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Abstract. A modified octagonal photonic crystal fiber 
(MO-PCF) is proposed and numerically investigated for 
the purpose of residual dispersion compensation in the 
optical transmission link. The results show that the pro-
posed fiber with optimized parameters exhibits ultra-
flattened negative dispersion over the 300 nm band 
(1380 nm to 1680 nm) with an average dispersion of  
–506 ps/(nm·km) and an absolute dispersion variation of 
11.3 ps/(nm·km). In addition to large negative dispersion, 
the proposed MO-PCF also exhibits high birefringence in 
the order of 0.0207 at the 1550 nm wavelength. The pro-
posed MO-PCF can be advantageously used especially for 
residual chromatic dispersion compensation in the wave-
length-division-multiplexing optical fiber transmission 
system. The proposed fiber design is easy to draw and is 
tolerant to manufacturing imperfections. 
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1. Introduction 
In optical fiber transmission systems, chromatic dis-

persion in a single mode fiber (SMF) is challenging as it 
causes broadening of the optical pulse and limits the link 
bandwidth especially for higher data rates. Typical stand-
ard single-mode fiber has positive dispersion in the range 
of ~10 to 20 ps/(nm·km), therefore dispersion compensat-
ing fibers (DCFs) are extensively used to compensate for 
the chromatic dispersion [1]. However, some flattened 
positive dispersion still remains even after dispersion com-
pensation, which could result in serious restrictions in the 
transmission data rates [2]. Hence, a fiber having flattened 
negative dispersion becomes an essential component of 
optical communication systems. Moreover, dispersion 
compensation over a wide wavelength range is particularly 
required for wavelength division multiplexing (WDM) [3] 
over the entire range 1260 nm – 1675 nm of the telecom-

munication bands. On the other hand, to minimize losses 
and reduce costs, the inserted residual dispersion compen-
sating fiber (R-DCF) should be as short as possible with 
high negative dispersion and flattened characteristics to 
compensate for dispersion in wavelength-division-multi-
plexing systems effectively [4], [5]. 

Photonic crystal fibers (PCFs) with high negative and 
flattened dispersion characteristics have been proposed by 
several groups studying residual dispersion [6–10], [18], 
[20], [21], [24]. Franco et al. [6] proposed a PCF with 
seven defected air-holes in the core region and having 
a low average negative dispersion of –179 ps/(nm·km) over 
the S+C+L+U wavelength bands. Another PCF has been 
proposed in [7] based on a genetic algorithm with resulting 
average negative dispersion of –212 ps/(nm·km) and 
an absolute dispersion variation of 11 ps/(nm·km) over the 
S+C+L+U wavelength bands. By having low average dis-
persion, the PCFs mentioned above require a long length to 
compensate a standard SMF-based link. One of the main 
disadvantages lies in the core doping as presented in [7] 
when describing, in particular, fabrication difficulties. 
An equiangular spiral PCF (ES-PCF) proposed by Islam et 
al. in [8] had an average negative dispersion of  
–227 ps/(nm·km) along with high birefringence. Though 
this design exhibited high negative dispersion, in addition 
to promising polarization-maintaining characteristics, the 
main drawback was introduced by the elliptical air hole in 
the center core which made the whole design and future 
fabrication processes more complex. More recently PCF in 
PCF design has been proposed by [9] which showed an 
extremely high negative dispersion of –457.4 ps/(nm·km) 
over the E+S+C+L+U wavelength bands. However, small 
air holes in the inner PCF structure make the complex 
design extremely difficult to fabricate, as was as well men-
tioned in [9]. In previous work [10], Samiul et al. proposed 
MO-PCF with a specific core region shape exhibiting 
a negative dispersion of –465.5 ps/(nm·km) with an abso-
lute dispersion variation of 10.5 ps/(nm·km) covering 
a 215 nm flat band. In the same year, Hasan et al. [18] pub-
lished a similar design as in [10], where they achieved 
flatness over 240 nm band with higher negative dispersion 
value compared to [10]. A pentagonal PCF design has been 
proposed by Xuyou et al. [21] where they achieved 250 nm 
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flatness with an average negative dispersion of  
–474 ps/(nm·km) and birefringence in the order of 
1.75 × 10–2. On the other hand, MO-PCF has been pro-
posed by Shubi, F. et al. [20] where they reported only 
95 nm flatness with negative dispersion value from  
–226 ps/(nm·km) to –290 ps/(nm·km). A square photonic 
crystal fiber has been proposed by Mahmud et al. [24], 
where they achieved flatness over only 170 nm using silica 
PCF and 230 nm using lead-silicate PCF. However, com-
pared to silica PCF, the fabrication cost is much higher in 
the case of lead-silicate PCF as a dispersion compensating 
fiber.  

