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Analytical model of band rejection filter based on  
multimode-single mode-multimode fiber concatenation structure

Protik Roy and Partha Roy Chaudhuri 
 Department of Physics, Indian Institute of Technology, Kharagpur -721 302, India, India

Here, we propose a novel all-fiber band rejection filter utilizing multimode-single mode-multimode (M-S-M) concatenated 
structure. The proposed filter consists of two identical multimode fibers (MMFs) and a conventional single-mode fiber 
(SMF) of a very small length, which is spliced between the MMFs. Since there is a core diameter difference between 
MMF and SMF, the cladding of the SMF are excited along with core modes and an interference loss between core mode 
and cladding modes is observed. By systematically adjusting the parameters of fibers of the proposed device, we show 
that the interference loss in the device can be utilized as a band rejection filter. © Anita Publications. All rights reserved.
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1 Introduction

 Wavelength band rejection filters are useful and basic devices in various areas of fiber circuits, 
photonic research and instrumentation. A key use of these filters is in telecommunication systems, where 
a particular band of wavelengths is required to be discarded in the optical signal. This type of filter has 
a large number of applications in different fields ranging from temperature, curvature sensors [1,2] to 
band rejection filters and attenuators for fiber lasers [3,4]. Wavelength band rejection filters are also used 
in directional couplers [5] as well as Erbium-doped fiber amplifiers (EDFAs) gain equalization [6]. The 
significant key aspect of band rejection filter to be considered is its ability to tune any desired wavelength 
band. In earlier reported works, band rejection filters were mainly based on long period grating(LPG)[7-9] 
and straight fiber Bragg grating (FBG) [10,11]. One of the significant constraints of these band-rejection 
filters is the difficulty to obtain a dynamic wavelength trimming over a desirable band spectrum. Although 
many other reported methods were specially focused on electrical [12], thermooptical [13-15], and magnetic 
[16] tuning using photonic crystal fibers or FBGs, but tuning of desired wavelength band was still limited. 
With this intention in mind, in this work, we report a dynamic band trimming method by using an in-line 
M-S-M fibers concatenation structure. Then by realizing the CDM between MMFs and SMF, we design 
and demonstrate an M-S-M model. The proposed model depends on the interference loss resulting from 
the mode coupling of the cladding modes with the guided modes at the splicing junction. By systematically 
adjusting the parameters of the fibers in the M-S-M structure, the transmission loss in the interference 
spectrum can be utilized as a band rejecting filter. Using our analytical model, we study the representative 
cases as investigated and reported in Refs [17,18] and compare our analytical results with those obtained 
experimentally. Thus, we validate our description of mode-coupling model. In the following, we present 
the method of analysis of the proposed device and demonstrate some key results.
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2 Filter structure and operating mechanism

 Figure 1 shows the schematic of the proposed band rejection filter. The design incorporates a short 
SMF segment of length L, which is sandwiched between two conventional step-index MMFs. Due to the 
core diameter difference at MMFs and SMF splicing junction, when the light passes through the first MMF 
and falls into the central SMF, the guided modes of the first MMF couple to the core mode and as well as 
the cladding modes of the central SMF. Thus, the several cladding modes of the central SMF are excited 
alongwith the fundametal mode of the same SMF. Any change within the medium of certain refractive index 
surrounding the central SMF cladding region modulates the way light is transmitted along the fiber. We, 
outline our model of light propagation through this structure that illustrates the principle of band rejection 
filter and enables us to interpret experimental results [1] analytically in the following.

Fig 1. Schematic of the proposed filter.

 When the light passes through the lead-in SMF falls on the first MMF segment, it excites not only 
the fundamental core mode but also several higher order modes. At the lead-in SMF- 1st MMF interface, we 
can express the total field as 

 E (r, 0) = ∑
m

q = 1
bq Mq (1)

where E(r, 0) represents the fundamental mode of the lead-in SMF. Each of the mode of first MMF and the 
total number of modes that MMF can accommodate are denoted as Mq, and m, respectively. The excitation 
coefficients of each mode, expressed as bq in the first MMF section, can be estimated as, 

 bq = 
∫

∞
0  E (r, 0) Mq r dr

∫
∞

0  Mq Mq r dr
 (2)

After covering the first MMF of length L1, the field distribution becomes,

 E (r, L1) = ∑
m

q = 1
 bq Mq e iβq L1 (3)

where the propagation constant of the qth order mode is denoted as βq. Because of the mismatch between 
core diameters of MMF and SMF, the modes of MMF couple with the fundamental core mode and the 
major cladding modes of the central SMF for the light transmission from the 1st MMF to the central SMF. 
Out of all, only azimuthally symmetric modes (LPlm, where l = 0 and m = 0,1, 2…..) can survive this light 
transmission [48]. So, throughout the analysis, we only take azimuthally symmetric modes. Even though, 
the MMF can accommodate hundreds of modes (LP0m), the effect of the higher order modes pf MMF is 
negligible and constrained to this mode couplng owing to the core- diameter difference between the MMF 
and the SMF [19]. Simulating the contribution of the two modes ( LP01 and LP02), it is found that these two 
contribute significantly to the mode coupling and hence, in our analytical analysis, we only consider LP01 
and LP02 and neglect any contribution of the higher order modes. If Sp(r, 0) be the pth mode of the central 
SMF (p = 1 for core mode and p > 1 for cladding modes), then after traversing the first MMF light becomes,

