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This paper investigates the zero dispersion wavelength and dispersion slope control of hollow-core photonic bandgap

fibres (PBGFs) by using a full-vector finite element method. By simulation we found that theoretically the zero

dispersion wavelength can be tailored by respectively changing the rounded diameter of air holes, pitch, refractive

index, normalized thickness of core rings, and hole diameter to pitch ratio. At the same time the tailoring of dispersion

slope can also be realized by changing the rounded diameter of air holes or pitch or normalized thickness of core

rings. To illustrate the reasonability of fibre designs, this paper also gives the variance of normalized interface field

intensity which measures the scattering loss relatively versus wavelength for different designs. From the viewpoint of

loss, varying the rounded diameter and the thickness of core ring could shift zero wavelength but it is difficult to get the

required parameters within so tiny range in practical drawing of PBGFs, on the other hand, it is possible in practice

to respectively alter the pitch and refractive index to shift zero wavelength. But varying hole diameter to pitch ratio

is not worthwhile because they each induce large increase of loss and narrowness of transmission bandwidth. The zero

dispersion wavelength can be engineered by respectively varying the rounded diameter of air holes, pitch, refractive

index, and normalized thickness of core rings without incurring large loss penalties.
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1. Introduction

Unlike the conventional fibres and index guid-

ing photonic crystal fibres, the hollow-core photonic

bandgap fibres(HC-PBGFs) guide light not via total

internal reflection but through the trapping of light

in an air core defect by an out-of plane photonic

band gap (PBG),[1−4] so this kind of fibres exhibit

a host of novel and unusual transmission properties,

for example, lower Rayleigh scattering, lower nonlin-

earity, potentially lower transmission loss, higher opti-

cal damage thresholds, and longer interaction lengths

with gas or liquid, and they can be used to study

gas-based nonlinear optics,[5] high power delivery,

soliton transmission,[6] pulse compression,[7] particle

guidance[8] etc. As is widely known, the dispersion

characteristics is a key factor for the application of

fibres , and especially for the microstructured optical

fibres, the control of dispersion plays an important role

in the practical applications such as optical commu-

nication systems, dispersion compensation and non-

linear optics. The control of dispersion for photonic

crystal fibres (PCFs) have been realized,[9,10] but for

the HC-PBGFs, it does not come true yet, and fur-

ther study is still needed to obtain the knowledge of

the dispersion characteristics of HC-PBGFs.

This paper studied the waveguide group velocity

dispersion dependence on the geometric parameters,

such as rounded diameter of air holes, pitch, normal-

ized thickness of core rings, the refractive index, and

the hole diameter to pitch ratio. Because material

dispersion contributes less to the total dispersion in

HC-PBGFs with higher air-filling fraction,[10,11] the

dispersion in HC-PBGFs could be controlled by prop-

erly changing the above mentioned parameters. Sim-

ulation shows that the zero dispersion wavelength and

the dispersion slope can be engineered in such fibres.
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2. Fibre structure and modelling

method

2.1. Fibre structure

Figure 1 shows the simulated cross sections of a 7

cells core HC-PBGF. The structure is an ideal rep-

resentation of HC-PBGFs can be manufactured by

the stack-and-draw method. The schematic simulated

structure of the HC-PBGF is shown in Fig.1(a). The

periodic hexagonal holes with rounded corners are ar-

ranged on a triangular cladding to form the photonic

crystal. In Fig.1(a), d is the hole diameter, Λ is

the hole pitch (centre-to-centre distance between the

holes), dc is the rounded diameter of a hexagon, dp

and dq are the rounded diameter of a pentagon and

the rounded diameter of a dodecagon silica ring sur-

rounding the air core respectively, tr is the thickness

of the silica ring, the normalized thickness is consid-

ered as T = tr/(Λ − d), in order to exhibit a legible

core ring, T = 1 is set in Fig.1. The background ma-

terial is silica with index of 1.45. The cladding has 7

rings, and the core region is formed by the removal of

7 central holes in order to create the mode-guiding de-

fect as illustrated in Fig.1(b). Figure 1(b) shows the

simulated HC-PBGF with parameters of d/Λ = 0.98,

dc/d = 0.45, dp/Λ = 0.2, dq/Λ = 1.1, tr/(Λ−d) = 0.5,

and Λ = 4.7 µm, air-filling fraction is 94.23%.

