
Published by

To be published in Optics Letters:
 
Title:   Compact linear polarization spectrometer based on radiation mode shaped in-fiber diffraction grating
Authors:   Huabao Qin,Qinyun He,Yarien Moreno,Zhikun Xing,Xi Guo,Zhijun Yan,Qizhen Sun,Kaiming Zhou,Deming Liu,Lin Zhang
Accepted:   30 September 19
Posted   30 September 19
Doc. ID:   376282

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Aston Publications Explorer

https://core.ac.uk/display/228123343?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Published by

Compact linear polarization spectrometer based on 
radiation mode shaped in-fiber diffraction grating 
HUABAO QIN,1 QINYUN HE,1 YARIEN MORENO,1,4 ZHIKUN XING,1 XI GUO,1 
ZHIJUN YAN,1,2,3,* QIZHEN SUN,1,2 KAIMING ZHOU,3 DEMING LIU1,2 AND LIN 
ZHANG3 
1The School of Optical and Electronic Information, National Engineering Laboratory for Next Generation Internet Access System, Huazhong 
University of Science and Technology, Wuhan 430074, Hubei, P. R. China 
2Wuhan National Laboratory for Optoelectronics (WNLO), Huazhong University of Science and Technology (HUST), 430074 Wuhan, China 
3Aston Institute of Photonic Technologies, Aston University, Birmingham, UK, B4 7ET 
4Faculty of Engineering, University of Panama, Panama City, Panama 
*Corresponding author: yanzhijun@gmail.com 

Received XX Month XXXX; revised XX Month, XXXX; accepted XX Month XXXX; posted XX Month XXXX (Doc. ID XXXXX); published XX Month XXXX 

 
We proposed a compact linear polarization spectrometer 
based on the in-fiber polarization dependent diffraction 
grating. The beam profile of radiated light of the grating 
has been shaped to be a Gaussian profile to improve the 
performance of the spectrometer, where the size of the 
focused light spot has been reduced from 44um to 33um 
with the shaped radiation mode of the grating. Based on 
the experimental results, the proposed spectrometer 
could achieve 0.05nm resolution and 115 nm wavelength 
responding range from 1495nm to 1610nm. To verify the 
performance of the proposed fiber spectrometer, we 
have measured the transmission spectra of an 
excessively tilted fiber grating (Ex-TFG), which has a pair 
of orthogonal polarization transmission spectra. 
Compared with the traditional measuring method, the 
proposed fiber spectrometer has integrated the 
polarizing and spectral analyzing functions in the 
measuring system and achieved the polarization 
sensitive spectral analysis, which showed good 
wavelength consistency and perfect polarization 
characteristics. © 2018 Optical Society of America  

http://dx.doi.org/10.1364/OL.99.099999 

Polarization spectral analysis (PSA) technique is a novel and important method for noninvasive in-vivo imaging [1-6], which has been widely applied in polarization sensitive optical coherence tomography (PS-OCT) and bioimaging areas because that the birefringence of the biological tissues makes the imaging results show a strong polarization dependency. Compared to the traditional OCT technique, the introduction of the polarization could provide additional and detailed information of the structures of biological tissues and further improve the quality of the images. 

Many valuable works of PSA have been presented in the recent years, which have verified the significance of the application of polarization in the optical systems. In 2010, a single-camera PS-OCT has been proposed by T. Schmoll et al. for high-quality and high-speed in-vivo nail fold imaging based on the differentiation between two orthogonal polarization channels through spatial modulation [2].  And in 2011, K. Kim et al. have proposed a PS optical frequency domain imaging system and imaged the normal and cancer tissues by illuminating the tissues with the light composed of two orthogonal polarization states, where the difference between these two tissues became more distinguishable with the introduction of the polarization information [3]. M. Zhao et al. have proposed a PS-OCT system based on the single camera and phase unwrapping method for retinal imaging and E. Gotzinger et al. have imaged the human retina with two polarization channels, where two spectrometers have been applied in the system for each channel [4-5]. H. Wang et al. developed a PS-OCT based on the polarization maintaining fiber (PMF) to investigate the structure the brain, where the results showed that PS-OCT had a stronger ability to identify the neuronal fibers than the traditional OCTs [6]. Additionally, L. M. Otto et al. presented a polarization interferometry based on the surface plasmon resonance and achieved the reflective index sensing function [7]. With the introduction of PSA, the performance of the optical systems could be significantly enhanced. In general, the conventional PSA is achieved by illuminating the sample with different polarization states, interacting the reflected/scattered light with the reference polarized light and analyzing the polarization dependent responses. However, in the conventional PSA systems, the polarizing and spectral analyzing functions are realized by the applications of extra volume or in-fiber polarizers and the grating-based instruments. These separated modules have slowed down the interrogation speed, cost inevitable loss of 



