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ABSTRACT 
 

This thesis presents a novel concept of Augmented Reality (AR) Near-to-Eye Display (NED) 

design which combines Digital Micromirror Device (DMD) and Volume Hologram Grating (VHG) 

to achieve two complimentary novel concepts: 1) Single-chip, Field of View (FOV) selective, and 

variable resolution image projection, and 2) Multiplexed full color image transfer via a single 

image guide, to achieve full color, 90 degrees FOV, and retinal image resolution. The proposed 

AR NED design provides a potential solution to simultaneously solve three main optical challenges 

that occurs in the current commercial AR-NED, which are: 1) material limited FOV; 2) étendue 

conservation, and 3) limited display resolution.  
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Chapter 1. AR Display: Challenges and Opportunities 

1.1 Motivation 

The Augmented Reality (AR) Near-to-Eye Display (NEDs) is designed with eyeglass form factor 

to provide a ubiquitous experience via combing the digital content rendered by a microdisplay 

with the real world scene. The simplest NED use collimations optics to guide the image-carrying 

rays from the microdisplay toward the human eye, forming a virtual image that projected at a 

distance close to infinity [1].  Due to the requirement for eye relief distance, the optics need to be 

complex and bulky to simultaneously establish a large Field-of-View (FOV) and good image 

quality, which unfortunately violates the small form factor requirement. To reduce the volume and 

weight of the optical system to approach an eyeglass-like form factor, freeform or curved surface 

with beam splitting property coating were proposed and implemented [2] [3], along with 

geometrical waveguides [4] [5] [6], diffractive waveguide [7] [8] [9], or holographic waveguide 

[10] [11][12] as an intermediate combiner to bond the image render by the microdisplay with the 

real world scene. The manipulation of combiner separates the functions of imaging from image 

transmission, which simplify the structure of the transmitted NED system, and greatly reduce the 

size and weight. Therefore, the combiner based NED system is widely studied. One thing worth 

mentioning is that the term “waveguide” refers to the glass substrate with thin thickness, and is not 

equivalent to the “waveguide” in the integrated photonics application.  

Although multiple combiner-based AR-NED systems have been developed, different from the 

Moore’s law in the field of electronics which allows for squeezing the size of transistors on a 

microchip while upgrading the performance of the microchip, shrinking the dimension of optical 

system while improving the display performance will encounter three main optical design 

challenges: 1) limited FOV, 2) étendue conservation, and 3) the display resolution. All these 
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limitations are under active research in the development of the AR-NEDs. In the rest of this chapter, 

each of the optical design challenges will be addressed, and the corresponding potential solutions 

are also introduced. Last but not least, the systematic design based on Digital Micromirror Device 

(DMD) and Volume Holographic Grating (VHG) will be introduced as an integrated solution to 

provide a high resolution and wide FOV AR-NEDs system which theoretically solve the optical 

design challenges mentioned previously.  

1.2 Challenge of Material-Limited FOV 

Immersion is one of the keys to the ultimate Mixed Reality (MR) experience [13], which MR 

includes the AR and Virtual Reality (VR). FOV is one of the most important parameters that 

determines the immersion experience. Nevertheless, the limited practical FOV provide by the 

waveguide combiner in an AR-NED is a serious bottleneck to achieve full color (RGB) with wide 

FOV display, which limits the immersion experience as a result. The major reason of the limited 

FOV, or in other words the finite angular bandwidths of waveguide is caused by the limited 

refractive index of the available material of image guide, which limits the maximum allowable 

angular range for images to transfer in a Total Internal Reflection (TIR) mode. In the traditional 

design waveguide combiner, the propagating angle of light inside the waveguide shall satisfy the 

TIR condition to ensure the image generated by the microdisplay can be delivered to the eyebox.  

To satisfy the TIR condition, the minimum angle of ray propagation, which demoted by 𝜃 , 

measured from the normal of the glass substrate shall be smaller than the critical angle of the 

waveguide, 𝜃 , which is determined by the refractive index of the combiner, 𝑛 , and can be 

calculated as: 

𝜃 =  𝜃 = 𝑠𝑖𝑛−1 𝑛
𝑛

. (1.1) 
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The maximum angle of the ray propagation, which can be denoted as 𝜃 , however, is determined 

by the specification of engineering consideration of the target FOV. To demonstrate the FOV 

limitation imposed by the waveguide, the maximum propagation angle is upper limited to 𝜃 =

90°. In this case, even the waveguide combiner can reach a refractive of index that is as high as 2, 

the minimum allowable propagation angle insides the waveguide is 30°. In other word, the angular 

bandwidth in air that can be transmitted by the waveguide is theoretically limited up to 60°. 

However, high refractive index materials are costly and not manufacturing friendly, and therefore 

is not a good choice for the mass production of waveguide combiner. This manufacture 

consideration further limits the practical FOV, which further shrinkages the bandwidth of the 

waveguide combiner to be less than 60 °. In fact, typical horizontal FOV of commercial headsets 

(e.g., Microsoft HoloLens 2, Magic Leap One) are only around 40°. 

1.2.1 Potential Solution to The Material-Limited FOV 

As a matter of fact, similar challenges of AR-NEDs also exists in optical fiber and wireless 

communications: transferring large information via band limited channel. In fiber optics 

telecommunication, communication channels (e.g., glass fiber, or free space) are usually 

bandlimited in frequency, either by dispersion of optical fiber, or regulation in bandwidth 

allocation. To increase the channel capacity, multiplexing methods, such as Time Division 

Multiple Access (TDMA), Frequency Domain Multiple Access (FDMA), Code Division Multiple 

Access (CDMA), and Wavelength Division Multiplexing (WDM) are employed along with 

polarization and space multiplexing by using multi-core fibers [14]. In these multiplexing 

techniques, the signal is modulated and distributed across multiple, orthogonal, and bandlimited 

domains (space, time, frequency, polarization, and code) for transfer, then de-modulated and re-

combined to recover the full and original bandwidth of the signal. Such multiplexing and de-



17 
 

multiplexing technique can be potential when dealing with the bandlimited waveguide combiner 

for the AR-NED. In this thesis, a novel concept of Angular and Spatial Light Modulator (ASLM) 

[15] approached by the DMD as the multiplexer combining the FOV demultiplexer by the VHG 

is introduced and will be demonstrated later.  

1.3 Challenge of Étendue Conservation 

Another optical concept related the limited viewing FOV is the étendue conservation. To make 

sure the AR-NED fits variety of users which covering a large population, it is critical to cover a 

large range of population’s Interpupillary Distance (IPD) [13]. Accordingly, a large eyebox is 

necessary. The simplest definition of the eyebox is 3-Dimensional (3D) regions located between 

the combiner and the eye pupil of user so that entire FOV is visible for a typical entrance pupil 

size of eye, 2~8 mm in diameter. However, for a conventional system like reflection-type AR-

NED, the product of the eyebox size and FOV is a conserved parameter, and such conserved 

parameter is defined by the concept of étendue which is related to the dimension of the light source, 

the size of microdisplay, and the Numerical Aperture (NA) of the optical system. Mathematically, 

the conservation of étendue of a conventional reflection-type AR-NED can be expressed as: 

𝐴 Ω𝑖𝑚𝑔 = 𝐴 Ω , (1.2) 

Where 𝐴  and 𝐴  are the area of microdisplay and the area extended by the Exit Pupil 

Diameter (EPD), respectively. Ω  is the solid angle extended by the area of EPD and single pixel 

of the microdisplay, and Ω  is the solid angle extended by the viewing FOV of the AR-NED. 

Besides, the solid angle can be computed in terms of the NA: 

Ω𝑖𝑚𝑔 = 𝜋𝑁𝐴2 ; ΩFOV = 𝜋𝑁𝐴FOV
2 . (1.3) 

In other word, the etendue of the conventional reflection-type AR-NED can be expressed as: 
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𝐴 𝑁𝐴2 = 𝐴 𝑁𝐴FOV
2 , (1.4) 

where the 𝑁𝐴  can be computed by 1/(2𝐹/#) , and the 𝑁𝐴FOV  can be calculated by 

𝑛 sin(FOV/2) with 𝑛 indicating the index of refraction of imaging space.   

 
Figure 1.1 Typical reflection type AR-NED explaining the relationship of the physical size 

and location between each component based on the étendue conservation. The orange 

region indicates the region of eye box. 

As mention in the last section, a large FOV is desired to achieve an immersive experience for 

the user. FOR AR-NED, the viewing FOV of current state-of-the-art devices is about 50° [16]. 

However, the size of the microdisplay and the combiner optics shall both be small to satisfy the 

eyeglass-like form factor requirement. On the other hand, the eye pupil diameter varies from 2 mm 

in bright light to 8 mm in dim light, indicating that the NED optics shall provide a minimum 8 mm 

Exit Pupil Diameter (EPD) to match the maximum eye pupil [17]. Accordingly, with a fixed 

physical size of the microdisplay and the minimum required size of EPD, the size of the eyepiece 

optics and the viewing FOV is positively correlative. Such relation can be expressed as: 
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𝐷 =
2𝐿 tan(𝜃) sin(𝛼 + 𝜃) + 2𝐷 sin𝜃cos𝛼

sin(𝛼 − 𝜃) + 𝐷 , (1.5) 

where 𝐿  indicates the size of eye clearance, 𝜃 is the half of the display FOV, 𝛼 is the angle of 

the optical combiner with respect to the optical axis, and 𝐷  represents the size of exit pupil 

diameter. The following Fig. 2 shows the tendency of eyepiece size changed with different FOV 

with 𝐿 = 20 𝑚𝑚, 𝐷 = 8 𝑚𝑚, and 𝛼 = 45° and 90° which corresponding to the traditional 

reflection-type combiner and the waveguide combiner, respectively. According to Fig. 2, the 

waveguide-based combiner provides the minimum EPD size compared to the traditional reflection-

type combiner; however, the size of EDP still need to be as large as about 30 mm to provide a 50° 

viewing FOV. As a result, the immersive experience conflicts with the small form factor 

requirement for traditional AR-NED with étendue-conserved architecture. 

 
Figure 1.2 Relation between the viewing FOV and the size of eyepiece for a traditional 

étendue-conserved AR-NED system. The blue line indicates the tendency for a 45-degree 

half mirror combiner system, and the yellow line represents the tendency for a waveguide 

combiner system where the optical axis is normal to the surface of the waveguide combiner. 
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1.3.1 Potential Solution to Overcome The Étendue Conservation 

To solve the étendue conservation challenge, one well-known architecture for the waveguide 

combiner-based AR-NED is eyebox replication [18] [19] [20]. In the eye box replication 

architecture, rays from the microdisplay are coupled into a waveguide as same as the traditional 

diffractive/holographic gratings based combiner architecture; however, more than one output 

coupler is used on the output end of the waveguide, with each of the output coupler diffracted only 

portion of the light while allowing the rest to keep propagating across the waveguide, and interact 

with the next output coupler. As a result, each output coupler generates one eyebox region and 

multiple eyebox regions are replicated and forming a much larger area of eyebox region. 

Mathematically, the étendue conservation relation for the eyebox replication can be expressed as: 

𝐴 Ω𝑖𝑚𝑔 = 𝑚𝐴 Ω , (1.6) 

where m is a factor that ∈ (0,1]. 

However, the pupil replication technique requires careful design of the output coupler such 

that each output coupler deliver the correct amount of Different Efficiency (DE) to ensure the 

displayed image is uniform across the entire eyebox [19], [21]. Besides, due to the material-limited 

FOV as introduced previously, the eyebox cannot be further increased once the area allowed for 

locating multiplying output coupler is limited. With the proposed novel ASLM combined with 

VHG design, the étendue conservation limits can also be broken by expanding the viewing FOV.  

1.4 Challenges of Display Resolution 

Another important factor that determines the display quality is resolution. The angular resolution 

Δ𝜃, which expressed as arcmins subtended per pixel in visual space can be calculated as:  
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Δ𝜃 = 2𝜃 ∙
60
𝑁

, (1.7) 

where 𝜃 represents the half of the FOV in either horizontal or vertical direction, and 𝑁 indicates 

the number of pixels in either the horizontal or vertical direction. An ideal AR NED should provide 

the same resolution over the microsidplay as over the see-through reality, therefore expecting 

20/20 vision over the entire FOV, which turns out to be about 1 arcmin resolution. A 1 arcmin of 

angular resolution is also defined as the retinal resolution. For most people, an angular resolution 

of less than 0.8 arcmin can be resolved, but this drops rapidly with age. A 1.3-arcmin angular 

resolution provides a decent MR experience for most people in their 20s to 30s [13]. Because we 

are interested in an order-of-magnitude specification while prototyping a system, we assume a 1 

arcmin which is the retinal resolution as the target to be achieved. In other to satisfy the retinal 

resolution for a decent visualization experience, suppose an image has an FOV of 90° horizontally 

and 30° vertically with the retinal resolution, then a total number of approximately 10 Mega (M) 

pixels of (5400 × 1800 = 9.72 M) are required. However, state-of-the-art microdisplays are about 

1080p (1920 × 1080 = 2 M) for about 4.7 times fewer pixels. Furthermore, even if a 10 M-pixel 

microdisplay were developed with state-of-the-art 3 𝜇𝑚 pixel pitch from Compound Photonics 

[22], the display would have a size of 16 mm × 5.4 mm, which is too large for the mobile AR-

NED, which violates the glasslike-form factor requirement.  

One concept that is related to the available resolution of a pixelated display is the Space-

Bandwidth Product (SBP). For an optical system, the SBP is defined as the product of the spatial 

extend of the display image, 𝑥, with the range of spatial frequencies, 𝜈 [23], which is another 

important parameter especially for the Spatial Light Modulator (SLMs) based holographic display. 

