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A simple model for approximate bandgap structure calculation of all-solid photonic bandgap fibre based on an

array of rings is proposed. In this model calculated are only the potential modes of a unit cell, which is a high-index ring

in the low-index background for this fibre, rather than the whole cladding periodic structure based on Bloch’s theorem

to find the bandgap. Its accuracy is proved by comparing its results with the results obtained by using the accurate

full-vector plane-wave method. High speed in computation is its great advantage over the other exact methods, because

it only needs to find the roots of one-dimensional analytical expressions. And the results of this model, mode plots,

offer an ideal environment to explore the basic properties of photonic bandgap clearly.
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1. Introduction

Photonic bandgap fibre (PBGF) is optical fibre
in which a low index core is surrounded by photonic
crystal cladding with a perfectly periodic structure.!!!
Light is confined to the core by the photonic bandgap
of the cladding. Among the fibres of this kind, hollow-
core PBGF is the most important and attractive, due
to its advantages such as high damage threshold,[?! low
bending loss,?! a number of potential applications in
all optical sensors in which a high overlap between

4 and so on. How-

light and gas or liquid is needed,
ever, hollow-core PBGFs have some problems in the
fabrication process and connection with other fibres.!"!
Furthermore, the detailed bandgap properties of the
cladding composed of air-holes and glass are rather
complicated conceptually. Advance rather than intu-
itive leap forward in their design tends to be made
through a great number of experiments and a vari-
ety of numerical models. Recently, several research
groups have focused on a new class of PBGFs called
all-solid PBGF, which is formed using the far lower
index contrast available from undoped and updoped

silica (for example, doped with germanium).[8) It has

photonic bandgap fibre; bandgap structure; multi-layer waveguide; plane-wave method

been demonstrated that all-solid PBGFs can offer a
much more palpable environment to explore the ba-
sic properties of photonic bandgaps than the hollow
core PBGFs. Furthermore, they have exhibited the
unusual dispersive characteristics, and a lot of appli-
cations including spectral filtering, high-power system

and dispersion management.[6—8]

However, these fibres have a larger bend loss than
the hollow-core PBGF's. Fortunately, a feasible way to
suppress this bend loss has been proved numerically
and analytically.l”) According to the numerical results,
the bend loss can be suppressed by using an array of
rings with high index instead of high index rods in all-
solid PBGFs.'% The transversal cross section of this
fibre is shown in Fig.1, where the inner diameter and
the outer diameter of rings are denoted by 2a and 20,
respectively, the separation between the centres of two
adjacent rings is represented by A.

In this paper, we develop a simple model for ap-
proximate bandgap structure calculation of all-solid
PBGFs based on an array of rings. Through calcu-
lating the modes of a unit cell, which is a high-index
ring in a low-index background, rather than the whole
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cladding periodic structure based on Bloch’s theorem,
an approximate bandgap structure can be found. In
the following section introduced is the principle of
the proposed simple model for approximate bandgap
structure calculation and also shown are its analytical
expressions together with some key process of their de-
ducing. In Section 3 given is a comparison between the
results obtained by using the proposed simple model
and the full-vector plane-wave method. And then, in
the last section presented are some conclusions and
discussion about the advantages and the limitations
of this simple model.

(O @©)«®

Fig.1.
tion of all-solid photonic bandgap fibre based on an array

Schematic diagram of the transversal cross sec-

of rings. The grey annular regions are of Ge-doped high
index rings with index step of about one percent, whereas
the other regions are of undoped SiOa.

2. The simple model for approxi-
mate bandgap structure calcu-

lation

To analyse the properties of PBGFs, the first step
is to calculate its bandgap, in which the light can-
not escape from the core through the cladding. In
other words, the light with spectral wavelengths can-
not be guided in the cladding, and the correspond-
ing photonic states do not exist there. Therefore, if
we find out all the potential modes in the cladding,
the region where the photonic states do not exist,
i.e. the location of photonic bandgaps (PBG), can
be described. In order to map the plot of the effec-
tive index of these modes versus the wavelength or
frequency, it is necessary to map the maximal and

the minimal effective index lines of each mode. The
modes of the cladding with a perfectly periodic struc-
ture can be simply solved from the wave equation in a
unit cell with two kinds of boundary conditions given
by Bloch’s theorem.'!) In the case of the fibre shown
in Fig.1, a hexagonal cell with a high-index material
ring can be employed to represent the unit cell. But
it is more difficult to apply the boundary conditions
to a hexagonal cell than a square one or a circular
one. To simplify the calculation, we employ a circu-
lar cell to represent the hexagonal cell approximately.
As seen in Fig.2, a hexagonal unit cell containing a
central ring is replaced by a circle one whose outer
radius is c. The value of ¢, i.e. (v/3/27m)'/24, is deter-
mined by keeping equal the area between the original
hexagonal cell and the corresponding circle cell. This
transform is widely employed in the effective-index
method of analysing index-guiding photonic crystal
fibres (PCFs).[1%13 The equivalent transform can be
used in the case where the value of 2b/A is not very
large, and so the corners of the hexagonal cell ac-
counts for an insignificant fraction of the background.
In addition, scalar weak-guidance approximation can
be used to analyse the properties of fibre as the index
contrast between the high-index region and the low-
index region is small. Because of the one percent index
step, the scalar wave equation can be used to calculate
the modes of the multi-layer optical waveguide shown
in Fig.2.

