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Abstract:



In the sensing applications of optical fiber grating, it is necessary to reduce the transmission-type polarization dependence to isolate the sensing parameter. It is experimentally shown that the polarization-dependent spectrum of acousto-optic long-period fiber grating sensors can be suppressed in the transmission port of a π-shifted Sagnac loop interferometer. General expressions for the transmittance and reflectance are derived for transmission-type, reflection-type, and partially reflecting/transmitting-type polarization-dependent optical devices. The compensation of polarization dependence through the counter propagation in the Sagnac loop interferometer is quantitatively measured for a commercial in-line polarizer and an acousto-optic long-period fiber grating sensor.
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1. Introduction


Polarization-dependence loss (PDL) of transmission-type optical devices, such as long-period fiber grating (LPFG) sensor and wavelength-tunable filters, is an inherent problem that limits information capacity in optical sensor applications [1,2]. In additional to the transmission-type LPFG sensor, the fiber Bragg grating (FBG) sensor, which is a partially transmission/reflection-type fiber device, also suffers from PDL [3]. A simple compensation method to suppress the PDL of transmission-type fiber gratings using a Sagnac loop interferometer has been recently demonstrated [4,5]. However, the polarization dependence of the Sagnac interferometer containing other types of devices has yet to be addressed.



In this work, three types of polarization-dependent devices, a transmission-type, reflection-type, and mixed (both transmitting and reflecting)-type, are analyzed by use of Jones matrix method. It is shown that the polarization-dependent spectra of transmission-type optical devices can be suppressed in the transmission port of π-shifted Sagnac loop interferometer [5,6], and that the PDL of reflection-type optical devices can be suppressed in the reflection port of π-shifted Sagnac loop interferometer. An analysis of the PDL of a Sagnac interferometer containing a mixed-type device is also performed.



We also characterize experimentally PDL suppression using Sagnac loop interferometer for various devices exhibiting various degrees of PDL such as an in-line polarizer (ILP) and an acousto-optic LPFG sensor. The cancellation of polarization dependence through the counter propagation in the Sagnac loop interferometer is quantitatively measured using a commericial PDL measurement control system. This simple PDL suppression method can be used to minimize the various PDL effect.




2. Theoretical Analysis


A schematic diagram of the Sagnac loop interferometer with a polarization-dependent device, similar to the one demonstrated in [5], is shown in Figure 1. In this work, we also consider the cases when the polarization-dependent device is a reflection-type and mixed-type device, as well as the previous described transmission-type device, as shown in Table 1. Assuming that the principal polarization axes of the device are along the x and y axes of laboratory coordinates [7], the polarization-dependent transmission, Tdevice, between the input and transmitted field and the reflection, Rdevice, between the input field and reflected field are described by the Jones matrices in Table 1. In these matrices, amplitude factors α, β, δ, and ε are all real numbers and birefringence of the device is considered to be negligible. These transmission and reflection relations hold for bi-directional propagation.


Figure 1. Schematic diagram of the Sagnac interferometer with a polarization-dependent device and a waveplate inside the loop.
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Table 1. Transmission and Reflection of each type of PDL device are presented in Jones matrix form.
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Using a procedure similar to the one shown in [5], the transmittance, TSagnac, and reflectance, RSagnac, of a Sagnac interferometer can be solved analytically using Jones matrix analysis. In the waveplate in Figure 1, two parameters are considered; a retardance, Γ, and an orientation of waveplate axes, θ, with respect to the laboratory coordinates. (We should consider the general case.) The two cases when θ = 0, Γ = 0 and θ = π/4, Γ = π are expressed in Tables 2 and 3, respectively. For the waveplate with θ = 0, Γ = 0 (no waveplate), the Sagnac loop interferometer works as mirror; that is, it exhibits maximum reflection and minimum transmission. Contrarily, for a waveplate with θ = π/4, Γ = π (π-shifted waveplate at angle π/4), maximum transmission and minimum reflection can be achieved in Ports 2 and 1, respectively. We consider Port 1 as the reflection port and Port 2 as the transmission port of a Sagnac interferometer with a nested optical device. With l1 set equal to the length between Ports 3 and 5 and l2 set equal to the arm length between between Ports 4 and 6, Δl is defined as l1 − l2. When Δl = 0 or l1 = l2, as the Sagnac interferometer is referred to as a length-symmetric Sagnac loop interferometer. The longitudinal phase constant for a traveling wave in the fiber is represented as k.



