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Design of large-core single-mode Yb3+-doped photonic crys-
tal fiber
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The effective index of the cladding fundamental space-filling mode in photonic crystal fiber (PCF) is simulated by the
effective index method. The variation of the effective index with the structure parameters of the fiber is achieved. For the
first time, the relations of the V parameter of Yb3+-doped PCF with the refractive index of core and the structure parameters
of the fiber are provided. The single-mode characteristics of large-core Yb3+-doped photonic crystal fibers with 7 and 19
missing air holes in the core are analyzed. The large-core single-mode Yb3+-doped photonic crystal fibers with core diam-
eters of 50 μm, 100 μm and 150 μm are designed. The results provide theory instruction for the design and fabrication of
fiber.
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In recent years, the power emitted by Yb3+-doped fiber lasers
has been drastically increased so that they become an alter-
native to other solid-state lasers. Nevertheless, nonlinear
impairments, such as stimulated scatterings (Brillouin,
Raman), become resistance to further improve the power level
today[1-5]. Their thresholds, which are proportional to the ef-
fective mode area and conversely proportional to the length
of the fiber, can be increased by use of large-mode-area
(LMA) fibers. The step-index profile of common Yb3+-doped
fibers is obtained by doping, and the designed value of re-
fractive index cannot be accurately guaranteed, so the mode
area of the single-mode fiber is increased difficultly. The core
diameter of present fibers is usually between 15 ìm and 25
ìm, which limits the performance of the fiber lasers[6-9]. The
two-cladding Yb3+-doped photonic crystal fiber (PCF) can
adjust the refractive index of core and the structure param-
eters to realize single-mode transmission. So the conflict
between LMA and single-mode transmission in fiber has been
solved[10-14]. It greatly promotes the technology progress of

fiber active device.
The single-mode characteristics of pure silica PCF have

been studied in many papers, which show endless single-mode
behavior when the hole-to-pitch ratio (d/Ë) is less than 0.43[15-17].
To our knowledge, there is no paper to analyze the single-
mode characteristics of large-core Yb3+-doped PCF. The re-
fractive index and diameter of core directly affect the single-
mode characteristics of PCF. In this paper, the relations of
the single-mode characteristics of Yb3+-doped PCF with the
refractive index of core and the fiber structure parameters
(pitch, hole-to-pitch ratio and diameter of core) are analyzed.
The range of the refractive index of core and the fiber struc-
ture parameters for large-core single-mode Yb3+-doped PCF
are obtained.

Fig.1 shows the cross section of the two-cladding Yb3+-
doped PCF. The dark gray region in the center represents
Yb3+-doped core. The gray region represents pure silica. The
white circles represent air holes. The lattice constant (pitch)
in inner cladding is Ë. The diameter of air holes in inner clad-
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ding is d. The hole-to-pitch ratio is d/Ë.

Fig.1 Cross section of the two-cladding Yb3+-doped PCF

The number of modes in fiber is determined by the V
parameter. There is a cutoff wavelength for the single-mode
fiber. When the wavelength of transmission light is greater
than the cutoff wavelength, the V parameter is less than 2.405,
and the fiber can be single-mode.

The single-mode requirement of PCF is similar to that of
the common fiber. The V parameter can be written as[15-17]

405.22 2/12
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2
core
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where aeff is the effective radius of the core, ncore is the mate-
rial refractive index of the core, and nfsm is the effective index
of fundamental space-filling mode in inner cladding[18,19].

The wavelength ( ) of Yb3+-doped fiber lasers is around
1.06 m, so we choose =1.06 m in the simulation. nfsm of
PCFs for different structure parameters are simulated by ef-
fective index method. For d/ =0.05, 0.1, 0.2, 0.3, the rela-
tion of nfsm with  is shown in Fig.2. For = 5 m, 10 m
and 20 m, the relation of nfsmwith d/  is shown in Fig.3. nfsm

increases with , but decreases with d/ . It can be seen from
Eq.(1) that when ncore is slightly larger than nfsm, V is less than
2.405, and PCF can be single-mode. According to the rela-
tion of nfsm with the structure parameters of PCF, the range of
ncore can be determined.

