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Abstract

:

The representation of three-dimensional volumetric pixels, voxels, is an important issue for the near-to-eye displays (NEDs) to solve the vergence-accommodation conflict problem. Although the holographic waveguides using holographic optical element (HOE) couplers are promising technologies for NEDs with the ultra-thin structure and high transparency, most of them have presented only a single and fixed depth plane. In this paper, we analyze the imaging characteristics of holographic waveguides, particularly to represent the arbitrary voxels and investigate the voxel duplication problem arising from the non-collimated light from the voxels. In order to prevent the image crosstalk arising from the voxel duplication, we propose an adjustment method for the emission angle profile of voxels by using the integral imaging technique. In the proposed method, the sub-regions of elemental images, which correspond to the duplicated voxels, are masked in order to optimize the emission angle of integrated voxels. In the experimental verification, a see-through integral imaging system, based on the organic light-emitting diode display and a holographic waveguide with the thickness of 5 mm, was constructed. The fabricated HOE in the waveguide showed high diffraction efficiency of 72.8 %, 76.6%, and 72.5 % for 460 nm, 532 nm, and 640 nm lasers, respectively. By applying the masked elemental images, the proposed method resulted in a reduced crosstalk in the observed voxels by 2.35 times. The full-color experimental results of see-through holographic waveguide with integral imaging are provided, whereby the observed 3D images are presented clearly without the ghost images due to the voxel duplication problem.
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1. Introduction


See-through near-to-eye displays (NEDs), which are core components of the augmented reality (AR) headsets, have been given considerable attention recently [1,2]. Various optical technologies have been actively studied for the see-through AR NEDs, such as the free-form optics [3], the direct retinal projection optics [4,5], and the waveguide optics [6,7,8,9,10,11,12,13,14,15]. Among these technologies, the waveguide optics provide the best way to minimize the size of NEDs, which is crucial for the comfort and compactness of the AR headsets. Waveguide technologies can be categorized into three groups according to the types of couplers: geometric waveguides with the reflective couplers [6,7,8], the diffractive waveguide with the surface relief grating couplers [9], and the holographic waveguide with the holographic optical element (HOE) couplers [10,11,12,13,14,15].



Among them, the holographic waveguides are the most promising techniques, since the HOE couplers provide benefits, including having an extremely thin structure, as well as high transparency compared to the other types of couplers. The HOE couplers are typically fabricated using thin photopolymer films, and diffract an incident wave into the pre-defined wave-front, when it satisfies the Bragg condition of the volume hologram. On the other hand, most natural light from the real-world, which deviates from the Bragg condition, passes through the HOEs without diffraction. Such a selective functionality of HOEs allows users to view a real-world scene more clearly without severe light attenuation or degradation.



Among the key features in ensuring NEDs are widespread in the market is in providing the correct depth cues, including the accommodation effects for the virtual images. The vergence-accommodation conflict (VAC), which represents a mismatch between the vergence distance and focal distance of human eye [16], may lead to visual discomfort, eye fatigue, and nausea. Unfortunately, for holographic waveguides, most studies have focused on presenting the virtual images at optical infinity [10,11,12], which causes the VAC problem. In this case, the waveguide structure and HOEs are optimized for the collimated light source. The collimated ray bundles in the holographic waveguide do not deliver information for the correct depth cues, which makes it more difficult to represent the three-dimensional (3D) pixels, known as voxels, at the arbitrary depths. In a few studies, holographic display technologies were adopted with the holographic waveguide, in order to induce the accommodation effects [14,15]. However, in previous studies, the resultant 3D images suffered from monochrome and small virtual images. The holographic displays in these studies were based on the monochrome plane wave illumination with a small diffraction angle. Therefore, a thorough analysis was not conducted regarding the imaging characteristics of a holographic waveguide for a practical light source with the non-collimation and broadband spectrum.



