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We demonstrate a modified hexagonal three-layer air-hole photonic crystal fiber (PCF) which pre-
sents a good ability of dispersion management. The proposed PCF not only achieved an ultra-flattened
all-negative dispersion characteristics of 0.15085 ps/(kmꞏnm) fluctuation within the wavelength
range of  E+S+C+L wavelength band but also has been able to obtain other interesting features such
as low confinement loss. Furthermore, the quadrilateral and octagonal structures are investigated
to compare the superiority of different structures and analyze why we chose the hexagonal one. 
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1. Introduction 

Optical fiber has become an extremely important component for communication sys-
tems nowadays. The chromatic dispersion becomes the critical factor that affects com-
munication quality because the transmission rate, the distance, and the bandwidth are
increased to meet the requirement of the modern optical communication. Therefore,
photonic crystal fibers (PCFs) have been proposed in 1995 [1]. Photonic crystal fiber
has been widely studied and applied due to its structural specificity and design flexi-
bility which makes it possible to regulate the dispersion properties. Particularly, PCF has
an extremely wide range of applications in the design and manufacture of ultra-flat-
tened dispersion fibers. Controlling the flatness of PCF dispersion over a wide range
of wavelength bands is still an ongoing challenge until today. 

In the past 20 years, numerous researchers have proposed a variety of PCFs to ob-
tain ultra-flat dispersion properties [2–19]. In order to improve the dispersion flatness
and broaden the dispersion flatness range, photonic crystal fibers are designed with
increasing complexity. A W-type single-polarization single-mode (SPSM) PCF [8]
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was studied by DUNKE LU et al. with the dispersion 0.82 ± 0.30 ps /(kmꞏnm). JIANFEI

LIAO et al. have presented two types of hybrid cladding PCFs with different air-holes
diameters, pitches and air-holes arranged fashions which exhibit a dispersion variation
of 0.931 and 1.533 ps/(kmꞏnm), respectively [12]. In 2014, a special rotations inner air
-hole rings around the fiber core method was presented for engineering ultra-flattened
PCF by JIN HOU et al. [14]. Recently, EXIAN LIU et al. proposed a photonic quasi-crystal
fiber (PQF) with an octagonal dual-cladding structure [18]. By optimizing three geomet-
ric degrees of freedom, the PQF presents a dispersion of 0.014 ± 0.293 ps/(kmꞏnm).
The properties of this structure in generating the supercontinuum (SC) spectrum in
anomalous dispersion region as well as the three zero-dispersion wavelengths (ZDWs)
have been studied by us before [20]. Although some fiber designs have achieved ex-
ceptionally flat dispersion, few of them seem to have kept the flat dispersion range all
within the normal dispersion region [21]. As we all know, both the modulation insta-
bility (MI) and optical solitons exist only in the anomalous dispersion region, where
there is a bad effect on producing flat, broadband SC spectra [22] due to the internal
pulse Raman scattering effect and the third-order dispersion effect. Therefore, to obtain
an SC spectrum with good flatness, it would be better to control the input pulse in the
normal dispersion region. 

Hence, in this paper, we proposed a special hexagonal three-ring air-hole PCF [23]
based on silicon with the dispersion –0.34074 ± 0.15085 ps/(kmꞏnm). To obtain the best
results, we conducted a comparative analysis of quadrilateral, hexagonal and octagonal
structures, respectively, and finally found that the hexagonal structure is more favorable
for fiber fabrication and practical applications. The structure of this article is as follows.
Section 1 is a background introduction related to photonic crystal fibers. In Section 2,
the finalized structure of the photonic crystal fiber and its dispersion and confinement
loss characteristics are demonstrated. Section 3 presents the analytical methods for the
properties of  PCFs and how we achieved the ultra-flattened low confinement loss PCFs
by analytical tuning. Then, the deficiencies of the octagonal and quadrilateral struc-
tures relative to the hexagonal structure are exhibited in Section 4. Finally, Section 5
gives a summary of this work. 