Based on the grating equation, which is introduced in Chapter 2, the spatial frequency is given by:  
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𝜈 =
1
Λ

=
sin(𝜃)

𝜆
(1.8) 

where Λ is the physical dimension of pixels, 𝜃 is half of the full-parallax viewing angle with an 

incident angle of zero degree, and 𝜆 is the wavelength of incident light. In this manner, the SBP of 

the pixelated display is represented by the number of pixel available to display one image. For AR 

display, microdisplay panels are commonly used, and microdisplay panel come in size from 0.2-

1.0” [13]. Assume a size of a 1.0” × 1.0” screen is used to display an image with 50° full angular 

view zone under the 532 𝑛𝑚 normally incident illumination, the physical size of each pixel is 

about 1.25 𝜇𝑚 based on Eqn. 1.8. Therefore, the screen shall have approximately 20,320 × 20,320 

pixels. Such specification of pixel size and pixel number are both several orders-of-magnitude over 

the current state-of-the-art microdisplay panel. In conclusion, a more practical manipulation of 

microdisplay needs to be adapted to match human acuity and to guarantee the immersive 

experience, rather than physically stacks more pixels with smaller size.  

1.4.1 Potential Solution to Increase The Display Resolution 

A useful technique to scale up the angular resolution without increasing the physical number of 

pixels is to increase the resolution in the time domain. Such technique is called time multiplexing 

and is suitable for Spatial Light Modulators (SLMs) based display thanks to its advantage of fast 

refresh rate. One of the ideal SLMS for the time-multiplexing technique is the Texas Instruments 

(TI) DMD, which is also known as the Digital Light Processor (DLP). As one of the protagonists 

of this thesis, detailed introduction of DMD, including its mechanism and applications in not only 

AR-NED but also beam steering application will be illustrated in Chapter 2. At this point, two 

greatest advantages of DMD need to know is the extremely high refresh rate, which can achieve 

up to tens of Kilohertz (kHz), and the MEMS based rotating mechanism between two binary state 
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of the DMD. By using the fast speed rotating mechanism, light can be directed swiftly toward 

different horizontal angular portion of an angular viewing zone that is larger than the angular 

region limited by the pixel pitch [24][25][26]. This approach works since the eye integration time 

is much slower compared with the kHz refresh rate of the DLP [27]. Also, the multiple light 

sources can be used to expand the viewing zone in vertical direction [28]. 

In this thesis, detail illustration for the concept of ASLM by DMD based on the time-

multiplexing technique will be given in Chapter 2, which scales up effective pixel number and 

decrease the effective pixel size equivalent to increase the SBP. Also, similar illumination paths 

wobbulation technique used in a beam steering application which increases the angular swipe of 

the lidar system will be mentioned. Finally, a cascade DMD architecture will also be mentioned 

which further scale the SBP up several orders-of-magnitude larger.  

1.5 Conclusion 

In this Chapter, the challenge of material-limited FOV, étendue conservation and display 

resolution are described. To overcome these challenges simultaneously, two complementary 

concepts will be demonstrated in this thesis: 1) Single chip, FOV selective, and high resolution via 

time-multiplexing image projection by the ASLM pattern steering technique, and 2) multiplexed 

full color image transfer via a single image guide, to achieve full color, 90 degrees FOV, and 

retinal image resolution. 

The basic principle of the proposed concept is first to divide FOV into sub-FOVs and allocate 

them in time, wavelength, and space. By using diffractive image steering of DMD provided by the 

ASLM based pattern steering, division of FOV into sub-FOVs are employed so that the angular 

bandwidth of the each of the sub-FOVs is within the bandwidth of the image guide. Subsequently, 
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the sub-FOVs are shifted towards positive and negative angles by wavelength multiplexed volume 

hologram placed at the downstream of the output grating. By encoding sub-FOVs in wavelength, 

the total FOV is increased by the factor of the number of wavelengths, which is currently two per 

each RGB colors in this thesis.  In the Chapter 2, the technique of ASLM diffractive-based image 

steering will be introduced, and in the Chapter 3, the design of Volume Hologram for decoding 

the overlapped sub-FOVs will be illustrated.  

 
Figure 1.3 Basic principle of this thesis: a) divide total FOV into sub-FOVs using 

diffractive-based image steering and implementing multiple laser source to endow each 

sub-FOV with native resolution equivalent to the physical resolution of DMD, and b) 

deliver each sub-FOV into the same bandwidth of waveguide, and decode them into the 

total FOV and display toward the eye.  
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Chapter 2. Theory and Novel Applications of Digital Micromirror Device 

2.1 Introduction 

In the Chapter 1, we discussed that the microdisplay itself is a bottleneck to satisfy the étendue 

requirement for Augmented Reality Near-to-Eye display (AR-NED). Furthermore, the challenge 

of display resolution for AR-NED is directly related to the physical pixel density of the 

microdisplay. Therefore, to extends the étendue of microdisplay for satisfying the FOV 

requirement, and to support the massive amount of pixel counts required for AR-NED, time-

multiplexing is employed to scale up the display resolution while increasing the viewing angle 

beyond the limitation imposed by étendue of display.  

The Digital Light Processer (DLP) employs a Digital Micromirror Device (DMD): A Micro-

Electro-Mechanical System (MEMS) based amplitude Spatial Light Modulators (SLMs). It 

consists of arrays of micromirrors fabricated on top of a Complementary Metal Oxide 

Semiconductor (CMOS) memory cell. Each of the mirrors is independently controlled by loading 

data into the memory cell. While the DMD is illuminated by a light source, light is directed per 

micromirror toward the projection lens at the “on” state and light dump for the “off” state. The 

“on” state corresponding to a white pixel and the “off” state corresponding to the black pixel in a 

displayed image, and angular throw corresponding to the two state are typically -12° and 12°, 

respectively. Also, the micromirrors are at flat state when they are not energized [29] [30] [31] 

[32]. Fig. 2.1 below shows an example mechanism of DMD (DLP 7000 from Texas Instrument 

(TI)) with 1024 × 868 resolution. Also, there are series of DMDs, such as the DLP 3000 which has 

608×684 resolution [30] and the DLP 9500 which has 1920 × 1080 resolution [32].  
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Figure 2.1 Micromirror landed positions and light paths of DLP 7000 [31]. The left bottom 

figure shows light is reflected by micromirror at the “on” and “off” state. The right bottom 

figure shows the “flat” state of the micromirror pixel.  

In a conventional DMD based projector system, only the “on”, “off” and flat state are used as 

shown in the Fig. 2.2 below. The F-number (F/#) of the illumination and output optics is matched 

to F/2.4 to ensure the image of the illumination pupil remain within the output pupil. The high 

refresh rate of the DMD (from 4kHz for DLP 3000 to 23kHz for DLP 7000) enables pulsed width 
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modulation for color images. In this manner, the display resolution is bounded by the physical 

pixel density of DMD. 

 
Figure 2.2 DMD-based projection system. Three output projection cones are generated 

with one input illumination cone. [29] 

As introduced in the Chapter 1, an Angular and Spatial Light Modulation (ASLM) technique 

is developed to overcome the challenge mention previously. The proposed utilization of DMD as 

ASLM is originally designed for broadening the scanning angle and increasing the sampling rate 

in beam steering functionality for Light Ranging and Detection (LiDAR). For the beam steering 

functionality in the LiDAR application, high speed, high resolution, wide FOV and larger aperture 

are desired. However, these requirements are commonly conflicting with each other. For example, 

a larger mechanical rotating system is used due to their large aperture while its high mechanical 

inertia prevents it from rapid scanning [33]. In contrast, a resonance MEMS mirror with kHz of 

refresh rate is used in beam steering design, but the scanning range (optical extended FOV) is 

limited to about 20° [34]. Furthermore, the small mirror aperture limits the available output energy 

to satisfy eye safety requirement which bounding the maximum detection range due to the laser 
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safety consideration [35].  To overcome the challenge for the beam steering application, we 

proposed the ASLM technique which utilizes the high refresh rate of DMD to form a 

programmable blazed grating for delivering high Diffraction Efficiency (DE) light in a discrete 

manner across the entire angular swipe (48° for DLP 3000). Meanwhile, nanosecond laser pulses 

are illuminating the DMD micromirror during its microsecond transitioning, and a binary grating 

patterns are displayed in sequence to achieve a fine scanning between the discrete high DE light. 

Accordingly, the scanning resolution is effectively scaled up without the manipulation of other 

instruments [36] [37].  

As introduced above, the ASLM technique effectively expand the angular swipe from 24° to 

48° by modulating light in the angular domain defined by the micromirror transitioning angle 

between the “on” and “off” state, and effectively increase the scanning resolution which equivalent 

to the pixel density by spatially displaying binary grating patterns. Likewise, the binary grating 

patterns can be replaced by a pattern representing an image for the display application. In this 

scenario, the DMD can swiftly display multiple patterns across a 48° viewing angle in a time-

multiplexing manner, which effectively scale up the overall F/# of the display system from F/2.4 

to F/1.22, equivalently doubling the étendue of the DMD for an increased FOV and viewing angle 

for displays [15]. Furthermore, through the time-multiplexing each display patterns have their own 

native resolution which effectively scales the display resolution.  

In this Chapter, the diffractive property of the DMD is first demonstrated. Subsequently, the 

beam steering technique by the programmable blazed grating is illustrated with numerical 

simulation and experimental result. We also address, how the beam steering technique is advanced 

to the ASLM for display application. Last but not least, the potential usage of ASLM by DMD for 

the AR-NED application will be discussed. 
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2.2 Diffraction Property of DMD 

A diffraction grating can be used to periodically modulate the amplitude or phase profile of the 

incident wave. Spatial Light Modulators (SLMs) such as DMD and LCoS devices are widely used 

as programmable diffraction components to modulate the incident beam in phase and/or amplitude 

for beam shaping [38] [39], optical tweezers [40] [41], and LiDAR [42] [43]. DMD is a binary 

amplitude SLM which spatially modulated light by transitioning the micromirror form the “on” 

state to the “off” state. By synchronizing a short pulsed laser with the movement of micromirrors, 

light is simultaneously modulated in space and angle to modulates light in an unconventional 

manner. In this section, diffraction property of DMD in time synchronized manner is analyzed.  

2.2.1 Grating Equation 

To analyze how DMD works as a diffraction element, it is worth to analyze how light is diffracted 

by the one of the simplest diffraction elements – diffraction grating.  Regardless of the micromirror 

orientation, when coherent light interacts with a reflective periodic structure such as the 

micromirrors in DMD, light will be scattered toward different direction in the same side of the 

incident light (toward the different side for transmitted SLMs). Once the Optical Path Difference 

(OPD) between the diffracted beam and the incident beam is an integer multiplier of the 

wavelength, the scattered light is matched in phase, consequently and its amplitude is increased. 

Geometrically, it can be expressed as [44]: 

𝑛2𝐿 − 𝑛1𝐿 = 𝑚𝜆, (2.1) 

Also, the length of OPD 𝐿  and 𝐿  can be expressed in the form of grating period, Λ, and the 

index of refraction on both sides of the grating are normally the same and equal to 𝑛 in most 

analysis. Therefore, Eqn. 2.1 can be written as:  
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sin 𝜃 , − sin 𝜃 =
𝑚𝜆
Λ

, (2.2)  

where 𝜃 ,  is the angle of diffraction for the m diffraction order (0, ±1, ±2, …, ±m), 𝜃  in 

indicates the angle of incident, and λ is the wavelength of incident coherent light. The resulting 

Eqn. 2.2 is the grating equation, which is useful tool to indicate the direction of diffracted light 

and the number of diffraction order with known grating period and wavelength of incident light. 

One thing worth mentioning is that, for the case of DMD, due to its corner-to-corner micromirror 

orientations, the adjacent pixels are interleaving with each other (as shown in Fig. 2.6 later), so the 

right hand side of the Eqn. 2.2 shall be multiplied with a factor of two when calculating the 

diffraction angle of DMD.  

 
Figure 2.3 Geometry demonstration of grating equation for reflection type grating (left) 

and transmission type grating (right). 
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2.2.2 DMD Based-Angular Modulation: Dynamic Sawtooth Phase Grating 

When the micromirror mirror starts to transition from the flat state to the “on” or “off” state, a 

sawtooth structure with time varying tilt angle is formed. The sawtooth structure is also called the 

blazed grating, which modulates the phase rather than the amplitude of the incoming light from 

the standpoint of diffractive optics. A blazed grating diffracts light toward only one single 

diffraction order with theoretical 100% Diffraction Efficiency (DE) when phase is modulated to 

2π. In far-field diffraction theory [45], we assume the phase variation of the sawtooth grating over 

one period, which is from 0 to Λ, is given by [46]: 

𝜙(𝑥1) =
2𝜋
𝜆

OPD(𝑥1) =
2𝜋
𝜆

 
𝑥1

Λ
2ℎ, (2.3) 

where 𝑥1 is the spatial location along the horizontal direction of the DMD aperture, 𝜆 indicates the 

wavelength of incident light, and ℎ is the grove depth of micromirror at a certain micromirror 

rotation angle. According, the complex Fourier coefficients of the blaze grating is given by:  

𝐶 =
1
Λ

exp 𝑗
2𝜋𝑥1

Λ
2ℎ
𝜆

 exp −𝑗
2𝜋𝑚𝑥1

Λ
𝑑𝑥1

0

=
1
Λ

exp 𝑗
2𝜋𝑥1

Λ
2ℎ
𝜆

− 𝑚 𝑑𝑥1

0

 

= 
1
Λ

exp 𝑗 2𝜋Λ
2ℎ
𝜆 − 𝑚 𝑥1

exp 𝑗 2𝜋
Λ

2ℎ
𝜆 − 𝑚

0

= exp 𝑗𝜋
2ℎ
𝜆

− 𝑚 𝑠𝑖𝑛𝑐
2ℎ
𝜆

− 𝑚 , (2.4) 

where 𝐶  is the complex Fourier coefficient for the 𝑚 diffraction order, and 𝑗 is the complex 

constant equals to √−1. Accordingly, the DE of the sawtooth grating is given by taking the square 

of the Fourier coefficient: 

𝜂 = |𝐶 |2 = sinc2(
2ℎ
𝜆

− 𝑚) (2.5) 
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The DE of the sawtooth phase grating is characterized by a sinc function, and it can achieve 

100% in theory when the ratio between the groove depth h and 𝜆/2 equals to a certain integer. 