Published by

ento fuapposinbagranfuacpocounprthbeopa cinpewathopthgoacthpoansy

Fig(a)
deththdigr

nergy, complicat mechanical exrther promotepplication fields olarizing and spngle integrated cased polarizationIn our previousrating based on tngle, which coulnctions simultanchieve the perfeolarization (DOomparable to thnique property romotion of thehat the RTFG coeen applied in ptical communiccompact linear p-fiber polarizatierformance of avelength rangehe applied gratinptimize the perfohere is no mechaood structural cquisition abilityhe polarization olarizing compond the structuraystem, and furthe

g. 1.  The capture) uniform and (b)The in-fiber dievice that could here are some dhe grating. Due stribution of therating is expone

ted the system sxcitation. To oe the system pof PSA, it is of gpectral analyzingcomponent, of wn dependent diffs work, we havethe radiant tiltedld realize the pneously [8]. Theect polarization OP) over 0.99 he traditional vmakes it an idee PSA. The prevould be used as spectrally encocation systems [polarization speion dependent 0.05 nm spe covering 1495ng has been shormance of the sanically moving stability and y. Besides, the spspectrum inonents, which coal complexity oer benefit the int

ed images and th) modified in-fibeiffraction gratingeffectively coupdrawbacks of thto the constane radiation modntially reduced 

structure and movercome theseperformance agreat significancg and realize thewhich the key elefraction grating. e proposed an id fiber grating (Rolarizing and ae in-fiber diffraccharacteristics and the anguvolume diffracteal solution for vious works haa dispersive eloded imaging, O[9-14]. In this paectrometer basediffraction gratpectral resoluti5-1610nm. The rhaped into a Gaspectrometer.  Dg element, the sphigh-speed dypectrometer coulnformation witould significantlof the polarizattegration of the 

he profiles of theer diffraction gratg is a perfect inple the light out he radiation mont index modulde of a uniform ialong the fiber 

made it susceptibe drawbacks anand broaden thce to combine the functions withement is the fibe in-fiber diffractioRTFG) with 45° tngular dispersioction grating couwith a degree lar dispersion tion grating. Ththe performanave demonstratlement which hOCT and wireleaper, we proposed on the modifiting, which hasion and 115nradiation mode aussian profile Due to the fact thpectrometer hasynamic spectruld directly analythout any extly reduce the cotion interrogatioPSA systems. 

e radiation mode ting;  n-fiber dispersioof fiber. Howevede distribution ation, the enerin-fiber diffractiograting [15]. Th

ble nd the the h a er-on tilt on uld of is his nce ted has ess ed ed s a nm of to hat s a um yze tra ost on 

 of 
on er, of rgy on his 

asymmthe diffwould dresponwaveleprecisionecessaunconcmode owhich becausethe excproblemradiatioalso be in the gratingincreasaddressdistribuA mocentrosthis pathe enecharactresearcprofile gratingwith a gratingquasi-Gpatternstands the mouniformsame cothe effeabout uniformintensittransfeconcenradiatioradiatiomode comprebased s

Fig. 2.  S

metric intensity dfracted light becdiverge from thnse between the ength. This non-lon of the spectary. In addition,centrated energof uniform gratiwould result e the size of thecited radiation mm is to reduceon intensity ande affected, whichimpact on the g length would lse the system bs the non-lineaution, which maore feasible solusymmetric profiaper. Gaussian dergy concentrateteristics of the trch [15], the radof the refractiveg. Based on this,Gaussian profig and obtained aGaussian radiatins are capturedfor the position odified gratingm in-fiber diffraconditions.  As it ective length of 3.624mm, whilm grating is aty of the radiatierred to the centntrated than theon mode shapinon mode of the gto a centrosymession of the dispectrometer. 