The designed value of refractive index cannot be accu-
rately guaranteed in the fabrication of the Yb3+-doped core of
PCF. Nevertheless, according to the material refractive index
of core, we can design proper structure parameters to achieve

                                                              ,                             (1)

single-mode transmission in large-core PCF.

Fig.2 Relation of nfsm with  for different d/

Fig.3 Relation of nfsm with d/  for different 

Using Eq.(1) and nfsm above, V of PCF-1 with different
ncore and structure parameters are simulated. Fig.4 shows V
as a function of d/Ë for ncore=1.4490, 1.4495, 1.4500, 1.4505,
1.4510, and Ë=10 ìm. V increases with ncore and d/Ë. For
each ncore, there is a range of d/Ë to make V very low. When
ncore=1.4495, in a large range of d/Ë (0.05<d/Ë<0.30), V is
always less than 2.405, and PCF can be single-mode. Fig.5
shows V as a function of Ë for ncore=1.4496, 1.44965, 1.4497,
1.4499, 1.4520, and d/Ë=0.1. For each ncore, there is a range

Fig.4 V as a function of d/Ë of PCF-1 for different ncore

(Ë=10 m)
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Fig.5 V as a function of  of PCF-1 for different ncore (d/ = 0.1)

Fig.8 V as a function of  for the designed PCFs (d/ =0.1)

of  to make V very low. When ncore is in the range of 1.4496
1.4499, and >20 m, V can be less than 2.405, and PCF
can be single-mode. According to the relations of V with ncore

and structure parameters of PCF in Figs.4 and 5, the large-
core single-mode Yb3+-doped PCF can be designed and
fabricated.

Fig.6 shows V of PCF-1, PCF-2 and PCF-3 as a function
of d/  for ncore=1.4493 and Ë=10 m. V increases with d/ .
In a range of d/ , V can be less than 2.405, and PCF can be
single-mode. In a large range of d/ , PCF-1 can achieve
single-mode transmission, but the range is smaller for PCF-
3. Fig.7 shows V of PCF-1, PCF-2 and PCF-3 as a function
of Ë for ncore=1.4495 and d/ =0.1. V decreases with . In a
range of Ë,  is smaller than 2.405, and PCF can be single-
mode. In a large range of , PCF-1 can achieve single-mode
transmission, but the range is smaller for PCF-3. The core is
larger, the ranges of structure parameters of single-mode PCF
are smaller. In the design and fabrication of PCF, we need to
precisely control the structure parameters to achieve large-
core single-mode transmission.

Fig.6 V as a function of d/Ë of three PCFs for ncore=1.4493
and Ë=10 m

Fig.7 V as a function of  of three PCFs for ncore=1.4495
and d/ =0.1

Fig.9 Mode distributions of the designed large-core Yb3+-
doped PCFs

According to the analyses above, the structure param-
eters of PCFs are designed. For =30 m, d/ =0.1, the core
diameters of PCF-1, PCF-2 and PCF-3 are 50 m, 100 m
and 150 m, and ncore are 1.44970, 1.4496 and 1.44964, respe-
ctively. The values of V are shown in Fig.8. When  is around
30 m, the values of V for PCF-1, PCF-2 and PCF-3 are less
than 2.405, so the PCFs can be single-mode. The modal prop-
erties of the three kinds of PCFs are simulated by finite ele-
ment method. Fig.9 shows the distributions of modes. All of
the PCFs are single-mode, which are closely matched to the
analysis by the V parameter in Eq.(1).



ZHAO et al. Optoelectron. Lett.  Vol.8  No.3 

[1]      Y. Jeong, J. K. Sahu and D. N. Payne, Electron. Lett. 40, 470
(2004).

