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Flat Dispersion and High Birefringence
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Abstract—The design of a residual dispersion compensating
fiber in an equiangular spiral photonic crystal fiber (ES-PCF)
structure is presented in the wavelength range 1350-1650 nm. A
step-by-step design optimization is demonstrated and a maximum
optimized value of average dispersion —393 ps/nm km with a flat-
tened dispersion profile with a very high birefringence is reported.
It has been found that for the ES-PCF, a very high birefringence of
0.0278 at the wavelength 1550 nm can be obtained by employing
an elliptical air hole as defect in the core region. An efficient
full-vectorial finite-element method with vector edge element is
employed in this study. The proposed ES-PCF can be an excellent
candidate to be used in a wavelength-division-multiplexing op-
tical fiber transmission system for residual chromatic dispersion
compensation as well as maintaining single polarization.

Index Terms—Birefringence, dispersion compensating fiber
(DCF), polarization maintaining fiber, residual dispersion.

I. INTRODUCTION

HOTONIC CRYSTAL FIBERS (PCFs) have created sig-

nificant attention in the field of optical fiber communica-
tion in recent years. Index guiding PCFs [1], [2] have a mi-
croscopic array of air channels running down their length that
make a low-index cladding around the undoped solid silica core.
Among the arrangements of the cladding air holes, the hexag-
onal lattice arrangement is the most common where the air holes
have a fixed hole-to-hole spacing. Such a cladding arrangement
in PCFs offers many useful properties like tailoring of chro-
matic dispersion, low confinement loss, etc., than those of con-
ventional optical fibers [3]. Apart from hexagonal lattice, other
air hole arrangements are also proposed and reported for many
useful properties [4], [5]. Very recently, an equiangular spiral
photonic crystal fiber (ES-PCF) for small effective mode area
with a high nonlinearity and ultraflattened dispersion profile has
also been reported [6]. Further investigation on ES-PCF was
also carried out to obtain two zero dispersion wavelengths to
find its possibility to be used for supercontinuum generation in
the visible region [6], [7]. Thus, it is expected that unique and
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useful properties may be obtained by tailoring the ES-PCF de-
sign for fiber-optic communication system.

A long-haul optical fiber transmission system usually has a
small but nonzero flattened dispersion characteristics around 10
ps/nm km [8]. So, a dispersion management scheme should be
there to nullify the accumulated residual dispersion over a long
distance in the system. For this purpose, a fiber having a large
negative dispersion called dispersion compensating fiber (DCF)
has to be introduced as a part of the communication system
[9]-11]. Flat negative dispersion of about —98.3 ps/nm km
with absolute dispersion variation of 1.1 ps/nm km was reported
over S + C'+ L wavelength bands in [11]. The design in [9] ex-
hibits ultraflattened negative dispersion over S + C + L + U
wavelength bands and average dispersion of about —179 ps/nm
km with an absolute dispersion variation of 2.1 ps/nm km over
14801675 nm (195 nm bandwidth). More recently, a genetic al-
gorithm-based optimization technique has been reported in [10]
to achieve a flattened negative dispersion over E+S+C+L+U
wavelength bands with an average dispersion of —212 ps/nm
km with a dispersion variation of 11 ps/nm km by employing a
small Ge-doped core at the center. All these analyses are done
on the microstructured fiber with hexagonal-lattice of air holes.
But, the polarization issue was not considered anywhere. How-
ever, very recently, a large negative average dispersion of about
—227 ps/nm km over the wavelength range 1350—-1675 nm has
been reported by the authors for an ES-PCF structure with a
dispersion variation of about 10 ps/nm km [12], where one el-
liptical air hole is introduced in the core.

In this paper, the dispersion profile and birefringence of the
ES-PCF are investigated by introducing more than one air holes
in the core region to obtain a dispersion profile even flatter than
that of our previous work [12] with less dispersion variation
over the wavelength range 1350-1650 nm. Dispersion profiles
having average dispersion of about —293.5 and —393 ps/nm km
over the wavelength range of interest have been reported here
with dispersion variation of only 8.6 and 10.4 ps/nm km, re-
spectively. Also, a further investigation has been carried out to
obtain a higher birefringence in the order of 10~2 over the wave-
length range 1350-1650 nm (0.0278 at 1550 nm.). Furthermore,
the higher order modes (HOMs) of this ES-PCF are suppressed
by introducing a secondary annular core in the outer cladding
region.

