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Abstract
In this paper, a novel design of weakly-coupled few-mode photonic crystal fiber (FM-PCF) 
supporting 6 vector modes (HE11a, HE11b, TM01, HE21a, HE21b, TE01) with ultra-flattened 
chromatic dispersion is proposed. We investigate the impact of fiber parameters on chro-
matic dispersion, minimum effective refractive index difference (minΔneff), confinement 
loss, effective mode area, bending loss and nonlinear coefficient. To achieve ultra-flat-
tened chromatic dispersion and large minΔneff, an extra small elliptical defected hole is 
introduced in the fiber core. The circular holes in the first ring are replaced by elliptical 
holes to further obtain flattened-chromatic dispersion. The simulation results show that the 
chromatic dispersion slope (< 2.1 × 10–5  ns/km/nm2) and large minΔneff (> 6 × 10–4) are 
obtained for the optimized fiber structure. And the proposed FM-PCF has low confinement 
loss (< 10−4 dB/km) and good bending resistance. The proposed fiber can achieve an ultra-
flattened chromatic dispersion (< 0.032 ns/nm/km) of 6 vector modes around C-band, and 
has the potential applications for large-capacity mode division multiplexing communica-
tion systems.

Keywords  Photonic crystal fiber · Chromatic dispersion · Dispersion slope · Confinement 
loss · Nonlinearity

1  Introduction

Photonic crystal fiber (PCF) has been a subject of extensive research all over the world 
owing to the endlessly single mode, high nonlinearity, high birefringence and ultra-
flatten dispersion (Hansen et al. 2001; Delgado-Pinar et al. 2007; Matsui et al. 2005; 
Tsuchida et al. 2007; Birks et al. 1997; Ortigosa-Blanch et al. 2000) PCFs have great 
design flexibility and can better control optical properties like dispersion, nonlinearity, 
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birefringence (Ani et al. 2017). Therefore, photonic crystal fiber can realize potential 
applications, including fiber waveguides, dispersion compensation, lasers, sensors and 
other fiber devices. Owing to the characteristics of high birefringence, large effective 
refractive index difference (Δneff) between adjacent modes and controllable dispersion, 
photonic crystal fiber has great potential applications in the field of space division 
multiplexing, especially in the field of weakly-coupled mode division multiplexing.

PCFs with flattened chromatic dispersion have been the target of many researchers 
in the last few years. In order to achieve this property, the first method is to change the 
geometric arrangement of air holes in the cladding, including triangular, rectangular 
and octagonal (Wang et al.2006; Tan et al. 2009; Razzak et al. 2008; Islam et al. 2012). 
Another method is to change the refractive index of material by doping the additional 
materials, such as by doping the germanium (Hoo et  al. 2004) and fluorine (Zeleny 
et al. 2013) in the core of fiber, or by infiltrating low index fluids into selected air holes 
(Liang et al. 2015; Ebnali-Heidari et al. 2014). And the use of additional materials will 
undoubtedly increase the difficulties in the manufacturing process. Many designs of 
PCF to flatten chromatic dispersion have been proposed in recent years. For example, 
Y. M. Wang et  al. (2010) proposed a novel photonic crystal fiber, which had a low 
confinement loss and small dispersion slope of 10–4  dB/km and 2 × 10–6  ns/km/nm2. 
J Sultana. et al. (2018) proposed a novel photonic crystal fiber with five rings of hex-
agonal structure, which had ultra-high birefringence and near zero flattened dispersion 
(0.53 ± 0.07 ps/THz/cm). W Gao et al. (2019) proposed a hollow-core photonic crystal 
fiber with ultra-flattened dispersion. Wang et al. (2021) proposed a new photonic crys-
tal fiber with D-sharped air holes in the core region, which had a flattened dispersion 
of 0.09 ± 0.28 ps/THz/cm and low confinement loss. However, these photonics crystal 
fibers only support single fundamental mode, there are few reports on weakly-coupled 
few-mode photonic crystal fibers.

