlarged to 1.44 µm with fixed center. The
phase-matching wavelengths are marked with red arrows.

holes is shown to increase the inner mode index curve
slope. However, the first-layer hole diameter cannot be
simply enlarged without limitation. First, the mode with
lower effective index caused by the larger first-layer hole
diameter couples with a high-loss cladding mode, which
is shown by the cross-sectional view of the PCF electric
field in Fig. 2. The inflective point of PCF index curve
with d1 = 1.44 µm at wavelength around 1.65 µm indi-
cates mode coupling into the high-loss cladding region.
The coupling is supposed to occur at wavelength longer
than the 1.55 µm target phase-matching wavelength.
Second, although the size of first-layer holes affects the
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indices of longer wavelength more, this parameter also af-
fects the indices of shorter wavelength. This phenomenon
causes great irregularity of phase-matching wavelength,
as is shown in Fig. 3. To adjust the phase-matching
wavelength to 1.55 µm, further work on outer mode is
necessary.

Given the abovementioned problems, we enlarge the
first-layer holes in a different manner with near-core
point fixed (denoted as method 2) instead of center fixed
(method 1), as shown in Fig. 4. Enlarging the first-layer
holes through method 2 barely affects the core region ge-
ometry, as well as the effective index of short wavelength,
because light with short wavelength mainly concentrates
in the core region. Meanwhile, light with a long wave-
length expands into the outer-hole region.

The different effects of these two methods on effective
mode indices of the inner mode are shown in Fig. 5. The
effective mode index curve of PCF type 2 are close to the
index curve of the PCF with unchanged first-layer holes
at short wavelengths but moves close to the index curve
of PCF type 3 at long wavelengths. This process results
in a large slope index curve while the inflective point set-
tles at a longer wavelength. Less effective index change
is found at short wavelengths; therefore, the extra work
on outer mode to adjust the phase-matching wavelength
is reduced.

Figure 6 shows the chromatic dispersion properties of
PCF 1: d1 = 1.2 µm, d= 0.94 µm; PCF 2: d1 enlarged
to 1.92 µm with near-core-point fixed, d = 0.992 µm;
PCF 3: d1 enlarged to 1.44 µm with center fixed, d =
1.05 µm. PCF 2 and PCF 3 both gain a larger chromatic
dispersion value than PCF 1. The chromatic dispersion
values of PCF 2 and PCF 3 are close, while the size
difference of cladding holes between PCF 2 and PCF
1 (0.052 µm) is much less than the difference between
PCF 3 and PCF 1 (0.11 µm), which means less efforts
of changing cladding holes’ diameter is needed to adjust
the phase-matching wavelength.

In this letter, the sixth-layer ring holes filled with liq-
uids form the outer ring core. The distance between
central core and ring core affects the PCF dispersion co-
efficient. If the distance is small, then the guided modes
of both cores are strongly coupled, and the effective re-
fractive index of the coupled mode is gradually changed
with wavelength resulting in smaller negative dispersion
coefficient. By contrast, if the distance is large, then the
effective refractive index change of the coupled mode is
large around the phase matched wavelength leading to
larger negative dispersion coefficient[6]. However, dis-
tance cannot be simply enlarged because a large distance
also results in difficult coupling between inner and outer
modes.

Optimization of outer modes contains reduction of
the index-curve slope, and adjustment of the phase-
matching wavelength. The index-curve slope reduction
of outer modes is based on the same theory that short
wavelength light mainly concentrates in silica region,
whereas light with long wavelength expand into air-hole
region. The main purpose of this process is to increase
the effective mode indices at long wavelengths. Reduc-
ing the cladding-hole diameter is effective; however, this
process counteracts the phase-matching wavelength ad-
justment. To reduce the slope of outer mode index-curve,

the cladding-hole diameter needs to be smaller, whereas
a larger cladding-hole diameter is usually needed to ad-
just the phase-matching wavelength. Filling background
holes with material, whose refractive index is higher than
air, is proven to be an effective replacement[7−11].

