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In this paper, we propose and numerically investigate a novel circular lattice photonic crystal fiber (CL-PCF) using 

controllable GeO2 doped silica, suitable for modes carrying quantized orbital angular momentum (OAM). Large ef-

fective index separations between 25 supported vector modes (≥10-4) are confirmed over large bandwidth (C+L 

bands) leading to 48 OAM modes bearing information. The simulations show that the modes in the proposed CL-

PCF have good features including low and flat dispersion (within 51.82 ps/km/nm), low confinement loss (lower 

than 0.002 dB/m), high effective mode area (88.5 μm2) and low nonlinearity (1.22 W-1ꞏkm-1). These promising re-

sults show that the proposed CL-PCF could be an arguably candidate in fiber-based OAM multiplexing or other ap-

plications using OAM states.    
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Space division multiplexing (SDM) has gained wide-
spread interest in optical communication based on fibers 
or in free space optics (FSO)[1]. SDM consists on carry-
ing data on independent paths (channels) to increase the 
capacity transmission and improve the spectral efficiency. 
One of the most promising approaches in SDM is the 
exploitation of orbital angular momentum (OAM) of 
light as another degree of freedom to encode infor-
mation[2]. Taking benefit from its inherent orthogonality, 
its unboundedness, and its unique phase distribution 
property, OAM has shown a terabit scale in optical fibers 
based communication as well as FSO link[3,4]. 
    To support robust and high OAM order, many kinds of 
optical fibers from both categories (conventional fibers 
and photonics crystal fibers) have been designed. These 
fibers are known as OAM-fibers or OAM specialty fibers. 
Examples of conventional OAM-fibers are air core fiber 
(ACF)[5], ring core fiber (RCF)[6], inverse parabolic grad-
ed index fiber (IPGIF)[7], graded index ring core fiber 
(GIRCF)[8] and inverse raised cosine fibers (IRCF)[9]. On 
the other hand, photonic crystal fibers (PCF) has shown 
its design flexibility to guide appropriate OAM modes. 
With adjustable parameters, PCF can offer more flexible 
design structures to provide unique fiber properties[10]. 
Due to that, several kinds of OAM-PCF with various 
structures (hexagonal, circular, kagome, etc) and materi-
als (As2S3, SiO2, polymer, etc), having promising fea-

tures have been designed and fabricated. PCFs support-
ing 1[11], 2[12], 10[13], 12[14], 14[15], 26[16,17], 34[18,19], and 
42[20], first order OAM modes have been proposed fea-
turing good transmission properties. The race is still 
ongoing to increase the number of OAM modes in PCF 
featuring good transmission proprieties. By analysis of 
these recent mosaic OAM-PCFs literature, we can syn-
thesize the general requirements in PCF design that en-
sure good transmission quality of OAM modes in the 
following five points or guidelines: (1) Fiber index pro-
file that matches the intensity profile of OAM modes; (2) 
The supported modes belonging to the same OAM mode 
family should possess a large index separation (≥10-4) to 
be free from complex and heavy multiple input multiple 
output digital signal processing (MIMO DSP) at the 
receiver side. This is achievable with high material con-
trast between the fiber core and the cladding. Instead of 
using SiO2 as a background material for the PCF-fiber, 
other available materials could be used such as silicon 
(Si)[21], As2S3

[12], and polymer[22]; (3) Large core thick-
ness is required targeting to increase the supported OAM 
mode number; (4) The excited OAM modes should be of 
the first order. Hence, it is preferable to avoid exciting 
the higher radial orders modes because it causes trouble 
in multiplexing and demultiplexing operations due to the 
intensity and phase variety distribution; (5) The guided 
OAM modes would possess good transmission features 
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such as low confinement loss, flat dispersion, large effec-
tive mode area, and low nonlinear coefficient over a 
large wavelength range (at least covering C+L bands 
defined by ITU-T)[17].  
    Based on the detailed considerations (guidelines) 
above, in this paper, we propose and numerically exam-
ine a new circular lattice photonic crystal fiber (CL-PCF) 
suitable for transmitting OAM modes. The material and 
geometrical parameters of the proposed CL-PCF are 
optimized in order to enhance the number of first order 
modes excited and allows the material dispersion to be 
nearly zero. The designed CL-PCF supports in total 25 
vector modes equivalent to 48 OAM modes/channels 
carrying data. The modes’ performance metrics including 
the intermodal separation, the chromatic dispersion, the 
confinement loss, the effective area, and the nonlinearity 
are numerically investigated and compared to some re-
cently reported PCFs. The obtained results show that the 
proposed CL-PCF could be a viable candidate for next 
SDM applications using OAM modes. 
   The proposed CL-PCF is shown in Fig.1. The PCF is 
composed of circular large air hole at the center with 
radius a, surrounded by small air holes (blue circles) 
arranged (distributed) into four circular arrays (circular 
lattice). The size of array-air holes is similar (homoge-
nous) in order to reduce the complexity and simplify the 
PCF-structure. d1 is the air holes diameter, ds is the dis-
tance between the center hole and the first air hole ring, 
and Ʌ is the distance between two adjacent air holes from 
the same ring (air hole pitch). 