[2]     Z. Y. Dai, X. X. Zhang, Z. S. Peng, J. F. Li, Z. H. Ou and Y.
Z. Liu, Journal of Optoelectronics Laser 22, 652 (2011).
(in Chinese)

[3]     X. B. Li, L. Chai, Y. Y. Zhang, M. L. Hu, X. Y. Hu and Q. Y.
Wang, Journal of Optoelectronics Laser 20, 260 (2009).
(in Chinese)

[4]     H. R. Li, X. Z. Sang, J H Yuang, K. R. Wang and C. X. Yu,
Optoelectronics Letters 6,172 (2010).

[5]     L. Gong, F. F. Yin, H. W. Chen, M. H. Chen and S. Z. Xie,
Journal of Optoelectronics Laser 21, 1320 (2010). (in
Chinese)

[6]     M. Devautour, P. Roy, Février S, C. Pedrido, F. Sandoz and
V. Romano, Applied Optics 48, 139 (2009).

[7]     X. L. Zhang, S. Q. Lou and L. W. Wang, High Power Laser
and Particle Beams 23, 2074 (2011). (in Chinese)

[8]     B. He, J. Zhou, Q. H. Lou, Y. H. Xue, Z. Li, W. Wang, J. X.

References

Dong, Y. R. Wei and W. B. Chen, Microwave and Optical
Technology Letters 52, 1668 (2010).

[9]     X. Dong, H, Xiao, P Zhou, X. Wang, Y. Ma, S. Guo and X.
Xu, Laser Physics 21, 1212 (2011).

[10]   X. T. Zhao, Y. Zheng, X. X. Liu, G. Y. Zhou, J. P. Shen, C.
Zhou, X. C. Ming and L. T. Hou, Journal of Optoelectronics
Laser 22, 1301 (2011). (in Chinese)

[11]   Y. Y. Guo, L. T. Hou and Y. Han, Journal of Optoelectr-
onics Laser 20, 1614 (2009). (in Chinese)

[12]   O. Schmidt, J. Rothhardt, T. Eidam, F. Röser, J. Limpert and
A. Tünnermann, Opt. Express 16, 3918 (2008).

[13]   J. Boullet, Y. Zaouter, R. Desmarchelier, M. Cazaux, F. Salin,
J. Saby, R. Bello-Doua and E. Cormier, Opt. Express 16, 17891
(2008).

[14]   W. Chen, S. Y. Li, D. X. Wang, W. Y. Luo, W. J. Huang and
Y. L. Ke, Journal of Optoelectronics Laser 21, 1449
(2010). (in Chinese)

[15]   K. Kamal, R. K. Sinha and A. D. Varshney, Optics and La-
sers in Engineering 50, 182 (2012).

[16]   H. Ademgil and S. Haxha, Optics Communications 285, 1514
(2012).

[17]   R. Sharma, V. Janyani and S. K. Bhatnagar, Journal of Mod-
ern Optics 58, 604 (2011).

[18]   X. T. Zhao, L. T. Hou, Z. L. Liu, W. Wang, H. Y. Wei and J.
R. Ma, Acta Phys. Sin. 56, 2275 (2007). (in Chinese)

[19]   D. B. Wei, G. Y. Zhou, X. T. Zhao, J. H. Yuan, J. Meng, H. Y.
Wang and L. T. Hou, Acta Phys. Sin. 57, 3011 (2008). (in
Chinese)

The variations of nfsm with the structure parameters of
PCF are obtained. For different ncore, the relations of V with
the structure parameters are provided. We also analyze the
single-mode characteristics of large-core Yb3+-doped PCFs
with 7 and 19 missing air holes in the core, respectively. The
large-core single-mode Yb3+-doped PCFs with core diam-
eters of 50 m, 100 m and 150 m are designed. The analy-
sis results provide theory instruction for the design and fab-
rication of large-core single-mode rare-earth doped PCFs.