In this paper, we analyze the imaging characteristics of holographic waveguides to represent voxels with a broad spectrum of light, and propose an adjustment method for the emission angle of voxels, in order to present them without the ghost images. For adjusting and optimizing the emission angle of voxels, we adopted the integral imaging (InIm) technique, one of the representative autostereoscopic technologies, with the compensated elemental images (EIs). In Section 2, the imaging properties of holographic waveguides are investigated in view of adopting a non-collimated light source. Additionally, the voxel duplication problem is analyzed, which arises from the large emission angle of each voxel. In order to suppress the ghost images of 3D contents arising from the voxel duplication, the InIm system based on the lenslet-array adjusts the emission angle of each voxel by using the EIs compensation method. In Section 3, we present a holographic waveguide prototype with high diffraction efficiency (DE), and examine the optical properties of the fabricated HOE coupler. The displaying experiments using the fabricated holographic waveguide and InIm system validate the proposed method, which presents the voxels in 3D contents without the ghost images.




2. Principles


2.1. Voxel Duplication Problem in Holographic Waveguide


Figure 1 presents a schematic of the voxel representation in a holographic waveguide where the unintended duplication of voxels occurs. For the holographic waveguide with the periodic volume gratings, a single voxel with the distance of |zv| from the in-coupler was considered. The voxel emits the diverging spherical wave with a large emission angle (θe) and broad spectrum. The only limited portion of θe is incident on the waveguide by the diffraction at the in-coupler. In Figure 1, θin,ub and θin,lb denote the upper and lower bounds for the portion of light, respectively, which may be in-coupled into the waveguide, in the perspective of the angle of incidence (AOI).



For the light rays within the angular range of θin,ub and θin,lb, the relationship between the incident angle and diffracted angle with the Bragg diffraction at the in-coupler is expressed as Equation (1) [17].


   θ +  =  θ −  + 2 ξ ,  



(1)




where ξ is the grating slanted angle of volume grating, and θ- and θ+ represent the incident angle and diffracted angle of light rays at the HOE, respectively. Note that the relationship of Equation (1) is valid, when the wavelength of incident wave (λ) satisfies the Bragg condition as expressed in Equation (2).


  λ = 2  n r  Λ ⋅ cos ( ξ +  θ −  ) ,  



(2)




where nr is the refractive index of photopolymer, and Λ is the grating period of volume grating.



The duplication of imaged voxel arises from the large and non-optimized emission angle for each voxel. Supposing most out-coupled lights form a desirable image of voxel after n-th total internal reflections (TIRs) in the waveguide, we define the AOIs of rays satisfying this condition as an effective angular range (EAR). The EAR corresponds to the AOIs between θeff,lb and θeff,ub in Figure 1. The light whose AOI on the waveguide is smaller than θeff,lb is out-coupled from the waveguide after undergoing (n + 2)-th TIRs. Similarly, the light with the larger AOI than θeff,ub is out-coupled after (n − 2)-th TIRs, although it is not drawn in Figure 1. These two or more groups of light provide different images of voxels, whereas they originate from the common point light source at (xv, zv). An observer perceives one intended image of voxel, and one or more duplicated images of it. In this paper, we refer to this as the voxel duplication problem. The voxel duplication problem leads to a crosstalk of 3D images, and deteriorates the quality of provided virtual images.



The detailed trajectory of propagated light in the waveguide can be investigated easily by stacking up virtual waveguides according to the number of TIRs [18]. Figure 2 shows a stacked virtual waveguide model for analyzing the ray trajectory according to the TIRs. Two virtual out-couplers are illustrated at the coordinate of (l, nt) and (l, (n + 2)t), which correspond to the destination of propagated rays after the n-th and (n + 2)-th TIRs, respectively. Since the rays whose AOI on the waveguide is smaller than θeff,lb do not reach the out-coupler during the n-th TIRs, they pass through the virtual out-coupler at (l, nt) in Figure 2, and encounter the virtual out-coupler at (l, (n + 2)t). For the virtual out-coupler at (l, nt), the ray passing though the leftmost position of it is the criteria to determine the contributive rays to the voxel duplication problem.