 E (r, L1) = ∑
n

p = 1
cp Sq (4)
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where cp, the excitation coefficient of each mode, can be calculated as,

 cp = 
∫

∞
0  E (r, L1) Sp r dr

∫
∞

0  Sp Sp r dr
 (5)

 In general, after traversing through the central SMF, the amplitude of the pth core/cladding mode can 
be expressed as,
 Ep (r, L) = cp Sp ei βp L (6)
where βp is the pth core/cladding mode propagation constant. Again, for light transmission from SMF to the 
last MMF, the higher order cladding modes of the central SMF contribute negligibly to the mode coupling. 
Hence, in our approach, only p = 2 is considered. Therefore, for this light propagation, we consider the mode 
coupling of the SMF core mode to the LP01 and LP02 modes of the second MMF, and the coupling of the 
cladding mode corresponding to p = 2 to the two last MMF modes of the lowest orders.
Now, the intensity of the pth mode after travelling the central SMF, can be written as, 

 Ip = |E*
p (r, L). Ep (r, L)| (7)

 After traversing through the central SMF, these cladding modes and only core mode of central 
SMF interfere with each other and recombine in the last MMF segment; and the corresponding interference 
intensity is estimated as

 I = I1 + Ip + 2 I1 Ip  cos(2π ∆ n p
eff L/λ) (8)

 ∆ n p
eff = ncore – n p

clad (9)
 In Eq (8), the intensities of the core mode and the pth order cladding mode are expressed as I1 and 
Ip, respectively. The effective refractive indices of the core mode and the pth cladding mode are expressed 
as ncore and n p

clad, respectively. As explained earlier, here, only the main interference between the cladding 
mode corresponding to p = 2 and the core mode is considered in the analysis. For destructive interference, 
the difference in the phases between the core mode and the pth order cladding mode generally satisfies,

 
2π ∆ n p

eff L
λdip

 = (2t + 1)π, t = 0, 1, 2… (10)

Thus, λdip can be calculated as

 λdip = 
2 ∆ n p

eff L
(2m + 1)

 (11)

Total transmission (T ) of the proposed M-S-M structure will be,

 T = 
∫

∞
0  I r dr

∫
∞

0  |E(r, 0)|2 r dr
  (12)

 In the output spectrum of the proposed device, the interference loss, I (Eq 8), between the guided 
mode and cladding modes of the central SMF can be adjusted by varying the parameters of the fibers to reject 
any desirable wavelength band. 

3 Results and Discussion

 To verify our analytical approach, we have computed the transmittance spectrum of the filter device 
(Fig 3). The corresponding parameters are given in Table 1. The choice of these parameters owe to the fiber 
used in the experimental investigation reported in [17]. We compared our computed result with that reported 
experimentally [17]. Although, our computed transmittance exhibits more interference loss due to the chosen 
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parameters, our result predicts the nature of variation in transmittance recorded experimentally [17] very 
well. The full width at half minimum is reported to be 35 nm in the experiment while our result shows a 
bandwidth of 40 nm at full width at half minimum. 

Table 1. Parameters used in the simulation for an external medium (Refractive Index 1.42)

Fiber type (length) Core/Clad RI Core/Clad diameter (µm) V number
SMF (3 mm) 1.4608-1.4577/1.4594-1.4563 6.2/60 2.3498-2.0395
MMF (2 mm) 1.4708-1.4677/1.4508-1.4477 24/60 34.3883-29.8468

Fig 2. Experimental [17] and simulated result of transmission spectrum

Fig 3. Experimental [18] and simulated result of transmission spectrum.

 In Fig 3, we show a comparison between our simulated result and experimentally observed result [18]. 
Evidently, our result fairly predicts the experimentally obtained characteristics. Table 2 shows the parameters 
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of the proposed device considered during the simulation. In the experiment, the full width at half minimum is 
reported to be 12 nm while our result shows a bandwidth of 14 nm at full width at half minimum. It is easy to 
observe that by systematically changing the fibers’ parameters of the device, our M-S-M configuration shows 
a similar variation as that of obtained experimentally. Our proposed model involves a simple structure and a 
general formulation which makes this device unique from the other available devices.

Table 2. Parameterrs used in the simulationfor an external medium (Referactive Index 1.42)

Fiber type (length) Core/Clad RI Core/Clad diameter (µm) V number
SMF (5 mm) 1.4437-1.4431/1.4337-1.4331 7/60 2.3609-2.2951
MMF (2 mm) 1.5037-1.5031/1.4937-1.4931 30/60 10.3272-10.0393

4 Conclusion

 We report here a new approach to design and tune an only-fiber band rejection filter depending 
on interference loss of co-propagating cladding and core modes in a fiber structure. The device comprises 
of a short SMF section, spliced between two identical MMFs. Due to the core diameter difference between 
MMF and SMF, cladding modes of the central SMF get excited and interfere with the core mode of the 
central SMF when they recombine at the last MMF. This destructive interference loss in the interference 
spectrum of the output can be utilized to reject any desirable wavelength band. Using this analysis and by 
changing the parameters of the device, we predict the normalized output at different source wavelengths. 
These analytically computed results match very well with those recorded from the experiments [17 and 18]. 
Our analytical approach is general and can be readily implemented to configure such MMF-SMF-MMF 
concatenated structure or any higher order concatenated cladding mode based devices.
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