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 In this work, a theoretical analysis of a Sagnac loop filter (SLF) with two-

stage polarization maintaining fibers (PMFs) and polarization controllers 

(PCs) is presented. The transmission function of this two-stage SLF is 

calculated in detail by using Jones matrix. The calculation is performed in 

order to investigate the filtering characteristics. The theoretical results show 

that the wavelength interval is depending on the dynamic settings of the 

length of the PMFs and the polarization angle of the PCs. By changing the 

polarization angle of the PCs, a multiple of single, dual or triple wavelength 

in each channel can be achieved. Based on this study, a flat multiwavelength 

spectrum can be obtained by adjusting the PMFs and the PCs in the two-

stage SLF. This finding significantly contributes to the generation of 

multiwavelength fiber laser (MWFL) that can be used for many optical 

applications. 
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1. INTRODUCTION 

Many articles on multiwavelength fiber laser (MWFL) have been published leading to the 

contribution of various applications such as optical instrument testing, optical fiber sensing, spectroscopy, 

microwave photonics, optical communication networks, and dense wavelength division multiplexing (WDM) 

system [1-3]. The multiwavelength characteristics in terms of number of lines, channel spacing, wavelength 

tenability, flatness, and full band coverage were extensively discovered [4]. In recent years, most of MWFL 

researches are based on the use of erbium-doped fiber amplifier (EDFA) due to its many advantages such as 

low polarization sensitivity, high saturation power, wide bandwidth and broadband gain in the 

communication window [5-7]. However, owing to the EDFA homogeneous line broadening, it is difficult to 

achieve stable MWFL at room temperature. Another popular gain mechanism for MWFL is Raman 

amplification which is particularly attractive due to low noise and its ability to be generated at any 

wavelength (dependent on pump wavelength) without the need for a specialized gain medium but high pump 

power is required to operate this laser [8], {9]. 

A common method of generating MWFL is through the use of nonlinear effects such as stimulated 

Brillouin scattering (SBS) [10], four-wave mixing (FWM), and nonlinear polarization rotation (NPR) [11]. 

NPR has emerged as an interesting choice due to its advantages of performing changeable operating regimes 

of multiwavelength lasing as well as passively mode locked at deploying a comb filter within the laser 
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structure. The comb filter which was based on the Sagnac loop filter (SLF) had been used extensively in the 

design of MWFL [12-14]. 

SLF is popular to be used for various applications due to its simple structure and output variability 

which can simply be done by varying the PC and PMF parameter [15-17]. Tuning characteristic is a desired 

feature of any comb filter when it is used in a multiwavelength light source. The SLF of one-stage 

polarization-maintaining fiber (PMF) and polarization controller (PC) is an example of a simple filter device 

as used in [15]. In that SLF, the PC consists only of two waveplates and the wavelength tunability is realized 

by tuning the two waveplates. In [16], two PCs in the SLF was reported where each PC is located at both 

ends of the PMF. 

In this paper, a two-stage Sagnac loop filter (SLF) consist of two polarization maintaining fibers 

(PMFs) and two polarization controllers (PCs) were investigated and demonstrated theoretically. The 

operating principle is studied thoroughly and simulated by applying the Jones matrix. To characterize this 

two-stage SLF, we vary the length of the PMFs and the polarization angle of the PCs. The wavelength 

interval depends on both PMFs and PCs was confirmed by the transmission spectrum results. The multiple 

single, dual or triple wavelength lasing are obtained by adjusting the PCs. 

 

 

2. THEORETICAL AND OPERATING PRINCIPLE 

The structure of two polarization maintaining fibers (PMFs) and two polarization controllers (PCs) 

of Sagnac loop filter (SLF) is schematically shown in Figure 1. PMF1 and PMF2 are two PMFs with 

different lengths and birefringence. PC1 and PC2 are two PCs made from a half-wave plate (HWP) coil and 

two quarter-wave plates (QWP) coils at both ends. They are alternately connected for the two-stage SLF. 

Every stage consists of one PMF and one PC. A polarization-insensitive 3dB coupler is used to connect the 

ring cavity and the two-stage SLF. The lights travel into the 3dB coupler through port 1, and then splits into 

two. Fifty percent of the output lights travel clockwise (CW) around the loop through port 3. Meanwhile, the 

other fifty percent of the output lights travel counterclockwise (CCW) with π/2 phase difference through  

port 4. The two lights contrarily pass through the PCs and PMFs before reentering the 3dB coupler and 

transmitted out through port 2. 

 

 

 
 

Figure 1. The structure of two-stage Sagnac loop filter (SLF) for the analysis of Jones matrices formulism 

 

 

The polarization state of the CW and CCW travelling lights in this work was analyzed using Jones 

matrix [17] which can describe efficiently the polarization state of a plane wave. 

