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An analysis of splice loss between photonic crystal fibers (PCFs) and conventional single-mode fibers
(SMFs) is presented at bending and straight conditions, by using scalar effective index method (SEIM),
vectorial effective index method (VEIM), and finite-difference frequency domain (FDFD) methods. It is
shown that when there is a slight bending at the vicinity of splice joint, the spot size increases sharply at
higher frequencies. On the basis of the obtained results, a mechanism to optimize the splice loss between
PCFs and conventional SMFs, both with any geometry, is suggested. The results can be utilized for PCF-
based devices to be jointed to SMF as a transmission medium.
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In the past several years, photonic crystal fibers (PCFs)
have been under intense study for a number of unique
and useful properties not achievable in conventional sil-
ica fibers. The development of PCFs has been limited
by their fusion-splice to conventional devices which is
due to the air holes in their claddings[1−7]. Most of the
reports are based on experimental data obtained from
fusion-splicing[1,4,5] and tapering methods[2]. A few nu-
merical approaches on splicing of PCFs were reported,
using finite-difference time-domain (FDTD) method[2,3].
In another report, a splice-free method was proposed
for interfacing PCF and conventional single-mode fibers
(SMFs)[6].

In this letter, we present a comparative analysis of
splice joint of PCFs and SMFs, using fully vectorial
effective index method (VEIM), scalar effective index
method (SEIM), and FDFD method. On the basis of
the obtained results, we propose a mechanism to opti-
mize the splice loss between PCFs and SMFs with any
geometry.

Parameters design of PCFs for single-mode operation
is based on the calculation of its cladding effective in-
dex, defined as nSMF = βSMF/k0, where k0 = 2π/λ0,
βSMF is the propagation constant, and λ0 is the free
space wavelength[8,9]. By considering an approximate
step-index profile and Neumann boundary conditions
in the Maxwell’s equations, the characteristic equation
of cladding fundamental mode, known as space filling
mode, can be obtained by SEIM and VEIM methods,
respectively[10,11], as
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N ’s, and I’s are the first, second, and modified Bessel
functions, P (u) = Jl(u)Nl(ub/a) − Nl(u)Jl(ub/a) where
b ≈ 0.525Λ, ns is the refractive index of silica and na is
the refractive index of air, and a (= d/2) is the air-hole
radius. We present the simulation of cladding fundamen-
tal mode of a straight PCF using Eqs. (1) and (2) for
Λ = 2.3 µm and different values of d, as shown in Fig. 1.
When the air-hole sizes and the wavelength increase,
the accuracy of SEIM method lowers down. The result
obtained by VEIM for nSMF is the same as that of the
plane-wave method[12].

The VEIM method is a strong solver for space filling
mode, but acts weak in describing neff

[13]. A suitable
approach is FDFD method, based on discretization of
electrical and magnetic fields, and averaging permittiv-
ity constants in two adjacent nodes of Yee’s mesh[12].

By applying perfectly matched layer (PML) boundary
conditions on Maxwell’s equations, the effective refrac-
tive index of the core can be determined[14]. In Table 1,
the results of simulations of a straight PCF for Λ = 6.75
µm and d = 2.5 µm obtained by the four methods are

Fig. 1. Space filling mode versus wavelength using SEIM and
VEIM methods for different values of d at Λ = 2.3 µm.

1671-7694/2009/030246-05 c© 2009 Chinese Optics Letters



March 10, 2009 / Vol. 7, No. 3 / CHINESE OPTICS LETTERS 247

Table 1. Different Values of neff Obtained by
Different Methods

λ (nm) SEIM VEIM FDFD FEM[13]

1450 1.44761 1.44720 1.44534 1.44539

1550 1.44729 1.44685 1.444698 −

compared. It shows that the methods SEIM and VEIM
in determining neff for higher wavelength are less accu-
rate.

The spot size which determines the bending loss and
the loss at the splice joint may be represented by Peter-
mann II expression given by[15]
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where J ’s are the Bessel functions of zero and first or-
ders, aeff is the effective PCF radius, Ueff and Weff are
the PCF parameters defined as
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nco is the core refractive index, nSFM is the refractive in-
dex of space filling mode. Based on Eq. (3), Fig. 2 illus-
trates the spot size versus normalized frequencies (VSMF

and VPCF) of SMF and PCF for different values of d/Λ.
It shows that when d/Λ varies from 0.1 to 0.7, the maxi-
mum normalized frequency changes from 1.2 to 4.8. The
corresponding spot sizes change with the same trend as
that of VPCF. When the normalized frequency increases,
the spot size will reduce[10,16].