Fig.2.
ing circular unit cell (b), where the white regions are the

A hexagonal unit cell (a) and its correspond-

low-index regions, and the grey regions are the high-index
regions with an index step of about one percent.

Considering the characteristics of each kind of
Bessel function and the three-layer optical waveguide
shown in Fig.2(b), we can deduce the general solutions
of the scalar wave equation within each layer as listed
below:
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{ I, (Wr), for 6> kni,, (1)
r<a,
J(Qr), for B < knio, (2)
U(r)=< a<r<b, AJ(Ur)+ BNr(Ur), (3)
{ CKr(Wr)+ DIL(Wr), for 8> kny, (4)
b<r<e,
EJL(Qr)+ FNi(Qr), for 8 < kng, (5)

where I, Jr, N1, and Ky are L order Bessel func-
tions; A, B, C, D, E, and F are unknown constants;
[ is the propagation constant, which is derived from
the expression F(z,y, 2) = e(z,y)el?* with E(z,vy,2)
being the electric field of a mode, and e(x, y) being its
transverse distribution; k is the free space wave num-
ber; U, W and @ are the familiar parameters of optical
waveguide theory, and they are U = \/m ,
W= —-knl, Q= k2 — (2, and 3 < kny;.
According to the Maxwell’s equations, the field
distributions ¥ and ¥’ are continuous at the interface
between two different materials.'¥ Using the bound-
ary condition at r = a, we acquire the following

Eqgs.(6) and (7) for 8 > knj, and 8 < knj,, respec-
tively:

{ AJr(Ua) + BNL(Ua) = I,(Wa), B> knio,
U[AJ},(Ua) + BN} (Ua)] = WI}(Wa),

(6)

{AJL(Ua)—i—BNL(U@):JL(Qa)’ B < kni.

U[AJ,(Ua) + BN} (Ua)] = QJ;(Qa), -

Coefficients A and B can be obtained from
Eqgs.(6) and (7), they are represented by the follow-
ing Eqgs.(8) and (9):

6 > kmo, (8)

B = UIL(W(I)JL+1 (Ua) + WJL(UCL)IL+1 (Wa),

{ A=UNp1(Ua)I,(Wa) + WLy (Wa)Ng(Ua),

{ A=UNr1(Ua)Jr(Qa) — QJr1+1(Qa)Nr(Ua),

ﬁ < kny. (9)

B =UJ(Qa)Jr11(Ua) — QJr(Ua)Jr11(Qa),
Similarly, by using the boundary condition at » = b we determine the coefficients C, D, E, and F. To

shorten the length of article, here we show the results directly as follows:

C = AW JL(UB) 41 (W) + UJp 1 (Ub)IL (WD)

+B[WNL(Ub)Ip41(Wb) + UNL1(Ub)IL (WD),

(10)

D = AW JL (U)K 11 (Wb) — UlJpo1(Ub)K L (Wb)]
L BIWNL(UB)Kp41(Wb) — UNp1 (U)K (WD),

where, A and B take the values in Eq.(8);

E = AlQJL(Ub)Nr11(Qb) — UJr41(Ub)NL(QD)]

+B[QNL(Ub)NL11(Qb) — UNp41(Ub)NL(QD)],

5 < knlov

F = AQJL(Ub)JL41(Qb) — UJr11(Ub)JL(QD)]
+BIQNL(Ub)J41(Qb) — UNL+1(Ub)JL(QD)],

where, A and B take the values in Eq.(9).
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Then, by using the boundary condition at r = ¢,
the eigen equations can be deduced. According to
the band theory of solid"*®! and the optical waveg-
uide theory,'¥ there exist two kinds of special bound-
ary conditions. One is the condition ¥’(¢)= 0, which
determines the states with lines of mirror symmetry
along the cell boundaries, and these states are the
most bonded states of the band with the least spatial
field variation, and so they have the highest 8. The
other is the condition ¥(c)= 0, which determines the
states where the cell boundaries are anti-mirror lines,
and these states are the most anti-bonded states with
the greatest field variation, and so they have the lowest
B. Therefore, by using these two kinds of boundary
conditions, we can calculate the maximal and mini-
And
then linking the points for different frequencies, we

mal effective indices for each potential mode.

can obtain two lines for each mode, which are called
top line and bottom line correspondingly.