Table 2. The transmittance and reflectance of a Sagnac interferometer with various nested devices exhibiting PDL when the waveplate settings are θ = 0 and Γ = 0.







	
With the Sagnac loop of θ = 0, Γ = 0
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TSagnac

	


[image: there is no content]



(11)








	
RSagnac

	


[image: there is no content]



(12)














Table 3. The transmittance and reflectance of a Sagnac interferometer with various nested devices exhibiting PDL when the waveplate settings are θ = π/4 and Γ = π.







	
With the Sagnac loop of θ =π/4, Γ = π
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Table 2 shows that the reflectance, RSagnac, contains polarization-dependent terms in each of the three types of devices. The transmittance, TSagnac, also includes polarization-dependent terms, except for the case of a transmission-type device, in which the intensity is null at the transmission port. In comparison, the π-shifted Sagnac loop interferometer shows us an interesting theoretical result. Both the reflectance, RSagnac, and the transmittance, TSagnac, do not have polarization-dependent terms in both transmission-type and reflection-type devices. The case of Equation (13) has been previously described in [5] as a specific example in which the polarization-dependent transmission of a transmission-type device is clearly averaged through the use of a π-shifted Sagnac loop interferometer configuration [5].



In this research, more general cases are considered. For a length-symmetric Sagnac loop interferometer, the expression for the reflectance in Equation (16) can be further simplified to
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meaning that the polarization-dependent reflection of a reflection-type device can also be compensated.




3. Experiment with In-Line Polarizer


As a representative polarization-dependent device having the highest polarization dependence to the input polarization state, a commercial in-line polarizer (ILP-155-09-09-1) is selected in this experiment [4] because the quantitative proof of this suppression effect has not been sufficiently investigated using commercially available measurement tools. In this work, we measure the PDL value of a commercial in-line polarizer using a commercial PDL measurement control system without and with a Sagnac loop configuration, respectively.



Without a Sagnac loop, the average PDL of the ILP is measured to be ∼55 dB in each transmission direction. However, the average PDL value is dramatically reduced to less than 0.45 dB when it is placed within a Sagnac loop. The polarization dependence, quantified as PDL, can be measured from a control system consisting of a tunable laser (Ando, AQ4321B), polarizer, and polarimeter (Tektronix, PAT9000B). The intrinsic polarization dependence of the transmission-type polarization-dependent optical device can be measured by placing it between polarizer and polarimeter in any direction when the device has similar transmission characteristics in both transmission directions. Thus, the measured PDL values are similarly measured in both directions. As shown in Figure 2, the PDL was measured to have very low values below 0.5 dB around 1,550 nm, but slightly increased as the wavelength moved over 1,560 nm. We believe that this is caused by the wavelength dependence of intensity splitting ratio of 50:50 coupler. In general, it has been known that the C-band 50:50 coupler has the optimal splitting ratio centered around 1,550 nm.


Figure 2. For each configuration of in-line polarizer without and with a Sagnac loop, the average PDL is measured to be 55.6 dB and 0.45 dB, respectively.
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These can in principle be minimized by optimizing all components used to construct the Sagnac loop. A large number of the packaged optical devices have been treated as failure products at their final test stage just due to the high PDL value only. It is expected that the intrinsic and fabrication-induced PDL of these products can be easily compensated with the incorporation of a Sagnac loop in the packaging process.




