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Abstract— We investigate the bending characteristics of 

leakage channel fibers (LCFs) to achieve large-mode-area (LMA) 
and effectively single-mode operation with a practically allowable 
bending radius for compact Yb-doped fiber applications. 
Through numerical simulations, carried by the full-vectorial finite 
element method, we present the limitations on the effective area of 
LCFs under bent condition and compare their limits with that of 
conventional step-index LMA fibers. Due to a better 
controllability of the low numerical aperture and a large value of 
the differential bending loss (~ 20 dB/m) between the fundamental 
and higher-order modes in LCFs, the LMA of ~ 500 m2 (core 
diameter of ~ 36 m) at 1064 nm can be achieved when the 
optimized LCF is bent into a 10 cm bending radius. 
 

Index Terms— Effectively single-mode, fiber lasers, large mode 
area fibers, leakage channel fibers, microstructured optical fibers. 

I. INTRODUCTION 

N recent years, there has been a growing interest in achieving 
a large mode area (LMA) fiber designs for laser applications 

[1]-[5]. However most of the fiber designs are limited by the 
bending losses (BLs) for compact packaging [6]. LMA can be 
achieved either by increasing the core diameter or by 
decreasing the numerical aperture (NA) of the fiber. However, 
to maintain single-mode operation, the relative refractive index 
difference between core and cladding should be decreased as 
the core diameter is increased, resulting in a large BL. This 
issue can be overcome through the deployment of 
specially-designed optical fibers with higher NA that can 
achieve an effectively single-mode (ESM) operation regime by 
limiting the propagation of the higher-order modes (HOMs). 
However, in the conventional fiber technology, the increment 
of the core size is limited by the difficulty of precise control of 
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the index profile when NA is very low. Another way to achieve 
LMA fibers is to employ resonant structures [7], however, their 
refractive index profiles are complicated and an accurate 
control of the index profile is required, resulting in fabrication 
issues and high fabrication cost. 

To overcome these issues, various types of microstructured 
optical fibers (MOFs) have been investigated so far [8], [9], 
which can provide low NA without a germanium doped core. 
The presence of air-holes or low-index inclusions (e.g. 
fluorine-doped silica rods) in the cladding induces a strong 
wavelength dependence of the cladding index that gives an 
additional degree of freedom to control the NA, which can be 
tuned by changing the size of the low-index elements, making it 
possible to achieve a core diameter >100 m with single-mode 
operation [10]. However, it should be noticed that such MOFs 
with very large core diameter are not suitable for Yb-doped 
fiber amplification in coiled condition with a practical bending 
radius as low as 5 cm to 10 cm [11], as the effective mode area 
shrinks too much. One of the promising and simple ways to 
achieve LMA fibers with ESM condition and relatively low BL 
is to employ leakage channel fibers (LCFs) [12]-[18], 
characterized by a cladding formed by a single air-hole ring or a 
few of them. In this case, however, the limitation of the core 
size enlargement with bending has not been investigated in 
detail under practical constraints. Under bent conditions the 
fiber propagation characteristics change so that a reduction in 
the effective area may cause the onset of nonlinear processes in 
the fiber, deteriorating the output power and energy storage 
capacity [6], [19]. Therefore, it becomes necessary to formulate 
criteria to maintain a stable mode-field shape along with LMA 
in a standard packaging environment. 

In this paper, we investigate bending characteristics of LCFs 
to achieve LMA and ESM operation with a practically 
allowable bending radius of R= 5 cm to 10 cm at 1064-nm 
wavelength for Yb-doped fiber applications and discuss their 
superiority over conventional step-index LMA fibers having 
low multimodality. Through detailed numerical simulations 
based on the finite element method (FEM) [20], [21], we found 
that the LCFs having two rings of low-index inclusions (air or 
fluorine-doped silica rods) can introduce sufficient differential 
BL between the fundamental mode (FM) and the HOMs, and 
push the effective area limit to much larger values with respect 
to conventional LMA step-index fibers (SIFs). 
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II. EFFECTIVE AREA LIMIT IN STEP-INDEX LMA FIBERS 

UNDER BENT CONDITION 

We consider the core size limits in conventional SIFs, as shown 
in Fig. 1(a), in bending condition. In designing LMA fibers, we 
target packaging radii of 5 cm to 10 cm and a large differential 
BL between the FM and the HOM to maintain single-mode 
propagation at the 1064 nm operating wavelength. The upper 
and lower BL limits of the FM and the HOMs are set to 0.1 
dB/m and 10 dB/m, respectively, to obtain and optimize 
suitable fiber parameters. These criteria are reasonable in 
general, since the fiber length using for amplifier or laser is 
about 5 to 10 meters in the most practical applications. 

