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Abstract:



The acousto-optic tunable filter (AOTF) is one of the most used techniques for hyperspectral imaging (HSI), and is capable of fast and random wavelength access, high diffraction efficiency, and good spectral resolution. Typical AOTF-HSI works with linearly polarized light; hence, its throughput is limited for randomly polarized applications such as fluorescence imaging. We report an AOTF-based imager design using both polarized components of the input light. The imager is designed to operate in the 450 to 800 nm region with resolutions in the range of 1.5–4 nm. The performance characterization results show that this design leads to 68% improvement in throughput for randomly polarized light. We also compared its performance against a liquid crystal tunable filter (LCTF)-based imager.
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1. Introduction


Hyperspectral imaging (HSI) was originally developed for remote sensing applications more than three decades ago [1]. In HSI, a large number of narrow band data points in the spectral domain are sampled, compared to only three or four overlapping wide spectral regions in conventional color images. The additional spectral information is capable of identifying visually indistinguishable features within a large region of interest (ROI) [2,3]. Therefore, HSI finds applications in many applications, including the food industry [4,5], archeology [6], forensics [7,8], security [9], geology [1], [10,11,12], and medicine [13]. Clinical applications of HSI include retinal vascular inspection [14], early detection of gastric cancer [15], tongue lesion classification [16], and intraoperative tumors residuals detection [17].



Currently, there are a number of techniques to achieve spectral imaging. A common practice is to place an external filter in front of a monochromatic imager and acquire images at each spectral band sequentially. In addition to using a filter wheel with a number of bandpass filters [18], acousto-optic tunable filters (AOTFs) and liquid crystal tunable filters (LCTFs) are commonly used because they can freely select spectral band at high speed (ms/step or faster) and contain no mechanical moving parts [3]. For low frame rate applications where detailed spectral and/or even time-domain information is required, pixel-by-pixel raster scanning with a spectrometer may be used [19]. Recent advances in in-pixel filter technology also led to multispectral imagers with spectral selectivity integrated on-chip or even in-pixel [20,21].



Among current HSI technologies, AOTF-based HSI techniques are more appealing for biomedical application because:

	
AOTF has good throughput (~40%), fair image quality, is capable of large field of view (FOV), and can use high-resolution imagers for read-out [22,23].



	
AOTF has good spectral resolution in the visible and near-infrared region [24], and is suitable for the majority of optical imaging applications.



	
A significant advantage of AOTF is spectral switching/scanning at high speed (in microseconds) without mechanical movement. In particular, it is capable of addressing wavelengths randomly—this further increases acquisition speed and enables real-time applications [16,23].








Compared to filter wheel-based methods, AOTF- and LCTF-based HSI techniques require polarized light to achieve spectral selectivity. For applications with randomly polarized signals (e.g., fluorescence and diffuse reflectance), half of the signal maybe lost outright. Consequently, the throughputs of AOTF and LCTF are typically in the 40% [9] and 10% [25] range, respectively. This throughput is significantly lower than the 60–90% typically found in thin film band-pass filters [26], consequently limiting their use in low light applications [27].



In the current project, our group developed an AOTF-based HSI optical setup that significantly improved the optical throughput in case of weak fluorescence signals by using both polarizations [22,28]. In this paper, we report the design of a novel AOTF-based hyperspectral imaging technique, shown in Figure 1. The aim of the project is to develop an AOTF-HSI system which can improve its throughput by using both polarization components of a randomly polarized signal. The performance of the invented design is explicitly characterized and compared to a traditional AOTF setup as well as an LCTF-HSI imager. Our results demonstrated that this technique significantly improves the throughput of AOTF imagers.