Accordingly, the DE of a certain diffraction order of the grating structure can be blazed by varying 

the groove depth of the grating. Stated another way for DMD, a certain order can be blazed by 

engineering the rotation angle of micromirror. For example, a coherent light with 532 𝑛𝑚 

wavelength is normally incident on DLP 3000 with has a 10.8 𝜇𝑚 pixel pitch [30], to blaze the 1st 

diffraction order, the groove depth need to be approximately 0.266 𝜇𝑚 (0.532 𝜇𝑚/2) which 

corresponding to about 1.41° (tan−1(0.266/10.8)) of micromirror rotation angle. Also, when the 

incident light is polychromatic or multiple light sources with the same wavelength are illuminating 

the micromirror with different incident angles, multiple blazed diffraction orders can be obtained 

at the same micromirror rotation angle.  

 
Figure 2.4 a) Classical reflection type blazed grating with two cases of incident light: 1) 

incident at random incident angle denoted with black line, and 2) incident at the Littrow 

condition denoted with blue. b) Simplified blazed grating with magnitude of phase denoted. 

2.2.2.1 Discretized Sawtooth Phase Modulation 

It is worth mentioning that a MEMS SLM employing a piston-mode-based Phase Light Modulator 

(PLM) is recently announced by TI [47]. The phase of light is modulated via the paralleled piston 

motion of micromirrors. As introduced in the previous section, the DE of diffracted light can 
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achieve 100% at the certain diffraction order for sawtooth phase modulation. Via controlling the 

piston of adjacent micromirrors, the sawtooth profile can also be constructed by approximating the 

slope of sawtooth profile in multiple discrete steps. Similar modulation method is used in the case 

of LCoS modulators that generate that type of modulation where the ramp is approximated by the 

digitally controlled phase of the pixels [48].  

The transmission (or reflectance) profile of the discretized sawtooth phase modulation can also 

be obtained by the Fourier series expansion of the complex amplitude of the transmitted (or 

reflected) wave function. Since profile is modulated by the piston motion of pixel, therefore, 

analogize the Eqn. 2.4, the complex amplitude of the discretized phase modulation can be 

expressed as:  

𝐶 =
𝑠𝑖𝑛𝑐 𝑛

𝑚 𝑠𝑖𝑛𝑐 𝜙0
2𝜋 − 𝑛

𝑠𝑖𝑛𝑐 1
𝑚

𝜙0
2𝜋 − 𝑛

exp 𝑗
(1 + 𝑛)𝜙0

2𝑚
− 𝑛𝜋 , (2.6) 

and the corresponding diffraction efficiency at first order can be calculated by setting n = ±1 and 

taking the magnitude square:  

𝜂1 =
𝑠𝑖𝑛𝑐 𝑛

𝑚 𝑠𝑖𝑛𝑐 𝜙0
2𝜋 − 𝑛

𝑠𝑖𝑛𝑐 1
𝑚

𝜙0
2𝜋 − 𝑛

2

≤ 100%, (2.7) 

The following Fig. 2.5 shows the 𝜂1 as a function of discretization level, m, and as a function of 

the amplitude of phase modulation, 𝜙0, obtained by MATLAB plotting, respectively.   
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Figure 2.5 Diffraction efficiency of the discretized sawtooth phase modulation as a function 

of the levels of discretization (left) and the amplitude of phase (right). 

2.2.3 DMD Based-Spatial Modulation: Binary Amplitude Grating 

In the previous section, the diffraction analysis of DMD working as a sawtooth phase grating or 

blazed grating is introduced. These micromirrors can rotates all together to the same rotation angle 

and diffracts the light toward a certain angle with theoretically 100% of DE. An alternative 

modulation approach is the spatial modulation of DMD micromirror. In this manner, a Computer-

Generated Holograms (CGHs) binary grating can be displayed by turning “on” or “off” certain 

pixels. The CGH modulates the light in the form of binary amplitude modulation. To analysis the 

diffraction property of the binary amplitude grating, the amplitude profile can be considered as a 

series of square function with an average reflectance 𝑟  set between 0 to 1 as shown in the Fig. 2.6 

a). The reflectance function of the binary amplitude modulation within one duty cycle (equivalent 

to two-pixel pitches) can be expressed as [46]:  

𝑟(𝑥1) =
1
2

− 𝑟 𝑟𝑒𝑐𝑡
𝑥1

2Λ
+ 2𝑟 𝑟𝑒𝑐𝑡

𝑥1

Λ
, (2.8) 
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where the complex Fourier coefficient which represent the profile of a rectangular function within 

one 1 duty cycle is expressed as:  

𝐶 =
1
Λ

ℱ{𝑟(𝑥1} =2  =
1
Λ

1
2

− 𝑟 𝑟𝑒𝑐𝑡
𝑥1

2Λ
+ 2𝑟 𝑟𝑒𝑐𝑡

𝑥1

Λ
𝑑𝑥1

−

 

=
1
2

− 𝑟 𝑠𝑖𝑛𝑐(𝑚) + 𝑟 𝑠𝑖𝑛𝑐
𝑚
2

(2.9) 

Similarly, the DE of the binary amplitude grating is given by:  

𝜂 = |𝐶 |2 =
1
2

− 𝑟 𝑠𝑖𝑛𝑐(𝑚) + 𝑟 𝑠𝑖𝑛𝑐
𝑚
2

2

, (2.10) 

For the case of DMD, the reflectance of a pixel is either 0 or 1. Therefore, the average amplitude 

of reflectance 𝑟  is 0.5, which eliminate the first sinc function term in Eqn. 2.10. This result shows 

the DE is 25% for the 0th order and about 10.1% for the ±1st order.   

 

Figure 2.6 a) One-dimensional profile of binary amplitude modulation. b) Demonstration 

of DMD spatially modulated by binary amplitude grating with oblique illumination. c) 

Image of DMD pixels with single pixel pitch binary amplitude grating orientated in 45° 

captured by microscope. 
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To design the binary amplitude grating such that light can be redirected to an indicated 

direction for certain wavelength of light and certain incident angle, a “hologram recording” process 

is applied to calculate binary amplitude profile. An interference pattern of two complex 

Electromagnetic (EM) plane waves can be described by reference beam 𝑅  and one signal beam 𝑆 , 

where the reference beam indicates the fixed incident beam, and the signal beam reveals the 

direction of light designed to be redirected. The two EM waves can be expressed as [44]:  

𝑅 = 𝐴 exp 𝑗 𝑘  ∙ 𝑟 + 𝜑 (𝑥, 𝑦, 𝑧) , (2.11) 

𝑆 = 𝐴 exp 𝑗 𝑘 ∙ 𝑟 + 𝜑 (𝑥, 𝑦, 𝑧) , (2.12) 

where the wave vectors that corresponding to the reference beam and signal beam is given by:  

𝑘  = 𝑘 �̂�, (2.13) 

𝑘 = 𝑘 (sin𝜃 cos𝜙 𝑥 + sin 𝜃 sin𝜙 𝑦 + cos 𝜃 �̂� ) (2.14) 

The resulting interference pattern is given by: 

𝐼 = 𝑅 + 𝑆 
2
= 𝑅 

2
+ 𝑆 

2
+ 𝑅 𝑆 ∗ + 𝑅 ∗𝑆 (2.15) 

Fig. 2.7 a) below shows the demonstration of how an interference pattern is calculated by a 

reference beam and signal beam, the Fig. 2.7 b) shows three sample interference patterns generated 

with different polar angle θ and azimuthal angle φ. Since the reflectance of DMD is basically 

equals to 1, so the reflectance function is simply equivalent to the interference pattern with 

quantization process. Accordingly, by engineering the polar angle θ and the azimuthal angle φ of 

the target signal beam, an interference pattern corresponding to the desired beam will be generated, 

and therefore a real incident beam can be interfered by the pattern and be redirected to the direction 

with the indicated polar and azimuthal angle. During the reconstruction process which the same 
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reference beam as used for designing the interference pattern illuminating the DMD, the result 

reconstructed field can be obtained and is computed as: 

𝑝 = 𝑅 × 𝐼(𝑥, 𝑦, 𝑧) = 𝑅 ( 𝑅 
2
+ 𝑆 

2
) + 𝑅 𝑅 𝑆 ∗ + 𝑅 𝑅 ∗𝑆 (2.16) 

where the third term contains the complex conjugate of the original reference beam and therefore 

becomes unity with only the signal beam left, the first term is a constant bias, and the second terms 

represents the complex conjugate of the signal beam. Such constant bias and complex conjugate 

are noise signal and shall be eliminated in many holographic based display and beam steering. In 

section 2.3, the approach and the corresponding experimental setup will be introduced. Likewise, 

the binary CGH grating pattern can be replaced by a specific image for display application. In this 

manner, light will not be diffracted but be projected directly by the selected “on” pixel to display 

the indicated patterns.  

 
Figure 2.7 a) Demonstration of the “hologram construction” process by simulating the 

interference pattern generated by two EM waves, and b) three sample interference patterns 

with different grating direction and magnitude corresponding to three different signal 

beams. 
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2.2.4 DMD Based Angular and Spatial Light Modulation 

As introduced in the section 2.2.2 and 2.2.3, DMD can angularly modulates the incident light by 

dynamically varying the blaze angle to redirect light to a specific diffraction order. On the other 

hand, spatial modulation of the incident light is employed by selectively turning “on” or “off” 

certain pixel to display pixelated binary grating. Pure angular modulation without amplitude 

modulation diffracts light with theoretically 100% DE and effectively increase the angular swipe 

from 24° to 48°. However, in this approach, the available number of diffraction order can be blazed 

is still limited by the pixel pitch of the grating according to Eqn. 2.2. In contrast, the spatial 

modulation of DMD is achieved by displaying the binary CGH grating which generated by 

simulating the inference patterns of two EM waves. The spatial light modulation endows DMD 

with more degree of freedom to deliver the light in a finer manner.  

Via comparison, it can be noticed that the advantages and the disadvantages of these two 

modulation approaches for diffracting light are complementary: The angular modulation by the 

sawtooth phase grating dynamically blazes a certain diffraction order across the entire angular 

throw of DMD but only several light spot can be obtained; while the spatial modulation by the 

binary CHGs grating structure dynamically control the direction of diffraction light in a finer 

manner, but all the diffracted light is bounded with the finite output cone of the “on” state of DMD. 

Accordingly, the Angular and Spatial Light Modulation (ASLM) technique is proposed, which 

combining the two modulation techniques to control the diffracted light direction in a hybrid 

manner: 1) the micromirror pixels corresponding to the indicated binary patterns are selected; 2) 

these selected pixels rotates to the specified angle corresponding the appropriate grove height to 

blaze the certain diffraction order, while the rest of the micromirror pixel maintains at the “off” 

state. Detailed experimental demonstration will be shown in Section 2.3.  
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2.3 ASLM Based Beam and Pattern Steering 

In the last section, the diffraction property of DMD corresponding to angular modulation-only, 

spatial modulation-only, and the ASLM hybrid modulation techniques are introduced. In this 

section, the practical implementation of these three techniques in the beam steering application 

will be introduced first. Subsequently, the ASLM technique in the display application proposed by 

Hellman and Takashima [15] will be illustrated, and its potential in the AR-NED realm will be 

explained.  

2.3.1 DMD Based Beam Steering 

As mention previously, the reported DMD diffractive based steering was original design for 

improving the beam steering functionality of LiDAR application. Along with mechanical and 

completely nonmechanical beam steering approach, MEMS is an emerging beam steering device 

that is especially suitable for LiDAR application, thanks to its fast-scanning rate and large scanning 

angle. Among different types of MEMS devices, DMD has unique capability for LIDARs due to 

its two orders of magnitude larger beam area for LIDAR transmitter and receiver, high scanning 

speed and large scanning angles which are comparable to state-of-the art resonant mirror devices 

(tens of kHz). However, for lidar transmitter, scanning large Field of View (FOV) requires pixel 

pitch that comparable to the wavelength. In addition, high diffraction efficiency is required for 

both transmitter and receiver. Moreover, large array area is desirable to decrease laser power 

density for eye safety while increasing receiving power from objects. Current DMD pixel pitch is 

on the order of 5~10 𝜇m. Even though the effective area is large as mentioned and operates fast, 

reduction of pixel pitch is essential to steer/receive beam with high angular resolution for large 

FOV. In the next section, the generation of angularly multiplexed images by DMD has been 

demonstrated. In the demo, the transitioning micromirror pixels are illuminated by ns laser pulse 
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while mirrors corresponding to the image are actuated. The approach effectively increasing the 

number of pixels/area (or pixel density) by steering high diffraction power toward different 

diffraction orders. In addition, an arrayed and synchronized illumination was incorporated so that 

effective pixel density is increased by the number of diffraction orders multiples the number of 

illumination sources. Furthermore, the demonstration of holographic beam steering which 

displaying image pattern along with micromirror transitioning with the illumination of 8 ns, 532 

nm pulsed laser are shown. The approach enables quasi continuous scan in 2-dimensional angular 

space for a wide horizontal FOV over ~50 degrees. The holographic beam steering assisted by 

phase tilt induced by the transitional state of DMD mirror array effectively increases pixel density 

which equivalent to reduce DMD’s pixel pitch by a factor of number of diffraction orders. 