Since our proposed mechanism is based on a bending
structure of spliced fibers, we should determine the val-
ues of nSMF and neff for the bent PCF using

n2
b(x, y) = n2

st(x, y)(1 + 2y/R), (5)

where nb(x, y) denotes the effective index of bent PCF
in the y direction with bending radius of R and nst(x, y)
indicates the effective index of the straight PCF[11].

The spot size of the bent PCF for the value of nSFM

should be determined. The effective refractive index of
cross section of the bent PCF along the y axis, based on
Eq. (5), is plotted in Fig. 3. When the bending radius
decreases, the effective index increases linearly. From

Fig. 2. Dependence of spot size on normalized frequency and
single-mode regions of straight SMF and PCF fibers.

Fig. 3. Effective index of bent and straight PCFs for Λ = 2.3
µm and d = 0.35 µm at λ0 = 1550 nm.

Fig. 4. Spot sizes of bent and straight PCFs versus λ for (a)
different Λ and (b) different d/Λ at R = 1 cm.

Figs. 2 and 3, the spot size of the bent PCF can be eval-
uated.

Spot sizes of bent and straight PCFs versus wavelength
for different Λ and d/Λ are plotted in Fig. 4 at R = 1
cm, which shows that by bending the PCF, the spot size
would increase. In Fig. 4(a), by increasing Λ for a con-
stant d/Λ, the spot size increases at some lower wave-
lengths and decreases at some higher wavelengths, due
to dependency of wPCF on VPCF, as shown in Fig. 2. At
1520 nm, the increase of Λ has no effect on the spot size
for d/Λ = 0.21. By the increase of d/Λ with a constant
Λ, the spot size reduces, as shown in Fig. 4(b). Com-
paring Figs. 4(a) and (b), we observe that the effect of
Λ variation on spot size is more than that of d, which
is due to the dependency of slope of refractive index on
wavelength. As a result, if a constant d/Λ is considered,
a higher Λ value rather than a lower d will be prefer-
able in adjusting the spot sizes of spliced fibers while
using our proposed mechanism. At higher values of Λ,
the difference between spot sizes of bent and straight
PCFs increases more. For instance, for Λ = 2.3 µm, the
difference is 0.29 µm, and for Λ = 4.3 µm, the difference
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is 0.43 µm, indicating 48% increase.
When there is no misalignment at the joint between

PCF and SMF, the loss due to spot sizes is given as[9]

αn(dB) = −20 log

[
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(W 2
PCF + W 2

SMF)

]

, (6)

where WSMF and WPCF are the spot sizes of SMF and
PCF, respectively.

In a splice, there are three cases of WSMF = WPCF,
WSMF > WPCF, or WSMF < WPCF. Figure 5(a) shows
the splice loss and power coupling of a PCF (with Λ =
6.41 µm, d/Λ = 0.345) spliced to Corning SMF-28e fiber
(with radius a = 4.1 µm) as a function of Λ for Peter-
mann II and Gaussian beam spot sizes. At Λ = 2.4 and
6.41 µm, there are two minima for the loss, where at the
former Λ value, the PCF core becomes unequal to the
SMF core, but at the latter value, the cores of two fibers
are equal. Then, every straight standard SMF can only
be spliced to a particular straight PCF with a minimum
splice loss. Figure 5(b) shows the corresponding curves
in terms of d/Λ for two different PCFs and SMFs. For
higher values of Λ and a, the splice loss becomes higher.
We note that the splice losses between the PCFs having
Λ in the range of 6.41 − 7.81 µm and SMFs with a ra-
dius in the range of 4.1 − 5 µm are at minimum. For a
perfect splice, the loss at the joint is about 0.03 dB. The
results for Petermann II and Gaussian beam spot sizes
are almost the same.

When WSMF > WPCF and WSMF < WPCF, there will
be splice loss between two spliced fibers. To compensate
the splice losses in these cases, we consider to develop
the bending at the joint splice, as shown in Fig. 6. The
intensities in the bent fibers become unsymmetrical with
respect to the central axis[11], as shown in Fig. 7, that is
plotted for SMF-28e with core radius of 4.1 µm and nu-
merical aperture NA = 0.12[17] and in straight and bent
PCFs with Λ = 6.41 µm and d/Λ = 0.345.

