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Abstract

:

Up to now, there have been no complete theoretical researches and field experiment reports on the fiber fusion loss at high altitude. Therefore, we have conducted an exploratory study on the fiber splicing loss at high altitude, and firstly analyze the influence of mode field diameter mismatch, axial offset, angle tilt or end face gap affected by high altitude on splice loss, and then discuss the influence of fusion-splicing parameters on splice loss. Besides, a mathematical model for reducing the splicing loss of single-mode fiber at high altitude is established by combining the effects of temperature, humidity, oxygen content, atmospheric pressure, gale and gravity. We have conducted repeated field fusion experiments in different altitude areas (53, 2980, 4000, 4200, 4300, 5020, and 5200 m) more than once, hence obtaining a large number of field experimental data, making a deep comparison between typical “plain” area and typical “high altitude” area. The splice loss of most fusion points achieved successfully has been reduced by at least 0.07 dB. The simulation results are basically consistent with the theoretical analysis. Ultimately, the method proposed has been directly applied to on-site splicing engineering in high altitude environment and achieves good results.
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1. Introduction


In the optical fiber communication links with a large span and super long distance, the whole optical fiber link is often composed of several independent and continuous fiber splicing [1,2]. However, the total loss stemming from the addition of joint losses does account for a large proportion of the whole link loss [1,3]. Besides, splicing joints also often exist in optical devices [3]. Fortunately, how to reduce the fiber splice loss has been widely concerned and studied in plain areas [2,3,4,5,6,7,8,9,10,11,12,13,14]. By effectively controlling the viscous flow or the diffusion of glass components in the fusion-splicing process, the loss caused only by lateral shift and refractive index change can be reduced [4]. However, this literature not only fails to consider the effect of angle tilt on the fusion splice loss, but also lacks enough experimental data. In addition, in literature [2,8,9,10,11], the optimal parameter combinations to minimize the splice loss have been given respectively under different conditions, such as 8.5 W discharge power and 2000 °C heating temperature [8], but the influence of mode field diameter mismatch and end face spacing on splice loss is not considered in this literature. The fusion loss of single-mode fiber with core diameters of 10 and 7 μm is 0.07 and 0.15 dB respectively [9]. However, this literature does not consider the influence of mode field diameter mismatch on the splice loss, nor does it consider the gravity effect in the fusion-splicing process. When the eccentricity of the fiber core and the deviation of the outer diameter of the fiber exist, the change of splice loss can be less than 0.1 dB with the 18 mA discharge current, 0.2 s pre-fusion time and 1 s discharge duration [11], but the influence of angle tilt and end face spacing on splice loss is not considered here. In particular, these research results are all realized in plain areas. When we first apply the optimal fusion methods given by these research results directly to the optical fiber fusion in high altitude area, the expected results are not obtained, even far from the field measurement results.



Though artificial operation, instrumentation and external environment have a great impact on the actual fusion process [3,4,5,6,7], there have been no complete theoretical researches and field experimental reports on fiber fusion at high altitude. Fortunately, the altitude can already be measured with great accuracy [15,16]. In addition to axial offset and angle tilt of the fiber [9,11,13], mode field diameter mismatch and end face gap of the fiber can also have a great impact on the splice loss [17,18,19,20], so do the fusion-splicing device and parameters in the fusion process [21,22,23]. In recent years, some researchers have carried out statistical modeling and analysis on splice loss [24,25]. Therefrom, our research team has conducted exploratory research on splice loss under the special environment of high altitude for the first time. Moreover, another researcher in our laboratory has considered the effect of angle tilt on splice loss in literature [26], involving temperature and humidity. However, this literature does not research the influence of mode field diameter mismatch, axial offset and end face spacing on the splice loss, nor does it consider the gravity, oxygen content and wind in high altitude environment. Besides, the experimental data needed on in-situ fiber splicing at high altitude are seriously insufficient. Furthermore, the theory proposed does not achieve the expected theoretical estimate of splice loss when fusion-splicing in situ is implemented at high altitude.



Therefore, this paper continues to conduct exploratory research on fiber fusion loss in high altitude environment. We firstly analyze the influence of mode field diameter mismatch, axial offset, angle tilt or end face gap affected by high altitude on splice loss, and then discuss the influence of fusion parameters on splice loss. Though the optimal fusion combination conditions given in the published literature are directly applied to the exploratory experiment of in-situ splicing in high altitude area for the first time, not only is it difficult to splice successfully, but also most of the measured loss values are more than 0.5 dB, which greatly exceeds the loss budget. To tackle this problem, a mathematical model for reducing the splice loss at high altitude is established, involving temperature, humidity, oxygen content, atmospheric pressure, gale and gravity. Moreover, the main causes of high splice loss in high altitude environment are analyzed and identified. Then, we once again carry out several repeated field fusion experiments at different altitudes, making a deep comparison between typical “plain” area (53 m) and typical “high altitude” area (4300 m), hence obtaining a large number of field experimental data. Most of the splice loss measurement values are less than 0.5 dB. More importantly, some of the splice loss is even reduced to about 0.3 dB. In addition, the optimal combination conditions to minimize the splice loss of two different single-mode optical fibers in the high altitude environment are compared again. The simulation results are basically consistent with the theoretical analysis. Subsequently, the method proposed has been directly applied to the fiber splicing engineering in the high altitude environment, achieving good results, thus significantly reducing the cost of constructing a long-span and ultra-long-distance optical fiber communication link at high altitude, which has certain reference significance for the future research of splicing loss in the high altitude environment.




2. Materials and Methods


A large number of fusion platforms can successfully realize the fusion-splicing of two optical fibers [2,3,8,9,10,11,12], but due to the special harsh environment at high altitude, the experimental personnel can not stay for a long time. To solve this problem, this paper borrows the fusion-splicing platform proposed by A.K. Das [9,10]. This platform is easy to be built and operated, which is very conducive to the manual fusion-splicing operation in the high altitude environment, as shown in the simplified diagram at the lower right corner of Figure 1. In order to highlight the research focus of this paper, only the details of the butt-joint of the optical fiber ends in the fusion-splicing process are described in depth here. In particular, the optical fiber end face preparation technology commonly used [3,8] is adopted, and the optical fiber end face obtained is assumed to be very ideal. After the preparation stage, the Sumitomo Type-81C fusion splicer (Sumitomo, Tokyo, Japan) is selected to complete the optical fiber fusion experiment, whose discharge power is AC discharge mode with the 100∼240 V at 50∼60 Hz discharge voltage, and the splicing set-up constructed by which is shown in the simple figure in Figure 1. Besides, the default parameters of this fusion splicer are: the tungsten electrode diameter is about 1 mm; the gap distance between the electrodes is 2 mm; the tapering angle of the electrode is 30° under the standard atmospheric pressure. It is worth noting that this splicing set-up covers almost all operations in the fusion-splicing process, such as optical fiber preparation, alignment, joint formation, camera, splice packaging. Noteworthily, the fusion splicer is placed on the uneven surfaces, which can increase the difficulty of optical fiber alignment, such as increasing the axial offset and angle tilt. In addition, the oblique placement of the fusion splicer can also lead to serious uneven forces in the splicing process of the two optical fibers.