 

Fig.1 Cross-section and main parameters of the pro-
posed CL-PCF 
 

In this work, we set d1=1.6 μm, Ʌ=2 µm (fixed) for 
reason of brevity and aiming to simplify the present 
analysis. The former values are selected based on the 
works reported in Refs.[11—20]. Moreover, a PCF with 
heterogeneous air hole size and variable core pitch are 
difficult to be fabricated. 
   The proposed material background is the germania 
doped silica (GeO2-SiO2), this ensures high refractive 
index contrast between core and cladding. Moreover, it 
enhances the effective index separation (∆neff) between 

adjacent vector modes (HE and EH) required for the 
stability of OAM modes and being transparent to couple 
into undesired LP modes. From polarization maintaining 
fibers, ∆neff ≥10-4 between supported vector modes, is 
required to keep OAM modes transmission stability[3]. In 
addition, GeO2 doped silica leads to control the disper-
sion properties of the PCF[23]. The total dispersion is 
given by[24]: 

D≈Dm(λ)+ Dw(λ),                                                        (1) 

where Dm(λ) is the material dispersion and Dw(λ) is the 
waveguide dispersion, both given by[21]:  
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where λ is the wavelength in vacuum and c is the light 
velocity in vacuum, n is the material refractive index and 
neff is the mode effective index. By controlling the GeO2 
concentration (mol%), the material dispersion can be 
reduced, more even suppressed at operating wavelength 
(e.g. λ=1.55 μm). Hence, the total dispersion will be 
limited to only Dw. The refractive indexes n(λ) of GeO2 
and SiO2 are calculated based on seillmeir equations[25]. 
The refractive index n(λ) of the composite material is 
given by[25]:  
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where SA, Sl, GA, Gl are the Sellmeier coefficients for 
the SiO2 and GeO2 glasses and X is the doping concen-
tration of GeO2 (mol%). Based on Eqs.(2) and (4) the 
material dispersion is given in Fig.2(a). The selected 
wavelength bands are the entire C+L bands defined by 
the ITU-T ranging from 1.525 μm to 1.625 μm, which 
are widely used in optical fiber communication. At 
λ=1.55 μm, the optimal dispersion Dm is (nearly zero) 
achieved when the doping concentration of GeO2 (mol%) 
is X=50%. Hence, with that selected value (X), the final 
refractive index curve of the composite background 
material over C+L bands is shown in Fig.2(b) (blue line). 
 

 
(a) 
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(b)  

Fig.2 Plots of material dispersion versus wavelength 
for a GeO2 doped SiO2 core PCF with different doping 
concentrations of GeO2; (b) Plots of refractive index 
versus wavelength for silica SiO2, GeO2 and GeO2 

doped SiO2 core with GeO2 doping concentration of 
X=50% 
 

The core thickness should be improved with optimiza-
tion since it simultaneously affects the number of sup-
ported modes as well as its orders. Targeting to ensure 
the exciting of only the first order OAM modes (m=0), 
we fix the distance between center hole and first array 
(ds=8 μm) while we varying the center air hole radius (a).  
Using finite element method (FEM) mode solver (Com-

sol multiphysics) at wavelength (λ=1.55 μm), in addition, 
to perfect matched layer PML to prevent spurious reflec-
tions from the numerical boundaries; the resulting modal 
map versus a (top axis) is presented in Fig.3. 
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Fig.3 Modal map of the proposed CL-PCF at 
λ=1.55 μm, d1=1.6 μm, Ʌ=2 µm 
 

From that map, the HE1,2 (responsible for the second 
order OAM mode) is excited when the core thickness 
(bottom axis) is around 1.85 μm. The maximum number 
of the first order vector modes is 25 including HEl,m, 
EHl,m, TE0,m and TM0,m. The intensity distributions of all 
the resulting vector modes are shown in Fig.4. 