2.3.1.1 Discrete Beam Steering by Sawtooth Phase Modulation 

This section introduces the discretized beam steering application utilizing the blazed grating 

property of the DMD which angularly modulate the incident light. As introduced in the section 

2.2.2, by controlling the rotation angle of micromirror, the available diffraction orders under 

certain incident angle and wavelength can be blazed by manipulating the diffraction property of 

sawtooth modulation. This novel utilization of DMD expand the angular swiping from just the “on” 

state of the DMD to fully manipulating the entire angular swipe as the DMD transition from the 

“off” state to the “on” state. Although the diffraction order to be blazed is chosen by controlling 

the rotation angle of micromirror of DMD, these micromirror can only transition continuously 

between the “on” and “off” with a typical transition time in the order of microseconds [30] [31] 

[32]. In order to utilize the blaze grating to deliver high DE diffracted light across the full 48° 

angular swipe, Smith and Hellman et al. demonstrated the idea of effectively freeze the 

micromirror to a specific rotation angle by illuminating the DMD with an 8 nm pulse width laser 
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during the DMD transition [36]. Although the DMD (DLP 3000 for example) can switch between 

the two binary states at up to 4 kHz for a period of 250 𝜇s, the micromirror pixels are static during 

most of the time when displaying a binary pattern, since the time required for the transition 

between the two binary states is only about 2.4 𝜇𝑠. Since the pulse duration is several orders of 

magnitude shorter than the transitioning time of DMD micromirror, these micromirror rotation is 

effectively “frozen” by illuminated with the pulse laser at the correct time corresponding to the 

specific rotation angle. In this manner, a programmable blazed grating is formed. 

Fig. 2.8 shows an experimentally captured image of the beam steering with the technique 

demonstrated above. A single DMD chip (DLP 3000) with 10.8 nm corner-to-corner pixel pitch is 

exposure with an 8 ns pulse laser at an incident angle of 30°. Five blazed diffraction orders are 

generated by the proposed programmable blazed grating. According to the grating equation (Eqn. 

2.2), 5 diffraction orders (-2 order to +2 order) should be obtained in this case. By synchronizing 

the timing of an 8 ns laser pulse such that the micromirror is illuminated at a certain rotation angle 

corresponding to the appropriate groove height, the diffraction efficiency for certain diffraction 

can be blazed.  

 

Figure 2.8 Captured beam steering image with collimated 905 nm pulse laser with 8 ns 

pulse width. Five blazed diffraction beams corresponding to the five discrete diffraction 

orders are generated.  A constant spot is shown across all the blazed diffraction order cases 

indicating the speckle reflection from the cover glass of DMD [36]. 
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2.3.1.2 Multi-pulse Laser Beam Steering  

For LiDAR application, one important parameter is the sampling point can provide by beam 

steering system, which directly affects the amount of content can be detected by the system. 

However, one issue for the blazed grating diffraction-based beam steering technique is that the 

amount of sampling point is limited to the number of diffraction orders under a given wavelength 

of coherent light and incident angle. To overcome the limited sampling points issue, Rodriguez, 

and Smith et al. [49] proposed the idea of employing multiple laser pulses with the same diffractive 

based beam steering scheme as introduced in the last section. In this proposed technique, multiple 

pulse lasers are illuminating the micromirror at the same transition. According to the grating 

equation, the direction of diffraction orders varies with different incident angle. As a result, the 

number of optical channels for the transmitter and received are scaled up and effectively increase 

the scanning rate and scan resolution for the LiDAR application. Fig. 2.9 below shows the scheme 

and experimental demonstrate of the multi-pulse DMD-based diffractive beam steering.  

 

Figure 2.9 Schematics demonstration of multi-pulse laser beam steering with collimated 

905 nm pulse laser. [49]. 
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2.3.1.3 ASLM-Based Beam Steering 

The beam steering demonstrated in the previous two sections employs tilted micromirrors forming 

a sawtooth phase grating structure to angular modulate the incident light. As a result, the scanning 

resolution is limited up to several diffraction orders. Even though the scanning point can be scaled 

up by employing multiple pulse laser source, the complexity of the system and power consumption 

is scaled up in the meantime. As introduced in section 2.2.3, a virtual “hologram recording” can 

be performed by simulating the CGH grating patterns by the interference of two EM waves. By 

encoding the phase mask of the tilted micromirror and the amplitude distribution of the pixelated 

binary amplitude patterns, a high angular resolution beam steering across the entire angular throw 

of the DMD can be performed by combining the fine scanning with a certain diffraction order with 

the coarse beam steering across different discrete diffraction orders.  

To experimental demonstrate the high angular resolution and wide angular range beam steering, 

the DLP 3000 was used and illuminated with 532 𝑛𝑚 laser at 30° of incident angle. According to 

the grating equation, nine diffraction orders (from the -4th to the 4th order) can be obtained. Since 

binary state image was display along with micromirror transitioning, two diffraction orders were 

used for dumping the “off” state light. The following Fig. 2.10 shows the ASLM based beam 

steering setup with 9 coarse output diffraction orders. A cylindrical lens with focal length of 80 

mm and the optical power is orthogonal to the plane of the steering (Rolyn #14.200, 80 mm focal 

length) is placed right after the DMD. The cylindrical lens creates a 1D Fourier plane at the focal 

length of the lens away from the lens. As mentioned in the diffraction analysis of binary amplitude 

grating, a constant bias term and a complex conjugate are generated with the signal term. 

Accordingly, a spatial filter array is placed at the Fourier plane to filter out the constant bias and 

complex conjugate image to avoid the crosstalk with the signal beam. Subsequently, and extended 
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cylindrical lens array which made of 3 cylindrical lens was placed a focal length away after the 

spatial filter to re-collimate the beams. Lastly, another cylindrical lens array made of 9 cylindrical 

lenses with vertical optical power were used to compensates for the FOV fill factor to improve the 

continuity of beam steering.  

 

 
Figure 2.10 Experimental setup for the 2D holographic beam steering utilizing the ASLM 

technique. 9 diffraction order are generated under the illumination of 532 nm pulse laser 

(top). Schematic of 2D holographic beam steering setup with 5 diffraction orders generated 

under the illumination of 905 nm pulse laser (bottom). 

During the illumination of the 8 ns 532 nm pulse laser, 96 binary CGHs pattern, which the 

number of patterns is limited by the memory of the DLP device, were uploaded to the Lightcrafter 

EVM which used to drive the DLP 3000 for pattern displaying in sequence and encoded with the 
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sawtooth phase profiles of the DMD. Since the micromirror need to be reset to evert time right 

after it displays an image, only 48 patters out of the 96 patterns can be used to display the binary 

CGHs, while the rest need to be a completely black pattern interleaving the adjacent binary CGH 

grating to reset the micromirror positions after each CGH grating was actuated. Fig. 2.11 below 

shows the long exposure capture of a 2D ASLM based beam steering. With 48 binary CGH grating 

for fine steering within each diffraction order and 7 discrete diffraction order (regardless of the +3 

and +4 “off” state diffraction order), totally 336 scanning points were generated for a 40° of 

horizontal scanning range. The degradation in terms of brightness at the +2 diffraction order was 

caused by the edge-clipping in the vertical-power cylindrical lens array. One thing worth 

mentioning is that the scanning resolution can be further increased with a DMD with a larger 

memory capacity to display more binary CGs pattern. The DLP 3000 has a 4 kHz refresh rate, and 

it need to be reduced by half since half of the memory is used to display all black image for 

micromirror reset. In conclusion, the scanning rate of the presented beam steering is 2 kHz with a 

2D scanning FOV of 40° ×2°. 

 

Figure 2.11 Long exposure of the captured 2D beam steering image with collimated 532 

nm pulse laser with 8 ns pulse width. 9 blazed diffraction area corresponding to the 9 

discrete diffraction orders are generated. 432 scanning points are generated with each 

diffraction region are occupied by 8×6 scanning point corresponding to the 48 CGHs 

binary grating. 
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2.3.2 DMD Based Pattern Steering  

For the ASLM based beam steering technique, the DMD micromirror is effectively frozen by a 

nanosecond pulse laser to selectively blaze a certain diffraction order for coarse beam steering. 

Meanwhile, the blazed grating is encoded with multiple pixelated binary CHGs to relocates the 

light which directed toward the certain the blazed diffraction order into smaller angular location 

for the purpose of fine steering. Accordingly, the ASLM based beam steering effectively increase 

the angular swipe and scanning resolution which equivalent to effectively reduce the pixel pitch 

of DMD by factor the number of diffraction order [50]. Similarly, the ASLM technique can also 

be employed for pattern steering in display application to effectively increases the number of pixels 

per area (or pixel density) by steering different images along multiple diffraction orders. Hellman 

and Takashima have reported the ASLM based patterns steering technique which increases the 

spatial and angular degrees of freedom and nearly-doubles the étendue output of the DMD [37].  

Compared to the ASLM based beam steering system, for ASLM based pattern steering display 

system, the design of illumination optics needs to consider the number of diffraction order 

produced with certain wavelength of light, incident angle, and the full angular swipe, such that the 

output pupil of each sub-images—image projected by single diffraction order will not overlapping 

with each other to prevent the crosstalk between the adjacent displayed image. For example, like 

the case of discrete beam steering demonstrate in Section 2.3.1.1, a monochromatic light with 30° 

angle of incident and 905 𝑛𝑚 wavelength is illuminating the DLP 3000 which has a 24° angular 

swipe and 10.8 𝜇𝑚  corner-to-corner pixel pitch, 5 diffraction orders (-2, -1, 0, 1, 2) can be 

generated. Via the programmable blazed grating approach, the DMD can sequentially steer across 

the 5 diffraction orders and each diffraction order corresponding to an individual pupil. Encoding 
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each diffraction order with one image, each output diffraction-based pupil can display an 

independent spatial pattern with the native resolution of DMD.  

 
Figure 2.12 Illumination scheme of DMD display for a) conventional binary state display, 

pupil map of the conventional binary state display, c) nanosecond pulse diffraction-based 

pattern steering across 48° angular extend including the “off” state light that need to be 

dumped, and d) pupil map of the diffraction-based pattern steering. 

2.3.2.1 Experimental Demonstration of Extended FOV Display 

To experimental prove the concept of ASLM based pattern steering for a ~50° extended FOV 

display, Hellman et al. built the experimental setup based on the ASLM based beam. The base line 

of the setup is similar to the one for ASLM based 2D beam steering which also utilizing the 

direction projection scheme [15]. As shown in Fig. 2.13 (a), a collimated 532 nm pulse laser is 

illuminating the active area of DLP 3000, and the light is dynamically diffracted toward 9 output 

cones corresponding to the 9 diffraction order (from the -4th order to the +4th order), and each 
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diffraction order projects a different binary pattern via the time-multiplexing scheme with the kHz 

refresh rate of DLP 3000. An array of plano-convex lens (Rolyn #10.0100) with 38 mm of focal 

length and 6 mm of lens diameter were used to project the binary patterns onto the white board, 

and higher order diffractions are filtered by the aluminum foil-based spatial filter to avoid the 

crosstalk between the target image and higher order diffraction noise.  

 
Figure 2.13 Experimental demonstrate of ASLM-based patter steering. (a) Seven diffraction 

orders corresponding to the “on” state are used to display different binary pattern while the 

two off state are blocked by the light dump. (b) Experimental demonstration of ASLM based 

pattern steering with time-multiplexed images shown on the white board, and higher order 

diffraction orders blocked by the aluminium foil-based spatial filter [15]. 

2.3.2.2 Experimental Demonstration of Multi-View Display 

In the experimental demonstration shown below, the critical illumination scheme was manipulated 

to simulate the real AR-NED system, which the projected images are directly image onto the retina 

of user. In this scheme, an eyebox was formed by the seven output pupils. Different perspective of 

the Princess Leia was displayed on the seven “on” state diffraction order, and two lenses (Rolyn 

#10.0100) were placed at the location where they could cover the pupil corresponding to the -4th 
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diffraction order and the -2th diffraction order to focus on the image onto the observation screen, 

as shown in Fig. 2.14 (b) below.  

  

Figure 2.14 (a) Experimental demonstration of ASLM-based patter steering with critical 

illumination and an extended eyebox region denoted with the yellow box is shown. (b) Photo 

of the observation screen with five projected output pupil and two of them were focused by 

lens. (c) Magnified version of the two focus images (left) and their corresponding binary 

patterns generated in computer (right) [15]. 

2.4 Discussion: Potential Benefit of ASLM to AR-NED 

As mentioned in the Chapter 1, current state-of-the-art AR-NED provides a FOV of ~50° to 

deliver an immersive experience to the user. However, the étendue conservation is one of the major 

optical challenge for the AR-NED due to the difficulty to fulfill a wide FOV and a large eyebox 

size simultaneously. If the holographic display scheme is used, the available viewing angle 

extended FOV is even limited by the pixel pitch of the microdisplay. Our proposed ASLM based 

beam/patterns steering effectively expand the angular swipe of output pupil in the horizontal 

direction from 24° to 48°. Even though several degrees of the angular swipe are not usable due to 

the binary projection property of the DMD, the resulted angular swipe can still be scaled up to 
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about twice larger. According, the F/# of the DMD is effectively increased from F/2.4 to near 

F/1.22, which effectively increase the étendue without sacrificing the eyebox size.  