In order to derive a propagation angle (θt) for the criteria of voxel duplication problem, we adopted the concept of equivalent imaging points, as proposed in Ref. [18]. The equivalent imaging point denotes the converging point of set of rays, when one extends the propagated rays with the TIRs in the waveguide. When one retraces the bundle of rays diffracted at the in-coupler, a crossing point of them determines the equivalent imaging point of the voxel. In this paper, we approximated the equivalent imaging point of the voxel into a crossing point of extended lines for marginal rays diffracted at the in-coupler. If we represent the equivalent imaging point of the voxel as Ve, the location of Ve is expressed as below:


   {       z  e v   = −  s  i n   ×    [  tan  (    sin   − 1    (   1   n r    sin  θ  i n , u b    )  + 2 ξ  )  − tan  (    sin   − 1    (   1   n r    sin  θ  i n , l b    )  + 2 ξ  )   ]    − 1          x  e v   =  z  e v   × tan  (    sin   − 1    (   1   n r    sin  θ  i n , l b    )  + 2 ξ  )  −    s  i n    2        ,  



(3)




where xev and zev represent the coordinates of Ve, and sin represents the width of the in-coupler. Using the position of Ve, we derived the criteria for the voxel duplication problem in view of the propagation angle (θt).


   θ t  =   tan   − 1    (    l −  s  o u t   / 2 −  x  e v     n t −  z  e v      )  ,  



(4)




where l, t, and sout represent the distance between the in-coupler and out-coupler, thickness of waveguide, and width of out-coupler.



Since the light ray with the AOI of θeff,lb is diffracted into the light ray with the propagation angle of θt, we rewrote θt as below.


   θ t  =   sin   − 1    (   1   n r    sin  θ  e f f , l b    )  + 2 ξ .  



(5)







From Equations (4) and (5), θeff,lb is given by Equation (6).


   θ  e f f , l b   =   sin   − 1    (   n r  ⋅ sin  (    tan   − 1    (    l −  s  o u t   / 2 −  x  e v     n t −  z  e v      )  − 2 ξ  )   )  .  



(6)







The ray bundles whose AOIs are smaller than θeff,lb lead to another imaged voxel due to different optical path lengths during the additional TIRs. Although we derived the condition for the voxel duplication problem between the n-th and (n + 2)-th TIRs cases, the aforementioned analysis is easily extended to the case of other numbers of TIRs by replacing n in Equation (6) accordingly.



Figure 3a,b show simulation results for the observed voxels through the holographic waveguide with the configuration depicted in Figure 1. In the simulation, we assumed three equidistantly positioned voxels (the angular distance of 10°) with the broad-spectrum light. The depths of voxels were 400 mm in Figure 3a, and 4000 mm in Figure 3b. The specifications of the holographic waveguide, such as the thickness (t = 5.0 mm), the distance between the in-coupler and out-coupler (l = 62.5 mm), and the grating slanted angle (ξ = 27.5 °), were identical to those in the experiments, as discussed in Section 3.1.



In Figure 3a with the zv = −400 mm condition, there are two peaks for each voxel, which represent the voxel duplication problem arising from the large and non-optimized emission angle. The secondary peak for each voxel is caused by the emitted rays whose AOIs are smaller than θeff,lb. Meanwhile, the duplicated voxels do not appear in Figure 3b. As the incident lights on the waveguide are almost collimated due to the large depths of voxels (|zv| = 4000 mm), the out-coupled lights have the same curvature of wave-front regardless of TIRs. This makes the observer perceive a single imaged voxel without the duplicated ones.



For the comprehensive analysis of the voxel duplication problem according to the virtual depths, we adopted the standard deviation (STD) among the angular positions of observed voxels, as defined in Equation (7).


   δ z  =  1 K    ∑  k = 1  K         ∑  r = 1  R      (   P  k , r   −  1 R    ∑  r = 1  R    P  k , r      )   2     R      ,  



(7)




where K, R, and Pk,r denote the number of voxels, sampling number of rays for each voxel, and observed angular position for the k-th voxel with the r-th ray, respectively. As the number of duplicated voxels and angular distance among them determine δz, the evaluation metrics of Equation (7) allow the comprehensive analysis of the voxel duplication problem for each depth.



