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Abstract

:

Diffraction waveguides are widely used in augmented reality devices as information display systems for the introduction of data into the human visual field in order to supplement information about the world around us. This paper formulates the principles of radiation conversion in diffraction waveguides made of photo-thermo-refractive glass on the basis of multiplexed volume holographic gratings, and the advantages and disadvantages of high spectral-angular selectivity are analyzed. In the optical scheme, each of the superimposed volume holographic gratings in the diffraction waveguide forms a corresponding part of the composite angular field of view of the augmented reality device. A proposed mathematical model based on angular multiplexing made it possible to synthesize the diffraction optical element for a new type of diffraction waveguide made from photo-thermo-refractive glass and to create a prototype with an angular resolution of at least 3.0 ± 0.5′, with a brightness change in the image of less than 20% and with a composite angular field of view of 32°.
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1. Introduction


Augmented reality devices are widely used as information display systems with an aim of introducing into the human visual field any data that complements the information about the world around us. Such devices are necessary for supplying visual instructions during manual operations in medicine, construction and education, as well as in everyday life for expanding smartphone functionality. Diffraction waveguides are commonly used for implementation of augmented reality head-mounted displays [1,2]. Most of these are glass plane-parallel plates where radiation propagates by total internal reflection (TIR), and diffraction gratings are used as couplers to input, redirect and output the light. Diffraction waveguides have low weight (<150 g) and provide an angular field of view at 30–60°, transmittance at 85–90%, and an eyebox of 20–30 mm [3]. Diffraction waveguides can be classified by the diffraction mode of the couplers: based on surface or volume diffraction gratings. Slanted surface gratings [4] are implemented into augmented reality displays by Microsoft HoloLens, Magic Leap, WaveOptics, and Dispelix and they can have a diffraction efficiency up to 80%, but the manufacturing requires a complex and expensive technological process.



Modern mass-produced augmented reality devices based on diffraction waveguides use various photosensitive media (photopolymers, UV-curable polymer compositions, liquid crystal polymer compositions, photoresists, etc.) as materials for phase relief formation, which are sensitive to environmental parameters (humidity, temperature, pressure) and, therefore, must be sealed with cover glass [4,5,6,7]. In particular, volume photosensitive media (for example, silver halide materials and dichromated gelatin) have shrinkage due to their conversion during photochemical processes. Non-optimal operating conditions can lead to a change in the grating parameters and, consequently, to a deterioration in the characteristics and parameters of the image in the augmented reality device. Photo-thermo-refractive (PTR) glass is an alternative to the commonly used photosensitive materials. Its optical properties are equal to the properties of BK7 glass; it has no shrinkage and is not sensitive to temperature changes in the range from −20 °C to +100 °C or ambient humidity [8,9,10]. Thus, volume diffraction optical elements (DOE) made of PTR glass are protected from possible destruction during operation and do not require additional safety glass to ensure safe contact with the waveguide. PTR glass is useful for augmented reality devices because it can serve as a waveguide material as well as a photosensitive media where DOE is formed, thus allowing manufacturers to fully integrate DOE into the waveguide in the implementation.



PTR glass is a volume photosensitive media and is suitable for recording three-dimensional DOEs with high diffraction efficiency and high spectral-angular selectivity. This means that the diffraction gratings formed in the layer (plate) of PTR glass allow us to couple radiation in a narrow spectral band and in a narrow angular field. The application of selective diffraction elements will improve the spectral and angular resolution provided by diffraction waveguides. Therefore, to form a composite field of view above 30° with the help of such selective DOEs, one would need angular multiplexing in order to combine volume holographic gratings (VHG) in one glass region by superimposing the recorded diffraction gratings. Spectral and angular optical couplers based on multiplexed volume holographic gratings (MVHGs) can solve different beam combining and redirection problems: each grating on the DOE transforms its parts of the angular field of view in a certain wavelength band. Modeling the formation of the composite angular field of view according to the selective properties of MVHGs made of PTR glass is the subject of the presented research.




2. Materials and Methods


The mathematical description of a diffraction waveguide containing MVHGs includes two main stages:




	
design of the MVHGs configuration inside the diffraction waveguide, calculation of the geometry by TIR propagation, calculation of the composite field of view and replication of the output pupil;



	
modeling local interaction of electromagnetic light with DOE structure for the prediction of the diffraction efficiency characteristics.








