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ABSTRACT 

 

The discrete self-imaging effect reveals the distinct 

properties of cladding modes with core modes in 

step-index optical fibers, as was shown in our previous 

work [1], where only the linearly polarized LP0n modes 

were studied. In this paper, the dispersion diagram of the 

first 17 vector modes (TE0n, TM0n, HEmn and EHmn) and 

the related first 9 LPmn modes are calculated by both the 

full-vector finite element method and the graphical 

method with a three-layer step-index optical fiber model. 

The cladding modes distributions and the transitions 

between the core and cladding modes are analyzed. The 

results of this work are intended to enrich the knowledge 

and understanding of modal characteristics of 

conventional step-index optical fibers. 

Keywords: Optical fiber dispersion, mode transition, 

optical fiber cladding, step-index optical fiber, Talbot 

and self-imaging effect.  

 

1. INTRODUCTION 

 

Silica-based solid core step-index optical fibers such as 

the single-mode optical fiber (SMF) are widely used as 

the fundamental component in the telecommunications 

industry. Their single-step index profile is the simplest 

fiber design and provides a logical starting point for the 

study of fibers with more complex designs [1]-[6]. For 

example, the classification of the modes in the complex 

hollow-core photonic-bandgap fibers is similar to that in 

the step-index optical fibers, although the guidance 

mechanism in the former is the photonic bandgap effect 

unlike the total internal reflection effect in the latter [7]. 

   Most of the research relating to step-index optical 

fibers has focused on the studies of the core modes. The 

two-layer model (the single-step index profile) used in 

studies of the core modes assumes that the cladding 

region is infinite, therefore, the information related to the 

cladding modes cannot be obtained. The cladding modes 

could be studied with a three-layer model (a double-step 

index profile) and their modal characteristic equations 

have been derived by several different groups [3]-[5]. 

The cladding modes can be excited by fiber Bragg 

gratings (FBGs) and long-period fiber gratings (LPFGs), 

by coupling the energy of core modes into cladding 

modes. The theory relating to the mode coupling in the 

fiber gratings has been well described in literature [5], 

[6]. However, an intuitive interpretation of the 

qualitative and quantitative characteristics of the 

cladding modes is still lacking. In this paper, a complete 

dispersion diagram including the core and cladding 

modes is developed, which enriches the knowledge and 

understanding of modal characteristics in conventional 

step-index optical fibers.  

 

 

2. METHODS 

 

Fig. 1(a) shows the cross section and the index profile of 

a step-index optical fiber in a three-layer model. The 

refractive index of the fiber core nco is higher than that of 

the fiber cladding ncl, where the radius of the core is rco 

and the cladding radius is rcl. The surrounding is air, 

with the minimum refractive index nair. The effective 

refractive index neff of the core-type modes lies within a 

range defined by nco > neff > ncl while for the cladding 

modes it is ncl > neff > nair. In the ray optics model as 

shown in Figs. 1(b) and 1(c), the ray of the core mode is 

confined inside the core region by the total internal 

reflection at the interface between the core and cladding 

regions. For the cladding mode, the ray can partially 

penetrate the core-cladding interface in the fashion of a 

multiple-path reflection while the total internal reflection 

only occurs at the interface between the cladding region 

and the surrounding medium (air). 

   In the calculations, the fiber parameters used are the 

same as in our previous work [1]: nco = 1.451, ncl = 

1.445, rcl = 62.5 µm, nair = 1.000 and the light 

wavelength is λ = 1550 nm. The core radius rco is the 

only variable, covering the entire radial range from 0 µm 

to 62.5 µm. As discussed in Ref. [1], the linearly 

polarized (LP) approximation is suitable over the entire 

rco range. The LP approximation is reasonable due to a 

relatively small difference between the core and cladding 

refractive indices, nco (1.451) and ncl (1.445). It is also 

suitable for the no-core fibers (NCFs) due to the mode 

fields being far from cutoff, although the difference 

between ncl (1.445) and nair (1.000) is relatively large. 

The neff of the scalar LPmn modes are calculated by the 

graphical method with the scalar eigenvalue equations 

[4]. The neff of the vector modes (TE0n, TM0n, HEmn and 

EHmn) are calculated by the full-vector finite element 

method (FEM). The subscript m is the azimuthal number 

and n is the radial number.  
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Fig. 1. (a) The refractive index profile of a three-layer step-index 
optical fiber. (b) Ray trajectory of a core-type mode. (c) Ray trajectory 

of a cladding-type mode. (0 ≤ rco ≤ 62.5 µm, nco = 1.451, rcl = 62.5 µm 

and ncl = 1.445, λ = 1550 nm) 

 
3. RESULTS 

 

The dispersion diagrams (neff vs. rco), including the first 

17 vector modes (TE0n, TM0n, HEmn and EHmn) and the 

first 9 scalar LPmn modes, are shown in Fig. 2. The 

corresponding V-parameter values are shown as the top 

axis of the graphs, for which the expression is: 

2 2co
co cl

2 r
V n n




= −                    (1) 

The neff of the scalar LPmn modes calculated by the 

graphical method are shown as the real lines while those 

of vector modes calculated by the full-vector FEM are 

shown as the scattered lines. The vector modes are only 

calculated in a small range of core radii 0 µm ≤ rco ≤ 15 

µm for conciseness, in order to show the relationship 

with the scalar LPmn modes. LP0n is a doubly degenerate 

mode of two HE1n modes; the LP1n is a four-fold 

degenerate mode of TE0n, TM0n, and two HE2n modes; 

LPmn (m > 1) is a four-fold degenerate mode of two 

HEm+1,n and two EHm-1,n modes. The neff of every vector 

mode in each group are almost same as those of the 

corresponding LPmn modes, as seen from the overlapped 

scatters and the real lines in Fig. 2. The excellent match 

between the neff of the scalar modes and the vector 

modes verifies the LP approximation. The mode 

distribution of the vector modes is the same as for the 

corresponding LPmn modes.  