So, analytical expressions are obtained as follows:
1) For the top line (the maximal effective index):
U'(c)=0

6 > knlov

6 < knlo;

{ [CK} (We) + DI (We)]W =0, (12)

[EJ7(Qc) + FNL(Qo)]Q = 0,

2) For the bottom line (the minimal effective index):
Ue)=0

6 > knlov

6 < knlov (13)

CK,(We)+ DI (We) =0,
EJL(QC) + FNL(QC) =0,

where L is the azimuthal variation, and it can be any
nonnegative integer. Then substitute U, W, @ and
the coefficients with their definition and result above,
and use B = kneg, where neg is the effective index,
then these expressions will have only one unknown
neft at a certain frequency, so finding the roots is very
efficient. For each value of L, there are many roots
for one equation, numbered by parameter m. So each
mode is marked by two parameters (L and m), which
is the same as scalar mode LPp,,, in the weak-guidance
approximation.4

Now, we have acquired the top line and bottom
line for each potential mode in the cladding, and the

region between these two lines is filled with the poten-
tial modes for any other boundary condition. There-
fore, we can also find out the regions where there is
not any potential mode, which are just the bandgaps
of cladding.

3. Comparison with plane-wave
method

The results of bandgap structure calculated by
using the above model are compared with the accu-
rate numerical results calculated with the full-vector
plane-wave method.['817 Choosing the same parame-
ters as those in Ref.[10], i.e. ny;=1.47288, nj,=1.457,
and b/4=0.35, Fig.3 shows the bandgaps of perfectly
periodic structure, calculated by using the plane-wave
method, and the regions where there are scalar modes
of unit cell, calculated by the above model for vari-
ous inner radii between a=0 (i.e. rod) and a maxi-
mum of a/b=0.6. Using the PC with 2.5GHz CPU
and 768Mbit memory, it takes more than 3h to map
one bandgap plot by using the plane-wave method,
whereas it just takes 5 min to map all the potential
modes in the same frequency range by the proposed
simple model.

All the potential modes in this frequency range
have been mapped by the symbol LPy,, in Figs.3(b),
(d), (f), and (h). Numerical results exhibit that there
are some parts of overlapped region between some
modes. And the regions where there is not any poten-
tial mode in the mode plot by using the simple model
are just the bandgap regions which are consistent with
the results by using the plane-wave method, which
proves that the proposed simple model can find out
the bandgaps of perfectly periodic structure within an
acceptable accuracy. In addition, in each plot of Fig.3,
there is a cutoff line indicated by a dotted line. In our
case, this line is at neg=1.457, which is equal to the
index of effective core of the fibre shown in Fig.1. To
realize the cladding structure that exhibits PBG cov-
ering, the cutoff line is basic requirement for low-index
guiding PBGF's.
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Fig.3. Bandgaps of perfectly periodic structure, calculated by the plane-wave method (a), (c), (e),

and (g), and potential scalar mode regions of individual cell, calculated by the proposed simple model
(b), (d), (f), and (h) at a/b=0, 0.2, 0.4, and 0.6, respectively.

According to Ref.[9], the fibre bend loss is espe-
cially high when the bandgaps are located on their
high-frequency edge by an L=0 mode. The reason for
that is that L=0 modes are intrinsically more strongly
coupled together than L > 0 modes. However, for
instance, when a=0, i.e. with an array of rods in
cladding, the third bandgap is located on its high-
frequency edge by LPg2 mode, so the defect mode in
this bandgap will suffer a very large bend loss. When

the array of rods is replaced by an array of rings, with

the increase of a/b all the modes shift toward lower ef-
fective indices and higher frequencies. But the m > 1
modes shift much faster than the m=1 modes. Figure
4 shows the LPgy mode at different values of a/b. As
seen in the figure, the LPyy mode shifts toward the
region under the cutoff line when a/b =0.6. Now the
third bandgap is located on its high-frequency edge by
LP3; mode as shown in Fig.3(h). Moreover, all of the
bandgaps in this frequency range are located on its
high-frequency edge by L > 0 modes when they cross
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the cutoff line. This is the reason why the structure
with an array of rings can suppress the bend loss of
all-solid PBGFs. On the other hand, the prominent
advantage of mode plot for analysing basic properties
of bandgaps is exhibited.

1.465
1.460
o=}
<
IS
1.455
1.450
50 55 60 65 70 75 80 85
kA
Fig.4. The LPg2 mode at different values of a/b. The

cutoff line is indicated by a dotted line.

4. Conclusions and discussion

In this paper, a simple model for the approxi-
mate bandgap structure calculation of all-solid pho-
tonic bandgap fibre based on an array of rings is pro-

posed. Its accuracy is proved by comparing its results
with the results obtained by using the accurate full-
vector plane-wave method. Its high efficiency is the
most prominent advantage over the other exact meth-
ods, because of its requirement only for finding the
roots of one-dimensional analytical expressions. So,
it is very useful in the prophase of designing the fi-
bre where the speed of calculation is more important
than the accuracy. However, because of two approxi-
mations, i.e. replacing the hexagonal unit cell with a
circular one and scalar weak-guidance approximation,
this simple model has two limitations: b/A cannot
be too big, and the index contrast between the two
materials must be very low. For the former, we find
when b/A4 > 0.4, the simple model will become less
accurate because the corners of hexagonal cell exert
a more significant influence on the bandgap structure.
So, we need to use a more appropriate but complicated
boundary condition in calculation. And for the latter,
a vector model developed through a similar procedure
may be used to cope with the problem. These are the
next subjects of our study on PBGFs.
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