The first stage is based on Bragg’s law and geometric optics, as Figure 1 illustrates. In contrast to most of the solutions suggested in literature, in the case of MVHGs, the slant angle of volume diffraction gratings must be considered. Figure 1 shows the coupling conditions for incident and propagated radiation for a single MVHG forming part of the angular field of view when working in the transmission mode. The image, generated after the projector, is represented by a set of plane waves incident on the input coupler. A pair of incoupling and outcoupling MVHGs have the same phase profile geometry.



The incoupling and outcoupling DOE made of MVHGs have the same configuration for each of the MVHGs with number m, i.e., the same grating periods d1m = d2m and grating slant angles γ1m = γ2m. Along with the image output function, the output MVHGs expand the output pupil in the horizontal direction. Each pair of incoupling and outcoupling MVHGs is responsible for a part of the field of view in accordance with its angular selectivity. The incident field must locally satisfy the Bragg condition for each VHG according to the spectral-angular selectivity contour. The relationship between the specified direction of propagation of radiation inside the waveguide can be chosen arbitrarily, but for proper field composition for a certain spectral range, transmission MVHGs must have same surface periodicity; ds: the period of volume diffraction gratings in the plane of the surface of the waveguide—ds must be the same for the entire transformed angular field. Due to these conditions, it is convenient to record the diffraction gratings using a phase mask in the form of a relief-phase diffraction grating with a period ds. In this case, the interference volume pattern is created by the interference of beams that diffracted on the phase mask [11,12]. Thus, the recording angles are the diffraction angles of the recording beam on the phase mask. The method of angular multiplexing using a phase mask is described in detail in [11]. From the Bragg condition and the cosine connection of the VHG period d and the phase mask period ds, the following expressions are correct
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Thus, the radiation propagation angle β2n in the waveguide plate corresponds to the diffraction equation of radiation on the phase mask


   β  2 n   = arcsin  (    sin  β 1  −    λ G   /   d s     n   )  = arcsin  (  sin  β  1 n   −    λ G    n  d s     )  .  



(2)







The propagation angle in the waveguide plate is limited by the TIR condition for one edge of the field and the slide angle for the second edge of the field: βslide < β2n < βTIR. For the edge of the field bounded by the sliding angle βslide ≈ 90°, it is important to meet this condition so that the gaps between the TIR points were not too large when converting the output MVHG. The critical TIR angle is equal to βTIR = arcsin(1/n). The period of the phase mask is determined by the median condition for the angles of propagation and coordinates the directions of radiation propagation in the waveguide


   d s  ≤  λ  n sin  〈   β  2 n    〉     



(3)







The spectral-angular bandwidth of the incoupling and outcoupling MVHGs determines the angular multiplexing step during the DOE recording. In turn, the spectral-angular selectivity of MVHGs in a wide spectral-angular range is affected by the width of the spectrum of the radiation source. Figure 2 shows an example of the spectral characteristics of MiniRay projector used as a light source. Periods of phase masks for red (R), green (G) and blue (B) spectral ranges according to expression (3) are: ds R = 484 nm, ds G = 400 nm, ds B = 346 nm. The wider the spectral band in a particular spectral R/G/B channel is the larger the angular multiplexing step would be. The second condition that determines the angular multiplexing step is the allowable non-uniformity of the brightness of the image composed in the field of view. Main part of the research presented in the paper is about field of view composing for green spectral channel; the calculated parameters of corresponding MVHGs are in Appendix A.