2. Schematic diagram and chromatic dispersion results 

The proposed three-ring hexagonal PCF is shown in Fig. 1, the pitches between the
layers are equal to Λ, the diameters of the main and additional air holes for each ring
are independent variables, the main-hole diameters from inside to outside are d1, d2,
and d3, respectively, and the extra-hole diameters are r1, r3. Moreover, the base material
is silicon. It is clear to see that there are six parameters in this PCF model called Λ, d1,
d2, d3, r1, and r3, respectively. By tuning these parameters we can achieve a wide range
of high-precision dispersion control, thus realizing the ultra-flat characteristics of
photonic crystal fibers. 

Figure 2 shows the ultra-flattened dispersion curves generated by our proposed
structure with the structural parameters: Λ = 2.52 μm, d1 = 0.3143Λ, d2 = 0.7399d1,
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d3 = 0.82d1, r1 = 0.1136d1, r3 = 0.2336d1. The dispersion variation is within –0.34074
± 0.15085 ps/(kmꞏnm) over the E+S+C+L band and the confinement loss is less than
1 dB/km before 1.65 μm. 

Apparently, by modifying the structural parameters, this structure of  PCF can pre-
cisely control the dispersion, including dispersion flatness, flat-dispersion width, and
dispersion amplitude magnitude. In this paper, we only discuss the control of dispersion
flatness. 

3. Dispersion engineering and analysis methods 

In this section, we will describe how to implement a near-zero ultra-flattened PCF
through dispersion management of this topology. As we mentioned before, there are

Fig. 1. Cross-sectional view of the structure of the photonic crystal fiber used in this paper. 
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Fig. 2. Chromatic dispersion, confinement loss and mode diagram of the designed ultra-flattened PCF. 
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six parameters in this PCF to modulate dispersion. In order to achieve near-zero ultra
-flattened characteristics in an ultra-wide band by adjusting the proposed PCF structure
parameters, a comprehensive study was conducted considering the effects of six pa-
rameters on dispersion as well as confinement losses 

For the purpose of accurate analysis of the characteristics of light propagation
modes in this PCF, the full vector finite element method (FEM) combined with the per-
fectly matched layer (PML) is utilized in COMSOL Multiphysics 5.4. The eigenvalue
problem derived from Maxwell’s equations can be solved by FEM to obtain the modal
effective refractive index. Then, the dispersion, confinement loss, effective mode field
area, nonlinear coefficient and a series of parameters all can be obtained by using suit-
able equations. 

Considering the single-mode operation in the PCF is in a dominant position, the
multi-mode dispersion can be ignored. Hence, total dispersion is the superposition of
waveguide dispersion Dw and material dispersion Dm. The chromatic dispersion can
be obtained by the following expression:

(1)

where λ is the wavelength and c is the velocity of light in vacuum. The confinement
loss can be obtained from the imaginary part of the effective refractive index as follows: 

Lc = 8.686 × Im[k0neff ] (2)

where k0 = 2π/λ is the wave number in vacuum. The effective area of this PCF can be
expressed as 

(3)

where E is the electric field amplitude. 
The nonlinear coefficient is defined by: 

(4)

where λ is the wavelength in free space and n2 = 2.6 × 10–20 m2/W is the nonlinear
refractive index of pure silica which represents the degree of nonlinear effects. In this
paper, we focus on the analysis of the dispersion and the confinement loss character-
istics. 

In the first step, the approximate base parameters were first determined by a pre-ex-
perimental study, and on this basis the parameters were analyzed and optimized. For
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better presentation of the results, we directly use the final parameters as the base pa-
rameters here. 

Figure 3 shows the effect of six parameters on dispersion, including waveguide dis-
persion, material dispersion (black dash dot) and total dispersion(insets). Each param-
eter fluctuates up and down by 20% in the case of the base parameter. According to
the results illustrated in Fig. 3, it is obvious that different parameters have different
degrees of influence on the dispersion curves. The degree of influence on the dispersion
curve is ranked from largest to smallest as Λ, d2, d1, r1, d3, and r3. 

