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 
Abstract—We demonstrated a new method to determine the 

optical fiber parameters using long period fiber gratings and a 
search procedure. The gratings with different pitches were 
inscribed to measure experimental phase matching curves. The 
theoretical phase matching curves were found by calculating the 
effective refractive indices of fiber modes. In the search 
procedure, the optical fiber parameters were varied in order to 
minimize the difference between the experimental phase 
matching curves and the theoretical ones. The optical fiber 
parameters were finally determined as long as the smallest 
difference value was reached. 

Index Terms—Long period fiber grating, Optical fiber 
parameters, Search procedure  

I. INTRODUCTION 

PTICAl fiber parameters, e.g., fiber core radius, dopant 
concentration, and refractive index (RI), are crucial to 

determine the optical characteristics of the optical fibers. 
Knowing fiber parameters helps in designing and modeling 
fiber devices. Interference microscopy and the fundamental 
mode near-filed method are popular in determining the RI in 
optical fibers [1, 2]. Fiber gratings also have been employed to 
infer the RI or effective refractive index (ERI) in various kinds 
of optical fibers. L. Wang et al. characterized the ERIs of the 
vector modes in an orbital angular momentum fiber by 
measuring the Bragg wavelengths of fiber Bragg gratings [3]. 
S. Ramachandran measured the ERI separation between 
degenerated vector modes by lifting the polarization 
degeneracy with mechanically induced micro-bend long 
period fiber gratings (LPFGs) [4]. Y. J. Kim et al. measured 
the RI variation with temperature by use of LPFGs [5]. C. 
Schulze et al. measured the ERI difference in a multimode 
optical fiber at the resonant wavelength of a mechanical LPFG 
[6][7]. However, the above techniques only provide results at 
a single probe wavelength. Therefore, the material dispersion 
property can only be obtained by repeating measurements at 
numerous discrete wavelengths [8]. 

In this work, we have described a new method to determine 
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the fiber parameters over a large wavelength range via a 
comparison between the optical properties of LPFGs inscribed 
in the fiber and modeling of these properties. In Section II, we 
fabricated a series of LPFGs with different grating pitches, 
determined the mode orders at the resonant wavelengths and 
constructed the experimental phase matching curves. In 
Section III, we presented the principle of a search procedure 
for determining the fiber parameters and defined the average 
absolute deviation of the resonant wavelengths for evaluating 
the difference between measured phase matching curves and 
the calculated ones. In section IV, we numerically calculated 
phase matching curves at different core index and core radius 
using a finite difference method, and constructed a procedure 
to search the fiber parameters for the ones that minimized the 
difference between the measured phase matching curves and 
the calculated ones. The optical fiber parameters were finally 
determined as long as the smallest difference value was 
reached. In Section V, we verified the correctness of the 
reconstructed optical fiber parameters by comparing the 
calculated effective group refractive indices and the typical 
values in the fiber datasheet. 

II. INSCRIBING LPFGS 

In this research, we determined the fiber core radius and the 
dopant concentration of a single mode optical fiber 
(FuIIBand® Plus Low Loss single mode fiber) from the 
Yangtze Optical Fiber and Cable Co., Ltd. In this fiber. We 
fabricated 40 LPFGs with different grating pitches using our 
proposed arc discharge technique [9-11]. The arc current and 
arc duration were fixed to be 13 mA and 6 s. The grating 
pitches varied from 360 m to 750 m with an interval of 10 
m, which was controlled by using a motorized translation 
stage with a precision of 10 nm. The shortest period of 360 μm 
is comparable with the value of 345 μm reported elsewhere 
[12].The small difference may be caused by the use of 
different electrodes in the respective experiments. 

 
Fig. 1 Experimentally measured transmission spectrum of LPFG with grating 
pitch of 450 μm. Inset:  measured near mode field at resonate dip 1518.7 nm
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Table I. Measured resonant wavelengths (MRW) corresponding to LP12 — LP17 cladding modes in LPGs 

No. 
 

(m) 
Experimental resonant wavelength (nm) 

No. 
 

(m) 
Experimental resonant wavelength(nm) 