Figures 1(b), (c), and (d) show the variation of effective area 
at 1064 nm in SIFs with bending radii of 5 cm, 7.5 cm, and 10 
cm, respectively, calculated by the FEM. The core diameter 
varies from 20 m to 35 m and the relative refractive index 
difference between the core index ncore and the cladding index 
nclad is defined as core= (ncore

2nclad
2)/(2ncore

2), where the 
background material is assumed to be silica with refractive 
index of nclad =1.45. The solid red and blue curves indicate a BL 
value of 0.1 dB/m (FM) and 10 dB/m (LP11-like HOM), 
respectively. The HOM condition of BLHOM > 10 dB/m is 
satisfied below the blue curve, whereas the FM condition of 
BLFM < 0.1 dB/m is satisfied above the red curve. From this 
graph, we find that an ESM effective area larger than 500 m2 
is achievable for 10 cm bending radius, if we can maintain a 
low refractive index difference value core. However, we have 
to note that it is rather difficult to achieve a very low NA < 0.06 
(core < 0.085%) in SIFs due to practical issues in finely 
controlling such a small dopant concentration difference in the 
fabrication process. Therefore, we would need to tighten the 
bending radius to values 5 cm, as in Fig. 1(b), to obtain ESM 
operation with manageable core, but this may result in a severe 
mode field distortion in the LMA fiber. 
 As we fix the minimum practical SIF NA=0.06, Fig. 2 shows 
the relationship between the core diameter and the required 
bending radius for achieving the ESM condition at 1064 nm. 
The red and blue curves are defined as before, and the upper 
limits of effective area (Aeff) at the BL limits are also plotted. 
Taking into account the fabrication tolerance of the index 
profile and the bending radius tolerance with ±0.5 cm errors, 
we can deduce a core diameter upper limit of ~ 27 m and a 
corresponding effective area limit of approximately 350 m2 
for the ESM SIF with bending radius smaller than 10 cm. This 
also suggests that the upper limit of the core size can be further 
increased if we can realize a lower NA (<0.06) while keeping a 
low FM BL. Due to the flexibility of MOFs, such novel fibers 
are able to overcome the SIF LMA limits in bent condition by 
carefully designing their structural parameters. 
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Fig. 1.  (a) Schematic cross-section of an SIF and variation of effective area as a 
function of the core diameter and the relative refractive index difference core in 
the SIF with bending radius of (b) R=5 cm, (b) R=7.5 cm, and (c) R=10 cm. The 
solid red and blue curves correspond to the lower and upper limits of the 
bending loss of FM and HOM, respectively. 
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Fig. 2.  Relationship between the core diameter and the required bending radius 
in SIFs with NA=0.06 for achieving ESM condition at 1064-nm wavelength. 
The red and blue curves correspond to the lower and upper limits of the bending 
loss of FM and HOM, respectively. The upper limits of effective area are also 
plotted. 

 