II. ES-PCF DESIGN

The structure of the proposed residual dispersion compen-
sating fiber (RDCF), which is basically an ES-PCF having air
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Fig. 1. Geometrical model of the proposed RDCEFE, where 7, = the radius of
the first air hole ring in the cladding, # = angular increment of each air hole
in spiral arms, and 2r;, = the diameter of the air holes in the first nine rings.

hole arrangement in silica background, is shown in Fig. 1. There
are IV, air holes in each ring, the first ring has a radius of r,, and
the radii of the rings in the same arm increase by geometric pro-
gression. There are N circular air holes in each arm. The first
seven of them have a radius of ry,. The radii of the subsequent
air holes in the same arm are increased gradually. The angular
position of each air hole in an arm is increased by ¢ than the
previous one. Here, d,,, and d,, are major and minor axes of the
elliptical air hole at the center of the core, respectively.

In this design process, a full-vectorial finite-element method
[13] has been used to characterize the proposed ES-PCF. An
anisotropic perfectly matched layer was used to accurately ac-
count for the confinement losses. Chromatic dispersion caused
by the combined effects of material and waveguide dispersions
in an optical fiber can be calculated by the formula

A 92 (Re(negr))

¢ ON2
where A is the wavelength, ¢ is the velocity of light, neg is the
effective refractive index of the fundamental mode, and Re( -)
indicates the real part. The birefringence is determined by taking
the difference of the real parts of the effective indices of two

fundamental orthogonal polarization modes (slow and fast axis
modes) [14]

D= (1)

B = |nZ —ngl. )

As will be shown later, the PCF is birefringent due to the
presence of central elliptical air hole and also the large negative
flat dispersion profile is obtained by optimizing this air hole.
So, the high birefringence can be exploited to achieve a single
polarization dispersion compensating PCF. Here, the dispersion
properties are shown for the fundamental slow axis mode. Also,
the material dispersion is taken into account here by using the
Sellmeier equation [15] to obtain the refractive index of silica
at different wavelengths. In most cases, the following structural
parameters are kept unchanged unless otherwise stated: N, =
10,N = 16,7, = 1.4 um, # = 12°, and r;, = 0.148 pm.
As shown in Fig. 1, a secondary annular core is introduced in
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the outer cladding by employing an air hole ring having radial
distance from the center, 7o,y = 5.88 um resulting in a dual
core ES-PCF. The diameter of the air holes of this ring is dy =
1.68 pm.

It is seen that the effective index of the propagating funda-
mental modes (slow and fast axis modes) lies between the ef-
fective cladding index and the effective core index. As the pro-
posed PCF has a very high birefringence, the effective index of
the fundamental fast axis mode is much lower than the effec-
tive core index of the fiber as compared to the effective index
of the fundamental slow axis mode. The values of 7. and dg
are so optimized that the resulting secondary core modes occur
as degenerate modes with the HOMs of the central core and the
fundamental fast axis mode of the central core. Because of this
index matching, coupling of energy occurs, and thus, the central
HOMs and the fundamental fast axis mode become very lossy
over the entire wavelength range of interest [16]. It is observed
that these modes have confinement loss more than 1 dB/m and
can be effectively suppressed to realize the single-mode (SM)
condition in ES-PCF. It should be noted here that single mod-
edness in H-PCF has been realized similarly in [17].

The proposed PCF can be fabricated using the sol-gel tech-
nique which has already been used for fabricating PCF of var-
ious irregular structures [18]. In this method, the air hole size,
shape, and spacing may all be adjusted independently. Pho-
tonic bandgap structures having very small dimensions have
also been fabricated using this technique [19].

III. RESULTS AND DISCUSSION

The dispersion and birefringence properties of the ES-PCF
structure with one circular air hole (d,, = d,,) in the center
of the core are shown in Figs. 2 and 3, respectively. In Fig. 2,
we can see that the dispersion becomes more negative with the
introduction of air hole in the core, and the value increases fur-
ther with the increase of its radius. Here, the blue line shows a
flattened profile of average dispersion about 10 ps/nm km over
1350-1650 nm wavelength bands when the diameter of the cen-
tral hole, d,,, = d,, = 0.17 pm. For d,,, = d,, = 1.02 um, the
average dispersion is —300 ps/nm km with a flat profile having
a dispersion variation of 35 ps/nm km around the mean value.
This is a large negative value as compared to those reported in
[9]-[12], but the flatness should be improved.

We can also notice from Fig. 2 that the more negative the
dispersion goes, the less flat its profile becomes. A tradeoff has
to be made between the flatness and higher negative values of
dispersion. From Fig. 3, we can see that the birefringence of
the ES-PCF increases after introducing a circular air hole in the
core. The birefringence also increases with the increase of di-
ameter of this air hole. It is perhaps due to the fact that the sym-
metry of the structure is disturbed more due to the increase in
diameter of the central air hole.