Fig.1. (a) Main parameters for the definition of the simulated structure: d/Λ = 0.98, dc/d = 0.45,

dp/Λ = 0.2, dq/Λ = 1.1, tr/(Λ − d) = 1, and Λ = 4.7µm, air-filling fraction is 94.23%. (b) Cross section

of the simulated HC-PBGF.

Figure 2 shows the modal dispersion curve for hole

diameter to pitch ratio d/Λ = 0.98 as a function of

normalized wavelength λ/Λ for HC-PBGF shown in

Fig.1. The fundamental mode exists inside the PBG

region and the lower and higher cutoff wavelengths

are λ/Λ ∼= 0.2907 and λ/Λ ∼= 0.3609 respectively. The

fibre operates in 1.50µm wavelength range.

Fig.2. Modal dispersion curve of the fundamental mode

as a function of normalized wavelength for HC-PBGF in

Fig.1.

2.2.Modelling method

Because PCFs have a higher refractive index dif-

ference and do not satisfy the condition of weak-guide

approximation, a vector method should be applied

to obtain more accurate solution. A full-vector fi-

nite element method (FEM)[12,13] is one of such meth-

ods to effectively solve the problem of the waveguide,

and it has already proven to be a fast and accurate

tool for simulating micro-structured fibres. From the

Maxwell’s equations, the vector wave equation of the

magnetic field vector H can be written as

∇× (n−2∇× H) − k2
0 = 0, (1)

where n and k0 are the refractive index and the free

space wave number, respectively. Assuming that the

magnetic field can be decomposed into a slowly z-

varying vector envelope ht and a fast oscillating phase

term exp(−jβz), where β is the propagation constant.

Substituting the two decompositions into Eq.(1) and

using the zero divergence condition of the magnetic

field ∇·H = 0, we obtain the varying transverse mag-
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netic field envelope equation

1

n2

∂2
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− 2jβ
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[
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× êz

+

(

k2
0 −

β2

n2

)

ht = 0, (2)

where êz is the unit vector in z direction. Using the

Galerkin method, we can derive the following non-

paraxial vector wave equation

[M ]
d2 {ht}

dz2
− 2jβ [M ]

d {ht}

dz

+ ([K] − β2 [M ]) {ht} = {0} , (3)

where {ht} is a column vector containing all the nodal

values of the slowly varying transverse magnetic field

components, {0} is a null column vector, and [M ]

and [K] are the global element matrices including the

contributions from all elements as shown in Ref.[12].

Considering the loss of optical fibre, we obtain the

eigenvalue equation

[K] {ht} = β2 [M ] {ht} . (4)

Perfect matched layers are used as boundary con-

dition. Mode distribution and modal propagation con-

stant β can be obtained by solving the above equation.

Accordingly, modal effective refractive index neff can

be given as

neff =
Re(β)

k0
, (5)

where Re(β) means the real part of β. So the waveg-

uide group velocity dispersion (GVD) Dg could be ob-

tained by the following equation:

Dg = −
λ

c

d2neff

dλ2
, (6)

where c is the velocity of light in a vacuum.

The loss is an important parameter to design a

HC-PBGF. Away from anticrossing wavelengths, the

domain factor of loss in PBGFs is the scattering loss

due to roughness at the glass/air interface.[14−16] This

loss is proportional to an overlap integral of the fun-

damental mode with the silica surfaces

F =

(

ε0

µ0

)
1

2

∮

hole perimeters

|E|
2
dl

∫

cross section

|E × H
∗| · êzdS

, (7)

where E and H are the electric and magnetic field of

the fundamental mode and êz is the unit vector along

the fibre. In the following sections we assess the qual-

ity of designs of different fibres by using the factor F

of the fundamental mode.