Figure 3c analyzes the changes in δz according to the represented depths, where zv changed from −300 mm to −5000 mm, considering the typical use case of NEDs. For each depth, we assumed 1000 numbers of voxels with the large emission angle and field of view of 40°. When we represented the voxels in the near depth plane, the increase in the number of duplicated voxels and angular distance among them resulted in high δz. Meanwhile, for the voxels in the far depth plane, the distance among the duplicated voxels may become unnoticeable for the observer, such that δz in Figure 3c significantly decreases.




2.2. Emission Angle Adjustment for Voxels Using InIm


In this section, we propose an adjustment method for the emission angle profile of each voxel in order to prevent the voxel duplication problem. For adjusting and optimizing the emission angle of voxels, we adopted the InIm technique, which is the representative autostereoscopy to provide the volumetric 3D images [19,20]. The InIm technique provides the correct depth cues, including the accommodation response for the human eye, as reported in Refs. [21,22]. For the subjects in these studies, 3D objects generated from the InIm system induced the correct accommodation response, which was similar to that of real objects with the same distance.



In the InIm, the directional rays synthesize and integrate the voxels. The relative position between the pixels in EIs and lenslets determines the propagation angle of each directional ray. Hence, the InIm can control the emission angle profile of voxels by applying the proper compensation method on the EIs. In this paper, sub-regions of EIs corresponding to the duplicated voxels are masked, in order to restrict the emission angle of voxels.



Figure 4 presents a schematic of the proposed system to solve the voxel duplication problem. In the proposed system, a holographic waveguide is combined with an InIm based on a lenslet-array. The InIm system reconstructs the voxel with the depth of |zv|. Each lenslet in the InIm system generates ray bundles corresponding to the emission angle within the certain directional range. The ray bundles from the multiple numbers of lenslets synthesize the whole emission angle of voxels. Consequently, if we mask the sub-regions of EIs, which correspond to the emission angle exceeding the EAR, the voxel duplication problem can be alleviated.



Figure 5a depicts a detailed view of the InIm system. Supposing each lenslet of the lenslet-array has a pitch of pl, and the integrated voxel VInIm is located at (xInIm, zInIm), when the origin of coordinate is at the center of lenslet-array, We assumed that the lenslet-array is composed of odd numbers of elemental lenslets, so that the center lenslet is placed at the origin of coordinate. In Figure 5a, three elemental lenslets, from the i-th to the (i + 2)-th ones (when i is the integer), reconstruct the voxel (VInIm) with the emission angle of θe,InIm. For the i-th lenslet from center, the upper and lower bounds for the emission angle of voxel are derived as below.


   θ   InIm ,  i , u b   =   tan   − 1    (     x  InIm   −  (   C  l , i   − 0.5  p l   )     z  InIm      )  ,  



(8)






   θ   InIm ,  i , l b   =   tan   − 1    (     x  InIm   −  (   C  l , i   + 0.5  p l   )     z  InIm      )  ,  



(9)




where θInIm,i,ub and θInIm,i,lb represent the upper and lower bounds for the emission angle of the voxel generated by the i-th elemental lenslet, respectively. Cl,i denotes the center position of the i-th elemental lenslet, where Cl,i = i∙pl for the lenslet-array in Figure 5a. For example, the center of the 1st lenslet in Figure 5a is placed at the x coordinate of Cl,1 = pl.



If we mask a pixel in the EIs under the i-th lenslet in Figure 5a, the emission angle of integrated voxel (θe,InIm) decreases by the amount of θi,ub–θi,lb. This alters the upper bound of the emission angle of the voxel from θi,ub to θi+1,ub (=θi,lb), and prohibits the emitted light by exceeding the EAR. Consequently, the restricted emission angle of the integrated voxels using the masked EIs solves the voxel duplication problem in the holographic waveguide.