LP17 LP16 LP15 LP14 LP13 LP12 LP15 LP14 LP13 LP12 
1 360 1362.88      21 560 1617.80 1389.68 1294.76 1240.52 
2 370 1431.06 1180.6     22 570 1675.76 1415.12 1313.6 1260.56 
3 380 1562.38 1216.86     23 580  1424.24 1318.88 1263.44 
4 390  1251.86 1135.10    24 590  1446.08 1335.80 1278.8 
5 400  1280.56 1149.24 1090.98   25 600  1469.36 1352.84 1290.21 
6 410  1326.48 1172.76 1101.92   26 610  1480.28 1367.24 1296.44 
7 420  1363.86 1197.54 1119.42   27 620  1503.68 1376.84 1314.08 
8 430  1407.12 1220.08 1137.62   28 630  1513.68 1382.8 1314.96 
9 440  1469.56 1249.21 1155.82   29 640  1534.41 1396.32 1326.10 
10 450  1518.72 1266.98 1167.58   30 650  1554.10 1408.32 1336.2 
11 460  1596.26 1293.32 1189.42 1133.28  31 660  1577.12 1424.63 1347.21 
12 470  1671.44 1318.64 1204.12 1146.58  32 670  1599.08 1442.12 1363.43 
13 480   1344.54 1220.22 1158.34 1127.54 33 680  1616.21 1449.32 1371.48 
14 490   1377.86 1242.48 1174.16 1138.32 34 690  1634.96 1459.88 1376.96 
15 500   1412.36 1264.88 1190.72 1150.01 35 700  1657.52 1475.84 1391.48 
16 510   1434.25 1278.44 1212.56 1162.31 36 710  1678.64 1486.42 1400.36 
17 520   1480.88 1309.76 1229.12 1174.64 37 720  1697.36 1496.48 1402.42 
18 530   1515.56 1335.92 1246.52 1194.84 38 730   1510.22 1414.16 
19 540   1541.96 1345.04 1258.04 1211.96 39 740   1523.61 1423.04 
20 550   1576.68 1367.48 1277.48 1227.68 40 750   1530.56 1436.84 

 
The transmission spectra of 40 gratings are experimentally 

measured by employing a supercontinuum white light source 
(NKT Photonics SuperK) and an optical spectrum analyser 
(OSA, YOKOGAWA AQ6370C) with a resolution of 0.02 nm. 
All 40 gratings have clear spectra with a maximum dip 
attenuation of ~30 dB and a low insertion loss of ~0.2 dB. Fig. 1 
shows a typical measured transmission spectrum of LPFG with 
grating pitch of 450 μm. According to the transmission spectra, 
we recorded all measured resonant wavelengths of 40 gratings, 
summarizing in Table I. 

In order to identify the mode orders of the resonant dips, we 
measured the near mode filed patterns at the resonant dips by 
employing a near-infrared camera and a tunable laser (Agilent, 
81960A) with a wavelength range from 1505 to 1630 nm. In 
this experiment, one end of the LPFG sample was connected to 
the tunable laser, and the other end was cleaved at the last 
grating period. When the wavelength of the tunable laser was 
locked at the resonant dip of the LPFG, the majority amount of 
the LP01 core mode power was transferred to the cladding 
mode, at which point a near mode field pattern of the cladding 
mode was observed in the camera. The inset of Fig.1 shows the 
near mode filed at the resonant wavelength of 1518.72 nm. The 
intensity distribution of the near mode field pattern indicates 
that the cladding mode order is LP16 in terms of the number of 
the radial lobes throughout the entire cladding region [13]. It is 
inferred that the arc discharge-induced gratings couple light 
into the antisymmetric cladding modes LP1m, where m is the 
radial cladding mode order. 

As for the resonant dip, which is located outside the tunable 
wavelength range, the corresponding cladding mode order can’t 
be directly determined by measuring the near mode filed 
pattern, but can be predicted from the known cladding mode 
order. For the LPFG with a certain grating pitch, the longer the 
wavelength where the resonant dip is located, the larger the 

radial cladding mode order. When the grating pitch gradually 
decreases, the new resonant dip corresponding to a higher 
radial cladding mode order arises at a longer wavelength range. 
Based on the principles above, six cladding mode orders were 
deduced sequentially to be LP12, LP13, LP14, LP15, LP16, and 
LP17 as shown in Table I. 

 
Fig. 2 Phase matching curves. Symbols: measured result, solid line: calculated 
result at rco = 4.18 m and CGeO2 = 2.72%. 

According to the cladding mode orders above, we 
categorized the resonant wavelengths of the ith LPFG sample, 
where i is the number of the grating and varies from 1 to 40. 
Next, we plotted the experimental resonant wavelengths as a 
function of the grating pitch, as shown in Fig. 2. Here, we only 
plotted six phase matching curves corresponding to LP12, LP13, 
LP14, LP15, LP16, and LP17. In fact, the light also coupled from 
the core mode to the LP11 cladding mode, but the resonant dip 
for the LP11 cladding mode was hardly distinguishable from the 
background noise, and the resonant wavelength could not be 
measured exactly. In order to minimize the influence of the 
measured resonant wavelengths on the determination of fiber 
parameters, we ignored the curve corresponding to the LP11 
cladding mode in Fig. 2. 
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III. PRINCIPLE OF THE SEARCH PROCEDURE 