Schematic diagram

distribution makcome non-centroe desired positioposition of the linear response trometer and th, it is worth megy distribution, ing has been enin the systeme focused spot ismode. An effective the length ofd the energy effh would cause thsignal to noise limit the detectibudget. In additar response intrakes it not an ideution is to shapefile, where we cdistribution has es at the center ransformed Gaudiation mode de index modulat, we designed aile and applied a modified in-fibion mode distrd by the beam n of the capturedis around 5mction grating hashown in Fig. 1,the radiated ligle the length oaround 5.412mion mode of theter and the energe uniform patteng has effectivelgrating and optimmetric profileiffracted beam a

m of the fiber opt

kes the concentosymmetric, whon and induce thspot and the chwould affect thehus, the extra centioning that, bthe length of tnlarged by its dem performance s interrelated to ve method to solf the grating, hficiency of the ghe detection noiratio. The reduion ability of thetion, this solutioroduced by theeal solution to thie the asymmetrihose the Gaussi a symmetric pand it is easy toussian beam. In distribution is retion of the in-fiban apodized ampit to the fabricber diffraction gribution, see inprofile and the d mode. The gratmm. For the coas been fabricate, for the same lenght of the modifif the radiatedmm. Besides, the modified gratgy distribution bern. The deployly reduced the imized the distrie, which wouldand the design 

tic polarization sp

trated spot of here the peak he non-linear anging of the e wavelength calibration is because of its the radiation ecreasing tail, degradation the length of lve the above however, the grating would ise and result uction of the e system and on could not e asymmetric is problem.  ic profile to a ian profile in profile where o analyze the our previous elated to the ber diffraction plitude mask cation of the grating with a n Fig. 1. The pixel length ting length of omparison, a ted under the ngth of 5mm, fied grating is light for the he maximum ting has been became more yment of the length of the ibution of the d benefit the of the fiber-

 pectrometer. 



Published by

Based on the modified in-fiber diffraction grating, we built a compact linear polarization spectrometer. The schematic diagram of the spectrometer is shown in Fig. 2. As it shown in Fig. 2, the proposed spectrometer has a very straightforward structure, where the applied in-fiber diffraction grating has about 3dB polarization extinction ratio (PER), 748nm grating period, 1554nm central wavelength and 0.054°/nm angular dispersion. The diffracted s-polarized light is firstly collimated and compressed by cylindrical lens (CL) 1 in perpendicular direction and further collected and focused onto CCD array (2048 pixels with 5.5um pixel dimension) by CL2. The focal length of CL1 and CL2 are 20mm and 150mm, respectively. The diffracted light with different wavelength components would be separated into different angles and occupy different positions of CCD array. Due to the fact that the light diffracted by the grating is perfectly linear polarized, the spectrometer could implement the polarizing and spectral analysis functions simultaneously and eventually realize the polarization dependent spectrum analysis function. According to the Rayleigh criterion, the resolution of the spectrometer could be written as: 
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Here, f is the focal length of the lens, D is the length of the grating and d is the distance between the grating and lens, n is the refractive index of fiber core, Λ is the period of grating and λ is the wavelength of the incident light. The performance of the spectrometer could be improved by increasing the distance between the grating and CCD sensor and using the lens with longer focal length. Theoretically, the spectrometer could be optimized to have a resolution of 0.02 nm. And the responding wavelength range is inversely proportional to the resolution. 

 Fig. 3.  (a) the captured image (inserted) and the intensity profile of the focused radiated light spot of modified and uniform in-fiber diffraction gratings; (b) the spot positions versus different wavelengths; (c) relationship between the wavelength and pixel of CCD; (d) the spectra of tuneable laser with different polarization states at 1565nm. 