In the fusion-splicing process, the electrode discharges to heat the ends of two optical fibers, meanwhile, the optical fiber at the moving end is constantly moved to the fixed optical fiber under the force exerted by the pushing arm and the spring, so that the two optical fibers are squeezed together by the force at the same time, as shown in the dotted line in Figure 2a. In order to research the influence of high altitude environment on optical fiber fusion-splicing more accurately, this paper assumes that the power of optical fiber cladding mode is perfectly eliminated.



The main factors causing the fusion-splicing loss are the mismatch of the mode field diameter (MFD) of the optical fiber, the lateral offset of the optical fiber, the angle tilt of the optical fiber or the end face gap of the optical fiber [3,13]. The detailed characteristics of these four cases are shown in Figure 3. It is worth noting that literature [26] has neither researched the MFD mismatch, axial offset and end face gap, nor researched the gravity and heat flow under the fusion process in implementing the specific analysis.



2.1. Coupling Efficiency


As can be seen from Figure 3a, the core diameter 2  r 1   of the left fiber is significantly larger than the core diameter 2  r 2   of the right fiber. According to the optical fiber propagation theory [1], when the optical signal propagates from the right optical fiber to the left optical fiber, it can be transmitted intact and lossless. Propagation from left to right can lead to a large attenuation. This is attributed to the coupling efficiency  τ  at the fusion joint of two optical fibers, namely, the optical power   P r   transmitted by the fundamental mode waveguide of the receiving end fiber dividing by the optical power   P t   transmitted by the fundamental mode waveguide of the transmitting end fiber [14]. The loss L of the fusion joint can be expressed by the coupling efficiency  τ , namely:


  L = − 10 log τ  



(1)







Obviously, from Equation (1), as long as the coupling efficiency  τ  of the fusion joint is calculated, the loss L of the fusion joint can be obtained.



The mismatch of MFD has a great influence on splice loss [17,19]. The mode field distribution of step type single-mode fiber is very similar to Gaussian shape [13,14]. The spatial coordinate system established is shown in Figure 2a. There are five typical definitions of MFD in common use. In view of the characteristics of step type single-mode fiber, this paper uses the famous definition of MFD, namely Petermann II spot size, to describe the mode field diameter whose size is 2w. In addition, the value of w can be obtained from the empirical formula [13].


   w r  ≈ 0.65 +   1.619   V  3 / 2    +   2.879   V 6    



(2)




where r is the core radius;   n 1   and   n 2   are the refractive index of the core and cladding respectively;   V = 2 π r    n  1  2  −  n  2  2    / λ   is the normalized frequency, and here   0 ≤ V ≤ 2.5  .



It is assumed that the core eccentricity of both single-mode optical fibers can be neglected. According to the single-mode optical fiber fusion-splicing theory [13,14], when the loss caused only by (a) in Figure 3 occurs, that is, when two different types of optical fibers are fused successfully under ideal conditions without lateral offset, angular inclination or end face gap, the coupling efficiency  τ  of the fusion can be expressed as:


  τ =     2  w 1   w 2     w  1  2  +  w  2  2     2   



(3)







Axial offset has a great influence on splice loss [13,25]. When the loss caused by (b) in Figure 3 occurs, that is, when only transverse excursion occurs between two optical fibers, at this moment, the offset distance is s, without angular inclination and with the fine end face contact, so the coupling efficiency  τ  of the fusion can be expressed as:


  τ =     2  w 1   w 2     w  1  2  +  w  2  2     2  exp  −   2  s 2     w  1  2  +  w  2  2      



(4)







The influence of angle tilt on splice loss is very large [9,26]. When the loss caused by (c) in Figure 3 occurs, that is, when only angular inclination occurs between two optical fibers, at this moment, the inclination angle is  θ , without transverse offset and with the fine end face contact, so the coupling efficiency  τ  of the fusion can be expressed as:


  τ =     2  w 1   w 2     w  1  2  +  w  2  2     2  exp  −   2  π 2   n  i  2   w  1  2   w  2  2   sin 2  θ    λ 2    w  1  2  +  w  2  2       



(5)




where   n i   is the refractive index of the uniform medium filled between two optical fibers, which can be air or immersion, etc.;  λ  is the vacuum wavelength of the uniform plane wave with the same frequency.



The effect of end face gap on splice loss is also very huge [3,18,20]. When the loss caused by (d) in Figure 3 occurs, that is, when there is only an interval of d between two optical fibers without lateral deviation or angular tilting. Besides, the Fresnel reflection loss is ignored here, so the coupling efficiency  τ  of the fusion can be expressed as:


  τ =   4  w  1  2   w  2  2       w  1  2  +  w  2  2   2  +     λ d   π  n i     2     



(6)








2.2. Environmental Impact of the High Altitude


Figure 2a shows that the two optical fibers placed in the fusion splicer are heated by the discharge of the two electrodes to reach the corresponding softening temperature, thus fused together. During the whole process, the central position of the fusion region between the two optical fibers is most affected by the heat source, and then gradually weakens along the axial direction of the corresponding optical fiber core, as shown in the direction of the parabola and arrow in Figure 2b. Especially, the whole fusion-splicing process can be affected by the environment. According to the theory of optical fiber fusion and heating [3,12], the optical fiber ends in the shape of molten silicon are simultaneously acted by various forces such as applied force, surface tension, thermal expansion force and gravity in the whole fusion-splicing process, as shown in Figure 2b. Although the I.Hatakeyama model and the A.K. Das model put forward the force characteristics of the optical fiber ends contacting with each other during the fusion-splicing process on the basis of the force equilibrium theorem, and all have given the optimal fusion conditions to minimize the loss, these models are merely based on plain areas and ignore the gravity effect of optical fiber. When these optimal fusion-splicing conditions are applied to the high altitude environment, they have failed to achieve the expected results, even far exceeded the desired results. So then, we correlate the high altitude environment with these findings and establish a new mathematical model.



