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Abstract: Using the power flow equation, investigated in this article is the state of mode coupling in large core step-index silica optical fibers. Results show the coupling length at which the equilibrium mode distribution is achieved and the length of the fiber required for achieving the steady-state mode distribution. Since large core silica optical fibers are used at short distances (usually at lengths of up to ten meters), the light they transmit is at the stage of coupling that is far from the equilibrium and steady-state mode distributions.
            Keywords: Step-index silica optical fibers; mode coupling
1. INTRODUCTION

For decades, glass optical fibers (GOFs) have been the preferred transmission medium in high-capacity communications networks and long-distance communications systems [1]. Graded index (GI) multimode glass optical fibers are used for 0(300 m 10 Gb Ethernet links or 0(100 m 40(100Gb Ethernet links. Step-index (SI) multimode glass optical fibers are often used for laser beam delivery, sensing systems, as part of lane control signal equipment, and etc. For laser delivery, it is desirable to use relatively large core (200(500 (m core radius) silica optical fibers for transmission of high-power laser pulses with high beam quality [2]. On the other hand, multimode plastic optical fibers are usually considered for short data links (<100 m). Local networking with plastic optical fibers benefits from the rapid (less laborious) interconnectivity with low precision and cost components as plastic optical fibers couple light efficiently due to their large diameter (~ 1 mm) and high numerical aperture. However, plastic optical fiber performance is clearly attenuation limited. A typical attenuation level for step-index plastic optical fibers is ~ 100 dB/km – compared with ~ 0.5 dB/km for SI GOFs [3]. This limits plastic optical fiber data links to lengths shorter than 100 m. 

Transmission characteristics of step-index optical fibers depend heavily upon the differential mode attenuation and rate of mode coupling. The latter represents power transfer from lower to higher-order modes caused by fiber impurities and inhomogeneities introduced during the fiber manufacturing process (such as microscopic bends, irregularity of the core–cladding boundary, and refractive index distribution fluctuations). When installing an optical-fiber-based link, the cable has to be bent repeatedly, thus increasing radiation losses [4, 5].

Output angular power distribution in the near and far fields of an optical fiber end has been studied extensively. Work has been reported using geometric optics (ray approximation) to investigate mode coupling and predict output-field patterns [6, 7]. By employing the power flow equation [8(12] as well as the Fokker-Planck and Langevin equations [13], these patterns have been predicted as a function of the launch conditions and fiber length. A key prerequisite for achieving this is the knowledge of the rate of mode coupling expressed in the form of the coupling coefficient D [8(10], which has been shown to correctly predict coupling effects observed in practice (e.g. [14]). 

The method of determining the coupling coefficient D proposed by Gambling et al. [8] required that the far-field output pattern be observed for various fiber lengths and at different launch angles. Only one fiber length and two launch angles must be considered in the method by Zubía et al. [15]. It determines the coupling coefficient D from the intersection point between two far-field output patterns that correspond to the two launch angles. A further alternative is Savović-Djordjevich method [16] that determines the mode coupling coefficient D from just one far-field output pattern. This single pattern is for the input Gaussian beam launched along the fiber axis. The variance of the launch beam distribution has to be known, which is usually the case. Should it not be known, variances of the far-field output patterns at two fiber lengths have to be measured. 

Hurand et al. [2] have employed Savović-Djordjevich method of determining the coupling coefficient D [16] in their investigation of mode coupling in step-index silica optical fibers with core diameters of 100(400 (m and lengths of 2 m, for central launch beam θ0=0. In this work, using the power flow equation, we extend their work and examine the state of mode coupling in step-index silica optical fibers with core diameters of 100 (m, 200 (m and 400 (m and lengths of kilometers, both for central launch beam θ0=0 as well as for launch beam with θ0>0. Furthermore, for 200 (m core step-index silica optical fiber, a dependence of the output angular power distribution on fiber length is investigated for three wavelengths. As a result, the coupling length Lc at which the equilibrium mode distribution is achieved and the length zs of fiber required for achieving the steady-state mode distribution are obtained. We compare our results with those obtained using a long established calculation method [2, 9].  
2. POWER FLOW EQUATION

Gloge’s power flow equation is [9]: 
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where P((,z) is the angular power distribution, z is distance from the input end of the fiber, ( is the propagation angle with respect to the core axis, D is the coupling coefficient assumed constant [8, 9, 12] and 
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is the modal attenuation. The boundary conditions are P((c,z)=0, where (c is the critical angle of the fiber, and D((P/(()=0 at (=0. Condition P((c,z)=0 implies that modes with infinitely high loss do not carry power. Condition D((P/(()=0 at (=0 indicates that the coupling is limited to the modes propagating with ((0. Except near cutoff, the attenuation remains uniform ((()=(0 throughout the region of guided modes 
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 [10, 11] (it appears in the solution as the multiplication factor exp(–(0 z) that also does not depend on (). Therefore, ((() need not be accounted for when solving (1) for mode coupling and this equation reduces to [12]:   
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The solution of equation (2) for the steady-state power distribution is given by
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where J0 is the Bessel function of the first kind and zero order and (0 [m–1]=2.4052D/(c ADVANCE \l 32 is the attenuation coefficient. We used this solution to test our numerical results for the case of the fiber length at which the power distribution becomes independent of the launch conditions.  This length at which a steady-state distribution is achieved can be obtained using equation (4) [2, 9]:
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where n is the refractive index of the core and NA is numerical aperture of the fiber.