Now, we consider a single elliptical air hole in the core and
show the dispersion and birefringence properties in Figs. 4 and
5, respectively. Here, the effect of ellipticity (defined as the ratio
of major axis length to minor axis length) on dispersion and bire-
fringence has been demonstrated. In Fig. 4, we can see that the
dispersion becomes more negative for lower ellipticity that re-
sults in larger size of the air hole as expected [20]. Here, for
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Fig. 3. Birefringence versus wavelength for circular air hole of different radius
in the core.

dy, = 1.02 pm and d,, = 0.7654 pm, the gray line with trian-
gular marker shows an average dispersion of —245 ps/nm km
over 1350-1650 nm wavelength bands with a dispersion vari-
ation of about 30 ps/nm km. This value is less negative but
slightly flatter than that shown in Fig. 2, where the dispersion
variation is about 34.6 ps/nm km for a circular central air hole
with d,, = d,, = 1.02 pm, although the flatness should be
improved more to be used effectively as a DCF. A more flat
profile with less negative dispersion values has been achieved
by optimizing the structural parameters for the same structure as
reported in [12]. It can be seen in Fig. 4 that an ultraflattened dis-
persion profile can be obtained when d,, = 0.358 pum as shown
by the blue line with square markers. In this case, an average
dispersion of —113 ps/nm km over 1350-1650 nm wavelength
bands with a dispersion variation of only ~0.5 ps/nm km be-
tween ~13.25 and ~12.75 ps/nm km can be obtained.

From Fig. 5, we can see that the birefringence becomes higher
with the increase in ellipticity, although the dispersion becomes
less negative. This is because higher asymmetry is encountered
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Fig. 5. Birefringence versus wavelength for one elliptical air hole of different
ellipticity in the core.

by the field with the increased ellipticity of the central air hole.
If we optimize the structural parameters to obtain a higher bire-
fringence, we get even higher value of birefringence over the
wavelength bands of interest. The birefringence increases with
the decrease of g when other dimensions are unchanged, as
shown in Fig. 6. The highest value of birefringence is found
to be 0.0278 at the wavelength of 1550 nm for the parameters
dy, = 1.3089 pum, d,, = 0.3272 um, ro = 0.9696 pm, and
7y, = 0.115 pm shown in Fig. 6. This birefringence is very high,
even higher than the values reported in [21] and [22]. How-
ever, this structure shows an average dispersion of —113 ps/nm
km with a variation of about 14 ps/nm km over the wavelength
range 1350-1650 nm.

We have observed that large negative dispersion with high
birefringence can be achieved with even one elliptical air hole in
the core by increasing the size of the hole. But, as the dispersion
gets more negative, it becomes less flat. Now, we introduce more
air holes in the core region, as shown in Fig. 7, and study dis-
persion and birefringence properties for each case separately to
obtain large negative as well as flat dispersion profile with high
birefringence. In Fig. 8, the dispersion properties are shown for



3548

0.03
0.025
9}
8 0.02
(5]
g
£ 0015
g
A —®—10 =0.9696 um
& 0.01 —®—r0=1.107 um
—®—10=1.24 um
0.005 --®- A. Agrawal et. al. (2010)
--®- A. Agrawal et. al. (2008)
1300 1400 1500 1600 1700
Wavelength (nm)

Fig. 6. Birefringence versus wavelength as a function of 7.
%U%Q&Oo( bD \O\(()V‘q(%é)

| =
d

e L
SRl

~ r@? ,«-\ pAO OQ’\,\QQ\O Q

(@

(b)
Fig.7. Different number of elliptical air holes in the core with their dimensions,
in (a) three air holes, (b) five air holes, and (c) seven air holes in the core.

c‘:w’

\O

the structure of Fig. 7(a), where for additional holes, the major
and minor axes are d,;,; and d,,1, respectively. The size of cen-
tral air hole is kept fixed at d,,, = 1.02 pym, d,, = 0.2552 ym
because at values greater than these, the modal effective area
becomes very small resulting in high splice loss with an stan-
dard single-mode fiber (SMF). The sizes of the additional two
elliptical air holes are varied keeping their ellipticity (d,,1 /dn1)
fixed at 4 because birefringence is seen to be maximum around
this value. It can be seen that the dispersion gets more nega-
tive with the introduction of two more elliptical air holes. Also,
as the size of these extra air holes increases, the dispersion be-
comes more negative. The gray line with triangular marker in
Fig. 8 has an average dispersion of about —340 ps/nm km with
a dispersion variation of ~16 ps/nm km over the wavelength
bands of interest, and this value is far more negative than those
reported in [7]-[9] though the curve is slightly less flat. How-
ever, for these structures, the birefringence remains in the order
of 1072 and is seen to be decreasing after introducing the two
additional air holes in the core and also with the increase of the
size of these two air holes, as shown in Fig. 9.

