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H I G H L I G H T S   A B S T R A C T  
• Multimode interference and self-imaging in 

the cascaded SNS fiber have been 
investigated numerically via COMSOL 
Multiphysics 5.5.  

• To get high self-imaging quality, it is not 
necessary to be restricted to the rule of P = 4, 
8...  

• The BEM is effective in studying the field 
propagation in large guiding photonic 
devices. 

 Cascaded optical fiber single mode-no core-single mode fiber (SNS) attracted 
attention for being the base of various photonic devices. These devices are used in 
optical communication, fiber sensors, and fiber laser technology. The effect of 
variable NCF specifications, length, diameter, external refractive index (ERI), 
propagating wavelength on the self-imaging position, and the multimode 
interference (MMI) is studied. The study aims to simulate and analyze cascaded 
optical fiber by using the finite element beam envelope method (BEM). To the 
best of our knowledge, this is the first report that studied the self-imaging in 
cascaded optical fiber longitudinally by using BEM. The NCF length is important 
in determining the coupled out intensity and peak transmission wavelength. The 
field in the cascaded fiber is simulated for single and multi-wavelengths to 
evaluate the maximum transmission and study the structure's tunability. A tunable 
filter is simulated, where varying the length of the NCF about 0.6 mm produces a 
wavelength shift of about 40 nm. The BEM is effective in studying the field 
propagation in large guiding photonic devices. 
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1. Introduction  
Multimode Interferences (MMI) devices consist of multimode fiber (MMF). In certain applications, a No Core Fiber (NCF) 

connected between two Single-Mode Fiber (SMF) MMI attracted attention. Their important preference is compact, easily 
fabricating, low loss, and cost-effective. MMI occurs when the fundamental mode of the SMF transfers to the MMF. The modes 
in MMF are exited and interfere as they propagate along with the fiber, giving an interference pattern. At certain positions along 
with the MMF, the waves constructively interfere, forming a replication of the entrance field named self-imaging. The cascaded 
fiber device is used as a tunable filter [1], [2] bandpass filter [3], [4], and fiber sensor [5]–[7]. 

MMI and the self-imaging effect are firstly demonstrated in a planar waveguide. It is used widely in designing high-
efficiency waveguide couplers [8]. MMI is more sophisticated than in a planar waveguide in an optical fiber. It is firstly observed 
in fiber by Allison in  [9]. MMI and self-imaging effect is also used in the active multimode waveguide (MMW) to obtain single-
mode emission from a planner MMW [10]. A fiber laser based on MMI generating single-mode emission from MMF has been 
demonstrated [11]. The first tunable fiber laser based on the MMI filter was introduced by Selvas in 2005 [12]. The tuning 
mechanism is realized by varying the distance between the MMF end facet and a broadband metallic mirror. 

The tunability was 8 nm. The technique was developed to increase the tunability and stability of the system. In 2019, X. 
Lian et al. [13] studied the self-imaging in cladding modes of the small core optical fiber for the first time. The results show that 
the cladding self-imaging period grows exponentially with the core size. The study brings new insight into the field propagation 
in the fiber with a core at the nano/microscale, Jing et al. [14] demonstrate a continuous tuning of Optical Parametric Oscillation 
(OPO) from 1655.4 to 1642.5 nm by two cascade SMS structures spliced in the ring cavity as a tunable filter due to the low loss 
of the structure. A tuning was 12.9 nm by stretching the structure. Recently, F. Mangini et al. [15] experimentally studied the 
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self-imaging in few-mode fiber and SMF. Intense IR pulses excite visible luminescence via a multiphoton absorption mechanism. 
The study determines the mode propagation constant and the cut-off wavelength of the transverse modes. In this work, the finite 
element method (FEM) is used to simulate the field propagation of the MMI and the self-imaging in the cascaded optical fiber. 
The study illustrates the working principle of the MMI fiber device and the parameters that affect the device's performance. The 
effect of variable NCF length, diameter, external refractive index (ERI), and the propagated wavelength is studied. The tunability 
of the device is demonstrated depending on the MMI effect. To the best of our knowledge, this is the first report that studied the 
self-imaging in cascaded optical fiber longitudinally by using FEM. Various types of photonic devices can be designed and 
fabricated by characterizing the self-imaging and the MMI in NCF, used in different applications from sensing to tuning laser 
wavelength. 

2. Theory  

2.1 The self-imaging in Cascaded optical fiber  
An NCF is connected between two SMF, as shown in Figure 1. The propagating field in the SMF-NCF interface decomposes 

into the NCF modes. The input field is reproduced at certain positions on the axis along the NCF. Only the imaging mode coupled 
to the NCF- SMF interface passed the MMI device.  