In general, electric field can be expressed in its complex amplitude 
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where θ is the angle in between the polarization direction of the input light with the x-axis. Note that there 

are CW light propagations (from port 3 to port 4), and CCW light propagations (from port 4 to port 3). Thus, 

there are four electric fields going in and out of the Sagnac loop filter. The initial lights are coupled into the 
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fiber loop by the 3dB coupler. The fields at port 1 and 2 can be related to the fields at port 3 and 4 using the 

Jones matrix (represented by MC), as described in [18] 
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E3 and E4 are the output electric fields of port 3 and port 4, and E1 and E2 are the initial electric fields of port 

1 and port 2 as shown in Figure 1. The initial light is input only to the Port 1, hence E2 = 0. The CW light out 

of port 3 goes through the PC first. The Jones matrix for HWP and QWPs of the PC is as follows [19] 
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where θj is the angular orientations of the three waveplates, with j is the waveplates index, 1, 2, and 3. φj 

denoted as φ1 = 2π/m, φ2 = 2π/l, and φ3= 2π/n where the l, m and n is the number of loop in the PC plates 

which is equal to 4, 2, and 4, respectively. When the lights travel from port 3 to port 4, they go through the 

PC in sequence of QWP-HWP-QWP. 

The Jones matrix for PC1 and PC2 are representation of the product of three Jones matrices 
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From (4)-(6), the angles of θ11, θ12, and θ13 are for the polarization state of PC1, while the angles of θ21, θ22, 

θ23 are for the polarization state of PC2. 

The PMF is a high birefringence fiber which causes the phase shift (Δφ). The Jones matrix of a PMF 

that depending on Δφ is represented as 
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where Δφ=2πLΔn/λ is the phase shift of the PMF. Δn is the refractive index difference between the fast-axis 

and the slow-axis of the PMF (birefringence), L is the length of the PMF and λ is the wavelength of the 

propagation light. Consequently, Δφ1, Δn1, and L1 are parameters referred for PMF1 and Δφ2, Δn2, and L2 are 

parameters referred for PMF2.  

The Jones Matrices of CW (from port 3 to port 4) and CCW (from port 4 to port 3) of the Sagnac 

loop filter as the products of MPMF1, MPMF2, MPC1, and MPC2, are as shown in [20] 



IJECE  ISSN: 2088-8708  

 

Theoretical Analysis of a two-stage Sagnac loop filter using Jones Matrices (N. A. B. Ahmad) 

2953 

2 2 1 1

1 1 2 2

CW PMF PC PMF PC

CCW PC PMF PC PMF

M M M M M

M M M M M

   

   
      (8) 

 

In this analysis, the electric field E3 at port 3 will go through PC1-PMF1-PC2-PMF2 and denoted as 

E'4 when it reaches port 4. Same notation scheme is used for electric fields travelling from port 4 to port 3 

where the field is denoted as E'3. After looping the fiber, the electric field at port 3 and port 4 can be written 

as E'3 = MCCW·E'4 and E'4 = MCCW·E'3. Then E'3 and E'4 are coupled into the coupler again and the resulting 

output lights can be related with its input as 
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where E'1 is the reflected electric field at port 1 and E'2 is the transmitted electric field at port 2. MCCW is the 

matrix when lights go through the 3dB coupler inversely. Finally, the transmission function for CW and 

CCW propagations can be derived based on (8) as follow 
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In addition, the variation of transmission spectra at independent operating wavelength can also be 

obtained using the following equation [20]  
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Here, K1 until K9 are expressed as 
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From (11) and (12), the transmission T consist of many simple combinatorial parameters, which are the 

products of the phase modulation (e
iΔφ1

, e
iΔφ2

 or e
i(Δφ1+ Δφ2)

)
 
and the amplitude modulations (K1 to K9). 

 

 

3. RESULTS AND DISCUSSION 

In order to characterize the two-stage Sagnac loop filter (SLF), the transmission spectrum of the 

structure shown in Figure 1 is simulated by adjusting the PMF parameters (L and Δn) and PC parameters (θ11, 

θ12, θ13, θ21, θ22, and θ23). When the PMF with the following parameters: L1 = 10m, Δn1 = 1×10
-4

, L2 = 5m, 

and Δn2 = 4×10
-4

 are applied, the changes of PC parameters will cause the transmission-amplitude 

remodulation. 

In Figure 2, several transmission spectra from 1544nm to 1556nm are plotted with its PCs states 

changed for every plate. Each figure contains six different values of polarization angle based on plates of 

PC1 and PC2. Figure 2(a) shows the three wavelength peaks when the PC1 and PC2 states at θ11 = 0.415π, 

θ12 = 0.02π, θ13 = 0.36π, θ21 = 0.64π, θ22 = 0.05π, and θ23 = 0.654π. If continuously adjusting the PCs, as 

shown in Figure 2(b) (θ11 = 0.44π, θ12 = 0.0001π, θ13 = 0.0001π, θ21 = 0.635π, θ22 = 0.035π, and θ23 = 0.76π) 

and Figure 2(c) (θ11 = 0.47π, θ12 = 0.0001π, θ13 = 0.01π, θ21 = 0.555π, θ22 = 0.035π, and θ23 = 0.61π), the left 

wavelength peaks of the multiple dual wavelength filtering channel declines gradually and is becoming 

multiple single wavelength channels condition. 