The resolution and the wavelength range are two of the most important parameters of spectrometric instruments. To evaluate the performance of the proposed spectrometer, we have analyzed the profiles of the focused radiation modes of the modified and uniform in-fiber diffraction gratings, which are shown in Fig. 3a. In the experiment, a single wavelength laser with the output wavelength of 1550nm has been used as the light source. As illustrated in Fig. 3a, the radiation mode of the modified grating has been compressed into a small light spot with a full width at half maximum (FWHM) of 33um, while the FWHM of the uniform grating is 44um. With the smaller focused spot, the system could achieve a higher spectral resolution, which has further verified the significance of the mode shaping. It is worth mentioning that the peak of the focused spot of the uniform grating is not located at the center as expected, which results in a non-uniform response between the wavelength and CCD signal and causes the deviation of the wavelength interrogation and the system errors.  Additionally, we have tuned the output wavelength of the laser to evaluate the performance of the spectrometer quantitatively. As it shown in Fig. 3b, the focused spots are linearly moving along the CCD array with the change of wavelength. The movement is around 2.90mm for 30nm wavelength change. The calibration of the wavelength and CCD pixels are plotted in Fig. 3c, which shows that the wavelength and the pixel position of CCD array is in perfect linear relationship with a sensitivity of 96.76um/nm. Consequently, based on the presented setup, the resolution and wavelength responding range of the spectrometer could achieve around 0.057nm and 117nm covering from 1495nm to 1612nm, respectively. The range would become smaller for the grating with the larger angular dispersion. Moreover, as a proof of concept, we preliminarily investigated the polarization property of the spectrometer with a polarized incident light at 1565nm, see in Fig. 3d. The intensity of the measured spectra has an 86.7% intensity difference with two different polarization states, which has verified the strong polarization dependency and the feasibility of polarization spectrum analysis of the spectrometer. 

 Fig. 4.  (a) the experimental setups and (b) the spectrums of Ex-TFG obtained by OSA with different PER (30dB and 4dB) polarizers. For the traditional polarization spectrum measurement system, the applications of volume or in-fiber polarizers are necessary to 
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generate and detect the linearly polarized light. Unfortunately, the result of the measurement has a dependency on the performance of the applied polarization devices. To verify this, we evaluated the performance of the spectrometer and compared with the traditional measurement method. In the experiment, we measured the polarization transmission spectra of an excessively tilted fiber grating (Ex-TFG), which has a pair of orthogonal polarization transmission peaks defined as TE and TM modes [16]. Fig. 4a shows the traditional experimental setup which consists of broadband light source (BBS), polarizers, polarization controller (PC) and optical spectrum analyzer. The PC is used to adjust the polarization state of the incident light to obtain different polarization resonant peaks, where the dual peaks would appear and suppress alternatively. In the experiment, we compared the results measured by two different PER polarizers (4dB and 30dB), respectively. Since the polarization spectra of the Ex-TFG is strongly dependent on the degree of polarization of incident light, the TM and TE modes of Ex-TFG measured by two polarizers have the same peak wavelengths of 1536.39nm and 1542.56nm, respectively, but with different peak intensity. The results measured with the 4dB polarizer has about 12dB peak intensity difference compared with the results measured with the 30dB polarizer. The difference of the measurement results indicates that the performance of the traditional polarization analysis system would be affected by the applied polarizers. 

 Fig. 5.  (a) the experimental setups and (b) the spectrums of Ex-TFG obtained by the polarization-related spectrometer. Furthermore, we have measured the transmission spectrum of Ex-TFG by using the proposed polarization-related spectrometer, and the results are shown in Figure 5. As it shown in Fig. 5a, the new measuring setup doesn’t need a polarizer anymore. In the experiment, we measured the same Ex-TFG with the proposed spectrometer under the same conditions as the previous one. The proposed spectrometer is immune to the performance degradation effect of the polarizers because the light diffracted by the grating is almost linearly polarized with an extraordinarily high DOP, see in Fig. 5b. Although the PER of the applied in-fiber diffraction grating is only around 3dB in this setup, it could achieve the comparable results with the 30dB polarizers. The wavelength consistencies between these two systems only have around 

0.27nm and 0.12nm differences for the TM and TE cladding modes, respectively, which might be caused by the slightly non-linear wavelength-pixel relationship of the spectrometer. Finally, we have demonstrated a single polarization spectrometer with perfect performance of compact structure, high resolution, good wavelength consistency and great polarization characteristics. In conclusion, we have proposed a linear polarization spectrometer based on the radiation mode shaped modified in-fiber diffraction grating. The spectrometer has a good performance with a simple structure, which is comparable to the commercial OSA according to the experimental results. The spectrometer has integrated the functions of polarizing and spectral analysis, which achieve the polarization spectrum analysis function without any applications of polarizers in the system, and obtain similar results to the high PER polarizers. The performance of the spectrometer could be further enhanced by optimizing the system structure, using better CCDs and redesigning the in-fiber diffraction grating to achieve better dispersion characteristics. The proposed spectrometer would promote the developments and applications the fiber-based devices in polarization-related spectral analysis, spectral imaging, fiber sensing and fiber communication fields. 
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