In order to model the theoretical resonant wavelengths, phase 
matching equation [14-17] has been successfully employed for 
measuring the RI variation with temperature based on KrF 
excimer laser induced LPFG [5] and measuring the ERI 
difference in few mode fibers based on mechanically induced 
LPFG [6]. In our theoretical model, the phase matching 
equation was expressed as a function of the fiber parameters, 
and the resonant wavelength of arc discharge induced LPFG 
can be estimated as follows: 

   
2

CRW co cl
co GeO 01 1 01 1, =im m i m ir C n n n           (1) 

Where 	ߣ௜௠
ୈ୛  is the theoretically calculated resonant 

wavelength, i is the grating pitch, ݊଴ଵ
௖௢  and ݊ଵ௠

௖௟  are the 
effective refractive indices (ERIs) of the fundamental core 
mode (LP01) and the cladding mode (LP1m). The integer i is the 
number of 40 gratings, and the integer m represents the radial 
cladding mode order from 2 to 7. Moreover, the ERIs and 
resonant wavelengths were expressed as a function of fiber 
parameters, such as the fiber core radius (rco) and the core 
dopant concentration (CGeO2). 

 
Fig. 3 Simulated phase matching curves at rco = 4.18 m and two different 
GeO2-concentration CGeO2 = 2.6% and 2.8%. 

Generally, the fiber parameters determines the location of 
resonant wavelengths according to (1). Unfortunately, these 
fiber parameters are usually unknown, and small deviations of 
the fiber parameters from the nominal specifications result in 
significant changes to the resonant wavelength. Fig. 3 
illustrates the simulated phase matching curves at CGeO2 = 2.6% 
and 2.8%, shown as the solid lines and dashed lines. Taking 
grating pitch of 700 μm for example, a 0.2% change in the 
germanium dioxide concentration leads to a ~80 nm difference 
of the resonant wavelength corresponding to LP12 mode. 
Furthermore, the difference increases with the increase of 
grating pitch and the mode order. In conclusion, a tiny variation 
in the optical fiber parameters will result in a large difference in 
the phase matching curves. Therefore, it is difficult to find a 
direct correspondence between the measured and calculated 
phase matching curves. Conversely, once some calculated 
phase matching curves are found to match the measured ones, 
the optical fiber parameters can be accurately determined.  

In this study, we developed a search procedure to find the 
optical fiber parameters for make the calculated phase 
matching curves approach the measured ones gradually. In the 
procedure, we assumed the fiber to have a step-index profile 
with uniform refractive indices in the cladding and core, where 
the fiber cladding is pure silica and the fiber core is only doped 
with germanium dioxide. The RIs of the pure silica cladding 
and the RIs of the germanium-doped core were calculated using 
the Sellmeier equation and Fleming’s formula [18]. 

݊ଶ െ 1 ൌ ∑ ሾௌ஺೔ା஼ృ౛ోమሺீ஺೔ିௌ஺೔ሻሿఒ
మ

ఒమିሾௌ௟೔ା஼ృ౛ోమሺீ௟೔ିௌ௟೔ሻሿమ
ଷ
௜ୀଵ                                           (2) 

where SA, Sl, GA, Gl are the Sellmeier coefficients for the SiO2 
and GeO2 glasses, respectively, and CGeO2 is the dopant 
concentration of GeO2. On basis of these assumptions, we 
constructed the following procedure to determine fiber core 
radius and the germanium dioxide concentration.  

The key concept of the procedure is to calculate the 
theoretical resonant wavelengths and compare them with the 
measured ones. In order to quantificationally analyze the 
difference between the measured resonant wavelengths and 
calculated ones, we defined the average absolute deviation of 
the resonant wavelengths: 

 
2

M RW CRW
co GeO

1
, .im im

im

D r C
N

    (3) 

where MRW is the measured resonant wavelengths of 40 
gratings in Table I, N = 124 is the total number of the resonant 
wavelengths, and CRW is the calculated resonant wavelengths 
we first calculated CRW for the presumed optical fiber 
parameters and fixed 40 fiber grating pitches according to (1), 
and then compared CRW with MRW to obtain D according to 
(3). In order to minimize D, we gradually changed the optical 
fiber parameters, and repeatedly calculated CRW and D. 
Finally, the optical fiber parameters were determined once D 
reached a minimal value. 

IV. SEARCH PROCEDURE AND RESULTS 

Fig. 4 shows the flow chart of the proposed procedure, which 
includes three-level nested loops. In the first level loop, we 
fixed both the fiber radius and dopant concentration, and varied 
the wavelength to calculate the ERIs of the fiber modes. The 
wavelength varied from 1050 nm to 1750 nm with an interval of 
0.1 nm. Such a wavelength range must include the minimal and 
maximal resonant wavelengths, found in Table I. The ERIs of 
the fiber modes were calculated using a finite difference 
method [19, 20]. After obtaining the ERIs at each wavelength, 
the theoretical resonant wavelengths were calculated according 
to phase matching condition in (1), in which the grating pitch 
varied from 360 to 750 m with an interval of 10 m. Then the 
average absolute deviation was calculated by applying (3). 