In a high-altitude environment, with the increase of altitude [15,16], complex terrain and changeable climate seriously affect the heating and stress state of the optical fiber in the fusion region. When the altitude is Z meters with the   P Z   pascal intensity of pressure and the   F P   pressure, the applied force that makes the two optical fibers be squeezed each other and connected together becomes    F B  −  F P   . According to the thermodynamic theory, the ideal equation of state of gas [15] is   m P =  ρ a  K  T 0   , besides, the equation of atmospheric mechanics is   ∂ P / ∂ Z = −  ρ a  g  , so the general equation of pressure height is   −  m g / K  T 0   ∂ Z = ∂ P / P  . It should be noted that these are different from the physical mechanism proposed in literature [26]. Furthermore, the equation can be obtained:


      P Z  =  P 0  exp   ∫   Z 0   Z  −    m g    T 0  K    ∂ Z  =  P 0  exp  −    m g    T 0  K     Z −  Z 0        



(7)




where   P 0   is the standard atmospheric pressure at an altitude of 0; P is the atmospheric pressure;   ρ a   is the density of air; m is the molecular mass of air; g is the acceleration of gravity; K is the gas constant of dry air;   T 0   is the surface air temperature.



Combining Formula (7), the atmospheric pressure   F P   on the optical fiber end face with cross-sectional area of    A  c s a   = π   D / 2  2    in the high altitude environment is:


   F P  =  P Z   A  c s a    



(8)







The gravity exerted on the fused fiber is difficult to be ignored in the high altitude environment. Combined with Newton’s law of gravitation, the gravity   F g   on the fiber in the fiber fusion region after derivation can be calculated by the following formula.


   F g  =   π ρ G M  l C   r 2     R + Z  2    



(9)




where  ρ  is the density of the optical fiber material; G is the gravitational constant; M is the mass of the earth; R is radius of the earth;   l C   is the length of the fused region.



Furthermore, the axial offset s, tilt angle  θ  and end face spacing d between the two different fibers are all affected by the high altitude environment to varying degrees. Then, the splice loss between two different fibers is affected to different degrees.



It should be noted that according to Equation (2), the mode field radius w of the optical fiber does not change with the increase of altitude and is only determined by the material characteristics of the optical fiber itself [14]. In order to highlight the research focus of this paper and eliminate unnecessary interference, it is assumed that the inertia of optical fiber material is very ideal. Therefore, when fusion-splicing is carried out at high altitude, the mode field diameter 2w is not affected by the change of altitude.



According to circular axisymmetric characteristics of single-mode fiber [13], when the axial positions of the two fibers are changed under the influence of high altitude environment, the forces in axial direction of fibers do cancel each other out. So on the basis of the coordinate system shown in Figure 2a, it can be obtained through the derivation that the stress state of fibers at this time is as follows:


      k 1   A  c s a     F B  −  F P   +  F C  −  F g  −   π D  F A  x   l B   = −   π η  D 2    4  l B      d x   d t       



(10)




where   k 1   is the constant under the action of the applied force   F B  ; D is optical fiber diameter;   F A   is the surface tension of optical fiber;   η = 0.0769 exp  2.90 ×  10 4  / T    is the viscosity of molten glass; the thermal expansion force in the fusion region    F C  = 2  k 2   A  c s a   α  l C  T   [9];   l B   is the width of the melting zone; t is the fusion-splicing time; T is the fusion-splicing temperature;   l C   is the length of the melting zone;   k 2   is the constant under the action of thermal expansion;  α  is the coefficient of thermal expansion.



According to the discharge characteristics of the fusion splicer [3] and the stress distribution characteristics of the fusion splices [5,12], the characteristics of surface of the optical fiber end face in the fusion process can be obtained:


     2 π  l A   F A  =  F  A 0   × exp  − exp  12.46 −   1.54 ×  10 4   T    t  0.63        



(11)




where   F  A 0    is the initial axial stress;   l A   is the effective fiber length acted on by   F A  .



In combination with (8)–(11), it can be obtained through the derivation that the lateral offset change   s Z   of the fiber core at this time is as follows:


      s Z  =   2  k 1   l B   A  c s a     F B  −  F P   / D +  F C  −  F g    2 π  F A     exp  −   4  F A    D η   t  − 1  +  s 0  exp  −   4  F A    D η   t      



(12)







Similarly, according to circular axisymmetric characteristics of single-mode fiber [13], the stress state in radial direction of optical fiber is not required to be considered when analyzing the stress state in axial direction of optical fiber. In addition, because optical fiber is kept in horizontal direction, the gravity effect can be ignored. So on the basis of the coordinate system shown in Figure 2a, the stress state of optical fiber at this time can be obtained by derivation.


  Δ  A  c s a     F B  −  F P   +  F C  − 2 π  l A   F A  = − π η  D 2    d z   d t    



(13)




where   Δ  A  c s a     is the effective area of the fused fiber under the action of   F B  .



Furthermore, the inclination angle  θ  between the fiber end faces changes at this time. Combining with (8), (11) and (13), the value of the offset   θ Z   can be obtained through derivation, which is distinctly different from the angle value given in reference [26].


   θ Z  =  θ 0  exp    k B    F B  −  F P    n   



(14)




where   θ 0   is the initial tilt angle;   k B   and n are constants, both of which depend on the optical fiber end face state.



When the polynomial on the left side of Equation (13) is less than 0, that is, when the two optical fibers are pulled apart and in the state of “separation”, the fusion-splicing does not happen. Moreover, the concave, convex or polluted end face of the optical fiber can lead to an initial end face spacing   d 0  . However, only when the distance between two optical fibers is less than a certain value, can the fusion-splicing take place [3]. Therefore, when the gap distance d between the two optical fibers is within the effective range, the dominant role in the whole fusion process is the force exerted by the fusion splicer. So the value of optical fiber end face spacing,   d Z  , is not affected by the change of altitude, but mainly depends on the fusion-splicing time [9], namely:


   d Z  =  d 0  +   2  F A   η  t  



(15)








2.3. Splicing Loss


In combining with (1), the splicing loss L of two different single-mode optical fibers in high altitude environment can be expressed as:


  L = − 10 log f  w , s , θ , d ; Z   



(16)







According to Equation (2), the influence of high altitude on the fusion-splicing of different kinds of optical fibers in ideal state has not been involved. By applying the Gaussian approximation method and combining Equations (3) and (16), it can be obtained that the loss   L  w  =  L w   Z    only caused by MFD mismatch in the environment of high altitude is as follows:


   L w   Z  = − 20 log    2  w 1   w 2     w  1  2  +  w  2  2      



(17)







Substituting Equations (4), (7) and (12) into Equation (16) and applying the Gaussian approximation method, it can be obtained through the derivation that the fusion loss caused by the transverse displacement s of the optical fiber core under the influence of high altitude is,   L  s  =  L s   Z   , namely:


         L s   Z  = − 20 log    2  w 1   w 2     w  1  2  +  w  2  2     +   8.686    w  1  2  +  w  2  2    ×           2  k 1   l B   A  c s a     F B  −  F P   / D +  F C  −  F g    2 π  F A     exp  −   4  F A    D η   t  − 1  +  s 0  exp  −   4  F A    D η   t   2     



(18)







Similarly, substituting Equations (5), (7) and (14) into (16), the splice loss,   L  θ  =  L θ   Z   , caused by the inclination angle  θ  between the end faces of two fibers affected by high altitude, can be obtained through the derivation. Importantly, the experimental data show that the results obtained by (19) are more consistent with the actual situation in high altitude environment than those obtained by Formula (12) in Reference [26].


