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Abstract. In this manuscript, we numerically examined the dispersion characteristics
of two designed microstructure fibers by using the plane wave expansion method. In the
basic structure, air holes are arranged in a square lattice. In the first structure, the third
ring in the cladding is formed by small diameter circular air-holes. In the second fiber,
the third ring is formed by large diameter circular air-holes and in both fibers, the first
ring around the germanium doped core is formed by elliptical air-holes filled with ethanol.
By manipulating the third ring air-holes diameter, we obtained flat negative dispersion
or dispersion compensation property. Additionally, we compared the dispersion diagrams
of the small third ring air-holes diameter fiber with the large third ring air-holes diameter
fiber.
Keywords: Photonic crystal fiber, dispersion diagram, flat negative dispersion, plane
wave expansion (PWE) method.

1. Introduction.

The invention of the photonic crystal fiber has solved one of the greatest difficulties
encountered in the field of telecommunication, which is the control of the dispersion in
fibers. The dispersion diagram is one of the most important properties of a waveguid-
ing medium. With the flexibility of its cladding, formed with air-holes, it is possible
to obtain different dispersion properties like dispersion compensation, flattened or ultra-
flattened dispersion, zero-dispersion, and so on. The dispersion compensating fiber can
be realized with square lattice fiber with a small pitch and a large diameter air-holes [1].
Also, a square lattice with an elliptical designed core with small pitch values and large
air-holes can give a dispersion compensation property [2]. In reference [3], they studied,
the influences of elliptical holes on the dispersion by introducing one or more rings of
elliptical air-holes and obtained ultra-low and ultra-flattened dispersion photonic crystal
fiber. To investigate the properties of light propagating in a photonic waveguide usually,
the Computational Photonics method is used that is seen as the substitution to the ex-
pensive experimental equipment. As computational methods are categorized as follows:
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frequency-domain eigensolvers, frequency-domain solvers, and time-domain simulations.
Among the computational methods are BPM (Beam propagation method), EME (Eigen-
mode Expansion Methods), FDTD (Finite Difference Time Domain) method [4, 5]. In
reference [6], an algorithm based on the method of line (MoL) is used to numerically
analyze a holey fiber. In our simulation, the Plane Wave Expansion (PWE) is used as
the simulation method to compute the dispersion characteristics of the fiber [7].
In this paper, we numerically examined the dispersion characteristics of two (2) designed
photonic crystal fibers consisting of six (6) rings of holes in the cladding area. In the first
fiber, the third ring in the cladding is formed by a small diameter of air-holes, and the
first ring around the germanium doped core is formed by elliptical air-holes filled with
ethanol. In the second proposed fiber, the third ring in the cladding area is formed by
large diameter air-holes, and the first ring around the germanium doped core is formed by
elliptical air-holes filled with ethanol. By manipulating the diameter of the air-holes of the
third ring we obtained a flat negative dispersion or a dispersion compensation property.
Additionally, we also compared the dispersion diagram of the small third ring air-holes
diameter with the dispersion diagram of the large third ring air-holes diameter of the
fibers. The plane wave expansion (PWE) is used as the simulation method.

2. Numerical Analysis of the proposed fibers.

2.1. Cross-section of the proposed fibers.

The below Fig.1 is the cross-section of the two designed solid-core fibers with six (6)
rings of holes surrounding the core; the first rings of both fibers are formed with elliptical
air-holes filled with ethanol. a, b and η represent, respectively the major axis, the minor
axis, and the ellipticity of the fiber. d1 is the diameter of the third ring air-holes with
a radius r1. d is the diameter of the remaining circular air-holes in the cladding area of
both fibers with a radius of r = 0.25Λ. Λ represents the pitch or the distance center to
center of two nearest air-holes. The core of the designed fibers is doped with germanium
and defined as dc=2Λ - d.