Figure 1. Schematic of the dual polarization acousto-optic tunable filter (AOTF)-based hyperspectral imaging (HSI) system. L1: zoom lens; SA: square aperture acting as field aperture; L2, L3: achromatic lenses; M1, M2, M3: flat mirrors; PBS: polarizing beam splitter. The optical imaging system is enclosed in an enclosure (shaded area) to ensure portability.
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2. Materials and Methods


Compared to the spectroscopy system [22,28], the size of the beam is much larger in an imaging system. Therefore, it is not practical to directly use the two first-order diffracted signals at orthogonal polarization states. Instead, the randomly polarized input signal is separated into two linearly polarized components by a polarizing beam splitter (PBS). Then, one polarization path is rotated 90 degrees by a half waveplate such that both beam paths have the same polarization direction. As shown in Figure 1, two 150-watt tungsten-halogen lamps are used as illumination. Randomly polarized signal from the object is collected by a zoom lens L1 (Canon EF-S 55–250 mm f/4–5.6 IS) and focused at the first focal plane where a square aperture (8 × 8 mm) is used to block background noise. The formed image is then collimated by an achromatic lens L2 (EFL = 250 mm, Thorlabs, Newton, NJ, USA). A polarizing beam splitter (PBS513, Thorlabs) splits the randomly polarized light into two paths with orthogonal polarization states: e and o polarized light. The transmitted o polarization light—which matches the AOTF optimized polarization direction—will continue to incident on an AOTF crystal (TF625-350-2-11-BR1A, Gooch & Housego, Cleveland, OH, USA).



The orthogonally polarized e light is reflected by a mirror M1 to a half-wave (λ/2) plate (Dayoptics, ϕ 25.4 mm, Fuzhou, China). The plate rotates the reflected light polarization by 90°, thereby matching the AOTF crystal input. In order to fit the two rays into the AOTF crystal angular aperture (±2°), the crystal was tilted relative to the system’s optical axis. The rays’ path lengths are designed to be equal (<1 mm) in order to maintain the same magnification and propagation time for potential time-domain applications.



The AOTF now has two input polarized beams fitted within the acceptance angle of the crystal. As such, the AOTF diffracts both beams with the same wavelength and linewidth to different directions. Two mirrors M2 and M3 are positioned to avoid the undiffracted beams while deflecting the two first-order diffracted beams toward the second relay lens L3 (EFL = 250 mm, Thorlabs), which focus the collimated beams onto a CMOS readout camera (2048 × 2048, 5.5 µm pixel size, MQ042RG-CM, Xemia, Munster, Germany). The optical relay lenses L2 and L3 are selected to be replicas in order to convey the object’s image formed at the square aperture with no magnification to the sensor.



The spectral dispersion in the developed imager is accomplished using a large aperture AOTF (11 mm × 12 mm) optimized for imaging applications between 450 and 800 nm. To tune the AOTF to different wavelengths, its driving frequency is switched between 65 and 135 MHz, covering the entire spectral range. A laptop computer workstation is used to control the data acquisition and provides a user interface with a custom developed software program.




3. Experimental Work and Results


The performance of the AOTF-HSI instrument was characterized. First, its throughput was measured and compared to a single polarization AOTF setup and an LCTF system. The system’s spectral resolution and spectral response were then characterized. Imaging spatial resolution, field of view (FOV), and depth of focus (DOF) were also measured.



3.1. Optical Throughput Characterization


The throughput of the HSI system is defined as the percentages of the output light at the desired wavelength of the input light. The main benefit of using the dual-input AOTF setup is the improvement in the throughput of randomly polarized signal. To characterize the throughput improvement, a collimated and randomly polarized diode laser light at 650 nm was used as the input. The input and output intensities were measured by an optical power meter (1830C, Newport, Irvine, CA, USA). The throughput was measured in the following three configurations simulating two (#1 and #2) typical conventional AOTF operating modes (i.e., single polarization) and the dual polarization design (#3).

	
Randomly polarized input beam with a single polarization AOTF setup (i.e., laser output directly used as an input passing the AOTF crystal);



	
Single polarization AOTF setup with linearly polarized light input aligned to the optimized polarization direction of the AOTF (laser output going through a linear polarizer);



	
Randomly polarized input beam going through the dual beam setup (i.e., Figure 1).








In the case of #3, in addition to the combined beam throughput, the two polarization beams were measured separately by blocking the one of the polarization path. The results of the measurements are shown in Figure 2.