In the experiments in Section 3.2, we adopted a hexagonal lenslet-array, which is widely used for the InIm system to enhance 3D image quality [20,23,24]. The hexagonal lenslet-array typically has the hexagonal arrangements of lenslets, as shown in Figure 5b. In a two-dimensional schematic of hexagonal lenslet-array in Figure 5b, we supposed that the origin of the coordinate lies at the center of the lenslet-array. For the i-th lenslet in the horizontal direction and j-th in the vertical direction from the center lenslet, the center position is expressed as follows:


   {       C  l , i , j , x   =    3   2   (  i +   ( − 1 )   j + 1    1 4  −  3 4   )   p l         C  l , i , j , y   =  3 4   p l  × j     ,    



(10)




where Cl,i,j,x and Cl,i,j,y represent x and y coordinates for the center position of the (i, j)-th lenslet. Similar to the case of the symmetrically arranged lenslet-array in Equations (8) and (9), the upper and lower bounds for the emission angle of voxel are expressed as Equation (11).


   {       θ   InIm ,  i , j , x   =   tan   − 1    (     x  InIm   −  (   C  l , i , j , x   ±    3   4   p l   )     z  InIm      )         θ   InIm ,  i , j , y   =   tan   − 1    (     y  InIm   −  (   C  l , i , j , y   ±  1 2   p l   )     z  InIm      )        ,  



(11)




where the plus sign and minus sign in Equation (11) represent the lower and the upper bounds for the emission angle of voxel by the (i, j)-th elemental lenslet, respectively. Since the hexagonal lenslet has the different pitch of lenslets in the horizontal and vertical directions, the emission angles are different according to the axis. Note that the pitch of the lenslet-array determines the minimum units for adjusting the emission angle in the proposed method. For the fine control in the emission angle of voxels to satisfy the EAR of holographic waveguide, the lenslet-array with a small pitch is preferred. Otherwise, the adjusted emission angle using the proposed method may lead to a mismatch with the EAR, which decreases the voxel brightness and observable area for the holographic waveguide.





3. Results


3.1. Fabrication of Full-Color Holographic Waveguide


For the experimental verification of the proposed method, we fabricated a thin holographic waveguide with the thickness of 5.0 mm. The in-coupler and out-coupler had symmetric volume gratings, in order to compensate for the chromatic dispersion of represented images [12], and the grating slanted angle (ξ) was selected to be 27.5°. A schematic diagram and picture of optical recording setup for the HOEs are provided in Figure 6a,b, respectively. Since a reference wave for the HOE couplers had to satisfy the TIR conditions, we used an additional glass prism and index matching oil in the recording process. In addition, in order to maximize the DEs of holographic waveguide, three layers of photopolymers were stacked on the waveguide for each coupler. We used the photopolymer film of Geola Digital Ltd. (Lithuania), which can be used for the lasers within the wavelength range from 440 nm to 680 nm.



In the recording process, three lasers were controlled separately for recording full-color HOEs in the time-sequential method. While each laser illuminated the photopolymer for recording the interference patterns, we blocked the beam paths of other lasers. After each laser recorded the interference patterns, the photopolymer was fixed by using the ultraviolet (UV) light. Additionally, we laminated new photopolymer films on it to record the volume grating using another laser. For the reference beam path, the AOI on the photopolymer was set to be 58.0° for 460 nm and 532 nm, and 52.8° for 640 nm. For a signal path, the AOI on the photopolymer was set to be −4.5° for 460 nm and 532 nm, and 3.3° for 640 nm, as shown in Figure 6b. We carefully designed the AOI for each laser by considering a wavelength deviation between the recording and displaying setups, as presented in Refs. [17,25]. Other detailed specifications for the fabrication process of the holographic waveguide are listed in Table 1.



A picture of Figure 7a shows the high transparency of the fabricated waveguide, where we could view the real-world scene clearly through the HOE coupler. Although the three layers of photopolymers were stacked on the waveguide for the high DEs, the total thickness of HOE couplers was only 0.36 mm. Figure 7b presents a spectral transmittance of the fabricated HOE coupler, which was measured by a spectrometer (Flame-S-UV-VIS of Ocean Optics Inc., Amersham, UK). For measuring the transmittance spectrum, a probe light of the spectrometer was normally incident on the HOE coupler. The averaged transmittance in the visible spectrum (from 400 nm to 700 nm) was 74.0%, so that the fabricated coupler permitted the see-through properties of the holographic waveguide, as shown in Figure 7a. The full width at half maximum (FWHM) in the spectral response of HOE couplers was 9 nm, 11 nm, and 12 nm for blue, green, and red colors, respectively.