Figure 1. Cross-section of the two proposed Square Lattice Photonic
Crystal Fibers. A) Square lattice photonic crystal fiber with small third
ring air-holes with a radius r1=0.15Λ. B) Square lattice photonic crystal
fiber with large third ring air-holes with a radius r1=0.5Λ.
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3. Theory.
Knowing that the plane wave expansion method is known to be one of the most favorable

methods when dealing with a periodic structure for the analysis of the properties or more
specifically the dispersion of a photonic crystal fiber [7, 8, 9]. The general idea in a brief
form of the plane wave expansion method [10]. Maxwell’s equation after taking out the
electric field from time-harmonic the following is obtained:

∇× (
1

n2
∇×H) = κ2H (1)

∇ ·H = 0 (2)

Where H is the magnetic field, κ represents the wavenumber and n is the refractive
index. The changes of the refractive index in the z-direction and expanding the H as
expressed as follows, to find the Eigen-states:

H(x, y, z) = h(x, y) eiβz = (ht(x, y) + hz(x, y)−→z )eiβz (3)

Where, β is the propagation constant.
The calculation of the dispersion in the proposed fiber is done by Eq. (4), where λ is

the wavelength in free space, c the speed of light in a vacuum, and neff represent the
effective refractive index in the fiber. Eq. (5) determines the effective refractive index,
and the propagation constant β is calculated numerically with the plane wave expansion
method as shown in the dispersion diagrams of Fig. 2 and Fig. 8 and also, κ0 is the
wavenumber in free space which is calculated by Eq. (6).

D(λ) = −λ
c

d2neff
dλ2

(4)

neff =
β

κ0
(5)

κ0 =
2π

λ
(6)

4. Dispersion Characteristics of the fibers.

4.1. Calculation of the dispersion diagram of the fibers.

4.1.1. Square lattice photonic crystal fiber with small third ring air-holes diameter
(r1 = 0.15Λ).

The proposed fibers are solid-core fibers. It is well known that the solid core photonic
crystal fiber guides light by total internal refraction (TIR) different from the bandgap
fiber, which guides light by a photonic bandgap in the cladding area.

The below Fig. 2, shows the dispersion diagram of the designed fiber with a small third
ring air-hole diameter. The first part (Red) is the continuum of states with a range of
frequencies and propagation constants. The presence of one large opened bandgap and
other small ones in the cladding area of our proposed fiber. The third ring air-hole’s radius
is defined as r1=0.15Λ and (d1/Λ) =0.3 with a pitch value of Λ=2.07µm. The radius of
the remaining circular air-holes is determined as r = 0.25Λ. The major and minor axis
of the elliptical holes are also determined as a=1.2 µm and b=0.5 µm respectively, the
ellipticity is η=2.4. a, b and η are constant values in our simulation. The region below
the continuum of state (cladding) is the defect Eigen-state represented by the core area
of the fiber. The region in between the defect Eigen state and the continuum states
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Figure 2. Dispersion diagram of the fiber. The continuum of states (Red
part) and the defect Eigen states below the continuum states (cladding
area) of the solid core square lattice photonic crystal fiber with small third
ring air-hole diameter (r1=0.15Λ), (d1/Λ) =0.3.

(cladding area) is the guidance area, where light is guided by total internal refraction
(TIR). This indicates that light propagating in this range of frequencies and propagation
constants, will not enter the cladding area of the proposed fiber rather will propagate in
the core area. By choosing the right range of frequencies and propagation constants in
the guidance area, we can determine the effective refractive index as indicated in Eq. (5).
Therefore, for the calculation of the effective indices, we used the plane wave expansion
method [10, 11, 12].

4.2. Distribution of the reciprocals refractive index in the cross-section of the
Square Lattice Photonic Crystal Fiber with small third ring air-holes diameter
(r1=0.15Λ).

In Fig. 3, the distribution of the refractive index in the cross-section is as follows,
the distribution of the refractive index of the background (blue area) is n = 1.45, the
cladding composed with air-holes of refractive index ncl = 1 (red circles). The first ring
around the core is formed with elliptical air-holes filled with ethanol of refractive index
neth=1.3611; the core area is doped with germanium of a doping concentration of 19.3%.

4.3. Field distribution in the Square Lattice Photonic Crystal Fiber with small
third ring air-holes diameter (r1 = 0.15Λ).