      L θ   Z  = − 20 log    2  w 1   w 2     w  1  2  +  w  2  2     +   8.686  π 2   n  i  2   w  1  2   w  2  2     λ 2    w  1  2  +  w  2  2      sin 2    θ 0  exp    k B    F B  −  F P    n       



(19)







When the effect of applied force and atmospheric pressure and the thermal expansion of molten silicon are weaker than that of the surface tension of optical fiber end face, the Fresnel reflection loss accounts for a small part [18]. However, in view of the research focus of this paper, the Fresnel reflection loss is ignored here. According to Equations (6), (15) and (16) and applying the Gaussian approximation method, it can be obtained that the fusion loss,   L  d  =  L d   Z   , caused only by end face spacing d under high altitude environment, is as follows:


      L d   Z  = − 10 log   4  w  1  2   w  2  2       w  1  2  +  w  2  2   2  +   λ   d 0  + 2  F A  t / η  / π  n i   2        



(20)







The    L w   Z   ,    L s   Z   ,    L θ   Z   , and    L d   Z    respectively represent the splicing loss of two different kinds of optical fibers under the condition of MFD mismatch, axial offset, angle tilt or end face gap in the high altitude environment. According to the independence of these four influence factors, the total splice loss L can be obtained.


  L = L  l o s s  =  L w   Z  +  L s   Z  +  L θ   Z  +  L d   Z   



(21)







In the high altitude environment with harsh and changeable climate as well as a complex train, it is difficult for human to stay for a long time. The actual measurement proves that the instruments and apparatuses are easy to fail in this environment. Besides, the electrodes of the fusion splicer are easily polluted. What gives rise to these problem is not the focus of this paper, and therefore can not be described here. However, these factors can lead to some deviation between actual fusion loss and theoretical values, which is described here as additional loss and is expressed by the symbol   L  a d   . Obviously, the additional loss   L  a d    can increase or decrease the total value of splicing loss [3]. In order to make more accurate calculation and comparison, the splicing loss obtained under high altitude environment is further expressed as:


   L  t o t   = L  l o s s  +  L  a d    



(22)









3. Experiments


3.1. The High and Cold Plateau Region


So far, the field experiments relating to fiber fusion under harsh weather conditions are too few and incomplete. To worsen the situation, the experimental data concerning fiber splice which can be utilized for analysis and application under high altitude environment are seriously insufficient. In order to facilitate the understanding and calculation, this paper draws on engineering experience and defines the day with −25 °C in one day as the high cold day, and the month of 5 high cold days in one month as the high cold month, and the climate of 3 high cold months in a year as the high cold region. Besides, the area with an altitude of 3000 m+ is defined as a plateau. Evidently, the high and cold plateau region is a typical high altitude region with extremely harsh environment. Since accurate control of fusion parameters is essential for successful splicing [3,22], the fusion process is easily affected by the environment. In order to achieve a satisfactory splice result, multiple parameters often need to be carefully controlled simultaneously. Up to present, Hatakeyama, Das and Kato et al., combining with different fusion conditions in plain area, have found the corresponding optimal parameter combinations to minimize splice loss. For example, One of the optimal fusion conditions is the 2000 °C fusion temperature, 18 mA discharge current, 8.5 W discharge power, 1 s heating time, and 20 g·m applied force. Consequently, the optimal splice theory and experience [6,7,8,9,10,11,21,23] are initially utilized to conduct field experiments in the high and cold plateau region.



Two kinds of standard single-mode-fiber (SMF), referring to G.652.D and ultra-low-loss (ULL) [27] fiber, are selected as research objects. It should be noted that these two optical fibers in the subsequent fusion experiment are from the same manufacturer, same batch and same model respectively. In order to eliminate unnecessary interference and facilitate calculation, the average values of material parameters and that of geometric parameters of these two optical fibers are taken respectively, and the detailed parameters are shown in Table 1. Besides, they all are “step type” single-mode fibers. According to splice theory, the “ULL-ULL” mode and “G652D-G652D” mode belong to the category of the same kind of fiber fusion, while “ULL-G652D” mode is opposite.



In order to exclude the interference of the optical fiber itself, 10 samples at a time are taken from each selected experimental object during the experiment, and it is assumed that the samples and its parameters are consistent in the same sample space. Moreover, in order to compare and analyze the experimental results more accurately, the subsequent fusion experiments are repeated in accordance with the same number of experiments and the same steps.




3.2. Areas of Different Altitudes


Based on China’s “Tibet-middle part” networking project, fusion experiments are carried out at seven different altitudes. Fortunately, the altitude have already been accurately measured [15,16]. The environmental factors at different altitudes are different, and the environmental information of these seven altitudes is shown in Table 2. It should be noted that a large number of engineering experience shows that lightning, snowfall and rainfall are not the main factors affecting the splice loss. Therefore, we only consider the meteorological factors such as temperature, humidity, oxygen content, atmospheric pressure, gale and gravity. During the whole experiment, the length of each optical fiber of G652D and ULL all is 500 m. Except for the special adjustment of the follow-up experiments, all the fusion-splicing experiments in this paper select SM G652 Std. fusion-splicing mode and choose the default parameters of the fusion splicer manual as the parameters in the fusion-splicing process. After the fusion-splicing is completed successfully, the Optical Time Domain Reflectometer (OTDR) is utilized to measure the splice loss at the wavelength of 1550 nm. The EXFO MAX-730B-M2 OTDR, which is widely used in business at present, is selected in this paper. OTDR is similar to a radar when reading experimental data. It first sends out a test laser pulse to the optical fiber and then observes the size of the laser power returning from each point on the optical fiber (including Rayleigh scattering and Fresnel reflection). This process is repeated. Then, these results are averaged according to the needs and displayed in the form of trajectory diagram, which describes the instantaneous situation of the whole section of the optical fiber. Given the OTDR “left-right” and “right-left” two features of the measuring way of the proceeds of the results are not the same [28], and also in order to eliminate the unnecessary disturbance and be convenient for numerical calculation, this paper in all of the fusion-splicing experiments adopts “two-way measurement” way of measuring the results of each experiment to measure and then takes the average as the final loss values.