Fig. 5. Optimized values for splice loss and power coupling
between SMF and PCF versus (a) Λ and (b) d/Λ for two
different PCFs and SMFs at λ = 1550 nm.

Fig. 6. Bending developed at the splice joint. θ is the bending
angle in radians and aeff is the effective core radius.

Fig. 7. Effects of bending of PCF on light intensities.

It is observed that the intensities of straight SMF-28e
and PCF almost coincide with each other. In a bent PCF,
as the bending radius increases, the spot size stretches
towards opposite bending direction, i.e., the light inten-
sities in the bent fibers become unsymmetrical with re-
spect to the central axis[11].

Based on our calculations, the spot sizes of straight
SMF and PCF are found as 5.14 and 5.15 µm, respec-
tively. For the bent PCF, the spot size increases by 0.18
µm.

The loss created at the splice joint due to a displace-
ment of bent fibers at the joint is obtained as
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where u is the intensity displacement due to unsymmet-
rical spot sizes. Now, on the basis of the obtained results,
if two spliced fibers have unequal spot sizes, we can ad-
just the size by bending one of the fibers. For alignment
of equalized spot sizes of spliced fibers, we can apply the
lateral displacement.

The permissible bending loss of a PCF in dB/km is
obtained as[18]
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where Aeff is the effective core area of PCF and R is the
bending radius whose critical value is Rc ≈ Λ3/V 3

PCF,
and ns, nco, nSFM, and aeff are the refractive indices
of silica, core, space filling mode, and the effective core
radius, respectively[18].

The bending loss variation shows that for a constant
Λ (Fig. 8(a)) and d/Λ (Fig. 8(b)), the bending loss
decreases by increasing the wavelength. At longer wave-
lengths, the effect of d/Λ variation on loss is negligible
and more loss develops at shorter wavelengths. For
example, at 800 nm, for R = 1 cm, Λ = 2.3 µm, and
d/Λ = 0.2 and 0.3, the losses are about 31 and 44 dB/km,
respectively. In Fig. 6, the distance traveled by the light
energy through the bent fiber is found as θradR/2. At
1550 nm, the loss in PCF with Λ = 2.3 µm and d = 0.5
µm for R = 1 cm is 7.6 × 10−5θrad dB and for R = 0.5
cm is 4.99 × 10−4θrad dB.

Figure 9 shows the spot sizes of SMF-28e with NA =
0.12 and a typical PCF with Λ = 2.3 µm and d = 0.5
µm versus wavelength for R = 1 cm. It shows that for
some wavelengths the spot size of bent PCF equals that of

Fig. 8. Bending losses for R = 1 and 0.5 cm for (a) different
d/Λ and (b) different Λ.

Fig. 9. Spot sizes of straight and bent SMF and PCF.

Fig. 10. Proposed Scheme.

straight SMF while at other wavelengths the spot size of
straight PCF coincides with that of bent SMF. To imple-
ment this scheme, given in Figs. 8 and 9 one has to find
the detrimental parameters such as bending radius, bent
spot sizes, and bending angle of the fiber from straight
position.

The bending angle at the vicinity of the splice joint is
shown in Fig. 10. From the geometry of the figure, we
can derive the bending angle as

θ = arctan[y/(R tan θrad)],

θrad = arcsin[(y/R)2 − 1], (9)

where y is the bending length, having a maximum value
of bending radius R.

The critical bending angle θc is limited by the critical
bending radius Rc obtained as

θc = arctan[y/R tan{arcsin(y2/R2
c − 1)}]. (10)

By simultaneously adjusting the bending and the dis-
placement at the splice joint, one can provide a condition
to minimize the splice loss between PCF and SMF with
different geometries.

In conclusion, a theoretical analysis of splice loss be-
tween PCF and SMF, using SEIM, VEIM, and FDFD
methods is presented. The results show that a slight
bending at the vicinity of splice joint causes a sharp in-
crease in the spot size. Based on the results, a mechanism
to optimize the splice loss between PCFs and SMFs, both
with any geometry, is suggested.

The authors acknowledge the support of the Iran Tele-
com Research Center for Project 8631351.
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