In recent years, Shi et al. (2017) proposed a novel few-mode photonic crystal fiber 
with special air holes, which can realize the flattened chromatic dispersion curve by 
removing part of the air holes in cladding. The designed fiber has many advantages 
such as being able to support 3 modes and achieving flattened chromatic dispersion 
curve in the wavelength range of 1530  nm to 1560  nm. But the confinement loss of 
high order mode is larger than 1 dB/m, and the actual manufacturing will be difficult 
because of the complexity of fiber structure. Therefore, we propose a weakly-coupled 
few-mode photonic crystal fiber with ultra-flattened chromatic dispersion, which can 
support 6 vector modes and the confinement loss < 10–4 dB/km. The chromatic disper-
sion, minΔneff, effective mode area, bending loss and nonlinear coefficient of the pro-
posed FM-PCF are investigated. Simulation results show that the proposed fiber has a 
large minΔneff (> 6.0 × 10–4) between adjacent modes, and can obtain an ultra-flattened 
chromatic dispersion (< 0.032  ns/km/nm) and low bending loss (~ 10–6  dB/km). The 
weakly-coupled few-mode photonic crystal fiber not only can support multiple vec-
tor modes and can improve the utilization of vector modes, but also can achieve the 
flattened dispersion over a broad band owing to the controllable dispersion character-
istic. The proposed weakly-coupled few-mode photonic crystal fiber can meet the two 
advantages of low mode crosstalk and flat dispersion and can improve the communica-
tion capacity and communication quality of Mode Division Multiplexing communica-
tion systems, which is highly desired for large-capacity Mode Division Multiplexing 
communication systems.
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2 � Design of weakly‑coupled few‑mode hexagonal photonic crystal 
fiber

The cross section of the proposed weakly-coupled few-mode hexagonal photonic crystal 
fiber is shown in Fig. 1. The structure is formed by four hexagonal rings of circular air 
holes and a circular ring of elliptical air holes. An extra small defected elliptical hole 
(with hole diameter ra and rb) is introduced in the fiber core. The pitch and the diam-
eters of the first inner ring and the cladding air holes are Ʌ, d0a, d0b and d, respectively. 
The proposed weakly-coupled FM-PCF characteristics are simulated with finite element 
method (FEM), the background material is silica and its refractive index is calculated by 
the Sellmeier equation (Xiao et al. 2019),

where λ is the transmission wavelength. Figure 2 shows the optical field distributions of 
6 vector modes of the proposed FM-PCF when Ʌ = 3.2  µm, d/Ʌ = 0.6, d0a = 1  µm, d0b/
d0a = 0.8, ra = 0.8 and rb/ra = 0.6. It is observed from Fig. 2 that light is well confined in the 
core of the proposed FM-PCF.

3 � Confinement loss

A part of optical power will leak out of structure in practice, and this loss is called confine-
ment loss which also strongly depends on the structure parameters and its value can be 
calculated by the formula (Saitoh et al. 2003; White et al. 2001). 

where k0 = 2π/λ is the wavenumber in vacuum, the Im(neff) is the imaginary part of effec-
tive refractive index, and the unit of CL is dB/km.

(1)nsilica(�) =

√
0.6961663�2

�2 − 0.06840432
+

0.4079426�2

�2 − 0.11624142
+

0.8974794�2

�2 − 9.8961612
+ 1,

(2)CL = 8.086 k0Im(neff ),

Fig. 1   Cross sectional view a and the zoomed core region b of the proposed weakly-coupled FM-PCF
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4 � Chromatic dispersion

The chromatic dispersion is a significant parameter in optical fiber design. And the chromatic 
dispersion of a PCF fiber can be calculated as the sum of material dispersion Dm and wave-
guide dispersion Dw (Medjouri et al. 2015),

The material dispersion Dm is derived from the Sellmeier equation (Hansen et al. 2001). 
The waveguide dispersion is given by the formula,

where neff is the effective refractive index, λ and c represent the wavelength and the speed 
of light in vacuum, respectively.

5 � Effective mode area

A large effective area of mode field can reduce nonlinear effects, the effective mode area Aeff 
is calculated using the definition as (Wang et al. 2015)

(3)D = Dm + Dw.