A mass amount of display resolution for the AR-NED is another hard-pressed requirement for 

the current state-of-the-art microdisplay. To provide a retinal resolution (1 arcmin) within a larger 

FOV required for the immersive experience, the amount of pixel required is about 10 M pixel as 

introduced in the Chapter 1, which is several orders of magnitude larger than the state-of-the-art 

microdisplay. Furthermore, even the required pixel count is achieved with the cutting-edge 

micromirror SLM with about 3 𝜇𝑚 pixel pitch, the size of the microdisplay would be too large 

enough to satisfy the small form factor requirement. This physical size of micromirror also leads 

to another challenge for the AR-NED, which is the Space-Bandwidth Product (SBP) and is given 

by the product between the dimension of display image and the spatial frequency of the 

microdisplay. Simply speaking, the SBP can be treated as the pixel density. In the reported ASLM 

based pattern steering, different images can be displaced swiftly and be allocated to different 

angular portion across the entire angular swipe. In this manner, different images are time-

multiplexed together, and each image has their own native resolution which is equivalent to the 

physical resolution of the microdisplay. In this manner, the display resolution is scaled up by the 

number of diffraction order. According, the SBP which is number of pixels within the active area 

of the DMD is also scaled up by number of diffraction order. Furthermore, the SBP can be further 

scaled up by utilizing multiple light sources. In this manner, the resolution or SBP of the DMD 

based microdisplay can approaches the requirement for AR-NED without physically squeezing the 

size of pixel or physically increasing the number of pixels.  
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Chapter 3. Volume Hologram Grating Based FOV Expander 

3.1 Introduction 

In Chapter 2, the Angular Spatial Light Modulator (ASLM) based patterns steering is 

introduced. The steering technique has the potential to overcome the challenge induced by the 

mass amount of display resolution or Spatial Bandwidth Product (SBP) required for the 

Augmented Reality Near-to-Eye Display (AR-NED), and the challenge of étendue conversation 

limit of the microdisplay itself. Nevertheless, as introduced in the Chapter 1, the limited practical 

FOV of a waveguide-based NED is a serious bottleneck to achieve full color image projection with 

wide FOV. The major cause of the finite FOV dues to the limited refractive index of the available 

material of image guide, which limits the allowable angular range for images to be transferred in 

a Total Internal Reflection (TIR) mode. One solution to resolve the bottleneck induced by the 

material limitation is to use multiple waveguides with each of the waveguide responsible for only 

one portion of the target FOV and only one color channel of the RGB display. For example, to 

transmit a 90° FOV full color image, the system may require a 9-layers waveguide (3 (RGB) x 3 

(~90 deg total FOV /30 deg)) structure. Nevertheless, the multiple layers waveguide structure 

would violate the glass-like form factor required for AR-NED. 

To overcome the material-imposed limited FOV, a concept of ASLM-based pattern steering 

technique is introduced in Chapter 1, which manipulates the time- and wavelength-multiplexing 

technique to transmit a full color and wide FOV image into the limited TIR channel. One critical 

issue is that once different angular portion of the image is wavelength- and time-multiplexed into 

the same propagation channel of the waveguide, these sub-images are overlapped on top of each 

other once they are coupled into the waveguide. Hence, a concept like FOV expander is needed to 

demultiplex the overlapped portions of the image before the images are delivered to the eye. 
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Accordingly, an optical element with high angular and wavelength selectively is ideal to act as the 

FOV expander. Hereby, we propose to use Volume Hologram Grating (VHG) which has high 

angular and/or wavelength selectivity as the candidate for the FOV expander design. Fig. 3.1 below 

shows the concept of full color and wide FOV image being multiplexed and demultiplexed by 

ASLM and VHG, respectively. In phase 1, a wide FOV image with bandwidth of 𝑊 , and its 

red, green, and blue channel are divided into two portions, respectively, and be displayed by ASLM 

in sequence in the time domain, so that each of them can be able to propagate through the 

waveguide with limited bandwidth 𝑊 . In phase 2, different angular and spectral portions of the 

image are decoded by the VHG so that the image can be seen as what it should be originally.  

 
Figure 3.1 Roadmap of multiplexing and demultiplexing a wide FOV and full colour image by 

ASLM and VHG. 𝑊 , 𝑊  represents the bandwidth of the image outside and inside of 

the waveguide, respectively.   

In this Chapter, the content will be focused on the 1st order design of VHG for de-multiplexing 

the different angular portion of the target wide FOV image. The formation of VHG, the theorem: 

Couple Wave theory [51] for the characterization of VHGs Diffraction Efficiency (DE) property, 

the design of the FOV expander, and the corresponding image simulation is demonstrated. In 

addition, the shortages of the 1st order design will also be mentioned in the discussion section. 
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3.2 Construction of Volume Hologram Grating 

The construction of Volume Hologram Grating (VHG) is the consequence of recording a complete 

Electromagnetic (EM) field of interfered coherent beams into an intensity-sensitive material. Via 

the recording process, the intensity distribution of the EM field is recorded by converting the 

interference fringes into physical grating pattern by the modulation of absorption or refractive 

index. The EM waves used to construct a VHG shall be highly spatial and temporal coherent with 

each other and satisfies the time independent wave equation [51]. Mathematically, the EM waves 

can be expressed as [52]:  

𝑈 (𝑥, 𝑦, 𝑧) = 𝐴0 exp 𝑗 𝑘 ∙ 𝑟 − 𝜔𝑡 + 𝜑(𝑥, 𝑦, 𝑧) 𝑎,    (3.1) 

where 𝐴0 is a scalar describing the amplitude of oscillation, 𝑟  is a position vector describing the 

position of the field being computed, 𝜔 represents the oscillation frequency of the EM wave, 

𝜑(𝑥, 𝑦, 𝑧) is the phase of the EM wave, 𝑎 is a unit vector extracted from the 𝐴0 which indicates 

the direction of polarization, and 𝑘  is the wave vector indicating the direction of light propagation.  

As the EM waves interfere inside the intensity-sensitive material, the interference patterns are 

generated. Mathematically, the total field of the interference patterns constructed by two EM 

waves can be expressed as:  

𝑈 (𝑟 , 𝑡) = 𝐴1 exp 𝑗 𝑘 1 ∙ 𝑟 − 𝜔1𝑡 + 𝜑1(𝑟 ) 𝑎1 

+𝐴2 exp 𝑗 𝑘 2 ∙ 𝑟 − 𝜔2𝑡 + 𝜑2(𝑟 ) 𝑎2, (3.2) 

where the two subscripts 1  and 2  indicates the two waves that interfering with each other, 

respectively. To ensure the high spatial and temporal coherent properties, the two waves used for 

interference should have the same frequency such that 𝜔1 = 𝜔2. Therefore, the expression of 

interference pattern should be time-independent and can be simplified as follow: 
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𝐼(𝑟 ) = 𝑈 (𝑟 , 𝑡)𝑈 ∗ (𝑟 , 𝑡) 𝑑𝑟 𝑑𝑡 

∝ 𝐴1
2 + 𝐴2

2 + 2𝐴1𝐴2|𝑎1 ∙ 𝑎2| cos 𝑘 1 − 𝑘 2 ∙ 𝑟 + arg(𝑎1 ∙ 𝑎2)  

= 𝐼1 + 𝐼2 + 2 𝐼1𝐼2|𝑎1 ∙ 𝑎2| cos 𝑘 1 − 𝑘 2 ∙ 𝑟 + arg(𝑎1 ∙ 𝑎2) , (3.3) 

where 𝑈 ∗ (𝑟 , 𝑡) is the complex conjugate of the combined EM waves, and 𝐼1 and 𝐼2 equals to 

𝐴1
2 and 𝐴2

2, respectively.  

According to Eqn. 3.3, the contrast of interference pattern, which is the dark region due to the 

destructive interference and the bright region due to the constructive interference, varies with the 

polarization state of the two EM waves. Therefore, the product of |𝑎1 ∙ 𝑎2| should be 1 or in order 

words 𝑎1 and 𝑎2 should be identical to maximize the contrast. With this requirement, the intensity 

profile of the interference pattern can be further simplified as: 

𝐼(𝑟 ) = 𝐼1 + 𝐼2 + 2 𝐼1𝐼2 cos 𝑘 1 − 𝑘 2 ∙ 𝑟 = 𝐼1 + 𝐼2 + 2 𝐼1𝐼2 cos 𝐾 ∙ 𝑟 , (3.4) 

where the wave vectors of two EM waves can be expressed as: 

𝑘 1 =
2𝜋𝑛
𝜆

[sin𝜃1𝑥 + cos𝜃1𝑧 ], (3.5) 

𝑘 2 =
2𝜋𝑛
𝜆

[sin𝜃2𝑥 + cos𝜃2𝑧 ], (3.6) 

𝐾  is called the grating vector which indicates the direction of the grating constructed and is given 

by: 

𝐾 = 𝑘 1 − 𝑘 2 =
2𝜋𝑛
Λ

𝐾 =
2𝜋𝑛
Λ

[sin𝜙𝑥 + cos𝜙�̂�], (3.7) 

where Λ is the grating period which can be computed by the grating equation (Eqn. 2.2), and 𝜙 is 

the direction of fringes. Fig. 3.2 a) shows the geometrical relationship between the two EM waves 

and the grating vector inside an intensity-sensitive material. The geometrical relationship forms a 
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circle with the radius equals to the magnitude of the two wave vectors as shown in Fig. 3.2 b). 

Such circle is named as Bragg circle and is useful to visualize the construction geometry of the 

VHG, and is important to determine the required reconstruction geometry to match the Bragg circle 

of a specified VHG.  

 

Figure 3.2 a) Schematic diagram of the VHG with indication of grating vector 𝐾  and the 

two construction EM waves vector, and b) the Bragg circle derived from the construction 

geometry. 

As introduced previously, the VHG is formed by the modulation of absorption or refractive 

index. Accordingly, VHG can be classified as amplitude hologram and phase hologram, 

respectively. A common material for constructing an amplitude hologram is photographic film 

with silver halide emulsions [52]. The silver halide forms nanoscale silver particles in the hologram 

material after absorbing the energy in high intensity regions. As a result, the transmittance function 

is modulated by the conductivity of the hologram as shown below: 

𝜎(𝑟 ) = 𝜎 + 𝜎1 cos 𝐾 ∙ 𝑟 , (3.8) 



56 
 

where 𝜎  is the average value of conductivity, and 𝜎1 is the amplitude of conductivity modulation 

which varies from 0 to the maximum value.  

Common material for constructing a phase hologram includes dichromated gelatin, 

photoresists, and photopolymers. Commercially available photopolymers are the simplest 

hologram material to use [52] thanks to its advantage of low cost, low scattering, and simplicity 

of fabrication. During the hologram recording process, the interference patters lead to the 

polymerization of the monomers, and such polymerization modulates the permittivity, 𝜀, across 

the exposure area of the material to form the grating. Mathematically, the modulation of the 𝜀 can 

be expressed as follow: 

𝜀(𝑟 ) = 𝜀 + 𝜀1 cos 𝐾 ∙ 𝑟 , (3.9) 

where 𝜀  is the average value of permittivity, and 𝜀1 is the amplitude of permittivity modulation 

which varies from 0 to the maximum value. On the other hand, the refractive index of a material 

is related the permittivity and permeability of the material in the following manner: 

𝑛 =  
𝜀(𝑟 )
𝜀0

𝜇(𝑟 )
𝜇0

(3.10) 

where 𝑛 is the refractive index,  𝜀0 and 𝜇0 are the permittivity of free space and permeability of 

free space, respectively. In chemical materials, 𝜀  is always larger than the 𝜀0 , while the 𝜇  is 

normally close to the value of 𝜇0. Therefore, the modulated index of refractive inside the volume 

hologram can be simplified as:  

𝑛(𝑟 ) = 𝑛0 + 𝑛1 cos 𝐾 ∙ 𝑟 ≈
𝜀
𝜀0

+
𝜀1

𝜀0
 cos 𝐾 ∙ 𝑟 , (3.11) 
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where 𝑛0 is the average value of refractive index, and 𝑛1 is the index of modulation varied from 0 

to the maximum value of refractive index inside the material. Assume 𝜀 /𝜀0 = 𝜀, 𝜀1/𝜀0=Δε, and 

taking the square on both side of the Eqn. 3.11, it can be obtained that: 𝑛0 = √𝜀, and 𝑛1 =  Δε/2√𝜀. 

According to the expression of refractive index, the phase of the grating is modulated by the index 

variation and can be expressed as:  

𝜙(𝑟 ) =
2𝜋𝑛(𝑟 )𝑑

𝜆
=  

2𝜋𝑑 𝑛0 + 𝑛1 cos 𝐾 ∙ 𝑟 
𝜆

= 𝜙0 + 𝜙1cos 𝐾 ∙ 𝑟 , (3.12) 

where 𝜙0 is the average phase level, and 𝜙1 is the phase variation with the range of [0,2𝜋]. Using 

the same manner as described in Chapter 2, the diffraction efficiency of the grating can be 

computed based on the phase profile of the grating. As the phase function leads to only one 

diffraction order exist, the grating is defined as the Volume Hologram Grating.  