Figure 7 shows the different effects on the effective in-
dices of outer modes by reducing background holes and
filling background holes with liquid. The liquid-filling
method affects the effective indices more at long wave-
lengths than hole-diameter reduction method; mean-
while, the effective indices are affected less at short
wavelengths.

Optimization of inner core makes the inner mode ef-
fective index curve moves down; whereas optimization
of ring core makes the outer mode effective index curve
moves up. This finding causes the phase-matching wave-
length to move to a short wavelength. To adjust the
phase-matching wavelength to 1.55 µm, we alter the
cladding-hole diameter.

We enlarge first-layer hole diameter to 1.9 µm with
center fixed. This diameter is then enlarged to 2.36 µm
with near-core-point fixed. The ring-core holes are filled
with liquid refractive index nR = 1.3069 and the rest of
the background holes are filled with liquid with refractive
index nb = 1.2. We resize the background and ring-core
holes to 1.414 µm, and hole pitch Λ to 2.3 µm to adjust
phase-matching wavelength to 1.55 µm. The chromatic
dispersion property of the DC-PCF we proposed is shown

Fig. 6. Chromatic dispersion values of PCF 1: d1 = 1.2 µm,
d = 0.94 µm; PCF 2: d1 enlarged to 1.92 µm with fixed near-
core point, d = 0.992 µm; PCF 3: d1 enlarged to 1.44 µm
with fixed center, d = 1.05 µm.

Fig. 7. Effective indices on various wavelengths of outer
modes with different d and nb.
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Fig. 8. Chromatic dispersion of DC-PCF: d1 = 2.36 µm with
first-layer holes move outward 0.23 µm, d = 1.414 µm, nR =
1.3069, nb = 1.2.

Fig. 9. Characteristics of the proposed DC-PCF: (a) confine-
ment loss, and (b) coupling loss using standard G.655 fibers.

Fig. 10. Influences on phase-matching wavelength of (a)
cladding-hole diameter (d), (b) resizing first-layer holes with
fixed center, and (c) resizing first-layer holes with fixed near-
core point.

in Fig. 8. This DC-PCF shows a negative chromatic dis-
persion coefficient of approximately –41800 ps/(km·nm)
at wavelength around 1550 nm. Figure 9(a) demon-
strates the confinement loss of the proposed DC-PCF.
Figure 9(b) demonstrates the coupling loss of the pro-
posed DC-PCF with a G.655 fiber. The small effective
mode area is at short wavelength; thus, the proposed

DC-PCF shows obvious coupling loss. Further work is
needed to reduce the coupling loss.

The influences on phase-matching wavelength by
changing cladding-hole diameter (d), resizing first-layer
holes with center fixed, and resizing with near-core-
point fixed are shown in Fig. 10. The factors are fixed
as the designed value (Λ = 2.3 µm; d = 1.414 µm;
d1 is enlarged to 1.9 µm with center fixed to 2.36 µm
with near-core-point fixed) except for the variant fac-
tor. Figure 10(a) demonstrates the influence of dif-
ferent cladding-hole diameters (i.e., 1.394, 1.404, and
1.414 µm). The results match that of the previous dis-
cussion. Figures 10(b) and (c) show the influences of
changing first-layer hole diameter with center fixed and
near-core-point fixed, respectively. The wavelength shift
of changing d1 with near-core-point fixed (about 0.09 µm
deviation per µm) is much smaller than changing with
center fixed (about 1 µm deviation per µm). We study
the effects of first-layer hole size and position, as well
as that of cladding-hole size on the chromatic disper-
sion properties of DC-PCF. We find that by enlarging
first-layer holes with near-core-point fixed, less efforts of
changing cladding-hole diameter is needed to obtain a
large negative dispersion coefficient and adjust the phase-
matching wavelength. We propose a DC-PCF, which
attained a chromatic dispersion coefficient at approxi-
mately –41 800 ps/(km·nm) and approximately 1.55 µm
wavelength.
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