(4)Dw = −
�

c

d2neff

d�2
,

(5)Aeff =

[
∫ +∞

−∞
|E|2dxdy

]2

∫ +∞

−∞
|E|4dxdy

,

Fig. 2   Optical field distributions of 6 vector modes in the proposed weakly-coupled FM-PCF
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where E represents the mode field power distribution of the fiber cross section. Meanwhile, 
the nonlinearity coefficient γ (λ) of the PCF can be defined as (Saitoh et al. 2005) and the 
nonlinear coefficient in fibers are inversely proportional to Aeff,

where n2 = 3.0 × 10–20 m2 w−1 is the nonlinear refractive index of silica.

6 � Differential mode delay

For short-haul transmission systems, the performance of differential mode delay (DMD) 
is important in terms of reducing the complexing and power consumption. DMD between 
two adjacent modes can be defined as the value of subtracting the group delay τA of τB, 
which is expressed as follows (Ryf et al. 2015):

where ngA and ngB are the group indices of mode A and B, c is the light velocity in a vac-
uum and λ means the free wavelength.

7 � Results and discussion

In this part, we adjust the parameters and confirm the influence of one parameter on the 
properties of the proposed weakly-coupled few-mode PCF to determine a set of compre-
hensive optimum structure parameters. Firstly, the confinement loss strongly depends on 
structure parameters, and the confinement loss of each mode in designed weakly-coupled 
FM-PCF dependent on the number N of air hole rings surrounding the core is shown in 
Fig.  3. The results show that confinement loss of high order modes is much larger than 
that of the fundamental mode, and the confinement loss decreases rapidly with N. And 
the confinement loss of TE01 mode is about 29 dB/km for a two-ring PCF, 0.003 dB/km 
for a three-ring PCF and 1.27 × 10–4 dB/km for a four-ring PCF. The confinement losses 
of HE11a, HE11b, TM01, HE21a, HE21b and TE01 are all below 10–4 when N is 5 or bigger. 
But the confinement loss of HE31a and HE31b are larger than 5 dB/km, which cannot be 
acceptable for short distance transmission. However, it should be noted that increasing the 
diameter of cladding by adding more rings of air holes could make the fiber vulnerable, so 
5 rings are chosen to find an optimized result. From considerations of manufacturing cost 
and calculation complexity, we take N = 5 for the proposed weakly-coupled FM-PCF sup-
porting 6 vector modes.

According to the theory of equivalent refractive index method, the photonic crystal fiber 
is considered as a fiber with step index profile, and the area occupied by the low refrac-
tive index part determines the approximate cladding refractive index. Therefore, as the area 
of the air hole with low refractive index increases, the relative refractive index difference 
of the fiber with step index profile similar to the photonic crystal fiber will increase, and 
the number of propagation modes also increases. Figure 4 indicates the influence of d/Ʌ 
and Ʌ on the minimum effective refractive index difference. The red line and black line 

(6)�(�) =
2�n2
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,

(7)DMD = �B − �A = ngB − ngA =
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in Fig. 4 are the cut-off lines of 6th-mode and 7th-mode respectively. Region between the 
two cut-off lines represents that the proposed weakly-coupled FM-PCF supports 6 vector 
modes. As shown in Fig. 4, with the increase of the d/Ʌ, the beam confinement capacity 
of the defect area increases. Within a certain range, the number of higher-order modes will 
increase, but if the d/Ʌ is too large, the minΔneff between modes will decrease. Therefore, 
the air hole diameter cannot be too large, otherwise it will not only increase the coupling 
between modes, but also effect the fabrication and the structural robustness of fiber. When 
d/Ʌ = 0.55 ~ 0.65 and Ʌ = 3 ~ 3.4 µm, the proposed weakly-coupled FM-PCF can support 6 
modes and can achieve large minΔneff (> 4 × 10–4).