Our main research goal was to propose a new im-
proved design of a photonic crystal fiber which can cover 
wider wavelength band (flattened) while also providing 
high negative dispersion value. This was achieved by 
inserting an extra elliptical ring in the PCF core region, 
which in turns also gave a higher negative dispersion value 
while also providing wider wavelength band compared to 
above- mentioned results.  

In this paper, we propose a new design based on 
a modified octagonal photonic crystal fiber acting as  
R-DCF with a double row elliptical shape core region that 
ensures higher average negative dispersion with flattened 
characteristics, ultra-high birefringence and low confine-
ment loss. The paper presents a considerable extension of 
our previous work presented in [10]. The newly proposed 
MO-PCF exhibits negative dispersion of –506 ps/(nm·km) 
covering a 300 nm flat band (from 1380 nm to 1680 nm) 
with negative dispersion –511 ps/(nm·km) at wavelength 
1550 nm. Thanks to having a modest number of design 
parameters, it makes the design significantly less complex 
compared to other approaches [7–9] and therefore, our 
MO-PCF is considerably easier to fabricate. 

2. Structure Design of the Proposed 
MO-PCF 
Figure 1 shows the proposed MO-PCF with optimized 

air-hole diameters d and d1. We have selected an octagonal 
structure for R-DCF, as this structure offers smaller 
confinement losses along with better dispersion accuracy 
[10–12]. The spacing between the air-hole centers is indi-
cated as Λ, whereas Λ1 depicts the spacing between air-hole 
centers on the same ring. Octagonal structure Λ1 is related 
to Λ by the relation Λ1 = 0.765 Λ. By replacing the first ring 
of air holes with an elliptical core shape (see in Fig. 1(a) 
within the full structure and in Fig. 1(b) inner elliptical 
ring), birefringence increases and negative dispersion char-
acteristics are flattened. Moreover, we designed two air 
holes in the first ring with a diameter equal in size to the air 
holes in the outer ring to increase the range of flatness [10]. 
Two air hole elliptical rings in our new design with ten 
extra air holes result in a new structure design that leads, in 
turn, to the broadening of the flatness band of the proposed 
R-DCF.  

                                           (a) 

 

 

 

 
 

                                                     (b) 
 

Fig 1. (a) Cross section of 3 ring MO-PCF. (b) Elliptical core 
shape (where a, b and a’, b’ denote the lengths of the 
major and minor axes of the 1st  and the 2nd ring). 

The lengths of the major and minor axes of the ellip-
tical shapes of the 1st and 2nd rings were denoted as a, b, a’ 
and b’ respectively (see Fig. 1 b). The optimum values of 
a, b, a’ and b’ are 1.2 µm, 0.6 µm, 1.6 µm and 1.2 µm, 
respectively. By using only two optimized diameters d and 
d1, the proposed R-DCF is formed. 

3. Simulation Results and Discussion 
To optimize the proposed structure, we have used 

COMSOL multiphysics software featuring the full-vector 
finite element method (FEM) with a perfectly matched 
boundary layer (PML). The material dispersion obtained 
from the three-term Sellmeier formula is directly included 
in the calculation. The dispersion, confinement loss and 
effective area of the proposed MO-PCF are evaluated 
based on the following equations [13]: 

 D(λ)= –λ/c (d2Re[neff]/ dλ
2)  ps/(nm·km),  (1) 

 Lc = 8.686 × k0 Im[neff] × 103 dB/ km,  (2) 

 Aeff = (∫∫ |E|2dxdy)2 / (∫∫ |E|4dxdy) µm2  (3) 

where Re[neff] and Im[neff] are the real and imaginary parts 
of the effective refractive index, c is the velocity of light, k0 

= 2π/λ free-space wave number in vacuum and E is the 
electric field intensity derived by solving the Maxwell 
equations. Polarization-maintaining (PM) fibers have 
highly asymmetrical core region, which in turn provide 
an extremely high effective index difference between the 
two orthogonal polarization modes. The modes of a perfect 
six-fold symmetric core and cladding structure are not bire-
fringent [23]. In practice, however, the large glass-air index 
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difference means that even slight asymmetry in the struc-
ture yields a degree of birefringence. The propagating 
mode is then split into two co-propagating polarization 
orthogonal modes. Birefringence is the difference between 
the mode indices of material/structure for two orthogonal 
polarization fundamental modes. 

