Design of polarization-maintaining photonic crystal fibre for
dispersion compensation over the E+S+C+L telecom bands
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Abstract. We investigate numerically a defected-core hybrid photonic crystal fibre
(H-PCF) with a circular core and a rectangular-shaped cladding, which is designed
for compensation of residual dispersion over a wide wavelength range. Our
simulation results testify that this H-PCF exhibits a large negative dispersion
(— 868 ps/(nm km)) over the E+S+C+L telecommunication bands, with the relative
dispersion slope perfectly matching that of a single-mode fibre at the operating
wavelength 1550 nm. The H-PCF reveals the birefringence 1.06x107° at the
operating wavelength. In order to evaluate the sensitivity of optical properties of our
H-PCF, we study the effect of variations of its parameters as large as +2% from their
optimal values. Due to its specific characteristics, the H-PCF suggested in this work
can be considered as an excellent candidate for compensating dispersion,
maintaining a single polarization in the optical fibre transmission systems, and
numerous optical sensing applications.
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1. Introduction

Photonic crystal fibres (PCFs) have a microscopic layout of air channels throughout their length,
which makes a low-index cladding around a pure-silica core [1]. By varying the number and
positions of the air-holes, PCFs offer great flexibility in efficiently tuning dispersion [2, 3],
birefringence [4] and nonlinearity [5, 6], which would have been unfeasible with conventional
step-index fibres. It is well known that controlling chromatic dispersion and confinement losses
are the major issues in the optical fibre communication systems. The dispersion causes optical
pulses to spread and has to be compensated in any long-distance optical data transmission systems.
One way to implement this is to use dispersion-compensating fibres (DCFs) which manifest a
large negative dispersion [7]. The commercial DCFs usually have the dispersion values D ranging
from —100 to —300 ps/(nm km) [8]. To reduce their cost, one has to make the DCFs as short as
possible, which can be achieved by having the negative dispersion magnitude as large as possible.
Moreover, a high optical birefringence represents a parameter important for the efficient utilization
of a fibre in sensing-related applications.

Several designs for single-material PCFs have been proposed in the literature, which aim at
achieving a high negative dispersion coefficient and polarization-maintaining properties. So, an
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octagonal PCF has been suggested in Ref. [9]. It exhibits attractive negative-dispersion and
birefringence properties, though inclusion of elliptical air-holes in the first ring implies a complex
design. The octagonal PCF suggested in Ref. [10] ensures moderate negative dispersion
(-239.5 ps/(nm km)) and birefringence (1.67x107%). Another octagonal structure (see Ref. [14])
also reveals the negative dispersion of about — 588 ps/(nm km) and the birefringence 1.81x1072. A
dual-core PCF with a highly doped internal core has been developed by Huttunen et al. [11], with
the negative dispersion peak (—59000 ps/(nm km)) and the effective modal area 10 pm”. However,
its structure imposes high confinement losses, while a doped core brings about notable fabrication
demands. A golden spiral design has been proposed in Ref. [15], with the birefringence 1.60x102
and the dispersion —400 ps/(nm km). Furthermore, in our previous study [16] we have also
suggested a PCF showing the birefringence 2.13x10* and the dispersion —294.1 ps/(nm km), thus
covering the E+S+C+L+U bands.

In the present work we achieve the negative dispersion coefficient even higher than the
characteristics reported in our previous work. Here we mainly focus on the higher negative
coefficient rather than the higher birefringence. This is why we have changed the fibre design such
that to achieve a higher negative chromatic dispersion. While in the work [16] we have managed to
get the dispersion value —294.1 ps/(nm km), thus covering the E+S+C+L+U bands, the new fibre
designed here manifests more than twice larger negative dispersion coefficient, which allows us to
cover the E+S+C+L bands. As a result, we get a stronger dispersion-compensation effect over the
E to L bands at a lower cost.