 
Figure 1: Schematic of the studied SNS structure 

 According to the theory of the MMI, the peak transmission wavelength of the MMI device is obtained as [3] 

 λ° = P n1 DNCF
2

LNCF
 (1) 

 Where 𝑛𝑛1 is the NCF RI, 𝐷𝐷𝑁𝑁𝑁𝑁𝑁𝑁, and 𝐿𝐿𝑁𝑁𝑁𝑁𝑁𝑁 is the diameter and the length of the NCF, and P is an integer number that 
represents the self-imaging order. The formula indicates that when a multi-wavelength passed the MMI device, only the center 
wavelength (𝛌𝛌°) will pass. Most researchers used L equivalent to the fourth self-imaging position or its multiplications, at P = 4, 
8... as real imaging with high self-imaging quality is obtained [16]. The MMI in the optical fiber agrees to the principle of 
symmetric interference. Only circular symmetry modes (LP0m) exited [17]. Since the input field of the SMF is circularly 
symmetric, an SMF spliced to an MMF is perfectly aligned. The cladding RI is not included in eq. (1). A study was performed 
to include the cladding RI [18]. The guided modes in the fiber core area are affected by the ERI. The effect is interpreted by the 
Evanescent Wave (EW) phenomenon. The EW is generated at the core and medium interface and penetrates the medium. The 
penetration depth (𝒅𝒅𝒑𝒑 ) is given by [19]. 

 dp = 𝛌𝛌

𝟐𝟐𝟐𝟐𝐧𝐧𝐍𝐍𝐍𝐍𝐍𝐍�𝐬𝐬𝐬𝐬𝐬𝐬𝟐𝟐 𝛝𝛝− � 𝐧𝐧𝐦𝐦
𝐧𝐧𝐍𝐍𝐍𝐍𝐍𝐍

�
𝟐𝟐
 (2) 

Where 𝜗𝜗 is the incident angle, 𝑛𝑛𝑁𝑁𝑁𝑁𝑁𝑁 is the RI of the NCF, 𝑛𝑛𝑚𝑚 is the ERI, the MMI eq. (1) become [20] 

 λ° = P n1 �DNCF+2dp�
2

LNCF
 (3) 

 The equation above indicates that the effective core diameter become �𝐷𝐷𝑁𝑁𝑁𝑁𝑁𝑁 + 2𝑑𝑑𝑝𝑝� which causes a shift in the wavelength. 
An important merit of the MMI device is that the wavelength can be designed easily to be equivalent to the required applications. 
The wavelength can be tuned by altering the ERI, the NCF length, and diameter. 

To design all-fiber SNS, the length of the NCF is required to evaluate precisely. A maximum transmission occurs when the 
NCF length at the self-imaging position. If the coupling to the lead out SMF at the self-imaging length and a single wavelength 
propagation, the cascaded SNS operates as a bandpass filter. For multi-wavelength propagation, varying the length of the NCF, 
the peak wavelength of the filter is tuned, and thus, the range of wavelength the filter response is altered. The length is altered 
either by the strain effect or using index matching liquid [21]–[23]. 

     From Eq. (1), the wavelength can be controlled by the NCF specifications used in tuning applications. A length of the 
NCF was selected to choose the central transmitted wavelength. the relation between the length change and the shift in the 
wavelength is found as [24]  
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 ∆λ
λ

= ∆L
L

 (4) 

The wavelength shift (∆𝜆𝜆) is directly related to the NCF length variation (∆𝐿𝐿).  

2.2 Simulation procedure  
The numerical approach used the BEM explained in the previous work [25]. A 2D finite element-based model constructed 

in Wave Optics Module. The simulation includes two steps. First, the mode analysis study is carried out in the fiber's cross-
section to determine the effective refractive indices (neff) of the fundamental mode. Second, the optical wave, beam 
envelope/wavelength domain study is performed to describe light propagation along with the cascaded fiber. The studied 
parameters are illustrated in Table (1).  