3. Zero dispersion wavelength

and dispersion slope control

The dispersion properties of different designs of

HC-PBGFs have been studied extensively in the fol-

lowing. We expect to tailor the chromatic dispersion

of such fibres by manipulating the geometry of the core

ring and the cladding. The dispersion Dc can be given

as an approximate expression Dc ≈ Dm + Dg, where

Dm is the material dispersion. For HC-PBGFs with

higher air-filling fraction, Dm was calculated by using

the method in Ref.[11] to find that it was much smaller

than Dg, it was not considered in our calculation. By

changing one of geometric parameters, such as dc, Λ,

n, T and d/Λ, while keeping others the same, the de-

pendence of Dg on the above geometric parameters

was studied, and the dispersion properties of funda-

mental modes were presented. To reduce the amount

of surface modes as far as possible and be free from

anticrossings between fundamental modes and surface

modes, thin silica core rings[17,18] were adopted in our

calculation. It was found that zero dispersion wave-

length λ0 could be controlled by varying one of the

above parameters of HC-PBGFs.

Figures 3(a) and 3(b) show the dispersion vari-

ance as a function of wavelength, the normalized

rounded diameter dc/d of the hexagon air-hole varies

from 0.40 to 0.60 at 0.05 interval. We can see that

the dispersion depends strongly on wavelength. With

the increase of wavelength, the waveguide GVD first

increases sharply from a negative value at shorter

wavelength, and after a quite gentle variance near the

centre of a guiding band, it rises steeply from some-

where within the bandgap as shown in Fig.3(b). These

large values of the dispersion (normal at the shorter-

wavelength band edge and anomalous at the longer-

wavelength band edge) from the Kramers–Kronig re-

lation, is inherent to any optical structure that has

relatively sharp transmission features.
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Fig.3. Modal dispersion (a), waveguide GVD (b), and normalized interface field intensity (c) of the fundamental

mode of HC-PBGFs with dc/d = 0.40, 0.45, 0.50, 0.55, 0.60. The solid circles in (c) indicate the position of λ0

for each design.

It is found that with the increase of dc/d, the dis-

persion curve shifts towards longer wavelength, as well

as the corresponding λ0, because from the bandgap di-

agram as shown in Fig.4, with the increase of dc/d, the

bandgap shifts left lower, in other word, it goes toward

longer wavelength. At the same time, the bandgap

width also witnesses a small increase as shown in

Fig.3(a). Particularly interesting is that as dc/d rises,

λ0 increases by about 150nm, and it takes the fol-

lowing values respectively: λ0 = 1.406µm, 1.433µm,

1.471µm, 1.506µm, and 1.558µm. In order to illus-

trate the rationality of the designs, a relative measure

of the scattering loss factor F as a function of wave-

length is shown in Fig.3(c), and the positions of λ0 are

especially emphasized by solid circles. It is surpris-

ingly found that the normalized interface field inten-

sity FΛ decreases by about 21.5% with dc/d increasing

from 0.4 to 0.6, and that the bandgap width simul-

taneously increases, which implies the advantages of

this method in real applications. However, since the

change of geometric structure is so small that it is dif-

ficult to obtain the required value of dc/d during the

drawing of fibres.

In addition, Fig.3(b) also indicates that with the

increase of dc/d, the dispersion curve varies more gen-

tly, suggesting the possibility of controlling the dis-

persion slope by varying dc/d, which is important to

practical application.

Fig.4. Photonic bandgap diagram for dc/d = 0.4 (solid line),

dc/d = 0.5 (dashed line) and dc/d = 0.6 (dotted line).

The dispersion vs. wavelength for different Λ is

presented in Figs.5(a) and 5(b), Λ varies from 4.1µm

to 4.9µm, which is the optimized range in fibre fabri-

cation at present.

Fig.5. Modal dispersion (a), waveguide GVD (b), and normalized interface field intensity (c) of the fundamental

mode of HC-PBGFs with Λ=4.1, 4.3, 4.5, 4.7, 4.9 µm. The solid circles in (c) indicate the position of λ0 for

each design.
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It can be seen that as Λ increases, the disper-

sion curve goes toward longer wavelength, so does

λ0. According to the scaling law, with the increase

of Λ/Λref , where Λref is reference hole pitch, the oper-

ation wavelength shifts toward longer wavelength and

the range of operation wavelength is broaden as shown

in Fig.5(a). From Fig.5(b) we can see that the slope

at larger Λ is smaller, so the scaling factor Λ/Λref

can be used to modify the slopes of the dispersion

curves. Figure 6(b) also shows that λ0 takes respec-

tively 1.248µm, 1.321µm, 1.374µm, 1.433µm, and

1.499µm for Λ = 4.1, 4.3, 4.5, 4.7, and 4.9µm, increas-

ing by about 250nm. Similarly FΛ vs wavelength for

different Λ is given in Fig.5(c), and the solid circles

indicate λ0 for each case. It is found that the normal-

ized interface field intensity at λ0 for the fibre with

Λ = 4.1µm is 1.18 times larger than that for the fibre

with Λ = 4.9µm, which tells us that λ0 could be con-

trolled by varying Λ at the expense of increasing loss

by about 18.29%.