Flat characteristics of chromatic dispersion of the proposed weakly-coupled FM-PCF 
are affected by the pitch and the diameter of air holes. Firstly, we study the pitch and diam-
eters of air holes to find the optimized ultra-flattened dispersion curve. The chromatic dis-
persion and dispersion slope curve of the proposed weakly-coupled FM-PCF are shown in 
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Fig. 3   Confinement losses of the proposed weakly-coupled FM-PCF at λ = 1550 nm versus the number N 
of air rings

Fig. 4   Variation of minimum 
effective refractive index differ-
ence minΔneff as a function of 
d/Ʌ and Ʌ at λ = 1550 nm
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Fig. 5a and b. Figure 5a depicts the chromatic dispersion versus wavelength with different 
values of the pitch Ʌ of air holes. As it can be observed, the chromatic dispersion decreases 
when the Ʌ decreases, But the flattening of chromatic dispersion also decreases. In order to 
see the change of dispersion flatness more clearly, the curve of dispersion slope with wave-
length is shown in Fig. 5b. It can be seen that when the dispersion is small, the flatness of 
the dispersion curve is relatively steeper, and when the dispersion is flatter, the dispersion 
value is slightly larger. To achieve small dispersion and flat dispersion, we choose the point 
of Ʌ = 3.2 µm.

We further extend our study by changing the diameters of air holes to optimize the 
dispersion and dispersion slope. It is observed from Fig.  6a that the increment of clad-
ding air hole diameters d/Ʌ up-shifts the dispersion. And Fig. 6b shows that the dispersion 
slope also increases when the d/Ʌ increases. With the increases of cladding air hole radius, 
the dispersion value increases and the dispersion flatness decreases. When d/ Ʌ = 0.6, the 
minΔneff = 4.59 × 10–4, so the large minΔneff of modes and dispersion flatness can be guar-
anteed near d/ Ʌ = 0.6.

To focus on the impact of the first ring holes on the dispersion and dispersion slope, 
we change the diameter of first ring holes d0a, while fixing the other parameters to 
λ = 1550 nm, Ʌ = 3.2 µm, d/Ʌ = 0.6, d0b/d0a = 0.8, ra = 0.8 µm and rb/ra = 0.6. As shown in 
Fig. 7, with the diameter of the first ring holes d0a increases, the dispersion increases and 
the dispersion slope decreases. When the diameter of the first ring holes too large, it will 
cause the loss of fiber modes, so a relatively flattened dispersion can be achieved by choos-
ing d0a = 1 ~ 1.2 µm. We further study the influence of ellipticity of the first ring holes on 
the dispersion and dispersion slope. It can be observed from Fig.  8, only the ellipticity 
of first ring holes has been changed from 0.6 to 1, while all the other geometric charac-
teristics are kept constant to investigate the impact on chromatic dispersion slope. When 
the ellipticity d0b/d0a = 1, the first ring holes are circular holes and the chromatic disper-
sion slope is relatively large. And as the ellipticity of the first ring holes increases, the 

Fig. 5   Variation of chromatic dispersion a and chromatic dispersion slope b with wavelength for the dis-
tance between air holes Ʌ varying from 3.0 µm to 3.4 µm
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dispersion slope decreases, which indicates that replacing the first circular holes with ellip-
tical holes can further flatten the dispersion. In addition, the influence of diameter of the 
first ring holes and the ellipticity of air holes on the minΔneff is also be investigated. As 
shown in Fig. 9, the ellipticity of the first ring holes will not increase the effective refrac-
tive index difference Δneff, and when the ellipticity is slightly higher, the minΔneff of the 

Fig. 6   Variation of chromatic dispersion a and chromatic dispersion slope b with wavelength for the diam-
eters of cladding air holes d/Ʌ varying from 0.55 to 0.65 

Fig. 7   Variation of chromatic dispersion a and chromatic dispersion slope b with wavelength for the diam-
eters of the first ring air holes d0a varying from 1 to 1.4 µm
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fiber will be reduced. In order to obtain high minimum effective refractive index difference 
of modes and flatten dispersion, we chose the point d0a = 1.2 µm, d0b/d0a = 0.8 as the final 
design, and the minΔneff = 4.8 × 10–4, the dispersion < 0.085 ns/nm/km and the dispersion 
slope < 5.5 × 10–5 ns/km/nm2.  

