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Rotary propagation characteristics of light in multimode- 

single mode-multimode fiber structures using ray tracing 

method
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The mode theory is the main way to study the propagation characteristics of light in fiber so far, but it is not suitable 

for analysis of light in duct. By using ray-tracing method, the rotary propagation characteristics of light in multi-

mode-single mode-multimode (MSM) fiber structures are analyzed in this paper. Firstly, the light ray in fiber can 

propagate around an inscribed circle, and the central axis of this fiber is the propagation axis. Secondly, the radius of 

the inscribed circle is decided by both incident angle and incident position, and its variation is between 0 and RM, 

where RM is the radius of the multimode fiber. Lastly, the bigger the ratio of core and cladding diameter is, the higher 

the propagation efficiency is.  
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In the applications of optical communication, sensing 

and detection, it is necessary to accurately describe the 

propagation characteristics of light in optical fiber. Be-

cause there are several special propagation modes for 

optical fibers, the mode theory attracts wide interest of 

researchers[1-3]. As far as we know, hollow duct and lens 

duct have been widely used in lasers[4,5]. However, the 

mode theory is not effective enough to analyze the 

propagation characteristics of light in duct. Ray-tracing 

method has been used to analyze the propagation char-

acteristics of light for many optical systems[6-9]. But the 

researches are only concentrated on the radial light rays 

through the center axis[10,11]. It is well known that light 

rays propagating in optical fiber or duct include two parts 

of radial propagation and rotary propagation. Moreover, 

most of them are rotary propagation rays, and radial 

propagation is just a special condition of rotary propaga-

tion. So, we must study the rotary propagation character-

istics of the light rays in order to gain real results.  

Multimode-single mode-multimode (MSM) fiber 

structures have been concerned by a lot of research-

ers[12-14]. The propagation loss in MSM fiber structures 

has great influence on the sensitivity of fiber sensor, so it 

is necessary to analyze the propagation efficiency. In this 

paper, by using ray-tracing method, the rotary propaga-

tion characteristics of light rays in MSM fiber structures 

are studied, meanwhile, the propagation formula, the 

simulation results and the propagation efficiency are also 

given. The research methods and results are simple and 

clear, which can be used to analyze the propagation 

characteristics and rules of light rays in other optical fi-

bers or ducts.  

The schematic diagram of the MSM fiber structures is 

shown in Fig.1. It consists of two multimode fibers 

(MMFs) and one single mode fiber (SMF). Here, MMF1 

is the former multimode fiber where the light is incident 

on the surface1 of the fiber core1, SMF is the middle 

single mode fiber, and MMF2 is the latter multimode 

fiber where the signal light is output from the end sur-

face4. n1, n2 and n3 are the refractive indices of MMF 

core, SMF cladding and MMF cladding, respectively, 

where MMF1 and MMF2 are the same. 2RM and 2RS are 

the diameters of MMF core and SMF cladding, respec-

tively, where the claddings of MMF and SMF are the 

same. L1, L2 and L3 are the lengths of MMF1, SMF and 

MMF2, respectively. The input light is incident on the 

planar surface1, which will be transmitted into SMF and 

output from the surface4 lastly. Because the core radius 

of SMF is much smaller than those of MMFs, the calcu-

lations in the following do not take those light rays 

without any reflection into account.   

The schematic diagram of a three-dimensional cylin-

drical coordinate system of MSM fiber is shown in Fig.2. 

Here, the center of surface1 is the origin O of the coor-

dinate system, the central axis of the fiber is the x-axis, 

and the y-axis and the z-axis are horizontal and vertical, 

respectively. Supposing a light ray is incident on the 

planar surface1 from the point A0 with the initial coordi-
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nate of (x0, 0, 0), A1(RM, γ1, l1) is the first total reflection 

point of the considered ray. γ1 is the rotation angle 

formed by the back intersecting point with respect to the 

former point in the X-Y projection plane, and it is posi-

tive if the ray is anticlockwise with respect to the z-axis. 

l1 is the propagation length of the light along the z-axis. 

α1 is the propagation angle in MMF1, which means the 

angle between the incident light and the z-axis, and t1 is 

the projection length of the incident ray from surface1 to 

the first total reflection point in the X-Y projection plane.  

 

 

Fig.1 The schematic diagram of MSM fiber structures 

 

 

Fig.2 The three-dimensional cylindrical coordinate 

system 

 

The total reflection condition of the incident light can 

be calculated as 
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The propagation rule of the light in the MSM fiber 

structures can be divided into three parts as follows.  

Firstly, the incident ray in MMF1 can propagate 

around an inscribed circle with radius of r, where 
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So the projection of the ray in the X-Y projection plane 

remains tangent to the inscribed circle whose center is on 

the z-axis, as shown in Fig.3.  