In the process of fibre production, especially for

some special fibres, changing the refractive index n of

substrate by doping other material is an usual method,

since doping often happens in the whole silica, no me-

chanical and thermal match excite, it could be easily

realized in practice, therefore it is necessary to study

the effect of n on the dispersion. Figures 6(a) and

6(b) show the variance of dispersion with wavelength

for different n, n increases from 1% to 4% at 1% in-

tervals.

Fig.6. Modal dispersion (a), waveguide GVD (b), and normalized interface field intensity (c) of the fundamental

mode of HC-PBGFs with different n. The solid circles in (c) indicate the position of λ0 for each design.

The dispersion is seen to go toward longer wave-

length due to similar variance of bandgap shown in

Fig.4, at the same time, λ0 experiences an increase

from 1.433µm to 1.547µm for an increase 4% in the

refractive index. Figure 6(c) shows that the normal-

ized interface intensity at λ0 indicated by the solid

circles, is only 1.054 times larger when the refractive

index increases by 4%, in other words, the loss in-

creases by only about 5.4% during this process, which

is no larger than that obtained by the above two other

methods, therefore, it is safe to say that in this case

varying λ0 by 114nm could be achieved with less in-

crease in loss.

Normalized thickness of core rings T plays an im-

portant role on the fibre modes, properly selected T

can largely reduce loss by suppressing surface modes,

thus its influence on dispersion was also considered

as shown in Figs.7(a) and 7(b). Figure 7(b) tells us

that as T increases, the dispersion also goes toward

longer wavelength, during the increase of T from 0.40

to 0.60, λ0 rises by 45nm from 1.420µm to 1.465µm.

But larger T is accompanied by larger loss, which can

be revealed by solid circles in Fig.7(c). It is indicated

that the normalized interface intensity for T=0.6 is

1.12 times larger than that for T=0.4, implying that

moving λ0 by 45 nm can be realized with 12% increase

of the loss. Though λ0 can be moved toward longer

wavelength further by increasing T , this will corre-

spondingly increase the loss and reduce the transmis-

sion bandwidth.[16] In addition, Fig.7(b) also indicates

that with the increase of T , the dispersion curve varies

more gently, suggesting the possibility of controlling

the dispersion slope by varying T .
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Fig.7. Modal dispersion (a), waveguide GVD (b), and normalized interface field intensity (c) of the fundamental

mode of HC-PBGFs with T=0.40, 0.45, 0.50, 0.55, 0.60. The solid circles in (c) indicate the position of λ0 for

each design.

Figures 8(a) and 8(b) show modal dispersion and

waveguide GVD for the fundamental mode of the HC-

PBGF, where the hole diameter to pitch ratio d/Λ is

taken as a parameter. The larger the value of d/Λ

is, the smaller the dispersion slope is. And with de-

crease of d/Λ the bandgap together with λ0, moves

toward longer wavelength, and the width of bandgap

becomes more narrower as shown in Fig.8(a). And

from Fig.8(b), the dispersion slopes both at the cen-

tre and at the bandgap edge of PBG get more steeper.

With d/Λ decreasing from 0.98 to 0.95, λ0 shifts about

623nm, spanning from 1.433µm to 2.056µm, the nor-

malized interface field intensity at λ0 for d/Λ = 0.95 is

1.685 times larger than that for d/Λ = 0.98 as shown

in Fig.8(c), indicating that a shift of 623 nm in λ0

will increase the loss by 68.5%. At the same time,

bandwidth becomes more and more narrow due to de-

creasing of air-filling fraction as shown in Fig.8(a). So

tuning λ0 by decreasing the value of d/Λ is unworthy

in practice.

Fig.8. Modal dispersion (a), waveguide GVD (b), and normalized interface field intensity (c) of the fundamental

mode of HC-PBGFs with d/Λ=0.98, 0.97, 0.96, 0.95. The solid circles in (c) indicate the position of λ0 for each

design.