In order to eliminate the interference caused by optical fiber cutting machine, optical fiber wiping paper, optical fiber fusion splicer, OTDR measuring instrument or other equipment, this paper assumes that all the tools, instruments and meters utilized in the fusion-splicing process are clean and in good condition, besides, they all are also very ideal in the process of application.




3.3. Different Locations in the Same Altitude Environment


In experiment II, the fusion losses at different altitudes have been compared in detail. However, the environmental factors at different locations at the same altitude are different [15]. So then, we select the most typical two altitudes for further experiments, and the environmental information of different locations at the same altitude is shown in Table 3. Obviously, the area with an altitude of 53 m is a typical plain area, while the area with an altitude of 4300 m is a typical high altitude area. The fusion-splicing experiments are respectively carried out in four different places with an altitude of 53 m and in four different places with an altitude of 4300 m under the same conditions.



It is worth noting that, although the MFD of optical fiber is extremely important and thus its mismatch can cause a large fusion loss [17,19], the theory discussed above and the later simulation results all show that the high altitude has no effect on MFD. After excluding the influence of the MFD mismatch on the splice loss in the high altitude environment, we only need to select the same kind of optical fiber for further experiments to achieve the purpose, that is, what is the influence of high altitude environment on the splice loss in the following research. In consideration of the demand of the “Tibet-middle part” networking project, the ULL fiber is only selected as the further experimental object in the subsequent research.





4. Results and Discussion


Figure 2b shows that two optical fibers are squeezed together during fusion-splicing due to the joint action of various forces, including   F A  ,   F B  ,   F C  ,   F P  ,   F g   and glass viscosity. Meanwhile, Figure 3 shows that the splice loss is mainly caused by MFD mismatch, axial offset, angle tilt or end face gap in the fusion process. According to the second part of this paper, the corresponding splice loss varies with the changing force being applied on the two fibers, as shown in Figure 4. The unit of the resultant force is g·m. Obviously, the fusion process is controlled by the fusion splicer. Under ideal conditions, the effective range of applying force for achieving the lowest splice loss is given by I.Hatakeyama as 20∼30 g·m, while A.K. Das also indicates that the effective range of applying force to achieve the lowest splice loss is 20∼25 g·m. So in the environment of high altitude, the range of the applied force is set from the lowest value to the critical value of 30 g·m under ideal conditions. As can be seen from Figure 4, the green curve with “*” and the water red curve with “∘” all have no significant change, which indicates that the fusion loss   L  w    or   L  d    caused by the MFD mismatch or the end face spacing d does not change with the change of applied force, while the blue curve with “△” and the red curve with “□” all emerge as an obvious upward trend, which indicates that the fusion loss   L  s    or   L  θ    caused by the axial deviation s or inclination angle  θ  increases evidently with the increase of the applied force. Besides,   L  s    is larger than   L  w   ,   L  d    and   L  θ   , while   L  θ    increases significantly with the increase of applied force under ideal conditions.



According to Equations (3)–(6), the main factors that cause fusion loss are MFD mismatch, axial offset, angular tilt or end face spacing. Meanwhile, it can be seen from Equations (2), (7), (12), (14) and (15) that, in high altitude environment, the mode field diameter 2w, axial offset s, inclination angle  θ  or end face spacing d of the two optical fibers can be plotted to vary with the increase of altitude, as shown in Figure 5. Since the units of w, s,  θ  and d are not exactly the same, and the amount of change is also inconsistent, the scale of the corresponding ordinate is here set to be not consistent, as shown in Figure 5. It is assumed that the properties of optical fiber materials are relatively stable in the environment of high altitude, and according to Equation (2), the mode field radius of optical fiber does not change with altitude. Therefore, the   w g   of G.652.D and   w u   of ULL fibers all do not change with increasing altitude, and    w g  >  w u   , as shown in Figure 5a. According to Equations (12) and (14), the values of axial offset and tilt angle all vary with altitude. For the convenience of comparison and drawing, the variation is used to represent the changes of axial offset and angular tilt with altitude. Then, the axial offset change   Δ s   and tilt angle change   Δ θ   between two optical fibers all show an obvious upward trend with the increase of altitude, as shown in Figure 5b,c. It is worth noting that the axial offset change   Δ s   must be less than   m i n   r L  ,  r R     and the tilt angle change   Δ θ   is less than 90 degrees. Otherwise, it is difficult to splice successfully, or the loss of joint splice successfully is also very huge to be unacceptable. Besides, the Equation (15) shows that, although the end face spacing d between two optical fibers can change during the fusion-splicing process, it does not change with the increase of altitude. Therefore, the change trend of end face gap with altitude is shown in Figure 5d. Furthermore, comparing (a), (b), (c) and (d) in Figure 5 and combining with the Formulas (17)–(20), it can be concluded that Mold field diameter mismatch, axial offset, angle tilt and end face gap can all affect the splice loss, but the axial offset and angular tilt are greatly affected by the high altitude and then have the most tremendous influence on the splice loss between two kinds of optical fibers at high altitudes. In order to highlight the core of this study, it only needs to next focus on the analysis of the influence of the axial offset or angle tilt between two optical fibers affected by the high altitude environment on the fusion loss.



It has been shown that the axial offset or angular tilt is more affected by the high altitude environment and also has a greater impact on the fusion loss than the MFD mismatch or end face spacing between fibers in that environment. So in order to more accurately verify the correctness of the proposed method, in the high altitude environment, this paper next carries out multiple groups of repeated experiments for three fusion methods consisting of “ULL-ULL”, “G652D-G652D” and “ULL-G652D” under the same conditions. The experimental results show that, in the case of MFD mismatch, although the value of UG is greater than that of UU and GG, the three curves of UU, GG and UG all do not change, as shown in Figure 6a, which indicates that the fusion loss   L  w    caused by MFD mismatch is not affected by the high altitude environment. However, when only lateral offset occurs, although the value of UG is greater than that of UU and GG, only attributing to MFD mismatch, the three curves of UU, GG and UG all show a consistent upward trend, without obvious difference, as shown in Figure 6b. This result shows that the fusion loss   L  s    only caused by axial offset increases when being affected by the high altitude environment, but does change greatly not because of MFD mismatch. When only angle tilt occurs, although the value of UG is greater than that of UU and GG, only attributing to MFD mismatch, the three curves of UU, GG and UG all show a consistent upward trend, with no obvious difference, as shown in Figure 6c, which shows that the fusion loss   L  θ    caused only by the tilt angle increases when being affected by the high altitude environment, but does change greatly not because of MFD mismatch. Similarly, when only end face gap occurs, although the value of UG is greater than that of UU and GG, the three curves of UU, GG and UG all do not change, as shown in Figure 6d, which indicates that the fusion loss   L  d    only caused by end face spacing is not affected by the high altitude environment and also does change greatly not due to MFD mismatch. It’s very important that these results are basically consistent with the results given by Formulas (18) and (19). Therefore, it can be verified again that the splice loss caused by MFD mismatch or end face gap is not affected by the high altitude environment under any conditions. In addition, by comparing (b) and (c) in Figure 6, it is found that the curve of   L  s    increases sharply at first and then slowly, while the curve of   L  θ    almost always increases steadily. This difference indicates that   L  s    and   L  θ    are all affected by altitude, but to the different extent, under different conditions.