Figure 2. The diffracted light intensity of the AOTF crystal in: (1) randomly polarized input directly passing an AOTF; (2) linearly polarized input (i.e., #1 + linear polarizer) and directly passing an AOTF (polarization aligned with the AOTF optimal direction); and (3) randomly polarized input (i.e., #1) going through the dual polarization setup. The two polarizations paths were measured separately (PBS transmitted, PBS reflected) in addition to the combined beam (PBS dual beams), respectively. All the displayed diffracted intensities are normalized with respect to the linear polarized input.
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3.2. Spectral Characterization


Each optical component affects the system’s spectral response. The mirrors, lenses, the half-wave ½ λ plate, and the polarizing beam splitter (PBS) were selected to optimize the integrated system performance. A calibrated spectrophotometer (OSM-400, Newport) was used to measure the output with a broadband halogen light source (A20500 Fostec, ACE light source with EKE lamp, Mainz, Germany) as the input.



The AOTF-HSI spectral line-width (FWHM—full width half maximum) was measured across its operating spectral range, as shown in Figure 3. In addition, theoretical values at different incident angles (θi = 0, ±2, ±4 degrees) were computed based on Equation (1)) and plotted for comparison purposes.


[image: ]



(1)






Figure 3. The AOTF-HSI imaging spectrometer line-width (FWHM—full width half maximum) for both single arm and dual arms, compared with the manufacturer line-width data in addition to a theoretical computational data for different optical input incident at angles (0, ±2 degrees). The standard deviation is computed for each arm in the developed AOTF-HSI system and plotted as error bars for the single arm curve.
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As shown in Equation (1), the line width ([image: ]) of the diffracted band exiting of the AOTF crystal is proportional to the square of the central wavelength [image: ] when other parameters (the incidence angle ([image: ]), the length of photoacoustic interaction ([image: ]), and the spectral dispersive constant (b) of the TeO2 crystal) are constants. As a result, the spectral resolution of the AOTF spectrometers reduces (i.e., line width increases quadratically as a function of wavelength). Due to the differences of incident angle, the line width of the dual channel AOTF-HSI configuration is higher than a single beam configuration. As shown in Figure 3, this difference is relatively small when the incident angle is within ±2 degrees.



Figure 3 also shows that the maximum difference between the two channels turned out to be ±0.8 nm at 450 nm and gradually reduced to ±0.1 nm at 800 nm, which is acceptable compared to its spectral resolution and most intended applications.




3.3. Spatial Characterization


For imaging application, spatial resolution and depth of field (DOF) are important parameters. To characterize these spatial parameters, a USAF resolution target (USAF-1951, 38-710, Edmund Optics, Barrington, NJ, USA) was used. First, the optimal focal location was determined by scanning the optical axis and the location was determined with the maximum contrast transfer function (CTF), which is defined in Equation (2).


[image: ]



(2)




where [image: ] are the maximum and minimum pixel intensities along a line orthogonally drawn across a certain group; an example of the image and intensity changes in the rectangular region is shown in Figure 4.


Figure 4. (a) A resolution (USAF-1951) target is imaged by the AOTF-HSI system at 700 mm displacement. Group-1/element-1—zoomed in (b)—is enclosed in a yellow dotted rectangle. (c) The intensity was plotted, where maximum and minimum intensities are identified to calculate the contrast transfer function (CTF) at this range.
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Figure 5 shows the CTF values of an element (group 1/element-1 = 2 LP/mm, on the USAF-1951 target) before and after the focal spot along the optical axis of the AOTF system. The optimal range was determined to be between 668 mm and 702 mm (CTF ≥ 0.5), which corresponds to the effective DOF of 34 mm [29].


Figure 5. Measured contrast transfer function (CTF) values (dot), for the spatial target group-1/element-1, along the optical axis before and after the focal spot. X-axis is the absolute distance between the target and the front of the lens. The dashed line is the quadratically fitted curve, while the vertical dashed lines mark regions with CTF ≥ 0.5.
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The modulation transfer function (MTF) measurement is commonly computed to characterize the spatial resolution of an optical system. To compute an imaging system’s MTF, the ratio of the acquired image modulation and the original object modulation is accounted as demonstrated in Equation (3) [30]:


[image: ]



(3)







The term Modimage is the measured CTF of the target image captured by the AOTF-HSI, and Modobject is the CTF provided by the USAF target manufacturer. Using a standard test object in Equation (3) implies a unity modulation (i.e., Modobject = 1). As such, the system MTF is directly considered as the modulation of the object captured image. This test characterizes the system’s ability to resolve spatial features. Figure 6 illustrates the AOTF-HSI imaging system’s MTF at an object distance equal to 685 mm.