   The Fig. 2(a) is divided into two parts by the red 

dash horizontal lines located at nco and ncl. The region 

with ncl < neff < nco corresponds to the fiber core modes 

while the region with neff < ncl (rco ≠ 0 µm) corresponds 

to the fiber cladding modes. All the modes in NCFs with 

rco = 0 µm or rco = 62.5 µm are classified as core modes, 

since there are no guided modes in their infinite air 

cladding region. The distribution order of core modes 

does not change throughout the rco range as: LP01, LP11, 

LP21, …, with decreasing neff as shown in the region 

between two red dash horizontal lines in Fig. 2(a). 

   In Ref. [1] the mode reorganization phenomenon of 

the LP0n mode was discussed, where when one cladding-  

 

Fig. 2. (a) Dispersion curves (neff vs. rco) of the modes in step-index 

optical fibers. (b) is a partially enlarged graph of (a), where the part is 
indicated by a black dash rectangle. The scalar LPmn modes indicated 

by the solid curves are calculated by graphical method. The vector 

modes (TE0n, TM0n, HEmn and EHmn) indicated by the scattered curves 
are calculated by the full-vector FEM. 

 

type mode LP0n becomes a core-type mode the 

remaining cladding modes LP0n are reorganized. The 

phenomenon also occurs for the remaining LPmn modes. 

The mode reorganization causes the step-like changes in 

the neff values for the cladding modes, as shown in Fig. 

2(b). Compared to the core modes, the distribution order 

of the cladding modes changes with the core radius rco. It 

should be noted that only the modes with the same 

azimuthal number m are reorganized as the mode 

transition of the lower order mode occurs. For example, 

when the cladding-type LP01 (m = 0) becomes a 

core-type mode, all the LP0n (m = 0, n > 1) modes are 

reorganized while the other LPmn (m≠0) modes are not 

affected. In the whole range from rco = 0 µm to the cutoff 

point as shown in the dispersion region below the red 

dash horizontal line at ncl, the number of times such 

reorganizations occur (the number of neff step changes on 

the diagram Fig. 2(b)) for a single cladding mode LPmn is 

the same as the radial number n. For example, LP01 

experiences a single mode reorganization process, while 

the LP02 mode experiences the reorganization twice.  

   The cutoff for the LP01 (HE11) mode occurs circa a 

value for rco = 1.3 µm (V = 0.7214), as shown as the 

intersect point of the dispersion curve and the red dash 

horizonal line at neff = ncl. Clearly, there is no core-type 

mode when rco < 1.3 µm (V < 0.7214). The cutoff point 

for LP11 (TE01, TM01 and HE21) is at about rco = 4.5 µm  
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Fig. 3. Modal intensities and electric field vector distributions of the 

HE11, TE01, HE21 and TM01 modes, with several different rco as 

indicated on the left. The modes in the no-core fibers (rco = 0 µm), 
shown in a1, b1 c1 and d1, are core-type modes; the modes shown in 

a3-a6, b6, c6 and d6 are also core-type modes for neff > 1.445; the rest 

are cladding-type modes with neff < 1.445. (The core-type modes are 
indicated by the red frames) 

 

(V = 2.40456), which is close to the value (V = 2.40483) 

calculated with a two-layer step-index fiber model. 

   The modal intensity distributions of LPon modes 

were analyzed in our previous paper [1]. Fig. 3 shows 

the intensities and electric field vector distributions of 

the vector modes HE11 (corresponding to the scalar mode 

LP01), TE01, HE21, and TM01 modes (LP11) for several 

core radii, calculated by the full-vector FEM. The 

core-type mode field distributions are highlighted with 

red frames, while the remaining unhighlighted contour 

plots represent cladding-type modes. All the modes in an 

NCF (rco = 0 µm) are core-type modes as shown in Figs. 

3(a1), 3(b1), 3(c1) and 3(d1), where the intensity is 

extended throughout the whole fiber cross section. As 

the value of rco increases from 0 to 1 µm, the neff of 

mode HE11 increases while their central intensity area 

reduces as shown in Figs. 3(a1) and 3(a2). The mode 

HE11 becomes a core-type mode beyond the value of rco 

= 1.3 µm. As shown in Figs. 3(a3)-3(a6), the energy of 

the HE11 mode is concentrated mainly inside the fiber 

core. The intensity distribution of TE01, HE21, and TM01 

modes change very little for rco < 4 µm, corresponding to 

the almost horizontal dispersion line in Fig. 2(b). They 

become the core-type modes as the core radius rco 

increases up to 4.5 µm. The modes TE01, HE21 and TM01 

have similar intensity distributions and neff, therefore, 

they can be grouped as a LP11 mode.  

 

 

4. CONCLUSION 

 

The effective refractive indices of both the core and the 

cladding modes in three-layer step-index optical fibers as 

a function of core radius were calculated independently 

by the graphical method and the full-vector FEM. Due to 

the fields being far from the cutoff approximation in the 

case of the no-core fiber and the small index difference 

between the core and cladding in the other cases, the 

vector modes (TE0n, TM0n, HEmn and EHmn) are perfect 

degeneracies and can be grouped into the corresponding 

LPmn modes. The transition from a cladding-type to a 

core-type mode has been studied. Compared to the 

unchanged distribution order of the core-type modes, the 

distribution order of cladding-type modes changes with 

the core radius rco. The cladding modes show mode 

reorganization characteristics, indicating a different 

dispersion behavior compared to that of the core modes. 

The distinct properties of cladding modes deserve further 

study in the field of optical fiber technologies. 
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