 

Fig.4 The electric field distributions of all the vector modes in the designed CL-PCF (Arrows indicate the direc-
tion of transverse electric field.) 
 

 Numerical analysis is carried out using FEM solver 
(Comsol multiphysics) in order to obtain the electromag-
netic field distributions and the effective indices of the 
supported vector modes in the proposed CL-PCF. 

The mode effective indexes as a function of wave-
length for different modes are shown in Fig.5(a). The 
designed PCF supports all the above 25 vector modes 
over the entire C+L bands. We evaluate the effective 
index separation (∆neff) between HEl,m and EHl,m mode 
belonging the same OAM family (same topological 
number l) along all the C+L band. The results are high-
lighting in Fig.5(b). All the ∆neff are up to 10-4, which 
limits the interaction between vector modes and guaran-
tees the stable transmission of resulting OAM modes.  

OAM modes are generating by combining the even

 and odd modes for each HEl,m and EHl,m eigenmodes 
with a (π/2) phase shift. The synthesis formulas of OAM 
modes from fiber cylindrical vector modes are expressed 
as follows[17]: 

even odd L/R
1, 1, ,HE i HE OAMl m l m l m     ,                            (5.a) 

even odd L/R
1, 1, ,EH i EH OAMl m l m l m     ,                            (5.b) 

where L/R superscript are left (L) or right (R) circular 
polarization (SAM as spin angular momentum), ±l sub-
script refers to the topological charge number, and m is 
the mode radial index. Interpolating these relations in 
FEM, the proposed PCF supports in total 48 OAM states 
along the entire C+L band. The combination between TE 
and TM modes does not provide OAM modes due to the 
high separation among their effective indexes but they 
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are included in our analysis. In addition, usually, the 
fundamental mode (OAM0,1) is not considered as OAM 
mode due to the plane wave front that possess but it is 
still an available data channels that carry information in 
SDM system. Part of spatial-phase distributions of the x-
component electric field of all the OAM modes are mani-
fested in Fig.6. 

We assess the chromatic dispersion of the supported 
modes in the proposed CL-PCF. By definition, the chro-
matic dispersion is the spreading of a pulse as it propa-
gates along the fiber which enables performance degra-
dation. The chromatic dispersion is calculated and shown 
in Fig.7. All the dispersion curves of modes are flat and 
almost stable over the entire C+L band. Additionally, the 
dispersions values of HE modes are less than EH modes  
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Fig.5 (a) Effective indices (neff) as a function of wave-
length for different modes; (b) ∆neff between HE and 
EH modes of the same OAM group along all the C+L 
band  
 
belonging to the same OAM family. The mode HE13,1 
has the highest dispersion within (47.72 to 51.82) 
(ps/kmꞏnm), while the lowest dispersion is for HE1,1 

valuing around 5.50 (ps/kmꞏnm). These dispersions val-
ues are low since they are better than those in Refs.[12] 
and [20]. In principle, for controlling the chromatic dis-
persion in PCF, it is preferable to adjust both the air 
holes diameters (i.e. d1) and the hole-to-hole spacing (i.e. 
the pitch Ʌ). On the other hand, this helps to tailor the 
dispersion and dispersion slope but it will come at the 
price of increasing the complexity of fiber fabrication 
hence, tradeoff designs are required. 

 

 
Fig.6 Part of phase plot of all the supported OAM modes in CL-PCF 

 
We evaluate the confinement loss (dB/m) for the pro-

posed CL-PCF structures. The expression of confinement 
loss is as follows[17]: 

6
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where Im(neff) is the imaginary part of mode effective 
index and λ is the wavelength. The results are plotted in 
Fig.8. One can see that the confinement loss increases 

with the increase of mode order. This explained by the 
more chance for higher modes to leak to the cladding 
compared with lower order modes. In addition, the con-
finement loss of HE mode is higher than that of EH  
mode belonging to the same family. The highest con-
finement loss is for HE13,1 and it is within 0.002 to 0.041 
(dB/m) along the C+L bands. This value is clearly less 
than those in Refs.[17] and [20]. Moreover, these con- 
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finement loss levels indicate the high purity of generated 
OAM modes hence leading to long distance OAM mode 
transmission using the designed CL-PCF. 