3.2. Displaying Experiments for Representing Voxels


Figure 8 shows preliminary experimental results to verify the effect of emission angle adjustment for the voxels in the holographic waveguide. An InIm system was composed of an organic light-emitting diode (OLED) micro-display and a hexagonal lenslet-array with 1 mm of lenslet pitch. We generated two sets of EIs for a small dice object in front of the waveguide with and without the proposed method, respectively. We presented the EIs in the upper parts of Figure 8. As shown in the captured images through the waveguide of Figure 8a, the conventional EIs did not only generate intended 3D images of dice, but also ghost images of dice. However, in Figure 8b, sub-regions of EIs were properly masked according to the principles of Section 2.2, so that pixels in the EIs corresponding to the ghost images were set to be black. The observed images through the waveguide in Figure 8b verified the effect of the proposed method, as the duplicated virtual images disappeared. In the normalized intensity profiles along the center row of the captured images in Figure 8, the peak intensity of the duplicated voxel was 0.256 in the proposed method, while it was 0.602 in the conventional method. Hence, by masking the EIs, the proposed method resulted in a reduced crosstalk in the observed voxels by 2.35 times, while the intended voxels hardly showed the degradation in image quality.



Figure 9a shows full-color displaying experiments. An InIm system was built using a micro-OLED display and 1 mm pitch lenslet-array. We placed a relay lens with a focal length of 30 mm between the InIm system and holographic waveguide, in order to enlarge the virtual depth of integrated voxels [26]. Table 2 presents other detailed specifications of displaying experiments. In the experimental configuration, the emitted light from a center voxel underwent the 10th or 12th number of TIRs until extraction. We eliminated the light that was extracted after the 12th TIR by applying the proposed method.



Figure 9b,c present the experimental results with their EIs. In the conventional method of Figure 9c, the intended 3D images and duplicated ones appeared at the same time. However, as shown in Figure 9b, the proposed method successfully removed the duplicated images, and displayed only the intended 3D images. The lower parts of Figure 9b show the EIs with the masked sub-regions which result in the voxel duplication problem. In addition, a background object verified the see-through properties of the fabricated system, which is viewable through the holographic waveguide with high transparency over 70%.





4. Discussion


The imaging characteristics of waveguides were investigated to represent the voxels with the broadband spectrum, where the incident light on the waveguide is non-collimated. Although we presented the analysis and experimental results by focusing on the holographic waveguides, the principles of the proposed method can be extended to other types of waveguide technologies. As discussed in Section 2, the voxel duplication problem arises from the large and non-optimized emission angle of the voxel, and the geometrical relationship between the waveguide and couplers. Hence, the analysis of voxel duplication in Section 2 is still valid for other types of waveguide-based NEDs, such as the waveguides with prism-arrays-based couplers or reflective couplers [7,8].



Figure 10 presents a detailed configuration of image formation in the experiments of Figure 9, in order to analyze the design parameters of the InIm system with the relay lens. The InIm system has the central depth plane (CDP), where one can achieve the minimum spot size for the integrated voxels. The expressible depth range for the volumetric 3D images in the InIm is located around the CDP, and it is defined by the tolerable limit of image quality [19]. The limit for the expressible depth range is called the marginal depth plane, as presented in Figure 10a. By adopting the relay lens in front of the typical InIm system, it is possible to enlarge the CDP, so that the virtual images with long distances can be represented. When we denote the focal lengths of the lenslet-array and relay lens as f and fRelay, respectively, the relayed CDP is expressed as Equation (12).


   |   z  Relay    |  =  |   f  Relay   +    f  Relay     2     f 2  / ( f − g ) −  (  f +  f  Relay   −  g  Relay    )     |  ,  