4. Experiment with Acousto-Optic LPFG Sensor


The polarization dependent transmission and reflection of an acousto-optic LPFG sensor are also experimentally examined by placing it inside the Sagnac loop interferometer with waveplate and are compared with expressions in Equations (13) and (8), respectively. Since acousto-optic LPFG sensors and micro-bending LPFGs are functionally based on asymmetrical cladding mode coupling, these transmission-type devices show intrinsically polarization-dependent transmission spectra and no back reflection [10,11]. Spectrally-resolved and polarization-dependent coupling to each of the cladding TE01, TM01, and HE21 modes is clearly observed for an acousto-optic LPFG sensor with an interaction region consisting of a 28-cm-long dispersion compensating fiber (OFS EHS100), [8]. The input polarization state is varied using a polarized broadband source and an all-fiber polarization controller [9]. The output spectra at transmission and reflection ports are measured using an optical spectrum analyzer in order to analyze the spectral PDL.



For the case of Equation (8), the waveplate is tuned to maximize the reflected output and minimize the transmission output (Γ = 0 and θ = 0). The spectral reflectance is easily changed by tuning the input polarization as shown in Figure 3 (a). The filtering spectra for four different input polarization states are shown in each figure. It clearly shows that the intrinsic polarization-dependence of the transmission of an acousto-optic LPFG sensor is transferred to the spectrum measured at the reflection port of the Sagnac loop mirror. In contrast, the polarization-dependent mode splitting is completely eliminated when the waveplate settings are adjusted so that Γ = π and θ = π/4 by maximizing the intensity in the transmission Port 2 as shown in Figure 3 (b) and derived in Equation (13).


Figure 3. For various input polarization states, optical spectra of polarization-dependent acousto-optic LPFG sensor in a Sagnac loop are measured from (a) the reflection port of Sagnac loop (θ = 0, Γ = 0) and (b) the transmission port of Sagnac loop (θ = π/4, Γ = π).
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4. Conclusions


We have generally analyzed and measured the polarization dependence cancellation of optical fiber grating sensor using a π-shifted Sagnac loop interferometer. For the feasible intrinsic PDL-free integrated optical devices, a commercial-grade in-line polarizer device was tested to verify the proposed PDL compensating method. A representative type of polarization-dependent device, an acousto-optic LPFG sensor, is also experimentally proved for the polarization-dependence suppression. It is expected that the use of the Sagnac loop can save many optical sensor products, such as FBG sensors and micro-bending LPFG sensors which have been limited in their applications solely due to their high PDL.







Acknowledgments


This work was supported by National Research Foundation of Korea Grant funded by the Korean Government (KRF-2007-331-C00118).




References and Notes


	1. 
Huttner, B.; Geiser, C.; Gisin, N. Polarization-induced distortions in optical fiber networks with polarization-mode dispersion and polarization-dependent losses. IEEE J. Sel. Top. Quant 2000, 6, 317–329. [Google Scholar]

	2. 
Park, K.J.; Kim, H.; Lee, J.H.; Youn, C.J.; Shin, S.K.; Chung, Y.C. Polarisation-mode dispersion monitoring technique abased on polarisation scrambling. Electron. Lett 2002, 38, 83–85. [Google Scholar]

	3. 
Bachim, B.L.; Gaylord, T.K. Polarization-dependent loss and birefringence in long-period fiber gratings. Appl. Opt 2003, 42, 6816–6823. [Google Scholar]

	4. 
Kim, C.S.; Han, Y.G.; Kang, J.U.; Choi, B.; Nelson, J.S. Polarization-insensitive multi-wavelength switching based on polarization-selective long-period fiber gratings. Opt. Expr 2004, 12, 6082–6087. [Google Scholar]

	5. 
Kim, C.S.; Choi, B.; Nelson, J.S.; Li, Q.; Dashti, P.Z.; Lee, H.P. Compensation of polarization-dependent loss in transmission fiber gratings using a Sagnac loop interferometer. Opt. Lett 2005, 30, 20–22. [Google Scholar]

	6. 
Golub, I.; Sinova, E. π-shifted Sagnac interferometer for characterization of femtosecond first- and second-order polarization mode dispersion. Opt. Lett 2002, 27, 1681–1683. [Google Scholar]