In Fig. 4, the first eigenvector which coincides with the first eigenstate calculated in
the dispersion diagram in Fig. 2 of the photonic crystal fiber is used for the computation
of the fundamental mode of the fiber; as it can be seen as a confined light in the doped
core area. Strong guidance in the fiber is observed.

In Fig. 5, the effective refractive index is determined by the numerically calculated
propagation constant β of the dispersion diagram in Fig. 2, of the fiber with small third
ring air-holes. For a normalized interval of frequencies in the guidance region from 0.185
to 0.352 the light propagating in this range, propagates in the doped solid-core of the
proposed fiber with small third ring air-holes, justifying the obtained effective refractive
index in Fig. 5. After numerically calculating the effective refractive index, Eq. (4) is
then used to determine the dispersion characteristics as shown below in Fig. 6.

Knowing that dispersion can be controlled within a wide range of wavelengths by vary-
ing the diameter of air-holes and pitch values in the cladding area [14, 15, 16]. The
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Figure 3. The distribution of the reciprocals of the refractive index in the
cross-section of the Square lattice photonic crystal fiber with small third
ring air-holes diameter r1=0.15Λ, Λ=2.07µm, d1=0.621 µm, and d=Λ/2.

Figure 4. Field distribution in the Square Lattice Photonic Crystal Fiber
representing the fundamental mode with small third ring air-holes diameter,
r1 = 0.15Λ, d1 =0.621µm, d =Λ/2, Λ=2.07µm.

Figure 5. The effective refractive index of the Square Lattice Pho-
tonic Crystal Fiber with small third ring air-hole diameter (r1 = 0.15Λ),
d=Λ/2=1.035µm, d1 = 0.621 µm, and Λ=2.07µm
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Figure 6. Dispersion of the design Square Lattice Photonic Crystal Fiber
with small third ring air-hole diameter (r1 = 0.15Λ). With Λ=2.07µm,
d=Λ/2 and d1 = 0.621 µm, (d1/Λ) = 0.3

dispersion curve in Fig. 6, gave negative values in a large range of wavelengths. We ob-
tained a flat negative dispersion. Additionally, the dispersion coefficient in the fiber shift
from greater values to smaller ones as the wavelength continues to increase or we can say
that the dispersion decreases as the wavelength increases. Because of the negativity of
its dispersion, the designed fiber can find its application in the wide group of dispersion
compensation fibers. In the following Fig. 7, by varying the pitch of the microstructure
fiber with small third ring air-holes for Λ=2.07, 2.1, and 2.13µm, it creates a change into
the dispersion of the fiber as it can be seen, the negativity of the dispersion increased in
the range of -2.2 to -3.1 (ps/Km. nm). Also, by reducing the pitch Λ of the fiber from
2.13 µm to 2.07 µm we observed that the curve of the dispersion becomes flatter.

Figure 7. Effect of the pitch on the dispersion of the Square Lattice Pho-
tonic Crystal Fiber with small third ring air-hole diameter (r1 = 0.15Λ)
and Λ=2.07, 2.1, 2.13µm

4.4. Square Lattice Photonic Crystal Fiber with large third ring air-holes
diameter (r1 = 0.5Λ).

The dispersion diagram has been deeply explained in Fig. 2 when the third ring air-holes
diameter had a radius of r1=0.15Λ and a diameter d1=0.621 µm less than the pitch of the
fiber Λ=2.07 µm. In Fig. 8, by increasing the diameter of the third ring to a value equal
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to the pitch of the fiber d1=Λ =2.07µm for a radius of r1=0.5Λ. We observed that more
bandgaps opened in the continuum state or in the cladding area. Because of increasing
the ratio from d1/Λ =0.3 to d1/Λ=1.0, a different dispersion diagram is obtained with
more open bandgaps in the cladding area.

Figure 8. The dispersion diagram of the fiber. The continuum of states
(Red part) and the defect Eigen states below the continuum states (cladding
area) of the solid core square lattice photonic crystal fiber with large third
ring air-hole diameter (r1 = 0.5Λ), d1 =Λ=2.07µm, d=Λ/2.