The second stage for prediction of the diffraction efficiency relations requires solving the diffraction problem on a volume periodic structure. Mathematical model of the diffraction on MVHGs is based on the Kogelnik coupled wave theory [13] and solves the problem of the field of view composition by a series of MVHGs. The calculation sequence is in Appendix B. Depending on the coupling conditions, diffraction gratings can operate in transmission or reflection modes. If the diffracted wave vector, projected onto a line containing the vector of the incident wave, is codirectional with the incident wave vector, then the grating is in a transmission mode. If they have opposite directions, the grating is reflective. Diffraction waveguide configuration under study utilizes transmission grating according to Equation (2). Diffraction efficiency of lossless transmission volume grating is defined by


  η =     sin  2   (     ν 2  +  ξ 2     )    1 +    ξ 2   /   ν 2      ;   ν =   π  n M  T   λ    c R   c S      ,   ξ =   ϑ T   2  c S    ,  








where ξ—the mismatch parameter (characterizes the selective properties of Bragg diffraction gratings); ν—the modulation parameter (characterizes the change in the parameters of the medium in the recording area, which forms the diffraction grating); cR = cosθM; cS = cosθM—K·cosγ; β—the angular coefficients; nN—modulation of the refractive index for an MVHG with number N; ϑ—the dephasing measure.



The modeling of multiplexing of elementary diffraction gratings should be corresponded to effective use of the refractive index modulation ∆n, which is responsible for the entire dynamic range of PTR glass. It is distributed by N-multiplexing to n1, n2,…, nN. The modulation of the refractive index is distributed according to the linear part of the exposure characteristics for the photosensitive material. Recommendations for the multiplexing procedure of the dynamic range are given in [14,15]. In particular, PTR glass has a wide quasilinear part of the exposure characteristics [11] and is suitable for multiplexing. The implemented mathematical model solves the diffraction problem for MVHGs with the arbitrary geometry and the sinusoidal phase profile and creates optical spectral or angular couplers.




3. Results


3.1. Diffraction Analysis for Green Light


This section considers MVHGs calculated for the image formation in the green part of the spectrum. The parameters for each MVHG are optimized for the calculated propagation direction responsible for the certain section of the angular field. The simulation result, which characterizes the DOE of the nine transmission MVHGs for nine-fold multiplexing, is shown in Figure 3. The angular multiplexing step for the illumination angle of the phase mask in the air was chosen to be Δθ ≈ 2.5°, which corresponds to the fulfillment of the Bragg condition for the spectral range boundaries while providing a relative brightness difference of up to 20%. The thickness of the waveguide was 2 mm, the full refractive index modulation was ∆n = 5 × 10−4, the dispersion characteristics were n(λ) = 4332*λ−2 + 1.48. Figure 3a shows the spectral-angular diagram, each bright selectivity line corresponds to the transformation of a part of the angular field. The angular selectivity contour for transmission gratings is a function of the sine square according to the coupled waves theory.



Diffraction efficiency is closely related to angular and spectral selectivity in Bragg diffraction: if there is a slight mismatch of a wavelength or an angle of incidence, the diffraction efficiency decreases rapidly according to the selectivity contour, as shown in Figure 3b, which shows a horizontal section of the spectral-angular diagram in Figure 3a. The selectivity contour changes from one multiplexed grating to another and becomes wider as the incident angles increase. When using a laser (spectrum width < 1 nm) as a hypothetical radiation source for mapping, the formed field of view by full width half maximum (FWHM) is ΔθFWHM(λ = 520nm) ≈ 0.03°. The angular band varies more than four times from 32″ to 2′24″ from the first to the last of the MVHGs. In this case, the diffraction efficiency ηmax decreases from 68% to 47% while the contour is widened. Increase in the number of multiplexing steps leads to a decrease in the diffraction efficiency while maintaining the thickness of the photosensitive layer (the thickness of the PTR plate), because less refractive index modulation is used to create one MVHG.



However, when using the same color evolved by a LED source with a band of about 40 nm (Figure 2), the angular band increases up to ΔθFWHM ≈ 3°, as shown in Figure 3c, which represents the diagonal cross section of the diagram shown in Figure 3a. Thus, a 100-fold increase in the field of view without changing the refractive index of the waveguide or the refractive index modulation ability provides a wide spectral characteristic. However, this occurs with loss of color uniformity: lower angles (left side of the field of view) contribute to the lower wavelength limit formation (500 nm), and higher angles (right side of the field of view) contribute to the upper wavelength limit formation (560 nm). This color inhomogeneity in the field of view is a disadvantage of the proposed solution based on selective MVHGs.