In order to verify the accuracy of the model proposed, the “ULL-ULL” mode is selected for further analysis. In the coordinate system we established, the altitude increases in steps size of 10 m as the altitude increases continuously, as shown in Figure 7. Combining with Equations (17)–(20), in an ideal condition, the fusion loss caused by axial deviation or angular inclination between the two optical fibers increases significantly, while the fusion loss caused by MFD mismatch or end face spacing does not change, which indicates that   L  s    and   L  θ    are susceptible to the high altitude environment, while   L  w    and   L  d    are not affected by the same environment. In addition, the curve of   L  s    increases sharply at first, then slowly, and finally even levels off, while the curve of   L  θ    almost always tends to increase steadily, which indicates again that   L  s    and   L  θ    all are affected by altitude, but to the different extent.



By comparing Figure 5, Figure 6 and Figure 7, it is found that the MFD mismatch, axial offset, angle tilt and end face gap as shown in Figure 3 all cause the fusion loss between optical fibers to a large extent. However, under ideal conditions, according to Equations (2) and (15), w and   d Z   are not affected by the high altitude environment, while according to Equations (12) and (14),   s Z   and   θ Z   are greatly affected by the high altitude environment. Therefore, in order to cut down the splice loss at high altitudes, we should focus on how to reduce the   s Z   and   θ Z   in the future research.



In order to further verify the applicability and accuracy of the model proposed, we further compare it with I.Hatakeyama model, D. Marcuse model and A.K. Das model, as well as with the initial and adjusted experimental results respectively, as shown in Figure 8. Obviously, it can be seen from the simulation diagram that, D.Marcuse curve, I.Hatakeyama curve and A.K. Das curve all tend to be stable under the high altitude environment. Meanwhile, The average splice loss of 0.62 dB obtained by the D. Marcuse model is the largest, while that of 0.56 dB coming from the I.Hatakeyama model is reduced by 0.09 dB, besides, that of 0.53 dB obtained by the A.K. Das model is reduced to about 90% of the original loss. However, the fusion losses obtained by these models in the high altitude environment under the same conditions all are stable at a very high level continually and greatly exceed the loss budget, which is very difficult to accept. The red curve in the figure shows that the fusion loss increases with the change of altitude Z, but it is significantly smaller than the results obtained by these above models, which further verifies the applicability of the model proposed whose average is 0.42 dB. In addition, the theoretical values obtained by utilizing the model presented in this paper are obviously smaller than the initial experimental results with the average value of 0.51 dB indicated by the symbol “∘”, but are evidently close to the experimental results after processing with that of 0.43 dB indicated by the symbol “▵”, and importantly, the splice loss is reduced by at least 0.07 dB at this time, which again verifies the correctness of the model presented. However, when the altitude is higher than 5200 m, the measured losses are obviously greater than the theoretical values. To make matters worse, this phenomenon becomes more and more obvious with the increase of altitude. It needs to be noted that, the deviation of the experimental results, can be due to the failure of instruments and apparatuses such as the light source, optical power meter, fusion splicer or OTDR when they are working in the high altitude environment and exceeding the applicable range specified in their specifications (the effective working range is less than 5000 m generally). It is particularly obvious that the points with large deviation from the theoretical values occur especially when the altitude is higher than 5200 m.



In order to further verify the practicability of the model proposed in the high altitude environment under the same settings, the experiments have been carried out in the areas with altitudes of 53, 2980, 4000, 4200, 4300, 5020 and 5200 m respectively, as described in Experiment II. The measured results of the splice loss obtained are shown in Figure 9. Obviously, the average splice loss of 0.08 dB at the altitude of 2980 m is greater than that of 0.037 dB at the altitude of 53 m (plain), while that of 0.27, 0.30, and 0.33 dB at the altitude of 4000, 4200, and 4300 m all are greater than that of 0.08 dB at the altitude of 2980 m. In addition, the splice losses at the altitude of 4000, 4200, and 4300 m tend to increase with altitude. Moreover, the average splice loss of 0.44 and 0.47 dB at the altitude of 5020 and 5200 m are greater than that of 0.27, 0.30, and 0.33 dB at the altitude of 4000, 4200, and 4300 m. Therefore, it can be concluded that the splice loss between two fibers can also increase dramatically with the increase of altitude in the high altitude environment. Besides, the average fusion loss of 0.08 dB at an altitude of less than 3000 m is significantly lower than that of 0.26 dB at an altitude of more than 4000 m. When the altitude is higher than 5000 m, the average fusion loss increases significantly. The average fusion loss of 0.43 dB at this time is especially much larger than that of 0.31 dB at an altitude of less than 4300 m. Evidently, the splice loss increases with the ascending of altitude. These results are basically consistent with those obtained by Equation (21). Consequently, this once again verifies the practicability of the model proposed in the high altitude environment.



In order to further verify the accuracy of the model proposed, further comparisons are made in four different locations at an altitude of 53 m (plain) and four different locations at an altitude of 4300 m respectively, as shown in Figure 10. The environmental information at the elevation of 53 and 4300 m has been given in Table 3. Obviously, the splice losses in four different locations at an altitude of 4300 m all are higher than that in four different locations at an altitude of 53 m. Besides, the splice losses in four different locations at an altitude of 53 m are very close with slight fluctuations, while the splice losses in four different locations at an altitude of 4300 m are also very close, but the splice losses in these four different locations fluctuate greatly. This is largely attributed to the fact that the environmental parameters of different locations at the same altitude are different. This feature is particularly prominent at high altitudes. Importantly, these results are basically consistent with those obtained by the model constructed.