With the intuition of obtaining a large negative as well as flat
dispersion profile over the wavelength band of interest, we con-
sider another structure shown in Fig. 7(b). The additional two
air holes have major and minor axes of d,,2 and d,,2, respec-
tively. The sizes of previous three air holes are kept fixed at
dy = 1.02 pym, d,, = 0.2552 pym, d,,; = 0.567 pm, and
d,1 = 0.1418 pm, and the sizes of the newly introduced two
are varied keeping their ellipticity fixed at 4 for the same reason
stated previously. From Fig. 10, we can see that the dispersion
gets more negative after employing those extra two air holes
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and becomes even more negative for increased size. The curves
shown by the gray line with triangular marker has an average
dispersion of about —396 ps/nm km with a dispersion variation
of only 10.4 ps/nm km and the green line with diamond marker
has an average dispersion of about —296 ps/nm km with a dis-
persion variation of only around 8.6 ps/nm km over the wave-
length bands of interests are even far more negative than those
reported in [9]-[11] and also more flat or flat almost as like as
that of [10]. However, the birefringence remains between the
orders of 107210~ for these structural parameters and is seen
to be decreasing when these two additional air holes are intro-
duced in the core and also with the increase of the size of these
two air holes, as shown in Fig. 11. It is observed and also can be
deduced from Figs. 3, 5,9, and 11 that the birefringence is max-
imum for the structure of Fig. 1 with hole ellipticity around 4
and it decreases with the introduction of more holes in the core
resulting in structures of Fig. 7(a)—(b). It is observed that the
introduction of more elliptical air holes in the core of structure
in Fig. 7(b) does not result in significant improvement in bire-
fringence and in the dispersion profile to be used for dispersion
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compensation. So, the analysis is shown for a maximum of five
air holes in the core.

In Table I, the optimized designs of the proposed ES-PCFs
are summarized. The main focus of design 1 is to obtain an
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ES-PCF with high birefringence, while the main focus of the
other two designs, designs 2 and 3, is to obtain ES-PCFs with
flat large negative dispersion profile over the wavelength range
1350-1650 nm. Design 2, however, provides more negative dis-
persion with less flatness than design 3.

The hole sizes may deviate from the optimized values during
fabrication of the ES-PCF. As the dispersion and the birefrin-
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TABLE I
SUMMARY OF THE PROPOSED ES-PCF DESIGNS

Design
No.

Structural parameters Dispersion and
Birefringence
properties
B =0.0278 at A = 1.55
um, D = —115 ps/nm-
km, 4D = 14 ps/nm-
km over 4 = 1.35 to

1.65 pm

B =0.0065 at A =1.55
um, D = =393 ps/nm-
km, 4D = 10.4 ps/nm-

1 1= 0.9696 pm, rp= 0.115 pm d,=
1.3089 um and dy=0.3272 pm

2 1= 1.4 pm, ;= 0.148 pm, d,= 1.02
pm, d,= 0.2552 pm, dm;= 0.567 pm,
dy= 0.1418 pm, dmo= 1.129 pm and

do=0.253 um km over 4 = 1.35 to

1.65 um
3 o= 1.4 pm, = 0.148 pm, d,= 1.02 | B=0.0085 at 1 = 1.55
um, d.= 0.2552 pm, dm= 0.567 pm, | um, D = -293.5

dn= 0.1418 pm, dmo= 0.869 um and
dp=0.215pum

ps/mm-km, 4D = 8.6
ps/nm-km over A =
1.351t0 1.65 pm

D = Average dispersion, 4D = Dispersion variation

gence are very sensitive to the size of the central elliptical air
hole, it has been found by simulation that birefringence changes
about 10% for design 1 and dispersion changes up to 4% for de-
signs 2 and 3 with a deviation of 5% in the central elliptical air
hole size. However, these changes are not very significant.

In Figs. 12 and 13, the total dispersion and the birefringence,
respectively, are shown as functions of 7y at A = 1550 nm. Here,
in these figures, by varying 7o, the whole structure is scaled
up or down. In Fig. 12, it can be seen that the minima of the
total dispersion curves of blue and red color occur at those 7
corresponding to designs 2 and 3, respectively, as expected. As
design 1 is optimized to obtain a very high birefringence and
the focus was not on obtaining a large negative dispersion, the
minima of the green line in Fig. 12 is not at the g corresponding
to design 1. In Fig. 13, one could expect that the maxima of the
green curve should occur at the 7y corresponding to design 1.
But, the maxima occurs for a value of rg which is obviously
smaller than that of design 1.