3.2. Diffraction Analysis for White Light


This section considers the transformation of blue and red light by means of DOE designed for the green light. Analysis, similar to that represented in Figure 3, is shown in Figure 4. For both blue and red spectrum regions, there is an increase in the non-uniformity of the diffraction efficiency due to the narrow spectral characteristic (Figure 2) compared to the non-uniformity for green light at the selected multiplexing step. For the green part of the spectrum, the non-uniformity at the selected angular multiplexing step is about 20%, the greatest non-uniformity in the composed field of view is observed for the blue part of the spectrum and is about 50%. In the case of ensuring uniformity for secondary spectrum parts, it is necessary to reduce the multiplexing step by up to 3 times.



Figure 5 illustrates the combined spectral-angular diagram for white light from three spectral channels of the MiniRay projector. The continuation of the diffraction bands at the junction of the spectral ranges confirms the field composition correctness of the MVHGs transfer functions. When forming an image, a shift of the blue spectral part towards negative radiation incidence angles could be expected alongside a shift of the red region towards the positive angles. When creating augmented reality displays based on MVHGs, it is recommended to choose LED sources with a wide spectral band, which is confirmed by the simulation results.





4. Discussion


To test the abovementioned methods, a prototype of augmented reality monocular was manufactured. Figure 6 illustrates the prototype. When using volume diffraction gratings in PTR glass, only angular multiplexing allows expansion of the effective angular field of view provided by a single diffraction grating, as shown in Figure 7a,b for monochrome green and multicolor implementation, respectively. The action of each sequential MVHG can be interpreted as a static implementation of the “rolling K-vector” conditions used in switchable DOEs [7]. The parameters of the MVHG structure are optimized for rotation of the diffraction angle, which results in transformation of the angular selectivity contour of each subsequent MVHG. The optical system of the prototype contains a single-layer diffraction waveguide made of PTR glass with integrated volume DOE formed by MVHGs. The diffraction waveguide was made by a two-stage recording method by angular multiplexing in PTR glass using a phase mask. In the first stage, a phase mask in the form of the relief-phase diffraction grating in a photoresist was applied to the waveguide; in the second stage, phase volume DOE was obtained in the bulk of the waveguide in the form of superimposed MVHGs by angular multiplexing through the phase mask with UV radiation that was actinic for PTR glass.



The prototype uses the compact commercial projector MiniRay as an image generation module (Figure 2). Figure 7c,d show images of technical tables illustrating the composed angular field of 23° and 32°, respectively. Images of red and blue technical tables in a brighter environment are presented in Figure 7e,f. The angular bandwidth provided by the selectivity contours for a particular wavelength determines the angular resolution limit for the generated image, and also sets requirements for the waveguide wedge. The total angular shift in the plate by TIR propagation from the incoupling DOE to the outcoupling DOE should not exceed a half of the width of the diffraction band. There is a tendency to compensate for the number of reflections (TIR): the ΔθFWHM band is wider for rays propagating in the substrate at smaller angles having a larger number of reflections.



Figure 8a shows the formation of a color point by MVHGs based on one surface periodicity calculated for one spectral wavelength: rays of different spectral channels enter the waveguide at different propagation angles. Prospects for the use of integrated diffraction waveguides based on selective MVHGs are in the implementation of a full-color diffractive waveguide with eliminated chromatism, shown in Figure 8b. To form a full-color image, it is necessary to form diffraction elements that coordinate the light-guiding directions by the field of view parts and by the spectrum. The filtering properties of MVHGs can eliminate chromatism in the image of an augmented reality device, limiting its bandwidth to the spectral selectivity contour to 10 nm.



The non-uniformity and angular field of view of the projected image is regulated by the parameters of angular multiplexing that are chosen in accordance with the spectral-angular selectivity of MVHGs. At the same time, the contours of spectral and angular selectivity affect the resolution both in terms of the spectrum and the angle.
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Appendix A


Table A1 presents the parameters of the MVHGs and their recording angles, which are used for image formation in the green spectral channel. For structures with these parameters, the diffraction problem was solved and experiments on angular multiplexing were performed.