Fig. 3. Response graph of waveguide dispersion (main image), material dispersion (black dash dot), and
total dispersion (inset) curves with parameter variation. (a) 20% fluctuation in Λ, (b) 20% fluctuation in d1,
(c) 20% fluctuation in d2, (d) 20% fluctuation in d3, (e) 20% fluctuation in r1, and (f ) 20% fluctuation in r3. 
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From Fig. 3(a), when the pitch varied by 20%, the waveguide dispersion curve has
a large shift. Specifically, the dispersion change is inversely proportional to Λ at short
wavelengths and positively proportional at long wavelengths. Within this range of var-
iation, the dispersion curve seems to rotate around a certain fixed wavelength point,
which is approximately at the wavelength of 1.26 μm, in other words, the dispersion
at this wavelength does not change. The same happens for d1 and r1 as shown in
Fig. 3(b) and (e), while the difference is that the rotation point has changed and the
proportionality between the dispersion and the parameters has been reversed before
and after the rotation point. Figure 3(c) has demonstrated the impact of d2 on disper-

Fig. 4. Plot of the variation of the confinement loss curve with the change of PCF parameters. (a) 20% fluc-
tuation in Λ, (b) 20% fluctuation in d1, (c) 20% fluctuation in d2, (d) 20% fluctuation in d3, (e) 20% fluc-
tuation in r1, and (f ) 20% fluctuation in r3.
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sion. Interestingly, the dispersion curve produces two rotation points within this range
of variation, with rotation points of approximately 1.47 and 1.87 μm for decreasing d2
and increasing d2, respectively. As shown in Fig. 3(d) and (f ), both d3 and r3 seem to
have a small effect on the dispersion curves, and the dispersion values are proportional
to the parameters over the entire range of the plotted bands. 

In short, the effect of Λ on the dispersion curve is the greatest, as a change in pitch
drives the expansion or contraction of the entire PCF structure. The influence of d1
and d2 on the dispersion curve is also significant while r1 has a smaller impact on dis-
persion curve which can be explained by the fact that d1 and d2 have larger apertures
relative to r1. Since d3 and r3 are far away from the fiber core, they have less influence
on the dispersion curve. 

Confinement loss is also an important factor that must be considered during actual
transmission. Although repeaters can play a good role in compensation, it would be
more beneficial to make the fiber itself have excellent low confinement loss charac-
teristics. Figure 4 shows the response curves of the confinement loss with different pa-
rameter fluctuations. 

As shown in Fig. 4(a), the Λ has a strong effect on dispersion at short wavelengths,
the degree of influence decreases with the wavelength increase until 1.5 μm, and slowly
starting to increase again after 1.5 μm. Figure 4(b) and (e) demonstrate that the changes
in d1 and r1 both have a relatively small effect on confinement loss and the long wave-
lengths are slightly more affected than the short wavelengths. The confinement loss
curve always rotates around a specific wavelength when the three parameters Λ, d1,
and d2 fluctuate up and down by 20%, i.e., at this specific wavelength, the confinement
loss does not change with the change of the parameters. However, a different situation
occurs for the other three parameters as Fig. 4(c), (d) and (f ) exhibit. In the whole plot-
ted band interval, the confinement losses are always inversely proportional to the pa-
rameters size, the larger the parameters the smaller the confinement losses at the same
wavelength. Through the previous dispersion analysis, we know that both d1 and r1 var-
iations have a small effect on the dispersion curves, but the effect of these two param-
eters on the confinement loss is relatively large. Therefore, d3 and r3 can regulate the
confinement loss characteristics well while maintaining the dispersion curve essentially
unchanged. 

4. Comparison of the superiority of quadrilateral, 
hexagonal and octagonal structures 

The effect of each parameter on the dispersion curves and confinement losses has been
learned and a series of ultra-flattened PCFs have been obtained by modifying the struc-
ture of conventional hexagonal air-hole PCF and adjusting the parameters, as described
in the previous section. 

So what would be the impact if we applied this approach to other types of photonic
crystal fibers, such as quadrilateral structures, octagonal structures? Is it possible that
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other structures will give better results than hexagonal structures? The answers to all
these questions will be revealed by the following analysis. 

The structure diagram, mode diagram and its height expression of the new PCF are
shown in Fig. 5(a)–(c). The quadrilateral ones are shown in Fig. 5(g)–(i). For better
comparison, graphs of the hexagonal structure are given in Fig. 5(d)–(f). All these fib-
ers have the same structural parameters as a way to ensure the validity of the compar-
ison experiment. 

As can be seen from Fig. 5(b) and (e), the octagonal structure has better binding
capacity and the energy is more concentrated at the fiber core which means that the
octagonal structure transmits the optical signal more efficiently than the hexagonal struc-

Fig. 5. Comparison of octagonal structure (a–c), hexagonal structure (d–f) and quadrilateral structure (g–i)
PCF with the same structural parameters. (a, d, g) Structure diagram, (b, e, h) base mode pattern diagram,
and (c, f, i) base mode height expression. 