Figure 6. The AOTF-HSI imager modulation transfer function (MTF) plot obtained by imaging USAF-1951 spatial target.
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3.4. Performance Comparison to LCTF


AOTF and LCTF are two typical tunable filter technologies commonly used in hyperspectral imaging. Both have been studied previously for a number of applications, including fluorescence and Raman microscopy [31], as well as laser-induced breakdown spectroscopy [32]. In this study, we report the comparison between both filters for hyperspectral imaging in (1) spectral resolution; (2) spectral selectivity; (3) reliability and image quality; and (4) spatial resolution [33].



An LCTF (400–720 nm, VIS-10-20, Cambridge Research & instrumentation, Hopkinton, MA, USA) was used to replace the AOTF in a setup similar to that shown in Figure 1. Since the LCTF does not require separation of the non-diffracted order light, the alignment is simple and the setup is compact. A wavelength calibration target (erbium oxide; WCS-EO-010, Labsphere, NH, USA) and white standard reflectance target (SRS-99, Labsphere, NH, USA) were used for spectral imaging quality and reliability assessment. A tungsten-halogen light source and two laser lines—He-Ne laser emitting at λ = 633 nm and a diode laser emitting at λ = 675 nm—were used in the characterization experiments.



The spectral and spatial resolution experiments similar to those used in the AOTF experiments were repeated when the LCTF was placed orthogonal to the input beam. This result of the spectral resolution evaluation (shown in Figure 7) demonstrate that the AOTF has significantly better spectral resolution than LCTF.


Figure 7. The imager’s spectral resolution evaluation in the case of switching between AOTF (red circles) and liquid crystal tunable filter (LCTF, black circles) along the wavelength operating range for each filter. Samples of filtered/diffracted bands are also included in the embedded figure. A blue dotted horizontal line is drawn with a value equal to the lower spectral resolution limit of the AOTF-HSI. This line illustrates that the AOTF has superior linewidth in contrast with the highest spectral resolution of the corresponding LCTF-HSI.
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In order to evaluate AOTF and LCTF in the spatial domain, a USAF-1951 target was used [34]. The modulation transfer function (MTF) for elements of both group zero and one was calculated according to Equation (3), and was plotted as shown in Figure 8.


Figure 8. Modulation transfer function of both tunable filters, LCTF and AOTF, imaging USAF-1951 reflection pocket target group 0 and 1.
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4. Discussion and Conclusions


We report the development of a dual-polarization path high throughput AOTF-based hyperspectral imaging system. The system operates in the range of 450–800 nm with spectral resolution varying from ~1.5 to 4.1 nm, as a function of the wavelength. The dual path configuration has an increased overall throughput because it makes use of two components of the randomly polarized input light rather than one in the existing single-beam configurations. The dual path AOTF-HSI configuration improves the throughput by 68% compared to the conventional single polarization design in the case of randomly polarized signal.



The performance of the dual-path AOTF-HSI system is characterized and compared to both single path AOTF imager designs and LCTF based HSI system. In addition to the throughput improvement, the AOTF’s spectral linewidth is significantly lower than the LCTF over the entire operating range, since the AOTF has a linewidth of 1.5–4.1 nm while the LCTF linewidth is ~5–19 nm.



In spite of the advantages in the spectral domain, LCTF performs well in the spatial domain. For example, the imaging quality is an advantage for LCTF relative to AOTF, as demonstrated in the MTF plots in Figure 8. The poorer spatial resolution in the dual path AOTF design is attributed to: (1) the combination of the two spatial images when both optical paths onto the detector are not perpendicular; and (2) the two images may not be identical in size and shape due to aberration through different optical paths.



A general strength of AOTF is the high-speed switching between spectral bands within a few µs, while LCTF switches in the ms regime. For time-sensitive applications requiring a high number of spatial channels, AOTF is generally preferred. In addition, AOTF has a broader spectral operating range relative to LCTF.
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