 

Fig.3 The projection of incident ray in MMF1 

 

The coordinates of the total reflection points An(ρ, θ, z) 

of light rays in MMF1 can be expressed as 
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where n is the order of the intersecting points of incident 

ray in MMF1. When the propagation length is equal to L1, 

we can have 
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Secondly, the incident ray in SMF can propagate 

around the former inscribed circle whose radius is still r, 

as shown in Fig.4.  
 

 

Fig.4 The projection of incident ray in SMF 
 

From Snell’s law, the propagation angle α2 in SMF can 

be calculated by 
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The coordinates of total reflection points AN+m(ρ, θ, z) of 

incident ray in SMF can be expressed as 
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(m=1,2,···,M), where t2 is the projection length of the 

incident ray from surface2 to the first total reflection 

point AN+1 in SMF, and m is the order of the intersecting 

points of propagation ray in SMF. Then we can have 
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And lastly, the incident ray inside MMF2 will propa-

gate around an inscribed circle with radius of r, as shown 

in Fig.5. The propagation angle of the incident ray is α1.  

 

Fig.5 The projection of incident ray in MMF2 

 

Here, the propagation rays in MMF2 must meet the 

following condition of 
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The coordinates of the total reflection points AN+M+q(ρ, θ, 

z) of incident rays in MMF2 can be expressed as 
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,(q=1,2,···,Q), where t3 is the pro-

jection length of the incident ray from surface3 to the 

first total reflection point AN+M+1 in MMF2, and q is the 

order of the intersecting points of the propagation ray in 

MMF2. Then we can have  
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Fig.6 shows the calculated simulation results of one 

incident ray in MMF1, where Fig.6(a) and (b) are the 

schematic diagrams of propagation and projection, re-

spectively. From Fig.6 we can conclude that this single 

incident ray can always propagate around an inscribed 

circle in MMF1, and the radius of the inscribed circle is 

constant. 
 

 
      (a) Schematic diagram of propagation 

 

        (b) Schematic diagram of projection 

Fig.6 The calculated simulation results of one incident 

ray in MMF1 

 

Fig.7 shows the calculated simulation results of one 

incident ray in MSM fiber structures. From Fig.7(b), we 

can conclude that this single incident ray can always 

propagate around an inscribed circle, and the radius of 

the inscribed circle is constant. 

 

 

           (a) Schematic diagram of propagation 

 

        (b) Schematic diagram of projection 

Fig.7 The calculated simulation results of one incident 

ray in MSM fiber 

 

Fig.8 shows the calculated simulation results of three 

incident rays in MSM fiber structures. From Fig.8(b), we 

can conclude that the three incident rays can always 

propagate around three different inscribed circles, and 

the radii of the three inscribed circles are also constant.  
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        (a) Schematic diagram of propagation 

 
      (b) Schematic diagram of projection 

Fig.8 The calculated simulation results of three incident 

rays in MSM fiber structures 
 
Fig.9 shows the simulation result of propagation effi-

ciency of incident rays in MSM fiber structures, namely, 

the relationship between propagation efficiency and ratio 

of core and cladding diameters of MMF (DM/DS), where 

n1, n2, n3, L1, L2 and L3 are 1.468 1, 1.462 8, 1.462 8, 

200 mm, 10 mm and 200 mm, respectively. So it can be 

concluded that the bigger the ratio is, the higher the 

propagation efficiency is.  
 

 

Fig.9 The relationship between propagation efficiency 

and the ratio of core and cladding diameters 
 
Thus, we can know from the above analyses that dif-

ferent rotary rays in MSM fiber structures will propagate 

around different inscribed circles, the radius of inscribed 

circle is decided by the incident angle and incident posi-

tion, and the variation of inscribed circle radius is be-

tween 0 and RM. These conclusions can be used to ana-

lyze the propagation rule and characteristics of light rays 

in arbitrary ordinary optical fiber, duct and other optical 

waveguide by using the principle of total reflection. 

However, it is necessary to point out that the ray-tracing 

method is based on the theory of total internal reflection 

principle, and it doesn’t consider the propagation mode 

in optical fiber. For the reason, by using this kind of 

analysis way in this paper, the propagation efficiency is 

higher than the real value.  

In summary, we investigate the rotary propagation 

characteristics of light in MSM fiber structures by using 

ray-tracing method and computer simulation in this paper. 

The propagation formulas and rules are proposed com-

pletely. An incident ray in fiber can propagate around an 

inscribed circle until it is output to the next fiber or other 

medium. The variation of inscribed circle radius, which 

is decided by incident angle and position of light ray, is 

between 0 and the radius of fiber core. For MSM fiber 

structures, the bigger the ratio of core and cladding di-

ameters is, the higher the propagation efficiency is. The 

simple and clear results are effective references for the 

analysis of light propagation characteristics in optical 

fiber, hollow duct, lens duct and other optical waveguide.   
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