(a) (b)
(c)

(d) (e)
(f)

(g) (h)
(i)
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ture. This is also apparent from Fig. 5(c) and (f ). The octagonal structure produces
an abrupt change in energy distribution from the cladding to the core, while the hex-
agonal structure is gradual. In another word, the confinement loss of octagonal structure
is less than the hexagonal one at the same wavelength. 

Comparing the result shown in Fig. 5(e) and (h), it is clear that the mode field en-
ergy distribution of quadrilateral structure is not concentrated in the core region, and
even higher order modes with less energy appear in the cladding which indicates that
this structure may not be suitable for single-mode transmission and the confinement
loss may be larger relative to hexagonal structure. 

Fig. 6. Variation curves of octagonal PCF dispersion with fluctuation of fiber parameters. (a) 20% fluc-
tuation in Λ, (b) 20% fluctuation in d1, (c) 20% fluctuation in d2, (d) 20% fluctuation in d3, (e) 20% fluc-
tuation in r1, and (f ) 20% fluctuation in r3. 
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From the above analysis, it seems that the octagonal structure is more advantageous
than the hexagonal structure. But in reality, we need to consider more factors, such as
the robustness of the fiber structure. Figure 6 shows the response of the dispersion
curves for octagonal structures as the parameters are varied. 

It is obvious from Fig. 6(a)–(c) that for the octagonal structure, the dispersion
curves change significantly when the fiber parameters Λ, d1 and d2 are shifted by 20%.
For the hexagonal structure, the dispersion curve fluctuations are relatively small as
exhibited in Fig. 3 before. The results in Fig. 6(d)–(f ) show that although the fluctu-
ations of the other three parameters d3, r1 and r3 have relatively small effects on the
dispersion curves of  the octagonal structure, their fluctuations are still larger compared
to those of the hexagonal one. This means that for octagonal structures, changes in their
parameters will have a large impact on the dispersion curve, however, in the fiber fab-
rication and signal transmission, the actual structure parameters of the fiber will inev-
itably deviate from the design parameters because they will be affected by external
stresses. In order to avoid this force majeure effect, the fiber dispersion should be made
as insensitive as possible to changes in the fiber structure parameters. Therefore, in
the comparison of octagonal and hexagonal structure, we choose the hexagonal struc-
ture as the superior structure. 

As for the quadrilateral structure, we know from the above analysis that it cannot
transmit in fundamental mode, and its loss will be relatively large, which is demonstrated
in Fig. 7, so it would have been disregarded. Hence, in the comparison of these three
different structures, we choose the hexagonal structure as the optimal choice. 

The Table presents a comparison of the results of this design with other designs.
The results show that the advantages of this design are: first, the dispersion fluctuation
is small; second, the dispersion is all in the normal dispersion region near zero in the
given band, which is conducive to the generation of supercontinuum. 

Fig. 7. Comparison of confinement loss curves of quadrilateral structure, hexagonal structure and octag-
onal structure with the same parameters. 
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5. Conclusions 

In a summary, a special three ring air-hole PCF is investigated in this work. In order
to obtain the best results, the quadrilateral, hexagonal and octagonal structures were
respectively analyzed and compared. The study results show that the hexagonal struc-
ture has superior performance. Based on this analysis, we take the hexagonal structure
as the research object. By analyzing the effects of the size of Λ and the diameter of
different air holes d1, d2, d3, r1, and r3 on the dispersion curve, we know that some
parameters have a greater effect on the dispersion and some have a smaller effect on
the dispersion. Thus we first make a coarse adjustment for the parameters with a greater
effect, and then make a fine adjustment for the parameters with a smaller effect when
the dispersion curve is in the ideal range and finally we obtain the ultra-flattened dis-
persion characteristics (–0.34074 ± 0.15085 ps/(kmꞏnm)) over the E+S+C+L wave-
length band. The properties of  this structured fiber may be illuminating for applications
such as ultra-long-range transmission and SC generation. Further work will focus on
the role of near-zero ultra-flat dispersion fiber in SC generation. 
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