In order to obtain numerical solution of the power flow equation (2) we have used the explicit finite-difference method (EFDM) employed in our earlier works [12, 17]. To start the calculations, we used Gaussian launch-beam distribution of the form: 
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with 
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, where (0 is the mean value of the incidence angle distribution, with the full width at half maximum FWHM=
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 (( is standard deviation).  This distribution is suitable both for LED and laser beams (LED distribution can also be described by a Lambertian source). 

3. RESULTS AND DISCUSSION 


In this paper, we analyze mode coupling in relatively large core step-index silica optical fibers used in the experiment reported recently [2]. The first fiber has core diameter dcore=100 μm and clad diameter dclad=660 μm (100/660 fiber), the second fiber has dcore=200 μm and clad diameter dclad =745 μm (200/745 fiber), while the third fiber has core diameter dcore=400 μm and clad diameter dclad =720 μm (400/720 fiber). All fibers have NA=0.22, core refractive index n=1.4570 at λ=633 nm and critical angle 
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=8.8o. Fiber samples with length of 2 m were tested to obtain their mode coupling properties under the excitation of only a small number of modes, which is realized by narrow (with standard deviation σ0=0.054o) centrally launched beam [2]. By measuring the standard deviation of the output angular power distribution at the end of the fiber, and using the relation for mode coupling coefficient D=(
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)/2z [16], Hurand et al. [2] obtained D=4.9×10(7 rad2/m for 100/600 fiber, D=1.9×10(6 rad2/m for 200/745 fiber and D=6.4×10(6 rad2/m for 400/720 fiber at λ=633 nm – which we have adopted in this work.
[image: image15.wmf]0

5

10

0,0

0,2

0,4

0,6

0,8

1,0

z=500 m

Normalized intensity

Output angle (degrees)

[image: image16.wmf]0

5

10

0,0

0,2

0,4

0,6

0,8

1,0

z=900 m

Normalized intensity

Output angle (degrees)


[image: image17.wmf]0

5

10

0,0

0,2

0,4

0,6

0,8

1,0

z=1380 m

Normalized intensity

Output angle (degrees)

[image: image18.wmf]0

5

10

0,0

0,2

0,4

0,6

0,8

1,0

z=2470 m

Normalized intensity

Output angle (degrees)


Figure 1. Normalized output angular power distribution at different locations along the 200/745 silica fiber calculated for three Gaussian input angles (0=0o (solid line), 4o (dashed line) and 8o (dash-dotted line) with (FWHM)z=0=0.127o for: (a) z=500 m; (b) z=900 m; (c) z=1380 m and (d) z=2470 m (filled squares represent the analytical steady-state solution).


In Figure 1, our numerical solution of the power flow equation is presented by showing the evolution of the normalized output power distribution with fiber length for 200/745 fiber at λ=633 nm. We show results for three different input angles (0=0, 4 and 8o SEQ CHAPTER \h \r 1. We selected Gaussian launch beam distribution with (FWHM)0=0.127o by setting (0=0.054o in equation (5). Using the step lengths of ((=0.1o and (z=0.02 m we have achieved the stability of our finite-difference scheme. Since a truncation error for our explicit finite-difference scheme is O(
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(2) [18], using a small enough value of 
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z, the truncation errors were reduced until the accuracy achieved was within the error tolerance.


Radiation patterns in the short fiber (z=500 m) in Fig. 1(a) indicate that the coupling is stronger for the low-order modes: their distributions have shifted towards (=0o. Coupling of higher-order modes can be observed better only after longer fiber lengths (Fig. 1(b)). It is not until the fiber’s coupling length Lc that all the mode-distributions shift their mid-points to zero degrees (from the initial value of (0 at the input fiber end), producing the EMD in Fig. 1(c): Lc is 1380 m. The coupling continues further along the fiber beyond the Lc mark until all distributions’ widths equalize and SSD is reached at length zs in Fig. 1(d): zs=2470 m. For the 200/745 fiber, Figure 1(d) shows normalized curves of the output angular distribution obtained by solving the power flow equation using the EFDM (solid line), as well as the steady-state analytical solution of equation (2) (filled squares), where (0=0.00047 m–1. The two are in good agreement, with the relative error below 0.8 %. In the same manner, we obtained Lc =5400 m and zs=9600 m for the 100/600 fiber and Lc =430 m and zs=730 m for the 400/720 fiber. In order to test the accuracy of results, we compared zs with theoretical values determined by function (4), which are zs=9306 m for the 100/600 fiber, zs=2400 m for the 200/745 fiber, and zs=712 m for the 400/720 fiber. The relevant values are summarized in Table 1 to facilitate easier comparisons. Good agreement is apparent between our numerically obtained values for zs and theoretical predictions by Gloge’s function. One can observe that mode coupling coefficients varied as ~ dcore1.85. The increase of mode coupling coefficient (rate of mode coupling) with core diameter is due to a simultaneous decrease of angular separation between adjacent modes ((=λ/(2dcoren). As a consequence, the coupling length Lc where the equilibrium mode distribution is achieved and length zs where steady-state distribution is established decrease with increasing core diameter. 
Hurand et al. [2] studied 200/745 fiber for two other wavelengths (λ=403 and 1064 nm). The measured coupling coefficients are D=2.4×10(6 and 1.5×10(6 rad2/m at λ=403 and 1064 nm, respectively. By adopting these two values for D, we solved the power flow equation numerically in order to investigate how wavelength influences characteristic fiber lengths, Lc and zs. We obtained that Lc=1090 m, zs=1910 m at λ=403 nm and Lc=1800 m,  zs=3170 m at λ=1064 nm. Using Gloge’s function, we obtain zs=1866 m at λ=403 nm and zs=3069 m at λ=1064 nm (core refractive index n=1.4703 at λ=403 nm and n=1.4502 at λ=1064 nm are assumed in the calculations). 
Table 1. Core diameter, clad diameter, coupling coefficient D, coupling length Lc and length zs for silica fibers at λ=633 nm (values for D are those determined by Hurand et al. [2]).