III. BENDING CHARACTERISTICS IN LEAKAGE CHANNEL 

FIBERS 

A layout of the simplest LCF design is shown in Fig. 3(a), 
which is a LCF with one air-hole ring structure. The LCF is 
characterized by its geometrical parameters, air-hole diameter 
d and the spacing between the air-holes . In designing the 
LMA LCF, we target a LMA condition for standard packaging 
radii of 5 cm-10 cm and a large differential BL between the FM 
and the HOM, to achieve ESM propagation at 1064 nm. The 
upper and lower BL limits of the FM and the HOMs are set 
similarly to the previously mentioned LMA SIF design. 
Usually, the differential loss between FM and HOM in LCFs is 
evaluated in the straight case. However here we evaluate it in 
the bent case as it is more relevant in practical situations. In 
addition, the core material is assumed to be pure silica for 
simplicity in our calculations. However, in the actual Yb-doped 
LCF with high doping concentration, the refractive index in the 
doped region would be slightly increased. This index increase 
can be lowered by co-doping of fluorine to tune the doping 
region index to pure silica level, therefore the following results 
are also valid for the Yb-doped LCFs. 
 Figures 3(b), (c), and (d) show the variation of effective area 
at 1064 nm in LCFs containing one air-hole ring for bending 
radii of 5 cm, 7.5 cm, and 10 cm, respectively. The air-hole 
pitch  is varied from 20 m to 35 m and the normalized 
air-hole size d/ is varied from 0.7 to 0.8, and the background 
material is assumed to be silica as before. Note that the material 
dispersion of silica has been ignored in the calculations. If we 
consider the wavelength-dependent silica index, it will only 
scale the results, but will not affect the results significantly. The 
solid red and blue curves are defined as in the SIF, where now 
the HOM is a LP11-like group formed by the TE01 mode, the 
TM01 mode, and the degenerated HE21 modes. The HOM 
condition of BLHOM > 10 dB/m is satisfied below the blue curve, 
whereas the FM condition of BLFM < 0.1 dB/m is satisfied 
above the red curve. If we fix d/ and move  to a higher value, 
we will enlarge the core size with respect to wavelength. 
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Fig. 3.  (a) Schematic cross-section of an LCF with one air-hole ring 
structure and variation of effective area as a function of the air-hole pitch  
and the normalized air-hole size d/ in the one-ring LCF with bending radius 
of (b) R=5 cm, (b) R=7.5 cm, and (c) R=10 cm. The solid red and blue curves 
correspond to the lower and upper limits of the bending loss of FM and 
HOM, respectively. 
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However, in this situation, the bending loss increases due to the 
decrement of NA. Therefore, the upper limit of d/ for the 
HOM as well as the lower limit of d/ for the FM increase as 
increasing the pitch value. From these results, we can clearly 
observe that for a single ring LCF design, the solid red curve 
always stays above the blue curve. This means that a one-ring 
LCF can not satisfy simultaneously both constraints of low loss 
operation and ESM condition, because the bending loss of all 
modes decreases as the value of d increases. Therefore, the 
one-ring LCF structure (as shown in Fig. 3(a)) is not suitable to 
achieve ESM LMA behavior in bending condition, as it is not 
possible to achieve a sufficiently high differential BL. 
 Due to the impossibility of achieving LMA in the one-ring 
LCF while satisfying the targeted constraints, we consider a 
LCF design with a two air-hole ring structure, shown in Fig. 
4(a), in order to increase the differential mode loss. The fiber 
design improves on the previous one by adding an additional 
ring that can further control the BL. Figures 4(b), (c), and (d) 
show the variation of effective area at 1064 nm in such LCFs 
for bending radii of 5 cm, 7.5 cm, and 10 cm, respectively. The 
air-hole pitch  varies from 20 m to 35 m and the normalized 
air-hole size d/ varies from 0.65 to 0.75, in pure silica glass as 
before. The HOM condition of BLHOM > 10 dB/m is satisfied 
below the blue curve, whereas the FM condition of BLFM < 0.1 
dB/m is satisfied above the red curve. From these results, with 
the same curve color definitions, we deduce the existence of 
upper limits of the air-hole pitch (and corresponding core size 
limits) for each bending radius. 
 The crossing point between the red curve and blue curve 
represents the theoretical limit of the effective area, and thus 
the theoretical limits of air-hole pitch are 25 m, 28 m, and 31 
m for the bending radii of 5 cm, 7.5 cm, and 10 cm, 
respectively, while the maximum value of the normalized 
air-hole size d/ (~ 0.72) is almost constant for each bending 
radius. However, note that it might be difficult to fabricate LCF 
structures having such precise values of the structural 
parameters with the required accuracy. Thus, from this analysis 
and from the knowledge of the fabrication process accuracy, 
we can estimate a practical upper limit of ~ 0.67 for the 
normalized air-hole size d/. 
 As we fix the maximum practical d/=0.67, Fig. 5 shows the 
relationship between the air-hole pitch  and the required 
bending radius in two air-hole ring LCFs in ESM condition at 
1064 nm, together with the upper limits of effective area (Aeff). 
There is a reasonable bending radius tolerance for >24 m 
and, based on this analysis, we can clearly set ~ 27 m as the 
upper limit of air-hole pitch, which gives the corresponding 
effective area limit as approximately 500 m2 for bending 
radius < 10 cm to achieve ESM operation. 
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Fig. 4. (a) Schematic cross-section of an LCF with two air-hole ring structure 
and variation of effective area as a function of the air-hole pitch  and the 
normalized air-hole size d/ in the two-ring LCF with bending radius of (b) 
R=5 cm, (b) R=7.5 cm, and (c) R=10 cm. The solid red and blue curves 
correspond to the lower and upper limits of the bending loss of FM and HOM, 
respectively. 
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Fig. 5.  Relationship between the air-hole pitch  and the required bending 
radius in two air-hole ring LCFs with d/=0.67 for achieving ESM condition at 
1064-nm wavelength. The red and blue curves correspond to the lower and 
upper limits of the bending loss of FM and HOM, respectively. The upper limits 
of effective area are also plotted. 
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Fig. 6. Bending losses of the FM and the first HOM as a function of bending 
radius in a two-ring LCF at 1064 nm, where =27 m, and d/=0.67. 
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Fig. 7. Effective area variation and the normalized power in doped-core region 
of the FM as a function of bending radius in a two-ring LCF at 1064 nm, where 
=27 m, d/=0.67, and the doped-core diameter is assumed to be 27 m. 
 
