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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 
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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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