 
Figure 3.3 Process of polymerization after the exposure of interference pattern. The upper 

portion describe the condition of the medium before exposure by the interference pattern 

induced by the signal and reference beam. The bottom portion indicates the polymerization 

process after the exposure of the interference pattern, and a modulation of refractive index 

is generated by the polymerization process [53]. 
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3.3 The Characterization of Volume Hologram Grating 

In Chapter 2, the properties of phase grating (e.g., diffraction efficiency) is developed based on the 

phase function of the grating, and it is illustrated that a sawtooth phase grating can concentrates 

the energy of incoming light into one single diffraction order theoretically. The direction of 

diffracted light can be calculated using the grating equation, and amount of energy split into 

different diffraction orders can be computed by analyzing the Fourier Transform of the 

transmission or reflectance function of the grating. Similar to the sawtooth phase grating, the 

Volume Hologram Grating (VHG) is also designed to diffract most of the energy into only one 

diffraction order. For holographic grating, such condition is described as the Bragg regime [52], 

and the gratings classified within the Bragg regime is called thick grating, Volume Bragg Grating 

(VBG) or Volume Hologram Grating (VHG). The characterization of VHG is first derived by 

Kogelnik in his coupled wave theory [51], and further developed by Moharam and Gayload [54]. 

The Couple Wave theory can be divided into two main categories: The Approximate Couple Wave 

Analysis (ACWA) and the Rigorous Couple Wave Analysis (RCWA). The RCWA [54] [55] 

represents the EM waves as the summation over multiple coupled waves. A periodic permittivity 

function is represented using Fourier harmonics. Each coupled wave corresponds to a Fourier 

harmonic, allowing the full Maxwell’s equation to be computed in the Fourier domain. Such 

approach can provide a precise characterization of the grating but is time-consuming and requires 

heavy computational power. The ACWA which also referred to the Kogelnik model, in contrast 

eliminates some restrict aspect of the EM wave problems but can still works reasonably well when 

the following assumptions are made [44]:  

1. Only the reconstruction wave and one diffracted wave have significant magnitude. 
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2. The grating is a modulated region embedded in an optical material with the same refractive 

index, which reveals that no abrupt boundaries for the grating. 

3. The grating has infinite extend in the X-Y directions and has finite thickness in the 

longitudinal propagation direction (X-Z direction). 

4. The wavelength 𝜆 is the free-space value and the angle 𝜃 is inside the medium.  

For the rest of the Chapter, the ACWA is the main algorithm for the 1st order design of the 

VHG expander. The background of the Kogelnik model will be introduced before going over the 

design of VHG expander. At the end, the shortage of the 1st order design of ACWA will be 

discussed.  

3.4 Thick Grating Criteria 

Before performing any simulation of grating, it is necessary to classify the type of the grating in 

terms of thickness. For thick grating, the thickness is designed to be thick enough such that incident 

light interacts multiple times with the grating structure to restrict the energy into only one 

diffraction order. For thin grating, due to its thinner thickness, the incident light cannot interact 

multiple times and therefore large amount of energy can be found in 0th and higher diffraction 

orders. Since multiple diffraction order need to be considered, the analysis of thin grating is much 

complicated. In contrast, since only one diffraction order is assumed to be generated, which 

reduces the noise coming from those higher order diffractions and avoids cross talk between 

multiple order if multiple gratings are used, thick grating are of particular interest in holographic 

imaging application. 
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Although named as “thick” grating, there is no clear boundary between “thin” and “thick”. For 

classification, two criteria are commonly used. One of the criteria was developed by Klein and 

Cook [56] which commonly called the “𝑄-parameter” and is expressed as: 

𝑄 =
2𝜋𝜆0𝑑

𝑛0Λ2cos𝜃
 , (3.13) 

where 𝜆0  is the wavelength of light constructing the grating, 𝑑 represents the thickness of the 

grating material, 𝑛0 indicates the refractive index of the material, Λ is the grating period, and 𝜃 

stands for the direction of incident wave. Generally, a grating is classified as thick grating as 𝑄 >

10 and is classified as thin grating if 𝑄 < 1.  

However, as indicated by Klein and Cook, a limitation on grating strength leads to an 

uncertainty of using the 𝑄-parameter to classify a grating. For example, Moharam and Young 

described their observation of the thin grating behaviour on a 𝐹𝑒-doped 𝐿𝑖𝑁𝑏𝑂3  grating with 

larger value of 𝑄-parameter [57]. To solve the limitation of grating strength, Moharam and Young 

proposed an effective parameter denoted with 𝜌 to classify the grating, which is expressed as: 

𝜌 =
𝜆0
2

Λ2𝑛0𝑛1cos𝜃
 , (3.14) 

where 𝜆0 , Λ , 𝑛0  and 𝜃  has the same definition as Eqn. 3.13, and 𝑛1  is the amplitude of the 

sinusoidal modulation of the refractive index. In this criterion, a grating is defined as thick when 

𝜌 ≥ 1 and defined as thin when 𝜌 < 1. It can be noticed that thickness of the grating 𝑑 is no longer 

considered. The thick grating criteria is important to determine which regime does the grating to 

be tested belongs to so that the correct model can be decided to be used for analysis.   
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3.5 Volume Hologram Reconstruction and The Bragg Condition 

Since VHGs in theory generates only one diffraction order with certain incident beam. Therefore, 

the total electric field within the VHG during the reconstruction process contains only two 

components according to the coupled wave theory [51]: 

𝐸(𝑟 ) = 𝑅(𝑧) exp(−𝑗𝜌 ∙ 𝑟 ) + 𝑆(𝑧) exp(−𝑗𝜎 ∙ 𝑟 ) (3.15) 

where 𝑅(𝑧) and 𝑆(𝑧) represents the amplitudes of the reconstruction and diffracted fields as a 

function of location along the light propagation direction, respectively, and 𝜌  and 𝜎  indicates the 

propagation vector of the reconstruction and diffracted beams, respectively.  

For simplicity, the relationship between the reconstruction field, diffracted field, and the 

grating vectors 𝐾  can be expressed as: 

𝜎 = 𝜌 − 𝐾 (3.16) 

The reconstruction geometrically described by Eqn. 3.16 can be compared with the geometrically 

relation between the grating vectors and the two wave vectors that used to construction the VHG 

as stated by Eqn. 3.7. The Bragg matching condition is determined when the grating vector of the 

reconstruction geometry matches with the grating vector of the VHG formed during the 

construction process. The Bragg circle diagram claimed by the couple wave theory [51] is a useful 

configuration to visualize if a reconstruction geometry is matched with the Bragg condition of a 

VHG.  

A mathematically analysis of the propagation and grating vectors is useful to provide an inside 

to understand the Bragg condition of a VHG. Mathematically, the expression of propagation 

vectors 𝜌  can be expressed as: 

𝜌 = 𝛽[sin𝜃𝑥 + cos𝜃𝑧 ], (3.17) 
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where 𝛽 = 2𝜋𝑛0/𝜆  is the propagation constant represents the magnitude of wave vectors that 

satisfies the Bragg condition described by Eqn. 3.7. 

Combing Equation 3.7, 3.16 and 3.17, the diffracted beam 𝜎  can be computed as: 

𝜎 = 𝛽 sin𝜃 −
𝐾 
𝛽

 sin𝜙 𝑥 + cos𝜃 −
𝐾 
𝛽

 cos𝜙 𝑧 , (3.18) 

At the Bragg condition, the magnitude of the two propagation vectors shall both equals to the 

propagation constant of the Bragg circle:  

|𝜌 | = |𝛼 | = 𝛽, (3.19) 

Combining Eqn. 3.18 and 3.19, and taking the square on both sides of the equation yields: 

𝛽2 = 𝛽2 sin𝜃 −
𝐾 
𝛽

 sin𝜙 + cos𝜃 −
𝐾 
𝛽

 cos𝜙 (3.20) 

Simplifying Eqn. 3.20, a mathematical expression of the Bragg condition can be obtained: 

cos(𝜙 − 𝜃) =
𝐾 
2𝛽

=
𝜆

2𝑛0Λ
(3.21) 

Eqn. 3.21 reveals the requirement of the incident direction 𝜃  and the wavelength 𝜆  for the 

reconstruction field to match the Bragg condition of a VHG with certain grating period Λ, grating 

direction 𝜙 and an average value of refractive index 𝑛0. 

On the other hand, with the assumption that the Bragg condition of VHG is described by Eqn. 

3.16, when a different reconstruction field which denoted as  𝜌′  does not match the Bragg condition 

of the VHG, the corresponding diffractive beam 𝜎′  no longer locates exactly on the boundary of 

the Bragg circle, but be diffracted to a location inside or outside of the Bragg circle as shown in 
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the Fig. 3.4. The amount of deviation between the tail of the unmatched diffracted beam and the 

Bragg-match diffracted beam is defined by a detuning parameter 𝜗, which is computed as [44]: 

𝜗 = (𝛽2 − 𝜎′2) = 𝐾 cos(𝜙 − 𝜃′) −
𝐾 𝜆′
4𝜋𝑛0

=
2𝜋
Λ

cos(𝜙 − 𝜃′) −
𝜆′

2𝑛0Λ
, (3.22) 

 
Figure 3.4 The diagram of Bragg circle (left), and the condition when the reconstruction 

field does not match the Bragg circle (right). The line denoted with red color indicating the 

amount of detuning parameter 𝜗. 

where 𝜃  indicate the angular direction, and 𝜆′ represents the wavelength of the diffracted beam 

that corresponds to the unmatched reconstruction field with respect to the positive z direction. 

Define the amount of angular and wavelength deviation from the Bragg condition 𝜃0 and 𝜆0 are 

Δ𝜃 and Δ𝜆, respectively. In order word, the reconstruction angle and wavelength can be expressed 

as 𝜃 = 𝜃0 + Δ𝜃 and 𝜆 = 𝜆0 + Δ𝜆, respectively. If the amount of deviation Δ𝜃 and Δ𝜆 is small 

enough such that: 

Δ𝜃
𝜃

≪ 1;
Δ𝜆
𝜆

≪ 1, (3.23) 

Combining Eqn. 3.23 with Eqn. 3.22, the detuning parameter can be approximated as: 
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𝜗 ≈
2𝜋
Λ

Δ𝜃 sin(𝜙 − 𝜃0) −
Δλ

2𝑛0Λ
, (3.24)  

Two facts can be realized based on the expression of the detuning parameters: 1) the angular 

sensitivity of the VHG reaches its maxima when the angular deviation between the Bragg matching 

reconstruction field and grating vector is 90 degrees, and the angular selectivity becomes larger as 

the angular deviation become larger; 2) the wavelength selectivity of the VHG reaches its maxima 

when the period of the grating is minimized. The detuning parameter is an important factor that 

affects the diffraction efficiency of the VHG, which is one of the most significant parameters when 

designing the Diffraction Efficiency (DE) of an VHG expander. Detailed analysis of the DE is 

discussed in the next section.  

3.6  Diffraction Efficiency of Volume Hologram Grating 

As mentioned previously, one of the most important properties of VHG is the Diffraction 

Efficiency (DE), which represents the ratio between the amount of optical power diffracted into a 

certain diffraction order and the total power incident on the hologram. To solve the DE of the VHG, 

it is necessary to obtain the general format of the reconstruction field and the diffracted field by 

substituting Eqn. 3.15 into the Helmholtz Equation. Detail deviation of the DE expression of the 

VHG has been well studied and illustrated in Ref [44] and [51], and will not be repeated in the 

thesis. In conclusion, the DE has two forms: the transmission type VHG and reflection type VHG, 

respectively. For the transmission grating, the DE is given by: 

𝜂 =
sin2 𝛾2 + 𝜉2

1 + 𝜉2

𝛾2

, (3.25) 

and the DE for the reflection grating is given by: 
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𝜂 =
sinh2 𝜉2 − 𝛾2 

sinh2 𝜉2 − 𝛾2 + 1 − 𝜉2

𝛾2

, (3.26) 

where 𝛾 is the modulation parameter indicating the strength of the modulation, 𝜉 is the deviation 

parameter related to the detuning parameter, 𝐶  is a direction parameter corresponding to the 

direction of reconstruction beam, and 𝐶  is the direction parameter corresponding to the direction 

of the diffracted beam.  These parameters are given as follow, respectively: 

𝛾 =
𝑗𝜋𝑛1𝑑
𝜆 𝐶 𝐶

, (3.27) 

𝜉 = −
𝜗𝑑
2𝐶

, (3.28) 

𝐶 = cos𝜃, (3.29) 

𝐶 = cos𝜃 −
𝐾 
𝛽

 cos𝜙, (3.30) 

Both the transmission and reflection VHG can provide high Diffraction Efficiency (DE) within 

the Bragg condition; however, the angular and spectral selectivity of these two types of VHG are 

different. To determine the appropriate type of VHG for the design of FOV expander, detailed 

comparison need to be performed. Fig. 3.5 below compares the angular and spectral sensitivity of 

the two types of VHG. Via comparison, reflection type VHG provides a wider angular bandwidth 

with a narrower spectral bandwidth, which makes it more appropriate to the FOV expander design, 

since a wider angular bandwidth would require less amount of VGH to achieve the target FOV, 

while less spectral sensitivity means the VGH is less possible to be affected by the reconstruction 

light with wavelength (𝜆 ) that is different from its constructed wavelength (𝜆 ) .  
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Figure 3.5 Angular (left column) and wavelength (right column) selectivity of the 

transmission (top row) and reflection (bottom row) type VHG [58]. 