Furthermore, we study the influence of the defected air hole in the center of core on 
the chromatic dispersion and effective refractive index difference. The elliptical design of 
the defective air hole in the center of core can separate adjacent eigenmodes and increase 
the Δneff. As shown in Fig. 10, with the increase of ellipticity rb/ra and the diameter of the 
center defected hole, the minΔneff increases. And when the ra = 0.6 ~ 0.8μm, rb/ra = 0.4 ~ 0.8, 
the proposed weakly-coupled FM-PCF can achieve large minΔneff (> 6 × 10–4). The influ-
ence of diameter of the central air hole on the dispersion and dispersion slope are shown in 
Fig. 11a and b respectively. As it can be observed, with the increases of ra, the dispersion 

Fig. 8   Variation of chromatic dispersion a and chromatic dispersion slope b with wavelength for the ellip-
ticity d0b/d0a of the first ring air holes varying from 0.6 to 1

Fig. 9   Variation of minimum 
effective refractive index dif-
ference minΔneff as a function 
of diameter d0a and ellipticity 
d0b/d0a of the first ring holes at 
λ = 1550 nm
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and the flatness of dispersion increase. In addition, the effect of center defected hole on 
dispersion flatness is also analyzed. Figures  12a and b show the influence of ellipticity 
of the defected air hole in the center of core on dispersion and dispersion slope respec-
tively. It is clearly observed that with the value of rb/ra from 0.6 to 1, the central air hole 
gradually becomes round and the dispersion slope curve of the low-order modes moves 
to point 0. At the same time, compared with the perfectly circular central air hole, the lat-
eral short-axis radius of the elliptical central hole is reduced, so the dispersion value and 
dispersion slope of some modes is reduced. In order to flatten the dispersion and increase 
the minΔneff of transmission mode, a balance should be found in the elliptical core design. 
Therefore, a rounder central elliptical air hole is conducive to the flattening of dispersion 
and increase the minΔneff of adjacent vector modes. When ra = 0.6μm and rb/ra = 0.8, the 
dispersion of HE21a, HE21b and TE01 is 0.032 ns/nm/km, 0.031 ns/nm/km and 0.022 ns/

Fig. 10   Variation of minimum 
effective refractive index differ-
ence minΔneff as a function of 
diameter ra and ellipticity rb/ra of 
the defected air hole in the center 
of core at λ = 1550 nm

Fig. 11   Variation of chromatic dispersion a and chromatic dispersion slope b with wavelength for the diam-
eter of the central defected air holes ra varying from 0.4 µm to 0.8 µm
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nm/km, respectively. And the dispersion slope of HE21a, HE21b and TE01 is 2.1 × 10–5, 
2.02 × 10–5 and 1.5 × 10–5, separately. And the dispersion and dispersion slope of HE11a, 
HE11b and TM01 are 0 over the whole C-band. The simulated results show that the small 
dispersion and ultra-flattened can be obtained by introducing the defected air hole in the 
center of core.  

From the simulated results on the effects of structure parameters on dispersion and 
minΔneff, the optimal structure parameters of the proposed weakly-coupled FM-PCF are 
set as Ʌ = 3.2 µm, d/Ʌ = 0.6, d0a = 1.2 µm, d0b/d0a = 0.8, ra = 0.6 µm, rb/ra = 0.8. And the cor-
responding dispersion is lower than 0.032 ns/nm/km and the dispersion slope is lower than 
2.1 × 10–5 ns/km/nm2 in the range of wavelength from 1520 to1570 nm.

The effective area Aeff and nonlinear coefficients γ of the proposed weakly-coupled FM-
PCF within the wavelength range from 1520 to 1570  nm are shown in Fig.  13a and b. 
From the Fig. 13a, the Aeff increases as the wavelength grows, and the Aeff of all modes are 
higher than 15.5 µm2 over the whole C-band. Particularly, the Aeff of HE11a, HE11b, TM01, 
HE21a, HE21b and TE01 are 18.5 µm2, 18.7µm2, 15.7µm2, 18 µm2, 15.8 µm2, 18.3 µm2 at 
λ = 1550 nm. As it can be observed from Fig. 13b, with the increases of wavelength, the 
nonlinear coefficients γ decreases. And the nonlinear coefficients γ of HE11a, HE11b, TM01, 
HE21a, HE21b and TE01 are 6.5 w−1 km−1, 6.6 w−1 km−1, 6.61 w−1 km−1, 6.8 w−1 km−1, 7.7 
w−1  km−1 and 7.8 w−1  km−1at λ = 1550 nm. And the variation of neff and the Δneff with 
the wavelength are shown in Fig. 14a and b. With the wavelength increases, the neff of all 
modes decreases, and the minΔneff between all adjacent modes are higher than 6 × 10–4 
(> 10–4), which indicates that each mode can be independently transmitted.