This implies that higher birefringence can be achieved for
lower ro values than the optimized one. But for rg lower than
0.9696 £sm (design 1), the confinement loss becomes very high,
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as is evident from Fig. 14, where the confinement losses of the
optimized designs are shown as a function of A. The confine-
ment loss can be calculated from the imaginary part of the com-
plex effective index [20]

Confincment Loss = Tm(neg) % 10°

40w
In(10)A ®
where Im(n.) is the imaginary part of ne. The other two de-
signs, designs 2 and 3, are not optimized to obtain the highest
birefringence rather they are optimized to obtain very large neg-
ative dispersion over the wavelength bands of interest. So, it is
notunexpected that the maxima of the blue and red curves do not
occur at those ry corresponding to designs 2 and 3, respectively.
Here, all the ES-PCF designs are optimized so that the confine-
ment loss of the fundamental mode lies within an acceptable
limit of 0.01 dB/m over the entire wavelength range of interest.
As shown in Fig. 14, the confinement loss increases with the
decrease of structural dimensions. The confinement loss is the
highest for design 1 because it has the lowest ry among the three
designs. Also, design 2 has higher confinement loss than that of
design 3. This is because the effective core index is lower in de-
sign 2 as it has elliptical air holes of larger size than those of
design 3 resulting in reduced difference between the effective
core index and effective cladding index. It is observed that con-
finement loss for all the designs increases if the number of air
hole rings N in the cladding is decreased as expected. For this
reason, a large number of V = 16 has to be employed to obtain
confinement losses within the limit 0.01 dB/m over the entire
wavelength range of interest.

Here, the single modedness of the ES-PCF is another impor-
tant issue. We defined the SM operation of the ES-PCF in a way
that the confinement loss of the first HOM should be greater
than 1 dB/m [17]. Also, the confinement losses of the funda-
mental modes are about 1.15 x 10%,1.25 x 10%, and 2.1 x 10*
times lower than those of the first HOMs of the designs 1, 2,
and 3, respectively, at 1.55 pm ensuring SM operation. One can
see from Fig. 15 that the first HOMs have cutoff wavelengths
around 925, 1195, and 1290 nm for designs 1, 2, and 3, respec-
tively, which are well below the wavelength range of interest
(1350-1650 nm).

The issue of splice loss becomes very critical when the PCF
has to be jointed with a conventional SMF in a communication
link for residual dispersion compensation and maintaining po-
larization. The splice loss due to mode field diameter (MFD)
mismatch can be calculated from MFDs of two fibers using [23]

1 /MFD1  MFD2
Splice Loss [dB] = 20 log {_ (m + m>}
“4)

2
where MFD1 and MFD?2 are the MFDs of the two fibers. Splice
loss depends mostly on the difference of MFDs of the two fibers
of interest. Thus, from (4), average splice loss for both directions
can be calculated. The splice loss increases with the increase of
difference between these two MFDs. The average MFD of a typ-
ical SMF is taken to be 10 gum [21]. The MFDs of the proposed
ES-PCF designs are calculated from A4 = mw?, where A is
the effective modal area and w is the mode field radius which
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is half of MFD. The A.g of the ES-PCF is calculated from the
following [24]:

(B |dedy)®
At = ” | E4|dzdy ' ©)

The A, and average splice losses between a typical SMF and
the ES-PCF designs as functions of wavelength are shown in
Fig. 16. Though the splice losses shown in Fig. 16 are high, they
can be minimized by the technique proposed in [25]. This loss
will also be reduced if an SMF to be spliced with the ES-PCF is
used having MFD less than 10 pm.

IV. CONCLUSION

In this paper, ES-PCF is investigated as a polarization main-
taining RDCF in the telecommunication wavelength bands. It is
numerically shown to exhibit an average dispersion of —293.5
and —393 ps/nm km for two different designs with dispersion
variation of only 8.6 and 10.4 ps/nm km, respectively. To our
knowledge, this dispersion profile is more negative than the
RDCFs reported earlier. Another unique feature of these designs
is their high birefringence along with the property of dispersion
compensation. An optimized structure exhibits a birefringence
as high as 0.0278. The structural dependence as presented in
the paper also shows that large negative and flattened disper-
sion and high birefringence can be obtained over a wide wave-
length range, and this structure can be considered to be robust
with respect to small variations in structural parameters that are
unavoidable during fabrication. The dual characteristics of dis-
persion compensation and high birefringence make this fiber a
promising candidate in its application in the fiber-optic commu-
nication link in the telecommunication window.
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