3.7 First Order Design of FOV Expander 

When performing the DE analysis of a VHG, it is critical to determine the material to be chosen 

for the modeling, such that the critical parameters of ACWA algorithm like index of refraction, 𝑛, 

index of variation, 𝑛0, and the thickness of the material, 𝑑, can be determined for the design of 

VHG. In this thesis, the material chosen is a photopolymer recording material (C-RT20, Litiholo) 

[59] which required no chemical post-processing. The specifications of the material are shown in 

Fig. 3.6 below. According to the figure, the material provides nearly 100% of transmission and 

reflection. According to the ACWA theory, the transmission or reflection achieves 100% only 

when the Bragg condition is satisfied. In order word, the detuning parameter 𝜗 is zero. In this case, 

Eqn. 3.25 can be simplified as: 

𝜂 =
sinh2 𝛾

sinh2 𝛾 + 1
= tanh2 𝑗𝜋𝑛1𝑑

𝜆 𝐶 𝐶
, (3.31) 
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To estimate the index of modulation 𝑛1, we can assume 𝜂 = 1, the construction angle and the 

diffracted angle to be the same, which means 𝐶 = 𝐶 = cos 𝜃0, and the construction wavelength 

to be 405 𝑛𝑚 . Also, Fig. 3.6 indicates that the thickness of the photopolymer is 16 𝜇𝑚 . 

Accordingly, the index of modulation 𝑛1 could be estimated, which is about 0.02. Also, the index 

of refraction of the photopolymer is found to be 1.501 [60].  

 
Figure 3.6 Specification of the Litiholo C-RT20 photopolymer [59]. 

Fig. 3.7 below shows the simulation of the DE profile of a reflection type VHG with 𝑛1 = 0.02, 

d = 16 𝜇𝑚, construction angles to be 0°, and construction wavelength to be 457 nm. According to 

the plotting, when the VHG is constructed with a counter propagation geometry (𝜃 = 0°), the 

angular bandwidth is about ~15°(±7.5°) when the reconstruction is also in the counter propagation 

geometry (𝜃 = 0°).  
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Figure 3.7 DE profile of a reflection type VHG with two construction angle equals to 0°, 

and construction wavelength equals to 457 nm. a) 3D reflected DE profile as a function of 

reconstruction field angle and reconstruction wavelength, b) top view of the 3D DE profile, 

c) front view: reflected diffraction efficiency vs. reconstruction field angle with 

reconstruction wavelength equals to 457 nm, and d) side view: reflected diffraction 

efficiency vs. reconstruction wavelength with reconstruction equals to 0°. 

Obviously, it is not enough to achieve a 90° FOV with only one VHG. Therefore, multiple 

VGHs need to be either multiplexed or stacked together so that a final FOV of 90° can be built up 

by satisfying multiple Bragg conditions. One critical issue for the multiplexed VGHs architecture 

is the dramatic degradation of DE. Generally, the DE of a VGH during multiplexing follows a 

1/𝑁2 law, where 𝑁  is the number of holograms multiplexed together [52] since each multiplexed 

hologram is using only a portion of the maximum dynamic range (amplitude or phase modulation) 

of the material. To avoid the degradation of DE due to the allocation of index dynamic range into 
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multiple VHG, a holograms structure by multiple VHGs with diffraction Bragg conditions stacking 

on top of each other is used for the design of FOV expander. In this manner, the reflection volume 

hologram with its grating period gradually changing along the beam propagation direction is called 

the chirped Bragg gratings [61][62]. However, in our proposed design the grating period is not 

changed gradually, but in a discrete manner. Therefore, we defined out VHG stack structure to be 

Discretized Chipped Bragg Grating (DCBG). 

To design the DCBG such that a 90° FOV can be satisfied, it is critical to define the Bragg 

condition of each holograms in the stack. According to the ACWA, the angular bandwidth of VHG 

decreases as the construction angle of hologram deviates from the counter propagation geometry, 

Also, the envelop of the DE starts to separate into two parts. Fig. 3.8 below schematically depicts 

an example which the variation of DE curve of holograms with construction angles deviated from 

the grating vector 𝐾  of the hologram from 0° to 15° with a 5° increment.  

 

Figure 3.8 DE curve of hologram with 𝑛1 = 0.02; 𝑑 = 16 𝜇𝑚; 𝐾  = 90°; 𝜆  = 𝜆  = 457 𝑛𝑚 

in the case of: a) 𝜃 = 0°, b) 𝜃 = 5°, c) 𝜃 = 10° and d) 𝜃 = 15°. 
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To achieve the target 90° FOV, we proposed to use two types of sub-VHGs, denoted by 

VHG , with each of them occupies a 45° sub-angular space via wavelength multiplexing. For 

example, two wavelengths of light in the blue region (e.g., 𝜆 1  and 𝜆 2 ) are wavelength-

multiplexed together to forms the blue channel of the full color image. However, as explained 

previously, the maximum angular bandwidth of a single hologram is only about 15°, which is still 

not enough to occupy the entire 45° FOV . Material with higher index of modulation could 

provide a wider angular bandwidth, but the practical implementation is limited due to the finite 

materials could be used for VHG construction. Therefore, multiple sub-sub-holograms designed 

for the same wavelength, which denoted as VHG , are needed to fill out the 45° sub-angular 

range via time-multiplexing (same logic for the green and red channel). The challenge for filling 

out the FOV  is that the angular bandwidth varies nonlinearly as the construction angle deviated 

from the counter propagation geometry, so the Bragg condition of each hologram shall be designed 

in the manner such that, once the DE of one hologram starts to drop to a certain threshold (e.g., 

50%) rapidly, the DE of another VHG with a different Bragg condition can rise up and fill out the 

adjacent region of the previous VHG . One thing worth mentioning is that the DCBG is designed 

to place after the waveguide to expand the 45° input angular range into the target 90° FOV. 

Therefore, the angular range of light inside the waveguide is not under detailed analyze.  

Table 3.1 below summarizes the Bragg condition and DE profile of each VHG  for the 

DCBG design. 𝜙, 𝜆  and 𝜃 represents the direction of grating vector, construction wavelength, 

and the direction of reference beam, respectively. The construction wavelengths for wavelength 

multiplexing are chosen to be 𝜆 1 = 405 𝑛𝑚 and 𝜆 2 = 445 𝑛𝑚. To fill the target 90° FOV, 

totally 15 VHG  are implemented:1) VHG 11 to VHG 15 are constructed with 𝜆 1, and the 

grating vector is set to be −22.5° to form the VHG 1  stack; 2) VHG 21  to VHG 25  are 
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constructed with 𝜆 2, and the grating vector is set to be zero degrees to form the VHG 2 stack; 

3) VHG 31  to VHG 35  are constructed with 𝜆 1  again but the grating vector is set to be 

+22.5° to form the VHG 3 stack. The angle of constructed reference beam for the 15 VHG  

are all different from each other. Each of them responsible for diffracting a portion of the input 

45° and diffract it to fill the target output 90° FOV.  

VHG  VHG  𝜙 𝜆  𝜃 
Angular 

bandwidth 
(𝜂 = 50%) 

DE profile 

VHG 1 

VHG 11 

-22.5° 405 𝑛𝑚 

−15.5° ~20° 

 

VHG 12 −10° ~5° 

 

VHG 13 −6.5° ~4° 
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VHG 14 −3.5° ~3.5° 

 

VHG 15 −1° ~3° 

 

VHG 2 

VHG 21 

0° 445 𝑛𝑚 

7° ~20° 

 

VHG 22 12.5° ~5° 

 

VHG 23 16° ~4° 
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VHG 24 18.5° ~3.5° 

 

VHG 25 21.5° ~3° 

 

VHG 3 

VHG 31 

22.5° 405 𝑛𝑚 

15.5° ~20° 

 

VHG 32 10° ~5° 

 

VHG 33 6.5° ~4° 
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VHG 34 3.5° ~3.5° 

 

VHG 35 1° ~3° 

 
Table 3.1 Construction condition and DE profile of each 𝑉𝐻𝐺 . 

Fig. 3.9 below demonstrates the overall structure of the proposed DCBG based FOV expander. 

The Fig. 3.9 b), c) and d) shows the DE response in both the input and the output angular domain. 

The entire 90° output angular range is filled by three VHG stacks: 1) As shown in Fig. 3.9 b), light 

with 𝜆 1 incident on the expander from −22.5° to 0° is deflected by the VHG 1 to fill the left 

peripheral FOV from −45° to −22.5° across the target output FOV; 2) As shown in Fig. 3.9 c), 

light with 𝜆 1  incident on the expander from 0°  to 22.5°  is deflected by the  

VHG 3 to fill the right peripheral FOV from 22.5° to 45° across the target output FOV; 3) As 

shown in Fig. 3.9 d), light with 𝜆 2 incident on the stacks from −22.5° to 22.5° is deflected by 

the VHG 2 to fill the central FOV from −22.5° to 22.5°.  
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Figure 3.9 a) A schematic of the DCBG expander demonstrating the 90° FOV expansion 

architecture by b) 𝑉𝐻𝐺 1 which corresponding to the left peripheral FOV, c) 𝑉𝐻𝐺 3 

which corresponding to the right peripheral FOV, and d) 𝑉𝐻𝐺 2 which corresponding to 

the center FOV.    

Three important factors need to be considered when analyzing the DE of the expander: 1) The 

side lobes of each sub-sub-hologram exist along the entire 90° FOV. All these sidelobes can 

contributes additional amount of DE across the FOV, so they need to be considered when studying 

the overall DE of the FOV expander. 2) Since the FOV expander is constructed by 15 VGHs with 

a layer-by-layer structure, the transmission and reflection of the VGH in the upper layer would 

affect the DE response of VHG placed in the lower layer. For this reason, the DE profile across 

the entire FOV need to be consider as a unity. Mathematically, the DE of the entire DCBG based 

FOV expander can be expressed by: 

𝜂 = 𝜂1 + (1 − 𝜂1)𝜂2 + ⋯+ (1 − 𝜂1)(1 − 𝜂2)… (1 − 𝜂 −1)𝜂 , (3.32) 
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where 𝜂 (𝑖 = 1,2,3, … ,15) are the DE of each layer of the DCBG. 3) Since the FOV expander 

need to be illuminated by two wavelengths of light, for example 𝜆 1 = 405 𝑛𝑚  and 𝜆 2 =

445 𝑛𝑚 for the purpose of wavelength multiplexing to achieve the 90° FOV in the blue channel 

of an RGB image. Therefore, the effect of DE profile when a VGH is illuminated by the light with 

wavelength different from its construction wavelength (e.g., sub-VHG constructed by 𝜆 1  is 

illuminated by 𝜆 2) also needs to be considered.  

Fig. 3.10 to Fig. 3.12 below illustrates the overall DE of the FOV expander considering the 

three factors mentioned above. Fig. 3.10 shows the DE profile of the proposed DCBG when it is 

illuminated with 𝜆1 = 𝜆 1 = 405 𝑛𝑚. In this case, the two peripheral region has high DE response 

since the VHG stacks corresponding to these two regions are constructed with 𝜆1. Based on the 

design of the Bragg condition of these two VHG stacks, the input field angle from −22.5° to 0° is 

diffracted to the output angular region from -45° to the −22.5°, and the input field angle from 0° 

to 22.5° is diffracted to the output angular region from 22.5° to 45° at a certain time domain 𝑡1 of 

the time-multiplexing-based display. Meanwhile, the VHG stack corresponding to the central 

output angular region has basically zero DE response since its Bragg condition corresponding to 

the input angular region from -22.5° to +22.5° is zero.   
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Figure 3.10 DE profile of the FOV expander under the illumination of 𝜆1 = 405 𝑛𝑚 within the 

time domain 𝑡1. 

Fig. 3.11 shows the DE response of the entire DCBG-based FOV expander when it is 

illuminated with 𝜆2 = 𝜆 2 = 445 𝑛𝑚 within a different time domain 𝑡2. In this case, the VHG 

stacks that corresponding to the central portion of the target output FOV has a significant DE 

response since it is constructed with 𝜆2. The Bragg condition of the central VHG stack diffracts 

the input angular range from -22.5° to +22.5° to the output field region form the -22.5° to +22.5°. 

Meanwhile, unlike the case with illumination of 𝜆1 within the time domain 𝑡1, the two peripheral 

regions have a noticeable amount of DE response at the edge of the input filed region.   
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Figure 3.11 DE profile of the FOV expander under the illumination of 𝜆2 = 445 𝑛𝑚 at a 

different time domain 𝑡2. 

The overall DE profile in the output field angular region is shown in Fig. 3.12 below. In 

conclusion, by using three VHG  consisted of total 15 VHG , the 90° target FOV can be filled 

by the time- and wavelength-multiplexing scheme. 
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Figure 3.12 DE of the DCBG based FOV expander viewed from the output angular region.  

3.8 One Dimensional Cross Talk Analysis  

As shown in the Fig. 3.12 above, although the target 90° FOV is achieved by time- and wavelength- 

multiplexing via using 15 VGHs, the amount of noise which denoted as the dash curve is expected 

to affect the image at the certain angular location of the target 90° FOV. According the ACWA 

theory, noise occurs when the reconstruction wavelength is located within the high DE spectral 

bandwidth of the VHG. Therefore, the difference between the construction and reconstruction 

wavelength, which denoted as Δ𝜆, is the key to decrease the amount of noise. Fig. 3.13 shows the 

DE curve of the proposed FOV expander architecture with Δ𝜆 varying from 20 nm to 50 nm with 

a 10 nm increment. Two main takeaways from the figure are: 1) when Δ𝜆 is small (e.g., 20 nm and 

30 nm), two huge gaps exist between the two peripheral FOV and the central FOV, while a 

dramatic amount of noise exists (denoted as dash line) and overlaps with the signal image within 
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the two peripheral FOVs; 2) as the Δ𝜆 increase, gap will be eliminated, the amount of noise will 

be decreased, and the DE of the expander is more uniform.   