The variation of bending loss as a function of fiber bending radius is shown in Fig. 15. 
According to Fig. 15, when the bending radius is small, losses of higher-order modes are 
more sensitive to the bending radius, and when the bending radius is more than 10 mm, the 
bending loss of each mode is small than10−6 dB/km. For the few-mode fiber, in addition to 

Fig. 12   Variation of chromatic dispersion a and chromatic dispersion slope b with wavelength for the ellip-
ticity of the central defect air holes rb/ra varying from 0.6 to 1
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Fig. 13   Variation of effective area a and nonlinear coefficients γ b with wavelength

Fig. 14   Variation of neff a and effective refractive index difference Δneff b with wavelength

Fig. 15   Variation of bending 
loss with the bending radius of 
the proposed weakly-coupled 
FM-PCF



Design of weakly‑coupled ultra‑flattened dispersion few‑mode…

1 3

Page 13 of 15  289

the waveguide dispersion and material dispersion generated in transmission, the intermodal 
dispersion will also limit the transmission capacity of the fiber, so it is also necessary to 
consider its intermodal dispersion. Figure 16 shows the variation of DMD as a function 
of wavelength, and the DMD between all adjacent modes exhibit a relatively small DMD 
(from −0.04 to 0.01 ns/m), which can induce negligible power penalties in short-haul opti-
cal communication links. Therefore, the proposed weakly-coupled FM-PCF can be consid-
ered to be a promising candidate for MDM systems.

The practical fabrication of the designed FM-PCF based on current fiber manufacture 
technologies is expected to be achievable. The extrusion technique proposed by Wang 
J. et  al. (2008) offers fabrication freedom for complex structures such as some different 
complex-shaped asymmetrical air holes. For example, the elliptical-hole structure of the 
proposed weakly-coupled FM-PCF can be fabricated in polymer material by the extrud-
ing and drilling technique (Issa et al. 2004). And the sol–gel casting technique and in-situ 
polymerization can adjust the pitch and air hole size independently (Zhang et al. 2006; Ma 
et al. 2015). Therefore, the relatively simple architecture of the proposed weakly-coupled 
FM-PCF can be fabricated by our extrusion-stretching techniques and we believe that the 
fabrication of the designed fiber is expected to be realized.

8 � Conclusions

In conclusion, a weakly-coupled few-mode ultra-flattened chromatic dispersion photonic 
crystal fiber supporting 6 vector modes is proposed and its optical properties are inves-
tigated by using finite element method. The chromatic dispersion, minΔneff, confinement 
loss, effective mode area, bending loss and nonlinear coefficient of the proposed weakly-
coupled FM-PCF are investigated. The ultra-flattened chromatic dispersion is achieved by 
introducing a small defected air hole in the center of core and the first ellipticity holes ring. 
The numerical results indicate that it can obtain an ultra-flattened dispersion small than 
0.032 ns/nm/km with a slight dispersion slope (< 2.1 × 10–5 ns/km/nm2) in the wavelength 
range of 1520 nm to 1570 nm. Furthermore, the proposed PCF can achieve low confine-
ment loss (< 10–4 dB/km), low bending loss (< 10–6 dB/km) and large Δneff (> 6 × 10–4). 
The proposed fiber can achieve an ultra-flattened chromatic dispersion of 6 vector modes 
in C-band, and has the potential applications for large-capacity mode division multiplexing 
(MDM) communication systems.

Fig. 16   Variation of differen-
tial modal delay DMD with 
wavelength
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