To be more specific, we suggest an artificial defected hybrid PCF (H-PCF) with a circular
shape of a core and circular air-holes in fibre cladding, which simplifies the fabrication process.
The basic advantages of this structure are its simplicity, along with higher negative dispersion
much needed in high-bit-rate transmission networks. Besides of a possible use of our H-PCF as a
DCEF, our fibre shows a birefringence that makes it suitable for many sensing applications. Also,
this fibre manifests a high nonlinearity (44.14 W 'm') at the operating wavelength 1550 nm,
which makes it potentially important for a number of nonlinear applications, e.g. optical super-
continuum ones. According to our simulations, the DCF under test exhibits the negative dispersion
—868 ps/(nm km) over the E+S+C+L telecommunication bands and the birefringence as high as
1.06x10°.

2. Design methodology

Fig. 1 shows a cross-sectional view of our H-PCF. The material used for both fibre core and
cladding is silica surrounded by air-holes in the fibre cladding. We use five air-hole rings for a
better field confinement and reducing the confinement losses (see Ref. [10]). The core consists of
circularly shaped rings and so does the second ring. The other three outer rings have rectangular
shapes. To gain a birefringence, the first ring is intentionally made asymmetric. As seen from
Fig. 1, two air-holes in the first ring have a diameter d,' which is smaller than that of the other air-
holes in this ring (d;). In this manner, we set the pitch A to be equal to 0.88 um, and the first ring
air-hole diameters are kept at d; =0.75 uym and d,' = 0.3 um. The third ring air-hole diameter is
d;=0.6 um and all the other air-holes, apart from those associated with the first and third rings,
have the diameter d,= 0.9 pm.

The circular air-holes are constructed with the angles equal to 45° with respect to one another
in the first ring and 30° with respect to one another in the second ring. The third ring air-holes are
tuned to get the relative dispersion slope (RDS) matching that for a single-mode fibre (SMF). The
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numbers of the air-holes in the rings 1, 2, 3, 4 and 5 are respectively 8, 12, 24, 32 and 36. Four
extra air-holes, with the diameter d,, are placed in between the second and third rings in order to
obtain better confinement properties. This results in a higher air-filling ratio and a lower refractive
index around the core, thereby providing stronger light confinement ability. Notice that the
refractive indices of the fibre silica and the air-holes are respectively n,=1.45 and n,=1 at
1.55 pm.
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Fig. 1. Air-hole distribution in our H-PCF.

3. Simulation technique and equations

In our simulations, an efficient finite-element method for perfectly matched circular layers has
been used for characterizing the performance of our PCF. We have used a COMSOL
MULTIPHYSICS software, version 4.2, as a simulator. Once the effective modal refractive index
Nesr 1s obtained by solving the eigenvalue problem with the finite-element method, the chromatic
dispersion D(4), the confinement loss Lc and the effective area 4. may be calculated from the
Maxwell’s curl equations [12] as given below:

V{Mj—kozneff [s]E=0. (1)

[s]
Here E is the electric field vector, k, =27/A the free-space wave number, Ny the refractive

index of the effective medium, [s] the matrix of the matched circular layers, and [S]_l the inverse
matrix. The effective refractive index of the base mode is given by 1,58 =k, where [ denotes
the propagation constant and k the wave number. Once the modal effective indices 7,45 are

found, the dispersion D, the nonlinear coefficient y, the birefringence B and the confinement
loss Lc are readily obtained using the following equations [13]:

d*Re n,
D(2)=—(2/c) # : @)
_ (27”] [;—ZJXIO3W_1km_1, 3)
eff’
B=n, —ny| . “4)

Here Re [neﬁJ and Im [neﬁ] mean respectively the real and imaginary parts of 7,5, 4 the
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light wavelength, and ¢ the light velocity in vacuum. The parameter D in Eq. (2) corresponds to
the chromatic dispersion of PCF, since the material dispersion given by the Sellmeier formula is
directly included in the calculations. In Eq. (4), n, and n, are the effective refractive indices of each
of the fundamental modes. Finally, n, in Eq. (3) stands for the nonlinear-index coefficient involved
in the nonlinear part of the refractive index.

It is well understood that the long-distance optical fibre transmission systems reveal a
positive dispersion and so a positive dispersion slope with the SMFs. Then the primary
requirement for the DCFs designed for WDM operation is a negative and as large as possible
dispersion effect. This should reduce the DCF length and, therefore, its cost. To compensate the
dispersion in the SMF over some particular wavelength range, one has to satisfy the relationship
(see Ref. [12])

RDS = _SSMF__ _ SDCF(A)’ 5)
Dgyr(2)  Dpcr(2)

where Ssvr(4) and Spcr(4) are the dispersion slopes for the SMF and DCEF, respectively. The RDS
for the SMF is 0.0036 nm '. The optimal DCF should have the RDS exactly equal to that of the
corresponding SMF, or at least very close to it.