(12)




where |zRelay| denotes the distance of relayed CDP from the relay lens, g denotes the distance between the micro-display and lenslet-array, and gRelay is the distance between the relay lens and the lenslet-array. Note that the zRelay for NEDs is typically a negative number. Figure 10b presents the achievable range of |zRelay| by considering the specifications of lenslet-array in our experiments. We conducted the simulation with an fRelay of 30 mm. By appropriately selecting the g and gRelay, the location of the CDP is controllable. In our system, to represent the virtual objects at the near distance by considering the typical AR use case, the design parameters were selected to provide the voxels at 400 mm in front of the observers.



Within the expressible depth range defined by the relayed marginal depth planes in Figure 10a, the InIm system provides the voxels at different depth planes. Figure 10c shows the camera-captured images of the InIm system used in the experiments of Section 3.2. We generated EIs with two images at different depth planes (the letters “3” at the near depth plane, and the letter “4” at the far depth plane), and captured the observed images through the relay lens and InIm display. In the upper figure of Figure 10c, with the camera focus at the near depth plane, the integrated images of letters “3” and “4” showed focused and blurred images, respectively. Meanwhile, when we changed the camera focus to the far depth plane, the letters “3” and “4” showed blurred and focused images, respectively. Although we used the relay optics for the InIm system to enlarge the virtual depth plane, the experimental results in Figure 10c still had a limited depth range. This is due to the focusing errors of the lenslet-array and overlapping of the imaged pixels, as analyzed in Ref. [27]. For further extension of the expressible depth range, one can implement multiple (relayed) CDPs using a vari-focal lenslet-array or focus tunable relay lens in the InIm system, as proposed in Refs. [28,29].



The capability of representing the voxels and providing the correct depth cues is the important features for the NEDs, as the needs for the comfort and the usage time of the NEDs increase. In Table 3, we compared the proposed method and previous research for the NEDs using the holographic waveguide. As experimentally verified in this paper, the proposed method successfully provides 3D images without the voxel duplication problem, although we used the broadband and non-collimated light for the display source. Thus far, most studies on holographic waveguides have presented virtual images at optical infinity with a fixed and single-depth plane, since they used the conventional flat-panel displays with collimation optics [10,12]. When the holographic displays were adopted as the display sources [14,15], the small field of view in the holographic images did not suffer from the voxel duplication problem. However, if the holographic displays with the large field of view become available and used for the holographic waveguide, the voxel duplication problem may occur. In this case, one needs to optimize the hologram patterns to adjust the reconstructed wave-front of 3D objects, so that each voxel has the emission angle within the EAR. We believe that the proposed method, which adopts the concept of emission angle adjustment, is a promising technique for the various optical implementations of NEDs with mitigating the VAC problems.