From Figure 2(d), when the polarization angle of θ11, θ12, θ13, θ21, θ22, and θ23, is set to 0.82π, 0.01π, 

0.7π, 0.15π, 0.05π, and 0.6π, a flat multiwavelength spectrum is obtained. Multiple single wavelength 

condition is observed in Figure 2(d) where each channel contains only single wavelength peak. From  

Figure 2(a) to Figure 2(d), the results show that by adjusting the states of the PCs, the transmission spectrum 

of the two-stage SLF can be switch from multiple triple-wavelength to multiple dual-wavelength or even to 

multiple single-wavelength. 

 

 

 
 

Figure 2. The variation of transmission spectra of the two-stage Sagnac loop filter (SLF) at different radian of 

PC1 and PC2 state; (a) θ11 = 0.415π, θ12 = 0.02π, θ13 = 0.36π, θ21 = 0.64π, θ22 = 0.05π, and θ23 = 0.654π, 

(b) θ11 = 0.44π, θ12 = 0.0001π, θ13 = 0.0001π, θ21 = 0.635π, θ22 = 0.035π, and θ23 = 0.76π, 

(c) θ11 = 0.47π, θ12 = 0.0001π, θ13 = 0.01π, θ21 = 0.555π, θ22 = 0.035π, and θ23 = 0.61π (d) θ11 = 0.82π,  

θ12 = 0.01π, θ13 = 0.7π, θ21 = 0.15π, θ22 = 0.05π, and θ23 = 0.6π 



IJECE  ISSN: 2088-8708  

 

Theoretical Analysis of a two-stage Sagnac loop filter using Jones Matrices (N. A. B. Ahmad) 

2955 

We then further investigating the two-stage Sagnac loop filter (SLF) characterizations by altering 

the PMFs length (L1 and L2). The transmission spectrum as shown in Figure 3 are simulated with the 

birefringence of the PMFs and PCs fixed with the following parameters: Δn1 = 1×10
-4

, Δn2 = 4×10
-4

,  

θ11 = 0.82π, θ12 = 0.01π, θ13 = 0.7π, θ21 = 0.15π, θ22 = 0.05π, and θ23 = 0.6π. 

In Figure 3, several transmission spectra from 1544nm to 1556nm are plotted with the condition of 

L1 < L2, L1 > L2 and L1 = L2. Figure 3(a) and Figure 3(b) contains two different values of PMF1 and PMF2 

length while Figure 3(c) and Figure 3(d) have same values of PMF1 and PMF2 length. Figure 3(a) gives the 

transmission spectrum for L1 < L2, (in this case L1 = 5m and L2 = 10m). Each channel consists of multiple 

wavelength peaks and minimum wavelength interval was observed. In Figure 3(b), a maximum wavelength 

interval can be obtained when the length of PMFs are L1 = 10m and L2 = 5m. Based on this calculation, the 

best multiple single-wavelength spectrum can be achieved when the length of L1 is longer than L2. 

Finally, in Figure 3(c) and Figure 3(d), identical length was set for the PMF1 and PMF2. The length 

of both PMFs in Figure 3(c) are L1 = 5m and L2 = 5m, while in Figure 3(d) the length of both PMFs are 

increased to L1 = 10m and L2 = 10m. It is observed that the bandwidth is becoming narrower as both of the 

PMFs length increases. From results represented in Figure 2 and Figure 3, it can be noted that the given 

PMFs and the PCs parameters gives significant influence to the wavelength interval of the SLF. 

 

 

 
 

Figure 3. The variation of transmission spectra of the two-stage Sagnac loop filter (SLF) at different length of 

PMF1 and PMF2; (a) L1 = 5m and L2 = 10m (b) L1 =10m and L2 =5m (c) L1 =5m and L2 =5m (d) L1 =10m 

and L2 = 10m 

 

 

4. CONCLUSION 

This study discussed the theoretical analysis of the two-stage Sagnac loop filter (SLF) where the 

characteristic was analyzed using the Jones matrix. The two-stage SLF consist of two polarization 

maintaining fibers (PMFs) and two polarization controllers (PCs). Multiple single, dual and triple 

wavelengths were observed by adjusting the polarization angle of the PCs. The wavelength interval is 

depending on both of the PMFs and the PCs parameters. Maximum wavelength interval was obtained when 

the length of PMF1 is made longer than the length of PMF2. In addition, the two-stage SLF achieved its flat 
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multi-wavelength when the PMFs (L1 = 10m and L2 = 5m) and PCs (θ11 = 0.82π, θ12 = 0.01π, θ13 = 0.7π,  

θ21 = 0.15π, θ22 = 0.05π, and θ23 = 0.6π) are applied. 
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