4. Simulation results and discussion

To compensate the dispersion, high negative dispersion is needed. In its turn, the first ring must be
asymmetric to provide a higher negative dispersion. Consequently, the core should be defected for
obtaining higher asymmetry. Fig. 2 shows the wavelength dependences of the negative dispersion
for y-polarized mode as calculated for different pitch parameters. At the wavelength of 1550 nm,
our structure reveals the negative dispersion coefficient as large as —868 ps/(nm km) for the y-
polarization over the E+S+C+L bands.
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Fig. 2. Spectral dependences of negative dispersion
for different pitch parameters.

N2 430 144 149 154 159 164

Wavelength, pm

Fig. 3 depicts the influence of variations in the pitch A for the fibre cladding on the
dispersion behaviour (here all the other parameters are kept invariable). At the operating
wavelength 1550 nm, the peak value of the negative dispersion increases with decreasing pitch. In
Fig. 4 we summarize the effect of changing diameter d; of the first ring on the chromatic
dispersion. Here all the other parameters are also kept to be constant.

In Fig. 5 we demonstrate how the changing diameter d, affects the chromatic dispersion.
Here all of the data is gathered, which corresponds to the influence of diameters d; and d, varying
in the range from +1 to +2%. The simulation results testify that the peak value of the negative
chromatic dispersion increases with increasing d; and decreasing d,.
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Fig. 4. Effect of variations in the first ring diameter d,
on the negative chromatic dispersion.

Fig. 5. Effect of variations in the diameter d, on the
negative chromatic dispersion.

Fig. 6 displays the spatial distributions of the optical fields for the x- and y-polarized modes,

which are simulated for the same operating wavelength. According to our data, the fundamental
optical field distributions for the both x- and y-polarized modes are strongly linked in the high-
central core. From Fig. 7 it is easily seen that the first-order y-polarized mode has the higher

effective index than that of the relevant x-polarized mode. Fig. 8 displays the birefringence

dispersion for our DCF. Notice that the birefringence value under optimal conditions is equal to

1.06x10 2 at the operating wavelength.

(2)

(b)

Fig. 6. Optical field distributions for (a) x- and (b) y-polarizations.
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Fig. 7. Dispersion curves for the effective
refractive index as simulated for x- and y-
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1.27 |

135 14 145 15 155 16 165 1.7
Wavelength,ym

0.014
® 0.012 ]
c
[0}
o)}
£ 0.01
- A
[}
i —
m 0.008
Fig. 8. Birefringence dispersion
calculated for the optimal parameters.
0000314 146 152 158 164 1.7

Wavelength, pm

The effect of changing diameter d; of the first ring on the birefringence dispersion is shown
in Fig. 9, again under the conditions that the remaining parameters are kept optimal. The
simulation reveals that the d; variations change significantly the slope of the curves in the region
1370-1460 nm. At the operating wavelength, the increase in d, decreases the birefringence value.
On the other hand, the increase in the diameter d, increases the birefringence (see Fig. 10).
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Fig. 9. Effect of variations in the first ring diameter d;  Fig. 10. Effect of variations in the diameter d, on the
on the birefringence dispersion. birefringence dispersion.

The effect of pitch variations is simulated in Fig. 11. As seen from Fig. 11, increasing pitch A
increases the birefringence and the slope changes rapidly in the region 1370-1430 nm. Fig. 12
shows the dispersion of the effective area of fibre, with the optimal parameter being 2.114 um®.
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This is smaller if compared to that of conventional fibres. The PCFs with a high negative
dispersion have relatively small effective areas and so they would be useful for some nonlinear
applications (e.g., super-continuum generation and soliton pulse transmission).

0.015

— Optimum
pitch 0.90uym
—pitch 0.85um

Birefringence
o
o
=

: ‘ s ‘ ‘ Fig. 11. Effect of pitch variations on the birefringence
34 14 146 152 158 1.64 1.7 dispersion.
Wavelength, pm

0.00,F

NN
N DN D w

N

Effective Area, u m?