In this sub-section, we assess the modes effective area 
(Aeff) and the nonlinearity coefficient (γ). Both perfor-
mance metrics parameters are given by the following 
expressions[17]: 

 2
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where E(x,y) is the electrical field distribution of the 
transverse field, and n(GeO2-SiO2) is the nonlinear index of 
the composite (GeO2-SiO2) calculated as n(GeO2-SiO2)= 
2.507+0.505X[26]. The Aeff and γ are shown in Fig.8(a) 
and Fig.9(b), respectively.  
 

1.54 1.56 1.58 1.60 1.62

0

10

20

30

40

50

 EH
7,1

 HE
10,1

 EH
8,1

 HE
11,1

 EH
9,1

 HE
12,1

 EH
10,1

 HE
13,1

 TE
0,1

 HE
1,1

 HE
2,1

 HE
3,1

 HE
4,1

 TM
0,1

 EH
1,1

 EH
2,1

 HE
5,1

 EH
3,1

 HE
6,1

 EH
4,1

HE
7,1

 EH
5,1

 HE
8,1

 EH
6,1

 HE
9,1

 

C
h

ro
m

at
ic

 d
is

p
er

si
on

(p
s/

K
m

/n
m

)

Wavelength(µm)  
Fig.7 Dispersion as a function of wavelength for dif-
ferent modes in the designed CL-PCF 
 

1.54 1.56 1.58 1.60 1.62
10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

 

C
on

fi
ne

m
en

t 
L

os
s 

(d
B

/m
)

Wavelength (m)

 HE
1,1

 HE
2,1

 HE
3,1

 HE
4,1

 EH
1,1

 EH
2,1

 HE
5,1

 EH
3,1

 HE
6,1

 EH
4,1

 HE
7,1

 EH
5,1

 HE
8,1

 EH
6,1

 HE
9,1

 EH
7,1

 HE
10,1

 EH
8,1

 HE
11,1

 EH
9,1

 HE
12,1

 EH
10,1

 HE
13,1

 
 

 

Fig.8 Confinement loss for all the supported modes 
in the designed PCF along the C+L bands 

 
From Fig.9(a), it is clear that the effective mode area 

increases slowly with the increasing of wavelength. In 
addition, it increases with the mode order. Since the 
nonlinearity is inversely proportional to the effective area 
we can conclude (also seen in Fig.9(b)) that the nonline-

arity decreases with the increase of wavelength and fiber 
mode order. The maximum effective area is for HE13,1 

valuing within 78.03—88.65 μm2 which is equivalent to 
nonlinearity within 0.93—1.22 W-1ꞏkm-1 over the entire 
C+L bands. These levels of nonlinear coefficient are 
clearly better than those reported in Refs.[17] and [20]. 
Samely, the nonlinear coeficient can be tailored by vary-
ing the cladding parameters including air hole diameters 
(i.e. d1) and hole to hole pitch (i.e. Ʌ). 
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Fig.9 (a) Effective area and (b) nonlinear parameter 
versus wavelength in the designed CL-PCF along the 
C+L bands 

 
The principle steps are as follows (some steps are 

omitted for brevity): (1) At the transmitter side, OAM 
modes are generated by passing a Gaussian light beam, 
carrying data, through OAM mode generator device. The 
later can be a spatial light modulator (SLM) or a spiral 
phases plate (SPP); (2) The obtained modes are multi-
plexed (mixed) and launched into the CL-PCF. Hence, 
48 possible data channels are available to carry data 
through the designed CL-PCF including the rotation (±l) 
and the polarization (R/L). The excited modes are trans-
mitted through the fiber with minimum interaction ena-
bling low induced crosstalk, due to the high separation 
between their effective indices; (3) After CL-PCF trans-
mission, at the receiver side, all the transmitted OAM  
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modes can be detected using several detecting techniques 
including those used for the generation.  

This letter has proposed new CL-PCF suitable for 
transmitting appropriate and robust OAM modes over 
large bandwidth covering C+L bands. We have opti-
mized the CL-PCF core thickness and dopant material 
concentration (GeO2) aiming to enhance the index-
contrast between core and cladding, to limit the excited 
modes to be only of the first orders and to ensure low 
material dispersions. The numerical analysis shows that 
the proposed CL-PCF supports the propagation of 48 
OAM states. The supported modes possess low and flat 
chromatic dispersion, low confinement loss, high effec-
tive mode area and low nonlinearity coefficient. The 
comparison between the obtained results and recent 
works supports the proposed CL-PCF as promising can-
didate for SDM systems based on OAM.  
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