4. Conclusion

The dispersion properties of feasible HC-PBGFs

with cores formed by omitting 7 central cells were sys-

tematically studied by full-vector FEM. Simulations

show that with the increase of wavelength, waveguide

GVD changes rapidly near the band edge, and has

a quite gentle variance near the centre of a guiding

band due to PBG effects. Detailed analysis shows

that zero dispersion wavelength could be changed by

respectively varying rounded diameter of air holes,

pitch, refractive index, normalized thickness of core

rings, and hole diameter to pitch ratio, while keeping

other parameters the same. Comparing the above five

strategies, though separately varying the rounded di-

ameter and the thickness of core ring could shift zero

wavelength by respectively about 150nm and 45nm at

expense of increasing loss by only 21.5% and 12%, we

are difficult to get the above parameters within so tiny

range in practical drawing of PGBFs, on the other

hand, it is possible in practice to respectively alter

the pitch and refractive index to shift zero wavelength

by about 250nm and 114nm at sacrifice of increas-

ing loss by 18.29% and 5.4%. And despite of 623nm

movement of zero wavelength, varying hole diameter

to pitch ratio is not worthy because they each induces



1122 Zhang Hu et al Vol. 18

large increase of loss and narrowness of transmission

bandwidth.

In addition, altering rounded diameter of air holes

or pitch or normalized thickness of core rings can con-

trol the dispersion slope. In practice, proper method

is determined by the producing process of HC-PBGFs.

References

[1] Birks T A, Russell P S J, Atkin D M and Shepherd T J

1995 Electron. Lett. 31 1941

[2] Cregan R F, Mangan B J, Knight J C, Birks T A, Russell

P St J, Roberts P J and Allan D C 1999 Science 285 1537

[3] Mi Y, Hou L T, Zhou G Y, Wang K, Chen C, Gao F,

Liu B W and Hu M L 2008 Acta Phys. Sin. 57 3583 (in

Chinese)

[4] Yuan J H, Hou L T, Zhou G Y, Wei D B, Wang H Y,

Dong S R, Wang Q Y, Liu B W and Hu M L 2008 Acta

Phys. Sin. 57 4230 (in Chinese)

[5] Benabid F, Knight J C, Antonopoulos G and Russell P St

J 2002 Science 298 399

[6] Ouzouno D G, Ahmad F R, Müller D, Venkataraman N,

Gallagher M T, Thomas M G, Silcox J, Koch K W and

Gaeta1 A L 2003 Science 301 1702

[7] Ouzounov D G, Hensley C J, Gaeta A L, Venkateraman

N, Gallagher M T and Koch K W 2005 Opt. Express 13

6153

[8] Benabid F, Knight J C and Russell P St J 2002 Opt. Ex-

press 10 1195

[9] Knight J C, Arriaga J, Birks T A, Ortigosa-Blanch A,

Wadsworth W J and Russell P St J 2000 IEEE Photon.

Technol. Lett. 12 807

[10] Lægsgaard J, Roberts P J and Bache M 2007 Opt. Quant.

Electron. 39 995

[11] Lægsgaard J, Mortensen N A, Riishede J and Bjarklev A

2003 J. Opt. Soc. Am. B 20 2046

[12] Obayya S S A, Rahman B M A and El-Mikati H A 2000

J. Lightwave Technol. 18 409

[13] Wang J, Lei N G and Yu C X 2007 Acta Phys. Sin. 56

946 (in Chinese)

[14] Roberts P J, Couny F, Sabert H, Mangan B J, Willliams

D P, Farr L, Mason M W, Tomlinson A, Birks T A, Knight

J C and Russell P St J 2005 Opt. Express 13 236

[15] Roberts P J, Willliams D P, Mangan B J, Sabert H, Couny

F, Wadsworth W J, Birks T A, Knight J C and Russell

PSt J 2005 Opt. Express 13 8277

[16] Amezcua-Correa R, Broderick N G R, Petrovich M N,

Poletti F and Richardson D J 2006 Opt. Express 14 7974

[17] Roberts P J, Willliams D P, Mangan B J, Sabert H, Couny

F, Wadsworth W J, Birks T A, Knight J C and Russell P

St J 2005 Opt. Express 13 8277
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