	Core Diameter ((m)
	Clad Diameter ((m)
	D (rad2/m)
	Lc (m)

(Numerical Results)
	zs (m)

(Numerical Results)
	zs (m)

(Analytical Results, Eq.(4))

	100
	600
	4.9(10(7
	5400
	9600
	9306

	200
	745
	1.9(10(6
	1380
	2470
	2400

	400
	720
	6.4(10(6
	430
	730
	712


Table 2. Coupling coefficient D, coupling length Lc and length zs at different wavelengths ( for 200/745 silica fiber (values for D are those determined by Hurand et al. [2]).

	( (nm)
	D (rad2/m)
	Lc (m)

(Numerical Results)
	zs (m)

(Numerical  Results)
	zs (m)

(Analytical Results, Eq.(4))

	403
	2.4(10(6
	1090
	1910
	1866

	633
	1.9(10(6
	1380
	2470
	2400

	1064
	1.5(10(6
	1800
	3170
	3069


For three wavelengths mentioned, the relevant numerical values are summarized in Table 2 to facilitate easier comparisons. A good agreement is again apparent between our numerically obtained values for zs and theoretical predictions obtained using Gloge’s function (4). One can observe that mode coupling coefficients varied as ~ λ(1/2. The decrease of the mode coupling coefficient with increasing wavelength is due to the simultaneous increase of angular separation between adjacent modes ((=λ/(2dcoren). As a consequence, the coupling length Lc where the equilibrium mode distribution is achieved and length zs where steady-state distribution is established increase with increasing wavelength. Similar wavelength dependence ~ λ(1/3 is obtained for chalcogenide-glass step-index optical fiber, for which coupling length is even larger (Lc (13 to 20 km) [19]. The coupling coefficients of the step-index silica optical fibers that were analyzed are two orders of magnitude lower than for step-index plastic optical fibers (typically (10(4 rad2/m). Consequently, the coupling length Lc and length zs are much shorter (Lc (15 to 35 m, zs=45 to 100 m) [20]. This is attributed to strong intrinsic perturbation effects in plastic optical fibers.  

Finally, we conclude that since large core silica optical fibers are used at short distances (usually at lengths of up to ten meters), the light they transmit is at the stage of coupling that is far from the equilibrium and steady-state mode distributions.  

4. CONCLUSION

A solution is reported of the power flow equation employed to investigate the state of mode coupling along large core step-index silica optical fibers. Results have been verified against the analytical solution for the steady-state coupling condition. Coupling lengths and lengths for achieving the steady-state distribution are shown to decrease with increasing the core radius. On the other hand, they increase with increasing the wavelength. Since these fibers are used at short distances (usually at lengths of up to ten meters), the light they transmit is at a stage of coupling which is far from the equilibrium or steady-state mode distributions. These results are of interest in predicting the transmission properties of large core step-index silica optical fibers used for power delivery and sensing systems. 
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((
СПРЕЗАЊЕ МОДОВА У СТАКЛЕНИМ ОПТИЧКИМ ВЛАКНИМА СА СТЕПЕНАСТИМ ИНДЕКСОМ ПРЕЛАМАЊА И ВЕЛИКИМ ПОЛУПРЕЧНИКОМ ЈЕЗГРА

Сажетак: Користећи једначину протока снаге испитивано је спрезање модова у стакленим оптичким влакнима са степенастим индексом преламања и великим полупречником језгра. Одређена је дужина спрезања на којој настаје равнотежна расподела модова и дужина на којој настаје стационарна расподела модова. Пошто се стаклена оптичка влакна са степенастим индексом преламања и великим полупречником језгра користе на кратким растојањима (обично до неколико десетина метара), светлост коју она преносе на тим растојањима је далеко од равнотежног и стационарног стања модова.
Кључне речи: Стаклена оптичка влакна са степенастим индексом преламања; спрезање модова
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