Appendix B


The calculation sequence for the mathematical model is shown in Figure A1. The mathematical model presented in this paper solves the diffraction problem for composing angular field of view by reflection or transmission MVHGs. The diffraction mode is determined from the given conditions for incidence and propagation direction coordinated by the surface periodicities of MVHGs.
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Table A1. Calculation results for MVHGs used in green spectral channel in diffraction waveguide.
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№

m

	
Incident Angle β1 [deg]

	
Propagation Angle β2n [deg]

	
Grating Slant Angle γ [deg]

	
Volume Period d, [μm]

	
TIR Step L [mm]

	
Optical Path in TIR Step X [mm]

	
Recording Angles of UV Beams after the Phase Mask

	
Recording Angle of UV Beam α1 [deg]




	
α1n [deg]

	
α2n [deg]






	
1

	
−12.5

	
−76.47

	
−42.39

	
309

	
16.62

	
17.10

	
−21.90

	
−62.88

	
−34.01




	
2

	
−10

	
−70.68

	
−38.67

	
327

	
11.41

	
12.09

	
−19.33

	
−58.01

	
−29.77




	
3

	
−7.5

	
−66.19

	
−35.60

	
341

	
9.07

	
9.91

	
−17.06

	
−54.14

	
−26.10




	
4

	
−5

	
−62.37

	
−32.85

	
352

	
7.64

	
8.63

	
−14.93

	
−50.78

	
−22.73




	
5

	
−2.5

	
−58.97

	
−30.32

	
362

	
6.65

	
7.76

	
−12.89

	
−47.75

	
−19.55




	
6

	
0

	
−55.88

	
−27.94

	
370

	
5.90

	
7.13

	
−10.92

	
−44.96

	
−16.51




	
7

	
2.5

	
−53.01

	
−25.67

	
378

	
5.31

	
6.65

	
−9.00

	
−42.34

	
−13.57




	
8

	
5

	
−50.33

	
−23.50

	
384

	
4.82

	
6.26

	
−7.12

	
−39.87

	
−10.72




	
9

	
7.5

	
−47.79

	
−21.40

	
390

	
4.41

	
5.95

	
−5.28

	
−37.53

	
−7.93




	
10

	
10

	
−45.40

	
−19.37

	
395

	
4.06

	
5.70

	
−3.47

	
−35.28

	
−5.21




	
11

	
12.5

	
−43.12

	
−17.41

	
400

	
3.74

	
5.48

	
−1.69

	
−33.13

	
−2.53




	
12

	
15

	
−40.93

	
−15.50

	
404

	
3.47

	
5.29

	
0.07

	
−31.06

	
0.10
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Figure A1. Flow chart of mathematical modeling for MVHGs based on coupled wave theory. 
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Figure 1. Scheme of radiation propagation in a waveguide plate. Diffraction geometry for a pair of VHGs of the input and output couplers. Parameters: β1, β1n—incident angles in the air and in the waveguide relative to the normal to the plate surface; θBr—Bragg angle; βTIR—air defense angle; γ—angle of inclination of the diffraction grating; β2n—diffraction angle in the waveguide and the propagation angle relative to the normal to the plate surface; d—the volume grating period; ds—the surface period (period of the phase mask during the recording); T—thickness of the waveguide; L—length between the TIR points. 
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Figure 2. Spectral characteristics of MiniRay compact projector. 
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Figure 3. MVHGs diffraction efficiency analysis: (a) Spectral-angular diagram of diffraction efficiency; (b) Diffraction efficiency selectivity contours for spectral maximum; (c) Diffraction efficiency selectivity contours for a wide spectrum. 
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Figure 4. MVHGs diffraction efficiency analysis for blue light: (a) Selectivity contours for spectral maxima and (b) wide spectrum. MVHGs diffraction efficiency analysis for red light: (c) Selectivity contours for spectral maxima and (d) wide spectrum. 
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Figure 5. Spectral-angular diagram for the full spectrum of the MiniRay projector. 
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Figure 6. Prototype: (a) appearance; (b) illustration of the waveguide transparency; (c) illustration of augmented information added to the real view. 
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Figure 7. Formation of a composite angular field of view by MVHGs based on one surface period: (a) for green light and (b) white light. Field of view represented by angular tables: (c) for green light and (d) white light. Field of view in brighter environments: (e) for red light and (f) blue light. 
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Figure 8. Formation of a color point: (a) by MVHGs based on one surface periodicity in the waveguide, (b) by MVHGs based on three surface periodicities. 
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