 B= |nx – ny|   (4) 

where nx and ny are the effective refractive indices of x and 
y polarization state respectively. In high bit-rate fiber trans-
mission systems, PM fiber plays an important role. Such as 
PM fibers can eliminate the influence of polarization mode 
dispersion (PMD) or stabilize the operation of optical de-
vices [19]. The numerical results are reported for an opti-
mized structure with the number of rings Nr = 5, d/Λ = 0.7, 
d1/Λ = 0.4 and Λ = 1 µm for R-DCF. Typically, for better 
compensation, an R-DCF should have flattened negative 
dispersion with significantly high magnitude across the 
whole bands of the wavelength of interest. The proposed 
and optimized design exhibits an average value of 
chromatic dispersion equal to –506 ps/(nm·km) with 
a dispersion variation of 11.3 ps/(nm·km) between  
–500.5 ps/(nm·km) and –511.8 ps/(nm·km) in the wave-
length range 1380 nm to 1680 nm for the fundamental slow 
axis mode – see Fig. 2. 

As the effective refractive index of the y-axis mode is 
higher than the x-axis, the y-polarization mode acts in 
slow-axis mode and the x-polarization mode acts as the 
fast-axis mode. Meanwhile confinement loss represents 
one of the most important issues when designing the  
R-DCF, though such losses can be minimized by inserting 
extra rings of air holes surrounding the core of the MO-
PCF without affecting the characteristics of the dispersion 
curve [14]. Figure 3 presents confinement loss values for 
the R-DCF designed for the test case with four to ten rings 
of air holes surrounding the core. It can be clearly demon-
strated, that confinement loss at 1550 nm reaches 5 dB/km, 
0.46 dB/km and 0.045 dB/km when Nr (number of rings) is 
8, 9 and 10 respectively.  

Uncertainties, which can be experienced during fiber 
fabrication, need to be considered, where a 1% variation of 

 
Fig. 2.  Chromatic dispersion as a function of wavelength with 

field distribution (for number of rings Nr = 5); inset 
shows electric field distribution for slow axis mode (y 
polarization). 

 
Fig. 3.  Confinement loss as a function of wavelength for 

a different number of rings. 

structural parameters is typically acquired while the fiber is 
being drawn [15]. For that reason, when numerically ana-
lyzing proposed fiber performance, we have included the 
influence of fabrication by up to a 2% variation uncertainty 
in global diameters of the proposed MO-PCF. Results 
including uncertainties of particular parameters are plotted 
in Fig. 4 to 6 (all for the case of Nr = 5). From the tolerance 
analysis, it can be seen that +2% variation in d1 has a mea- 

 
Fig. 4.  Dispersion as a function of wavelength for variation of 

d1 from ±1% to ±2%. 

 
Fig. 5.  Dispersion as a function of wavelength for variation of 

pitch (Λ) from ±1% to ±2%. 
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ger effect in the dispersion curve flatness, but increases the 
average chromatic dispersion up to +4% from the optimum 
value (when almost all fiber parameters such as dispersion, 
birefringence and flatness are met). Moreover, for the 
purpose of the sensitivity of final design parameters during 
fabrication, we have also performed a tolerance analysis of 
pitch (Λ) variation which is plotted in Fig. 5.  
From the figure it can be determined that for the variations 
of pitch of +1%, +2%, –1% and –2%, the average  
dispersion becomes –524 ps/(nm·km), –542 ps/(nm·km),  
–488 ps/(nm·km) and –470 ps/(nm·km), respectively, with 
flattened characteristics. Afterwards, we set the tolerance 
analysis of the major and minor axes of the central core 
shape. It is evident that changes in parameters a, b, a’ and 
b’ of up to a 2% variation increase the average dispersion 
towards –557 ps/(nm·km) without affecting the flattening 
of characteristics (Fig. 6). With the exception of the results 
mentioned above, where we analyzed the MO-PCF by 
using ring number Nr = 5 for the optimum condition, we 
have demonstrated the effect on dispersion flatness by 
changing the ring number (see the influence on increased 
and decreased number on Nr in Fig. 7). From Fig. 7 it is 
evident that there is no such effect on average dispersion 
value while increasing the number of rings and a limited 
effect when decreasing to 4.  Figure 8  shows  that  the bire- 

 
Fig. 6.  Dispersion as a function of wavelength for variation of 

a, b, a’ and b’ from ±1% to ±2% (units of a, b, a’ and 
b’ are in µm). 