5. Conclusions


In this paper, we analyzed the imaging characteristics of holographic waveguides for the non-collimated light emitted from the arbitrary voxel, and investigated the condition of the voxel duplication problem. In order to prevent the image crosstalk arising from the voxel duplication, we proposed the emission angle adjustment method for each voxel using the InIm and masked EIs. In the proposed method, the sub-regions of EIs corresponding to the duplicated voxels were masked, so that the optimized emission angle of voxels provided 3D images without the voxel duplication problem. In the experimental verification, the combined system of InIm and holographic waveguide with the thickness of 5.0 mm was implemented. For the holographic waveguide, the HOEs were fabricated using three layers of photopolymers, and showed high DEs of 72.8%, 76.6%, and 72.5% for 460 nm, 532 nm, and 640 nm lasers, respectively. The overall transmittance in the visible spectrum was over 74.0%. By applying the proposed method, the full-color displaying experiments successfully provided the see-through 3D contents without the ghost images due to the voxel duplication problem.
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Figure 1. The schematic diagram for the voxel duplication problem in the holographic waveguide with the arbitrary voxels, which emit the non-collimated light with the large emission angle. 
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Figure 2. The trajectory of propagated rays by TIRs, which originate from the voxel V, in the holographic waveguide. We illustrate the virtual waveguide models as being stacked up for the intuitive investigation of ray trajectory according to the multiple TIRs. 
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Figure 3. Simulation results for the observation case of voxels through the holographic waveguide: (a) zv = −400 mm case, (b) zv = −4000 mm case, and (c) the comprehensive analysis for the voxel duplication problem according to the represented depths using the evaluation metrics (δz). 
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Figure 4. The principles of emission angle adjustment method using the InIm system for solving the voxel duplication problem. 
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Figure 5. The schematic diagram for the emission angle construction of voxels in the InIm system: (a) the emission angle formation of integrate voxel in the InIm with the symmetrically arranged lenslet-array, and (b) the diagram for the arrangements and coordinates of lenslet center in the hexagonal lenslet-array. 
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Figure 6. Experimental setup for recording HOEs: (a) the schematic, and (b) the picture of optical setup for recording the HOE couplers on the holographic waveguide. 
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Figure 7. Characteristics of fabricated HOE couplers: (a) the fabricated waveguide sample with three layers of photopolymers, and (b) the transmittance spectrum of fabricated HOE coupler, when the probe wave was normally incident on the photopolymer. 
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Figure 8. Preliminary experiments using the small dice object: we generated the EIs for the virtual depth of 400 mm (a) without, and (b) with applying the proposed method to solve the voxel duplication problem. The observed images through the holographic waveguide were captured, and the normalized intensity profiles along the dashed line at the center row of captured images are presented in the lower parts of the figure. 
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Figure 9. The full color displaying experiments using the OLED-based InIm system and holographic waveguide: (a) experimental setup for verifying the proposed method, and the resultant 3D images with their EIs (b) with and (c) without applying the proposed method. The EIs used for the displaying experiments are presented below the observed AR images. 
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Figure 10. The design parameters and depth representation properties of implemented InIm system: (a) the geometry of InIm system with the relayed CDP, (b) the simulated variation of |zRelay| according to the gap parameters in the InIm, and (c) the captured images for the relayed InIm system with the different camera focus. 
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Table 1. Experimental specifications for fabricated holographic waveguide.
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Items

	
Specifications






	
Waveguide

	
Dimension

	
105.0 mm × 34.0 mm × 5.0 mm




	
Material

	
BK7




	
HOEs

	
Dosage

	
31.0 mJ/cm2 (460 nm)

21.4 mJ/cm2 (532 nm)

17.2 mJ/cm2 (640 nm)




	
DE 1 (in-coupler)

	
72.3% (460 nm)

78.0% (532 nm)

72.0% (640 nm)




	
DE (out-coupler)

	
73.3% (460 nm)

75.1% (532 nm)

72.9% (640 nm)




	
Size

	
25.0 mm × 16.0 mm




	
Distance between in-coupler and out-coupler

	
62.5 mm




	
Thickness

	
0.36 mm








DE was calculated using the power ratio between diffracted (1st order) and incident laser beam.
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Table 2. Experimental specifications for the displaying experiments using the holographic waveguide and InIm system.
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Items

	
Specifications






	
Micro-display

	
Resolution

	
1920 × 1080




	
Pixel pitch

	
8.3 μm




	
Size

	
15.8 mm × 8.99 mm




	
Lenslet-array (Hexagonal)

	
Pitch

	
1 mm




	
Focal length

	
3 mm




	
Relay Lens

	
Diameter

	
1 inch




	
Focal length

	
30 mm
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Table 3. Comparison among the proposed method and previous research for the NEDs based on holographic waveguide.






Table 3. Comparison among the proposed method and previous research for the NEDs based on holographic waveguide.





	Method
	Display Source
	Color
	Voxel Representation





	Proposed method
	OLED + lenslet-array (Broad-band source)
	Full-color
	Supported



	Virtual images at optical infinity (Refs. [10,12])
	Flat-panel display + Collimation optics (Broad-band source)
	Full-color
	Not supported



	Holographic display (Refs. [14,15])
	Phase modulator + Collimated laser
	Monochrome
	Supported
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