N
[ee]

. ; | Fig. 12. Dispersion of effective area under optimal
14 1.46 1.52 1.58 1.64  conditions.
Wavelength,um

_\
o
®

In order to build a broadband DCEF, it is necessary that the RDS of the dispersion curve be
close to that of the SMF at the operating wavelength. Therefore we tune the diameters ¢, and d;
such that to match the relevant slope (see Table 1). For the aim of optimal design, the RDS of our
PCF should exactly equal to 0.0036 nm™'. Fig. 13 displays the wavelength dependence of the
residual dispersion for our PCF calculated for the case of optimal design parameters. Evidently,
our DCF can function in the wide telecommunication band E+S+C+L. This enables reliable
operation in high-bit-rate telecommunication networks.
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Finally, we compare the properties of our PCF with those of some other fibres designed

earlier for compensating dispersion and birefringence. In particular, Table 2 concentrates on

comparison of the negative dispersion and the birefringence values.

Table 1. RDS matching performed via tuning the diameters of the second and third rings.

Diameter d;, um Diameter d,, um RDS, nm '
0.66 0.70 0.00275
0.65 0.75 0.0032
0.60 0.80 0.00351
0.60 0.90 0.0036

Table 2. Comparison of some parameters of our PCF and the PCFs reported earlier in
the literature.

PCF B=1|n,—n), 107 | D(%), ps/(nm km)
Ref. [10] 1.67 239.5
Ref. [14] 1.81 588
Ref. [15] 1.60 —400
Ref. [16] 2.13 294.1
Our DCF 1.06 -868

5. Conclusion

In the present study, an artificial defected H-PCF structure with a circular core is suggested. We
argue that this PCF enables one to achieve a large negative dispersion coefficient (-
868 ps/(nm km)) over the communication bands E+S+C+L and a high enough birefringence
(1.06x107%). We conclude that the characteristics of our PCF allow for its efficient utilization in
high-bit-rate transmission networks and fibre sensing. The design of our H-PCF could prove to be
easier and more efficient, when compared with the prototypes, because of relatively small number
of geometrical parameters involved and a simple cladding structure. This also simplifies the
necessary optimization procedures.
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Anomayin. Y pobomi uuceivbHo 00CniodiceHo 2iOpuoHe 80J10KHO Ha Gomonnomy kpucmani (-
B®K) i3 depexmnoro cepyesunorw. I'-BOK mae kpyeny cepyesuny ma 0OOIOHKY HPAMOKYMHOL
dopmu Ol KOMREHCYBAHHS 3ANUWIKOBOI OUcnepcii 6 wupoKomy OIana3oHi O0BJICUH XGUTb.
Peszyromamu nawux pospaxyuxie zaceiouyroms, uwo 3anponorosare I-BOK susense HecamusHy
oucnepciio (—868 nc/(nm km)) y menexomynixayitinux cmyeax E+S+C+L, a gionocnuii naxua 1i02o
oucnepciliHoi Kpueoi 00CKOHANO N02004CceHUll i3 6i0N0GIOHOI0 XAPAKMEPUCTNIUKOIO 0OHOMOO08020
8010KHA Ha pobouiti 00excuti xeuni 1550 um. I'-BOK suasnse noodsitine 3anomnennsa 1,06 %1 072 ha
yitl pobouili 008xcuHi xeuni. 3 memoro oyiHku wymiausocmi onmuyHux eracmusocmeil I-BOK mu
BUBHUIU BNIUE BIOXUTIEHb 1020 pobOUUX napamempig y medxcax +2% 00 onmumanbHUx 3HaueHbv.
3ae0sku ceoim xapaxkmepucmurxam, 3anponoHo8ane 8 yiti pobomi GONOKHO MOJCe GUSGUMUCS
NepCneKmueHUM 0I5l KOMNEHCayii OUCnepcii, ympumaHnts €OUHOL noIapu3ayii ceimia y 60J10KOHHO-
ONMUYHUX NEePeodsanbHuX CUCMeMax i YUCIeHHUX HPAKMUYHUX 3ACIMOCY8AHb 6 ONMUYHIL
CceHcopuyi.
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