 
Fig. 7.  Dispersion as a function of wavelength for variation of 

number of rings. 

 
Fig. 8.  Birefringence as a function of wavelength for optimum 

design parameters with variation of number of rings. 

 
Fig. 9.  Effective area as a function of wavelength for optimum 

design parameters with variation of pitch (Λ). 
 

fringence of the MO-PCF reaches 2.07 × 10−2 at 1.55 μm 
for Nr = 5. It can be seen that there is no noteworthy influ-
ence on birefringence value when we change the number of 
rings. 

Due to the elliptical shape of the center core, the high 
birefringence of the proposed structure is formed. A fiber 
of this property can be used to eliminate the effect of po-
larization mode dispersion (PMD) in transmission systems 
and many other areas where high birefringence is required. 
On the other hand, the proposed MO-PCF will be a suitable 
candidate for applications in optical fiber sensing and po-
larization maintaining transmission systems as it exhibits 
high birefringence. Furthermore highly birefringent fibers 
are extensively used in extremely precise fiber interferom-
eters especially in fiber optic gyroscopes and as a major 
component for optical fiber sensing applications [22]. 

One important aspect of the residual dispersion com-
pensating fiber introduces a splice loss, which can be found 
when coupling between PCFs and conventional SMFs for 
splice loss is inversely related to effective area and this 
should be reduced to ensure the optimum performance of 
the proposed R-DCF. There have been reports of splice-
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free interconnection techniques between PCFs of almost 
any structure and SMFs, provided the PCF is drawn from 
individual stackable units as reported by [16]. From Fig. 9 
it is seen that the proposed R-DCF exhibits an effective 
area of about 2.6 µm2 at wavelength 1550 nm. We have 
carried out a tolerance analysis of the effective area by 
varying the pitch size from ± 1% to ±2%, which is shown 
in Fig.  9. Owing to a small effective mode area; the pro-
posed modified octagonal PCF is expected to be insensitive 
to bending losses [17].   

Fabrication complexity is one of the important chal-
lenges in the realization of any proposed PCF. There are 
several methods, which could be used for fabrication of 
PCF including the stack and draw method, sol-gel casting, 
extrusion, ultrasonic drilling etc. Stack and draw method is 
cost-effective and allows easy control over shape [25]. 
Several complex PCF designs have been already fabricated 
by using the stack and draw method, which is explained in 
detail in [19], [26]. Besides using sol-gel casting technique, 
many complex structures of PCF have been fabricated by 
[27]. Sol-gel casting method offers a wide range of design 
flexibility which is required for dispersion compensation 
designs [27]. Both stack and draw and sol-gel casting tech-
nique are well suited for fabrication of PCF having circular 
air holes. As our proposed MO-PCF consists of only cir-
cular air holes, both methods could be used to fabricate our 
proposed MO-PCF.  

4. Conclusion 
A new type of modified octagonal PCF with dual-

elliptical core structure, which can be used as a residual 
dispersion compensating fiber operating over a 300 nm 
bandwidth, has been proposed. The proposed structure 
exhibits an average dispersion of –506 ps/(nm·km) with 
a variation of 11.3 ps/(nm·km) in the range from 1380 nm 
to 1680 nm. It was shown that the confinement loss of the 
proposed R-DCF is 0.045 dB/km for ten rings. All of these 
guiding properties make our design a promising cost-
effective broadband dispersion compensator in WDM 
optical fiber transmission system while maintaining a sin-
gle polarization state. In particular, it allows tolerance to 
fabrication processes when average dispersion and its flat-
ness remain resistant to slight changes of the designed 
structural parameters during fiber drawing. This fabrication 
tolerance represents a major advantage of our proposed 
fiber in contrast to other rather complex PCF structures 
designed for dispersion compensation [7–9]. Apart from 
dispersion compensation, this design also maintains single 
polarization thanks to its high birefringence.  
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