Table 1: The studied parameters of the NCF and the SMF 

The simulated parameter Value 
Wavelength (µm) 1.55, 1.31, 0.808, 0.65, 0.405 
NCF Diameter (µm) 125, 80, 60, 40 
ERI 1, 1.33, 1.36, 1.4, 1.44 
NCF Length (cm) 0.7, 1.4, 3 
NCF RI 1.444 
SMF cladding RI 1.423 
SMF core RI 1.444 
SMF Diameter (µm) 8 

3. Simulation results  

3.1  Self-imaging position at Different wavelengths  
 In this section, the MMI in the cascaded fiber is studied at the wavelengths 1550, 1310, 808, 650, and 405 nm for 40 µm 

and 2.5 cm NCF diameter and length. The self-imaging quality, which represents the peak of the electric field at the self-imaging 
position, is also observed in this section. The propagation field is illustrated in Figure 2- 4. As the wavelength increases, the self-
imaging order increases, and the length is reduced due to the reduction in the number of excited modes in the NCF section. The 
fourth self-imaging length is about 2.32, 1.12, and 0.6 cm for the 405, 808, and 1550 nm wavelengths, respectively. The self-
imaging quality is one for the wavelengths 405, 650, and 808 nm, Figure 2 (c), (d) and Figure 3 (c), while it is reduced for the 
wavelengths 1310 and 1550 nm, Figure 3 (d) and Figure 4 (b), as the EW increased with the longer wavelength as shown in eq. 
(2). The simulation exhibits no difference in the self-imaging quality at P = 4, 8… as the previous studies used the beam 
propagation method (BPM), which used approximations in solving the wave equation in long guiding structures [26].  

 
Figure 2: The MMI and the electric field illustrates the self-imaging positions for the wavelengths (a) and (c) 405 nm, (b) 
                 and (d) 650 nm wavelength, at 40 µm and 2.5 cm NCF diameters and length 
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Figure 3: The MMI and the electric field profile illustrates the self-imaging positions for (a) and (c) 

              808 nm and (b) and (d) 1310 nm wavelength, at 40 µm and 2.5 cm NCF diameters and length 

 
Figure 4: (a) The MMI and (b) the electric field profile illustrates the self-imaging positions for 1550 nm wavelength at 40 
                µm and 2.5 cm NCF diameters and length 

3.2 Self-imaging position at Different NCF diameters 
The MMI in the cascaded fiber at the NCF diameters 125, 80, 60, and 40 µm for 1550 nm wavelength and 6 cm NCF length 

is studied. In Figures 5 and 6, as the core size decreases, the self-imaging order increases and the self-imaging length reduces 
due to less excited modes [27]. The fourth self-imaging length of the 125 μm diameter is about 5.8 cm, and that of the 40 μm 
NCF fiber diameter is about 0.6 cm. The first value agrees with the literature work of [28] and [29]. The relation between the 
NCF diameter and the self-imaging length is quadratic, as shown in Eq. (1). The fourth self-imaging quality is about 0.85, 0.92, 
0.96, and 0.99 for 125, 80, 60, and 40 µm NCF diameters, respectively. The aberration in self-imaging quality for the large NCF 
diameter is due to the increase in the number of excited modes, not all the interfered modes in phase [27]. The simulation exhibits 
no difference in self-imaging quality at P = 4, 8. The values of the fourth self-imaging length of the NCF with the diameter at 
different wavelengths are recorded and plotted in Table 2 and Figure 7.  



Shahad I. Younus et al. Engineering and Technology Journal 40 (02) (2022) 412-421 
 

416 
 

 

 
Figure 5: The MMI and the electric field illustrate the self-imaging positions at the NCF diameters 

     (a) and (c) 125 µm, (b) and (d) 80 µm, for 1550 nm wavelength and 6 cm NCF length 

 
Figure 6: The MMI and the electric field illustrates the self-imaging positions at NCF diameters (a)  

                                  and (c) 60 µm, (b) and (d) 40 µm, for 1550 nm wavelength and 6 cm NCF length 
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Table 2: The fourth self-imaging length for the diameters 40, 60, 80 and 125 µm at the wavelengths 1550, 1310,  
808, 650 and 405 nm 

 

 

 

 

 

 
Figure 7: The fourth self-imaging length for the diameters 40, 60, 80, and 125 µm at the wavelengths 

                                 1550, 1310, 808, 650, and 405 nm 

3.3 Self-imaging position at Different external refractive index (ERI) 
In this section, the shift in the self-imaging position due to ERI change at the wavelengths 1550, 1310, and 808 nm for the 

diameters 40, 60, and 80 µm is studied. Figure 8 (a) illustrates the MMI, a maximum transmission intensity evaluated at ERI 
n_m = 1. Figure 8 (b) shows the transmission attenuated and the self-imaging position shift about 304 µm at ERI n_m = 1.4. 
Figure 8 (c) illustrates the self-imaging position of both ERI. From Figure 8, the NCF length is chosen to allow a maximum 
transmission at that length. The transmission with different ERI produces a shift in the MMI. The length of the self-imaging 
increased due to the increase in the effective refractive index [30]. The shift values in the fourth self-imaging position for the 
studied structure are recorded in Table 3. The shift in the self-imaging position for the wavelengths 1550 and 808 nm is about 
304 and 283 µm, respectively. The shift in the self-imaging position was directly related to the wavelength since the penetration 
depth (dp) increased, as shown in eq. (2). With the diameter variation, the shift for the 80 and 40 µm NCF diameter is about 573 
and 304 µm, respectively.  As the RI of the external medium increase, the penetration depth (dp) expands, and the diameter 
becomes (D + 2dp). Consequently, the self-imaging length is increased. 