By comparing Figure 8, Figure 9 and Figure 10, It can be confirmed that the splice loss between the two optical fibers increases with the rise of altitude in high altitude environment, and the higher the altitude, the greater the splice loss. Besides, the results respectively obtained by the optimal conditions of D.Marcuse model, I.Hatakeyama model and A.K. Das model all are obviously greater than 0.5 dB or even greater. However, the results obtained by the model constructed in this paper are significantly less than 0.5 dB, and the reduction is at least 0.07 dB. More importantly, when it is applied to the splicing engineering in high altitude environment, the results coming from OTDR are basically consistent with the theoretical values.



The second part of this article shows that, although the main reasons for the splice loss between the two optical fibers are MFD mismatch, axial offset, angle tilt or end face gap, the axial offset and angle tilt are greatly affected by the high altitude under the process of fusion-splicing and hence have a greater impact on the splicing loss in the high altitude environment. Moreover, the experiments mentioned above already prove that the axial offset s and inclination angle  θ  are greatly affected by the high altitude and have a greater influence on the splice loss. Therefore, in order to further verify the model proposed in this paper, the MFD   2 w   and end face spacing d all are fixed next, with only the value s or θ changed.



Figure 11 shows that, at θ = 1°, when the axial offset is 1 μm, the measured values at high altitude approach to the theoretical curve. When the alignment between the two optical fibers is ideal (i.e., there is no axial offset), the measured loss instead is far away from the theoretical value. A big reason for this phenomenon is that, in order to achieve good alignment, the splice joint appears “deformation” or “bulge”, which then leads to the increase of loss, for instance, bringing in microbending loss and so on at this moment. The theoretical value, nevertheless, is reduced, which once again verifies the correctness of the theoretical model. However, when the axial offset is 4 μm, the degree of change of the theoretical value instead becomes smaller, because the effective area of fiber exposed in the fusion process is also significantly increased. At this time, the reaction force the two optical fibers experience when they are squeezed together is also increased, but the splice points are prone to produce “bubbles”, which then leads to large air gap loss.



Figure 12 shows that, at θ = 2°, the measured values at high altitude all deviate from and are even greater than the theoretical value, regardless of the axial deviation s = 1 μm, s = 4 μm, or the ideal axial alignment. This proves once again that, the splice loss caused by the end face tilt is greatly affected by the high altitude. Because of the increase of the tilt angle of the optical fiber end face and the special environment of the high altitude at this time, on the one hand, the “Fresnel reflection” loss between the two optical fibers can not be ignored, and on the other hand, the filling material between the two optical fibers is no longer defaulted as the air with refractive index of 1. What’s more, it is very difficult to accurately control the cutting angle of the end face of the optical fiber [21,29], especially to make θ < 1°, and it is even more difficult to achieve this precision in the high altitude environment.



In addition, comparing Figure 11 with Figure 12, it is found that, at s = 1 μm, when the tilt angle θ between the two optical fibers is 1° or 2°, the measured results are obviously deviated from the theoretical values, while when θ = 2°, the loss results deviate to a greater extent. Moreover, this phenomenon becomes more obvious with the increase of altitude. At s = 0 μm, when the tilt angle θ is 1° or 2°, the measured results are also obviously deviated from the theoretical values, but when θ = 1°, the loss results deviate to a greater extent yet, which indicates that when there is no lateral offset, the inclination angle between the end faces of two optical fibers is greatly affected by the high altitude environment and thus has a great influence on the splice loss. At s = 4 μm, when the tilt angle  θ  is 1° or 2°, the loss results obtained in the plain area are all over 0.4 dB, and the splice loss between the two optical fibers increases significantly with the increase of altitude, which easily leads to failure of fusion-splicing at this time. It is also verified once again that the splice loss caused by the axial offset is greatly affected by the high altitude. In particular, the lateral offset s and angle tilt  θ  all have a great influence on the splice loss in the high altitude environment. Furthermore, the influence of transverse offset s between the two optical fibers on the splice loss is even greater than the influence of the angle tilt  θ  between the two optical fibers on splice loss under the same conditions, because the lateral offset and angular inclination are affected by the high altitude environment to different degrees.




5. Conclusions


This paper analyzes the main cause of the splice loss between two different single-mode fibers and discusses the influence of fusion-splicing parameters on splice loss. It is the first time that, the exploratory experiment of field fusion-splicing is carried out in high altitude area. The problem is either it is difficult to splice successfully, or most of the measured loss values are more than 0.5 dB, which greatly exceeds the loss budget. To tackle this problem, we propose a mathematical model to reduce the loss of single-mode fiber fusion under high altitude environment by combining factors of temperature, humidity, oxygen content, atmospheric pressure, strong wind and gravity. Moreover, the main causes of high splice loss in high altitude environment are analyzed and identified. Furthermore, based on China’s “Tibet-middle part” networking project, the fusion experiments are for the first time carried out at seven locations with different elevations respectively: 53, 2980, 4000, 4200, 4300, 5020, and 5200 m. In addition, fusion experiments still are respectively carried out and compared in four different locations with an altitude of 53 m and four different locations with an altitude of 4300 m. In particular, a large number of field experimental data have been obtained. What is particularly important is that most of the measured values of splice loss are less than 0.5 dB, and even the loss of some individual splice joints are reduced to about 0.3 dB. The simulation results are basically consistent with the theoretical analysis.