 

Figure 6 displays the BL in the two-ring LCF as a function of 
bending radius at 1064 nm, where =27 m and d/=0.67. The 
red and blue curves represent the BLs of FM and HOM, 
respectively. The BL peaks, around bending radius of 8.6 cm 
for the FM and 14.6 cm for the HOM, are attributed to the 
coupling between the guided core mode and the cladding 
modes [22]. Except the peaks, BL increases monotonically for 

tighter bending. A high enough differential BL between the FM 
and the HOM can be found: the FM BL remains lower than 
0.03 dB/m, whereas for the HOM it is larger than 20 dB/m at 
the same bending radius of 10 cm. In Fig. 7, the variation of the 
FM effective area as a function of the bending radius at 
1064-nm wavelength is plotted. The effective area decreases 
monotonically with smaller bending and attains a value of 495 
m2 at the bending radius of 10 cm, while it is equal to 592 m2 
in the straight condition. The effective area compression due to 
bending is only 16 %. The mode field distributions at 1064 nm 
in the straight and bent cases are shown in Figs. 8(a) and (b), 
respectively, achieving a very good confinement of the FM and 
a reasonably low distortion due to bending, which does not 
substantially compromise the doped region overlap. In Fig. 7, 
we have also plotted the normalized power in doped-core 
region of the FM as a function of the bending radius at 1064-nm 
wavelength, where the circular doped-core region with core 
diameter of 27 m is assumed. We can see that the normalized 
power in the circular doped core is about 84 % at the bending 
radius of 10 cm. 

 

 
(a) 

 

 
(b) 

Fig. 8. Mode field distributions at 1064 nm in a two-ring LCF (a) without 
bending and (b) with bending radius of R=10 cm, where =27 m, and 
d/=0.67. 
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Fig. 9. (a) Schematic cross-section of an all-glass LCF with two rings of 
F-doped silica rods and variation of effective area as a function of the low-index 
rod pitch  and the normalized rod size d/ in the two-ring LCF with bending 
radius of (b) R=5 cm, (b) R=7.5 cm, and (c) R=10 cm, where  = 0.4%. The 
solid red and blue curves correspond to the lower and upper limits of the 

bending loss of FM and HOM, respectively. 

Finally, we consider an all-glass LCF design, shown in Fig. 
9(a), with the aim to further improve the NA and LMA 
characteristics. An LCF with an array of air-holes around the 
core requires to be sealed, and the resulting local refractive 
index perturbations can lead to mode distortion, having an even 
larger impact on the mode structure due to the large core size 
[12]. Therefore, to reduce mode distortion and achieve an 
easier LCF fabrication as well as low splice loss, an all-glass 
LCF design has been reported [12], in which the air-holes are 
replaced by fluorine-doped (F-doped) silica rods, whose 
refractive index is lower than that of pure silica. Figure 9(a) 
shows an all-glass LCF with two rings of F-doped silica rods. 
The F-doped silica rod diameter is d and the center-to-center 
rod spacing is . The background material is pure silica and the 
relative refractive index difference between the two kinds of 
material is defined as = (nclad

2nF
2)/(2nclad

2), where nclad is 
the index of pure silica and nF is the index of F-doped silica. In 
the following calculations, we will assume  = 0.4% as an 
example. 

Figures 9(b), (c), and (d) show the effective area at 1064 nm 
in all-glass LCFs with two F-doped silica rod rings for bending 
radii of 5 cm, 7.5 cm, and 10 cm, respectively. The rod pitch  
varies from 20 m to 30 m and d/ varies from 0.7 to 0.8, 
embedded in pure silica. From these results, with the same 
curve color definitions, we can deduce the upper limit of core 
size for each bending radius. We find that the practical effective 
area limit in the all-glass LCFs is very similar to that in the two 
air-hole ring LCFs, which is around 500 m2 with bending 
radius of 10 cm. However, the main advantages of all-glass 
LCF would be the ease of fabrication and the reduced 
parameter tolerance levels. 

IV. CONCLUSION 

The practical limits of the effective area for effectively 
single-mode LMA fibers have been investigated for fiber 
laser/amplifier applications under bending conditions. The 
bending characteristics of LMA LCFs as well as SIFs are 
numerically evaluated and it is found that the upper limit of the 
effective area for the ESM operation with bending radius 
smaller than 10 cm is less than 350 m2 in a conventional SIF 
by considering the index profile controllability, while for the 
two-ring LCF structures it can be improved to around 500 m2 
(core diameter of ~ 36 m) at 1064-nm wavelength with 
reasonable fabrication tolerances. We have also numerically 
confirmed that these effective area limits can not be improved 
even if we use lower or higher doping concentration of the 
F-doped glass. 
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