 

Table 3: The values of the shift in the fourth self-imaging position for the diameters 40, 60, and  80 µm at the 
wavelengths 1550, 1310, and 808 nm due to the change in ERI from 1 to 1.4 

 

Wavelength (nm) The 4th  self-imaging length of the NCF in (cm) 
D = 40 µm D = 60 µm D = 80 µm D = 125 µm 

1550 0.608 1.34 2.38 5.8 
1310 0.7 1.584 2.812 6.88 
808 1.12 2.48 4.56 11.2 
650 1.42 3.2 5.68 13.88 
405 2.32 5.12 9.12 22.28 

Wavelength (nm) The shift in the 4th  self-imaging position at ERI change from 1 to 
1.4 in (µm) 
D = 40 µm D = 60 µm D = 80 µm 

1550 304.7 438 573 
1310 296 433 568 
808 283 425 558 
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                                                                                           (c) 
Figure 8: Visualizing the effect of ERI change on the position of the self-imaging, the MMI and the 

     electric field illustrating the peaks of the self-imaging positions at (a) n_m = 1, (b) n_m = 
                                 1.4 (c) the field of both ERI 
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3.4 Self-imaging position at Different NCF lengths  
The MMI in the cascaded SNS is shown in Figure 9 (a). The diameter and length of the studied NCF are 125 µm and 6 cm, 

and the wavelength is 1550 nm. The transverse field distribution illustrated in (b) at various lengths along the NCF is evaluated, 
at the input field L = 0, half of the first self-imaging L = 0.7425 cm, the first self-imaging length L=1.485 cm, and at L= 3 cm. 
The maximum intensity evaluated at L = 1.485 cm since it is the first self-imaging position. The intensity is varied along the 
NCF segment. The length of the NCF is important in the transmitted intensity and the coupling loss. The field distribution in the 
cross-section is symmetric as only LP0n modes are excited in the MMI fiber structure. 

 
Figure 9: (a) The MMI of the cascaded SNS, (b) the transverse field distribution at different lengths 

along the NCF. The red lines in (a) illustrate the lengths at which the field studied transversely 
 

3.5 Tunable fiber filter 
The electric field along the NCF for the wavelengths 1530, 1540, 1550, 1560, and 1570 nm is studied. The NCF length is 

2.5 cm, and the diameter is 80 µm. Figure 10 (a) illustrates that each wavelength has a certain self-imaging position. The coupled 
out wavelength shifts when the NCF length varies, as shown in eq. (4). Changing the NCF length to about 0.6 mm produce a 
wavelength shift of about 40 nm, about 10 nm each 150 µm elongation in the NCF length. The self-imaging position is not varied 
with the NCF length. The transmitted intensity and the wavelength are changed, which is the base of fiber sensors and the tunable 
fiber filters. Table 4  summarizes the relationship between the increment in the studied parameters with the self-imaging length. 

  

(a)  

Figure 10: The electric field propagation along the NCF for the wavelengths 1530, 1540, 1550, 

                                    1560, and 1570 nm. (b) enlarged peaks of the propagated wavelengths 
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Table 1: The studied parameters with the self-imaging length 

 

4. Conclusions 
The self-imaging in cascaded optical fiber at different NCF specifications and propagating wavelength is simulated using 

finite element beam envelope method by Comsol Multiphysics, 5.5. The results show that it is not necessary to be restricted to 
the rule of P = 4, 8... to get high self-imaging quality. The self-imaging quality is higher, about 0.9, for a small NCF diameter. 
The self-imaging length increased with a large NCF diameter and decreased with a longer wavelength, and it is increased with 
the increase in ERI. The NCF length is important in determining the coupled out intensity and wavelength. The field in the 
cascaded fiber is simulated for single and multi-wavelengths to evaluate the maximum transmission and study the structure's 
tunability. The BEM is suitable for simulating the field in large guiding photonic devices, representing different applications' 
bases as a tunable filter and fiber sensor.  
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