We also found that, in order to reduce splice losses between the two optical fibers at high altitudes, it is key to consider how to reduce axial offset and angular tilt, especially axial offset. What is proven in our study is that within the loss budget, MFD mismatch and end face spacing can be ignored in the altitude environment. With the altitude of more than 3000 m, the splice loss increases significantly and can be reduced by properly adjusting the configuration of fusion parameters at this time. However, when the altitude is more than 5200 m, it is almost difficult to successfully splice under general conditions. In order to achieve splice successfully, we need to think of other methods, such as improving performance of splice machine and so on. It is worth noting that although our research team is the first to study the splice loss in high altitude environment, we have successfully identified the main causes of high splice loss in high altitude environment, as well as the approach to achieve fusion-splicing successfully and the method to reduce splice loss as much as possible. The splice loss of most fusion points achieved successfully has been reduced by at least 0.07 dB. Ultimately, the method presented has been directly applied to the splicing engineering in the high altitude environment, achieving good results, greatly saving time cost and economic cost of constructing long-span and super-long-distance optical fiber communication link in high altitude area, which has certain implications for future research of splicing loss in the high altitude environment. Besides, the experimental data obtained from field experiments in the high altitude environment have expanded data reserve of splice loss data library.
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Figure 1. Splicing set-up, at high altitudes, the fusion splicer is placed on as flat a surface as possible to minimize unnecessary interference, as shown in the lower right corner of the figure. The left and right optical fibers are respectively placed in the V-groove of the fusion splicer, being aligned with each other. Then, the fusion splicer quickly discharges and heats the fiber ends through two electrodes, which makes it fuse and splice together quickly. 
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Figure 2. Schematic diagram of single-mode fiber fusion-splicing, (a): optical fiber fusion splice, the axis direction of the optical fiber is located in the Z-axis direction, and dotted line shows the two electrodes discharge and heat the two optical fibers simultaneously; (b): thermal and mechanical properties of the process of fusion-splicing; FA represents the surface tension of the end face of the optical fiber; FB represents the force exerted by the fusion splicer; FC represents the thermal expansion force; the gravity Fg is not drawn here, and the heat source is transmitted along the axial direction of the two optical fibers and gradually weakens. 
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Figure 3. The main factors of fusion-splicing loss, (a): MFD mismatch, the mode field diameters of the left and right fibers are 2w1 and 2w2 (μm) respectively; (b): lateral offset, the two optical fiber end faces are laterally offset by s (μm); (c): angle tilt, the end faces of the two fibers are tilted by  θ  degrees; (d): end face gap, the end faces of the two optical fibers are d (μm) apart. 
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Figure 4. Splice loss versus resultant force, the four fusion variables affected by the resultant force have an impact on the splice loss of two kinds of optical fibers. In high altitude environment, the resultant force includes surface tension, the force exerted by the fusion splicer, atmospheric pressure, gravity force, the thermal expansion force and glass viscosity force, and increases in steps size of 1 g·m, as shown in the abscissa of the picture. 
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Figure 5. Fusion variables versus altitudes, the abscissa represents the altitude and increases in steps size of 10 m, and the ordinate represents four fusion variables affected by the high altitude environment. (a): the mode field radii of G.652.D and ULL fibers are wg and wu (μm) respectively, and variation Δw is 0; (b):variation of lateral offset Δs (μm); (c):variation of tilt angle Δθ (degrees); (d): the end face spacing of two optical fibers, and variation Δd (μm) is 0. 
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Figure 6. Splice loss versus altitudes, under the same ideal conditions, the four fusion variables affected by the high altitude environment have an impact on the splice loss of two kinds of optical fibers, and the abscissa represents the altitude and the ordinate represents the splice loss. The length of G652D fiber and ULL fiber are both 500 m, and their characteristic parameters are described in Table 1. “UU” means “ULL-ULL”; “GG” means “G652D-G652D”; and “UG” means “ULL-G652D”. Under these three different fusion modes, (a):MFD mismatch; (b):lateral offset; (c):angle tilt; (d):end face gap, as shown in Figure 3. 
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Figure 7. Splice loss versus altitudes, the four fusion variables affected by the high altitude environment have an impact on the splice loss of ULL fiber. 
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Figure 8. Splice loss versus altitudes, the theoretical values are obtained according to the optimum fusion conditions given by the respective models, and the field fusion-splicing has been carried out in the high altitude environment. 
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Figure 9. Splice loss versus samples, In the high altitude environment at different altitudes, under the same conditions, the ULL optical fibers have been fused on site, and 10 samples have been taken from each experimental point, and then the average value of the results has been taken. 
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Figure 10. Splice loss versus samples, in four different locations with an altitude of 53 m (plain) and in four different locations with an altitude of 4300 m respectively, under the same conditions, the ULL optical fibers have been fused on site, and 10 samples have been taken from each experimental point, and then the average value of the results has been taken. 
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Figure 11. Splice loss versus angular tilt and lateral offset, when the inclination angle  θ  is 1°, the axial offset s is different, the red solid line represents the results obtained from the proposed model, and the vertical line with “∘” represents the experimental data in the environment of high altitude. The fusion experiments have been carried out at seven locations with different elevations respectively: 53 (plain), 2980, 4000, 4200, 4300, 5020, and 5200 m. After slight modification of the model, (a) s = 1 μm; (b) s = 0 μm and (c) s = 4 μm when θ = 1°. 
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Figure 12. Splice loss versus angular tilt and lateral offset, when the inclination angle  θ  is 2°, the axial offset s is different, the red solid line represents the results obtained from the proposed model, and the vertical line with ”∘” represents the experimental data in the environment of high altitude. The fusion experiments have been carried out at seven locations with different elevations respectively: 53 (plain), 2980, 4000, 4200, 4300, 5020, and 5200 m. After slight modification of the model, (a) s = 1 μm; (b) s = 0 μm and (c) s = 4 μm when θ = 2°. 






Figure 12. Splice loss versus angular tilt and lateral offset, when the inclination angle  θ  is 2°, the axial offset s is different, the red solid line represents the results obtained from the proposed model, and the vertical line with ”∘” represents the experimental data in the environment of high altitude. The fusion experiments have been carried out at seven locations with different elevations respectively: 53 (plain), 2980, 4000, 4200, 4300, 5020, and 5200 m. After slight modification of the model, (a) s = 1 μm; (b) s = 0 μm and (c) s = 4 μm when θ = 2°.



[image: Coatings 11 00876 g012]







[image: Table] 





Table 1. Optical fiber characteristic parameters.
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	Fiber Type
	r (μm)
	D (μm)
	A (μm2)
	MFD (μm)





	G.652.D
	4.2624
	125.3734
	12,345.31
	10.3624



	ULL
	4.3125
	125.1216
	12,296.47
	10.257
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Table 2. The environmental information at different altitudes.
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	Altitude (m)
	53
	2980
	4000
	4200
	4300
	5020
	5200





	temperature (°C)
	24
	24
	13
	12
	13
	20
	18



	humidity (  % R H  )
	54
	50
	66
	60
	66
	50
	50



	oxygen content (%)
	20
	15
	12
	14
	13
	10
	9



	wind speed (m/s)
	2
	14
	24
	29
	27
	19
	17
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Table 3. Environmental information of different locations at the same altitude.
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Environmental Information

	
53 m above Sea Level (Plain Area)

	
Altitude 4300 m (High Altitude Area)




	

	
Location 1

	
Location 2

	
Location 3

	
Location 4

	
Location 1

	
Location 2

	
Location 3

	
Location 4






	
temperature (°C)

	
18

	
21

	
24

	
27

	
13

	
15

	
13

	
14




	
humidity (  % R H  )

	
52

	
41

	
54

	
56

	
65

	
67

	
66

	
61




	
oxygen content (%)

	
20.5

	
19.5

	
20

	
20.5

	
12.5

	
13.5

	
13

	
12




	
wind speed (m/s)

	
1.7

	
1.7

	
2

	
2.1

	
25.6

	
26.7

	
27

	
28
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