In the second level loop, we fixed the fiber radius and varied 
the dopant concentration from 2.6% to 2.8% with an interval of 
0.01%. At each step, after the dopant concentration had been 
varied, it was necessary to recalculate the ERIs of fiber modes, 
the theoretical resonant wavelengths, and the average absolute 
deviation. In the third level loop, we repeated all of the above 
calculations only varying fiber core radius from 3.9 to 4.4 m.  
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Fig.4 Flow chart of the proposed procedure for reconstructing the fiber 
parameters. FDM: finite difference method, PMC: phase matching condition. 

 
Fig. 5 (a)Average absolute deviation between measured resonant wavelengths 
and calculated ones,(b)magnified dip of each curve in (a) 

After completing the three-level nested loops, we obtained a 
map of the average absolute deviation, as shown in Fig. 5(a). In 
this map, each point represented the average absolute deviation 
at a particular fiber radius and dopant concentration. Each 
curve represented the variation of the average absolute 
deviation as function of the dopant concentration at a particular 
fiber core radius. For good visibility, we have plotted some 
typical curves in Fig. 5(a). 

In Fig. 5(a), it is found the average absolute deviation varied 
with both the dopant concentration and the fiber core radius, 
however, there always exists a dopant concentration to 
minimize the average absolute deviation when the fiber core 
radius is fixed, exhibiting a dip of each curve in Fig. 5(a). 
Furthermore, the location of the dip varied with fiber core 
radius. Fig. 5(b) shows the magnified dip of each curve in Fig. 
5(a). It was found that both the dip value of average absolution 
deviation and the corresponding dopant concentration varied 
with the fiber core radius. The smallest dip value of D was 
clearly found to be 5.51 nm. Accordingly, the fiber parameters 
were determined to be rco = 4.18 m and CGeO2 = 2.72%, 
respectively.  

V. DISCUSSION 

To intuitively estimate the correctness of the determined fiber 
parameters, the theoretical phase matching curves were 
calculated according to (1) with fiber parameters rco = 4.18 m 
and CGeO2 = 2.72%; the results were plotted using solid curves 
in Fig. 2. Comparing the calculated phase matching curves with 
the previous experimental curves in Fig. 2, the R-squared 
values were as high as 0.9983, which indicates the determined 
fiber parameters made the calculated phase matching curves fit 
well with the experimental curves.  

Since fiber core radius and dopant concentration were 
determined to be rco = 4.18 m and CGeO2 = 2.72%, the 
wavelength dependence of the refractive indices can be 
calculated in a large wavelength range according to (2). 
Consequently, the effective group refractive indices are 
calculated by use of the following equation:  

co
co co 01

01 .g

dn
n n

d



               (3) 

On the other hand, the fiber supplier provided effective group 
refractive indices at two discrete wavelengths  = 1310 and 
1550 nm. Therefore, it is possible to further verify the 
correctness of the reconstructed optical fiber parameters by 
comparing the calculated effective group refractive indices 
with the nominal ones in the fiber datasheet. The comparison 
was implemented as shown in Table II. The calculated effective 
group refractive indices were 1.4661 and 1.4668 at  = 1310 
and 1550 nm, in close proximity to typical values given by the 
fiber datasheet, i.e., 1.466 and 1.467 [21]. The deviations of the 
effective group refractive indices was 1×10-4 and 8×10-4. Such 
deviation mainly originated from the arc-discharge induced RI 
variation. When arc discharge is applied to the fiber, a RI 
modification is induced by the mechanism of the residual stress 
relaxation due to the local thermal heating. Some literatures 
have reported that the arc-discharge induced RI modification is 
around the order of 10-4 [22, 23], which is comparable with the 
deviation of the effective group refractive indices.  

Table II. Effective group refractive indices 

Wavelength 
Effective group refractive indices 

Typical values[21] Calculated values 

1310 nm 1.466 1.4661 

1550 nm 1.467 1.4668 



0733-8724 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2016.2626799, Journal of
Lightwave Technology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

5

VI. CONCLUSION 

In conclusion, we constructed a procedure to determine fiber 
parameters by inscribing LPFGs with different grating pitches. 
The experimental phase matching curves that corresponded to a 
group of LP1m cladding modes were obtained after measuring 
and categorizing the resonant wavelengths of a number of 
LPFG samples. The phase matching curves were theoretically 
calculated through solving the ERIs of the core mode and the 
cladding modes. A procedure was then constructed to search 
the fiber parameters for ones that minimized the difference 
between the measured phase matching curves and calculated 
curves. Finally, the fiber core radius and dopant concentration 
of a single mode fiber were determined to be 4.18 m and 
2.72%, respectively. 
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