	7. 
Yu, A.; Siddiqui, A.S. Optical modulators using fiber optic Sagnac interferometers. IEE Proc. Optoelectron 1994, 141, 1–7. [Google Scholar]

	8. 
Dashti, P.Z.; Li, Q.; Lin, C.H.; Lee, H.P. Coherent acousto-optic mode coupling in dispersion-compensating fiber by two acostic gratings with orthogonal vibration directions. Opt. Lett 2003, 28, 1403–1405. [Google Scholar]

	9. 
Shu, X.; Yu, L.; Zhao, D.; Zhang, L.; Sugden, K.; Bennion, I. Transmission characteristics of Sagnac interferometers based on fiber Bragg gratings. J. Opt. Soc. Am. B 2002, 19, 2770–2780. [Google Scholar]

	10. 
Lazaro, J.M.; Quintela, A.; Lopez-Higuera, J.M. High temperature long period grating thermo-mechanically written. Sensors 2009, 9, 5649–5654. [Google Scholar]

	11. 
Jeon, M.S.; Jung, U.S.; Song, J.W.; Kim, J.H.; Oh, J.H.; Eom, J.S.; Kim, C.S.; Park, Y.H. Frequency swept laser at 1300 nm using a wavelength scanning filter based on a rotating slit disk. J. Opt. Soc. Korea 2009, 13, 330–334. [Google Scholar]



















© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license ( http://creativecommons.org/licenses/by/3.0/).







media/file4.png
)

Reflection Spectra [dB]

G

gnac

104

12

Transmission Spectra [dB]

-10

124

1546

1548 1550 1552
Wavelength [nm]

1554

1546

1548 1550 1552
Wavelength [nm]

1554






nav.xhtml


  sensors-10-04373


  
    		
      sensors-10-04373
    


  




  





media/file5.png
(

Q
N

Reflection Spectra [dB]

Sagnac

R, of AOTF (6=0,r=0)

T
1546

| ! | ' |
1548 1550 1552
Wavelength [nm]

T
1554

—~~
(o)
~

Transmission Spectra [dB]

Sagnac

T of AOTF (6=n/4,I'=n)

41
64
5
_10_-

124

I
1546

I ! | ! |
1548 1550 1552
Wavelength [nm]

T
1554






media/file3.png
PDL [aB]

In-line polarizer

62 4 . ; ®  without Sagnac loop
60 =, © with Sagnac loop
58 - " u " o -
] " ¥ g -
56 - " " e W, ]
4 u [ | ] Ny g ® H | 4
54_ l.. . -. .. .IIII. -
52_' " n -y
ol
50 == -
1.0 : ;
U A O]
iy © OOOOOO ]
1 %0
] o 0.0
055 o © % o S ’ ]
1° o, © 0% & © o © 9 OOOOOOOO
] © © 900 0%
OO T T T | |
1520 1530 1540 1550 1560 1570 1580

Wavelength [nm]





media/file0.png
Circulator 50:50 Coupler
9 12 —

E\’
Ei" - |:E re_/‘/’:| ﬂ ER = RSagnuz'E in ET = T&'g'mc Ein






media/file1.png
Device |6—\

|Wavep|ate|

 a.

CirCU'ator 50:50 Coupler

{E . Tﬂ 2 o

— ~ Sagnac™in

Sagnac in





media/file2.png
PDL [aB]

In-line polarizer

62 T = without Sagnac loop
60 = . o with Sagnac loop
58 " - - B
4 m m Ny » 4
56 " ny wm" = -
J L - Ey i
54 - " Sy g REER,
] - ]
52 = e
50 =
1.0 o]
| ° ooo%o )
] o Qoy,® ]
0.5 © % o © .
1o o o [} © 00 © 1
1 % oo °® o o© Oooooeoe e ]
] o o0 % ]
0.0 T T T T T
1520 1530 1540 1550 1560 1570 1580

Wavelength [nm]





media/file6.png