Figure 9. The distribution of the reciprocals of the refractive index in the
cross-section of the Square lattice photonic crystal fiber with large third
ring air-holes diameter r1=0.5Λ, d=Λ/2, d1=Λ=2.07µm, (d1/Λ) =1.0

By manipulating or varying the diameter of the air-holes in the third ring of the designed
square lattice photonic crystal fiber with large third ring air-holes diameter. In Fig. 9,
the distribution of the refractive index in the cross-section with a large third ring air-holes
diameter of a radius r1=0.5Λ and a pitch value of Λ=2.07µm is shown. In Fig. 10, the
propagated light becomes more confined, and strong guidance on the doped solid core is
observed. The fundamental mode is determined with the first eigenvector which coincides
with the first eigenstate numerically calculated in the dispersion diagram in Fig. 8.

In Fig.11, with the numerically calculated propagation constant β of the dispersion
diagram, in Fig. 8, the effective refractive index of the solid-core fiber with large third
ring air-holes diameter is calculated and compared with the effective refractive index of the
fiber with small third ring air-holes diameter. As it is shown in Fig. 11, by increasing the
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Figure 10. Field distribution in the Square Lattice Photonic Crystal Fiber
representing the fundamental mode with large third ring air-holes diameter,
r1=0.5Λ, d=Λ/2, d1=Λ=2.07µm, (d1/Λ) =1.0

Figure 11. Effective refractive index of both doped solid core Photonic
Crystal Fibers with small and large third ring air-hole diameter (r1 = 0.15Λ
and r1 = 0.5Λ), d=Λ/2 and Λ=2.07µm

diameter of the air-holes of the third ring the effective refractive index decreases causing
the opening of more bandgaps in the cladding area.

Figure 12. The dispersion characteristics of both doped solid core Pho-
tonic Crystal Fibers with small and large third ring air-hole diameter
(r1 = 0.15Λ and r1 = 0.5Λ) with d=Λ/2, Λ=2.07µm
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From the obtained values of the effective indices, we compared the dispersion of both
photonic crystal fibers in Fig. 12. By increasing the size of the air-holes diameters in
a photonic crystal fiber it is possible to realize a large dispersion in a large range of
wavelength [16]. With the increase of the diameter or the radius of the third ring air-
holes to r1=0.5Λ, the negativity also becomes important and a flat dispersion is also
obtained. We can conclude that the variation of the diameter of the third ring circular
air-holes affects the dispersion characteristics in the fibers. In table 1, we compared the
dispersion of both photonic crystal fibers at different wavelengths. The negativity in the
fiber increases with the increase of the wavelengths.
Additionally, we can see from table 1, with the increase of the radius to a value of r1=0.5Λ
the dispersion of the fiber becomes negatively significant and the dispersion coefficient is
almost multiplied three times.

Table 1. Comparison of the Dispersion in both PCFs

Wavelengths
(µm)

Dispersion of the
small third ring di-
ameter PCF (ps/km.
nm) r1 = 0.15Λ

Dispersion of the large
third ring diameter
PCF (ps/km.nm)
r1 = 0.5Λ

0.5 -1.417737357 -4.583019771
0.8 -1.878423549 -6.009486388
1.3 -2.308148558 -7.325023434
1.55 -2.415784527 -7.587149158
2.0 -2.539242733 -7.905263308

5. Conclusions.

In this paper, the dispersion characteristics of two (2) designed square lattice photonic
crystal fibers with six (6) rings of holes around a germanium doped core, has been carefully
investigated. For the fiber with small third ring air-holes diameter and a radius r1=0.15Λ,
a dispersion diagram of one large opened bandgap in the cladding area and a flat negative
dispersion curve is obtained. Additionally, by reducing the pitch, the dispersion becomes
flatter in the fiber. For the fiber with a large third ring diameter and a radius r1=0.5Λ, we
observed more opening bandgaps in the cladding area and the dispersion curve is also flat.
The negativity of the dispersion becomes more important and almost three times larger.
By comparing the dispersion diagrams of both fibers, the increment of the diameter of the
third ring air-holes causes the effective refractive index to decrease, and the opening of
more bandgaps in the cladding area. It is also observed that the light is more confined in
the fiber with large third ring air-holes than the one with small third ring air-holes. The
designed fibers can find their applications in the wide group of dispersion compensated
fibers.
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