 
Figure 3.13 DE of the FOV expander with a) Δ𝜆 = 20 nm, b) Δ𝜆 = 30 nm, c) Δ𝜆 = 40 nm 

and d) Δ𝜆 = 50 𝑛𝑚.    

To better understand the effect of noise with different Δ𝜆, an image simulation is performed 

which assuming the Horizontal FOV (HFOV) of the tested image is characterized by the DE of 

the FOV expander, while the DE of the Vertical FOV (VFOV) is assumed to be constant. Fig. 3.14 

shows the image after applying the DE profile of the FOV expander with different Δ𝜆. For images 

with Δ𝜆 < 40 nm, two huge gaps exist across the central FOV while the image belongs to these 

two gaps are now distributed in the two peripheral FOV which introducing ghost image. For 

images with Δ𝜆 > 40 nm, it is apparent the two gaps do not exist, but the ghost images are still 

noticeable while it is dimmer with larger value of Δ𝜆. The amount of noise and the width of gap is 

quantified to choose the minimum value of Δ𝜆  should be to ensure the quality of the image 
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deflected by the FOV expander. As shown in Fig. 3.14, the average intensity keeps increasing, 

while the noise level and the standard deviation of the image intensity are both decreasing as the 

Δ𝜆 increases from 20 nm to 40 nm, which indicating the image quality are improving dramatically. 

Although the image quality seems keep improving when the Δ𝜆 is greater than the 40 nm, but the 

slope is fattening which means the marginal benefit of improving Δ𝜆 is getting smaller and smaller.  

 
Figure 3.14 Image simulation with a) 𝛥𝜆 = 20 𝑛𝑚, b) 𝛥𝜆 = 30 𝑛𝑚, c) 𝛥𝜆 = 40 𝑛𝑚 and d) 

𝛥𝜆 = 50 nm. The two blue boxes existing in the four images enclosing the ghost images 

which should be originally located in the angular space of two gaps. 

Nevertheless, the ghost image and the invariance of the image intensity is eliminable via image 

calibration by controlling the intensity of the light source. However, the gap cannot be 

compensated since the upper layer VHG could has a DE response if the wavelength of illumination 

is located within its spectral bandwidth, such that the light cannot be diffracted by the lower layer 

VHG to the correct angular location. Therefore, it is important to determine the threshold value of 

Δ𝜆 to prevent the occurrence of gaps. As shown in Fig. 3.15, via varying the value of Δ𝜆 and 
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monitoring the width of gap in degrees shown in the simulated image, it can be determined that 35 

nm of Δ𝜆 is the threshold value to guarantee a continuous image across the 90° FOV. In conclusion, 

Δ𝜆 ∈ [35,40] nm is the reasonable range for wavelength multiplexing. However, one thing worth 

mentioning is that the requirement of Δ𝜆 is obtained based on the current DCBG design. If a larger 

target FOV is required to achieved (e.g., to expand an input 50° angular range to a target 100° 

FOV), a requirement of larger value of Δ𝜆 might be necessary. Similarly, the requirement of Δ𝜆 

should be smaller if the target FOV is smaller.  

 
Figure 3.15 a) DE uniformity analysis of the FOV expander with different 𝛥𝜆, and b) the 
width of gap with different 𝛥𝜆. 
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3.9 Discussion 

So Far, a design of DCBG-based FOV expander which deflecting an input 45° (-22.5° to 22.5°) 

angular range to a 90° (-45° to 45°) target FOV is demonstrated. Nevertheless, there are a couple 

of limitation have been found from the current model: 1) each VHG stack is constructed with 5 

sub-VHGs, with each of them has a thickness of 16 𝜇𝑚. As a result, a total thickness of 240 𝜇𝑚 

(16 𝜇𝑚 ×15) DCBG-based FOV expander is required to deliver a 90° FOV for the blue channel 

of the display image. Nevertheless, to display a RGB full color image, a design of DCBG-based 

FOV expander for the green channel and the red channel, respectively, is also required. As a result, 

a total thickness of 720 𝜇𝑚 (240 𝜇m× 3 for RGB) DCBG-based FOV expander is necessary to 

deliver a full color image with 90 °  FOV. 2) As concluded in the last section, a minimum 

wavelength different for the wavelength-multiplexing scheme is 35 mm, which might be an issue 

for the choice of available laser diode. Furthermore, such a large Δ𝜆 is noticeable by human eye, 

so people might be able to notice the color different when viewing the system form different angle. 

3) Kogelnik’s ACWA algorithm has some limitation intrinsically since it assumes only diffraction 

order is generated by the VHG while eliminating the present of high order diffraction orders. As a 

result, the ACWA based simulation only works for the 1st order design. Similar to the lens design 

process, a 3rd order optical design and an optimization process are also required. To perform the 

3rd order design of the DCBG based VHG expander, the Rigorous Couple Wave Analysis (RCWA) 

algorithm is necessary so that higher order energy can also be predicted. In the rest of this Chapter, 

the three limitations regarding the ACWA based simulation are discussed in detailed.  
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3.9.1 DCBG Simulation with Higher Index of Modulation 

As analysis in the last section, a DCBG-based FOV expander with 15 VHGs are required to fill 

the target 90° FOV for the blue channel of the image, and therefore 45 VHGs are needed to display 

a RGB image with 90° FOV. Therefore, a total thickness of 0.72 mm of VHG stacks are required. 

One way to reduce the number of VHG used and total thickness of the VHG stacks for constructing 

the FOV expander is to use a photopolymer material with higher index of modulation. Fig. 3.16 

below shows the DE profile of VHG with 𝑛 = 1.501 , two construction angle equals to 0° , 

construction wavelength is 457 𝑛𝑚, and different index of modulation 𝑛1 varies from 0.02 to 0.08. 

As 𝑛1 increased, the angular bandwidth at the construction wavelength is increased from about 

±7.5° to about  ±14.5°, even the envelop of the DE starts to separate into two parts as the field 

angle deviate from each other, the bandwidth at the two ends of the parabola DE profile for the 

case of 𝑛1 = 0.08 is still much wider than the case of 𝑛1 = 0.02. The increased bandwidth is due 

to the overmodulation of the index of modulation. This occurs for reflection hologram and is used 

in controlling the angular bandwidth of Fiber Bragg gratings. Accordingly, fewer VHG are 

required for the DCBG-based FOV expander design. 
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Figure 3.16 Parabola DE profile with a) 𝑛1 = 0.02, b) 𝑛1 = 0.04, c) 𝑛1 = 0.06, and d) 

𝑛1 = 0.08. Both the angular and spectral bandwidth increases as the index of modulation 

increases.   

Nevertheless, the sidelobe of the parabola DE profile also increases as the index of modulation 

increases, which is shown by the ripple outside of the main lobe of the parabola DE profile in Fig 

3.16. Since the target FOV in the proposed AR-NED is 90°, even for the case of 𝑛1 = 0.08,  the 

maximum angular bandwidth is still way narrower than the target 90°. Unavoidably, multiple 

VHGs structure are still needed. As mention in Section 3.4, in the VHG stack structure, the DE 

profile of one VHG will affects the DE of the adjacent VHG. Therefore, the DE of side lope should 

be as less as possible, otherwise, the uniformity of the entire DE profile will oscillate dramatically. 

Furthermore, the spectral bandwidth also increases as the index of modulation increases. In the 
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proposed AR-NED design, wavelength multiplexing scheme is used to decode the overlapping 

portion between the adjacent wavelength within the same color channel. If the spectral bandwidth 

is too wide which affecting the DE profile of the VHG constructed in the adjacent wavelength, 

dramatic color crosstalk will present. Fig. 3.17 below shows the overall DE profile of the FOV 

expander with 𝑛1 = 0.02 and 𝑛1 = 0.08. For the case of 𝑛1 = 0.08, only 6 VHGs are used to 

occupy the entire target 90° FOV. However, due to the dramatic sidelobe effect, the uniformity of 

the entire DE profile is worse than the case of 𝑛1 = 0.02. Also, the peak of crosstalk between two 

wavelengths used for wavelength multiplexing, which denoted as the dash line are almost 40%. In 

conclusion, even though higher index of modulation material could be adapted for reducing the 

amount of VHGs and thickness of the entire structure, the uniformity of the diffracted image might 

be worse. Therefore, a tradeoff analysis between the number of VHGs and the overall uniformity 

or crosstalk between adjacent wavelength needs to be performed. 

 

 

 

 



87 
 

 
Figure 3.17 DE of the FOV expander view from the output angular region illuminated with 

𝜆1 = 405 𝑛𝑚 and 𝜆2 = 445 𝑛𝑚 via time- and wavelength-multiplexing across the 45° input 

angular region to achieve the 90° output angular region with a) 𝑛1 = 0.02 and b) 𝑛1 =

0.08. 
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3.9.2 Challenge of Limited Wavelength Difference for Wavelength Multiplexing 

In the current FOV expander architecture, it is determined that the Δ𝜆 shall be greater or equal to 

35 nm to ensure a continuous image across the entire 90° FOV. However, the available Δ𝜆 is 

limited by the Light Diode (LD) we could manipulated. Table 3.2 below shows three available off-

the-shelf LD operating in the green wavelength range. It can be noticed that the wavelength of 

available green LD is 505 nm and 520 nm, which makes the Δ𝜆 much smaller than the required 35 

nm. Such value of Δ𝜆 basically prevent the usage of pure VGH based FOV expander to achieve 

the target 90° FOV, and therefore new architecture need to be developed.  

Vender Part Number Wavelength (nm) Bandwidth (nm) Optical power 

Nichia NE4116 505 10 80 mW 

Toptica LD-0515-088-2 505 3 80 mW 

Nichia NUGM03 520 10 1 W 

Table 3.2 Available off-the-shelf LD operating in the green region. 

3.9.3 Discrepancies of DE between ACWA and RCWA 

As mentioned at the beginning of this section, the ACWA algorithm assuming only one diffraction 

order is presented. To perform the modelling of VHG in a more realistic manner, the DE of VHG 

performed by the RCWA is necessary. In this section, a discrepancies analysis of DE between the 

ACWA and RCWA is performed. According to Moharam and Gayload [51], depends the on 

grating strength and thickness of the VHG, the difference between DE result obtained by the 

ACWA and RCWA might be different.  

Fig. 3.18 below shows the discrepancies of DE profile for a slanted VHG and a unslanted VHG 

cited from Moharram’s paper. For the case of slanted VHG, the discrepancy between the DE 
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obtained from RCWA and ACWA is well aligned when the ratio between the grating period, Λ, 

and thickness, 𝑑, is small; however, once the ratio increases, the difference of DE obtained from 

the two model starts to increase too, and eventually fix at about 25% of discrepancy, which the 

maximum DE for ACWA can reaches to 100% while the maximum DE for RCWA is stopped at 

about 75%. In contrast, for the case of unslanted grating, the DE profile obtained from the two 

algorithms are well aligned with each other with different value of ratio between the grating period 

and the thickness of the grating. Also, in the paper, the discrepancy of DE between the two 

algorithms also varies with different 𝜌  parameter. Several DE comparisons with different 𝜌 

parameter is mentioned in the paper and will not be shown here. In conclusion, the paper reveals 

that the 1st order design for the proposed DCBG-based FOV expander might suffers from the 

crosstalk from the higher order diffraction and the noticeable DE different obtained from the ideal 

ACWA algorithm. Therefore, a rigorous simulation based on the RCWA algorithm with the 

determined Bragg condition obtained from the ACWA analysis is necessary.  

 

Figure 3.18 DE comparison between the RCWA and the Kogelnik’ theory for a slanted 

VHG sample sited from the Fig. 4 of Moharam’s paper (left) and a unslanted VHG sample 

sited from the Fig. 5 of Moharam’s paper (right) [57]. 
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In the practical verification of the 1st order DCBG based FOV expander design, the author’s 

group plan to expand an input angular range of 20° to a target 40° FOV, instead of expanding an 

input angular range of 45° to a target 90° FOV. The reason is that a waveguide with an angular 

bandwidth greater than 40° is not easy to obtain. However, most of the AR glass sold on the market 

can achieve a 20° horizontal angular bandwidth (e.g., EPSON BT-200), which is afforable and 

suitable to experimentally verify the DCBG based FOV expander concept in the early phase of the 

project. Also due to limitation of available laser diode can be used in the laboratory, the operation 

wavelength used for wavelength multiplexing in this case is chosen to be 𝜆 1 = 638 𝑛𝑚 and 

𝜆 2 = 658 𝑛𝑚. To achieve a 40° target FOV, three VHG  are required similar to the case of 

90° FOV case: 1) the two VHG  for the two peripheral regions are slanted grating constructed 

with 𝜆 1, the grating vector and construction angle are −10° and −3.5° respectively for one of the 

VHG , and 10° and 3.5° respectively for the other VHG . 2) the VHG  for the center portion 

of the target FOV is an unslanted grating constructed with 𝜆 2 , and the grating vector and 

construction angle are 0° and 7° respectively. However, three VHG  are enough for the FOV 

expander design in this case since the angular bandwidth is large enough to fill the sub-angular 

region of the target 40° FOV if the construction angle is about 7 degree deviated from the grating 

vector as shown in Table 3.1.  

Fig. 3.19 and Fig. 3.20 below illustrates the overall DE of the FOV expander illuminated with 

𝜆1 = 𝜆 1 = 638 𝑛𝑚  and 𝜆2 = 𝜆 2 = 658 𝑛𝑚 , respectively. In the case of Fig. 3.19, the two 

peripheral region has high DE response since the two VHG  corresponding to these two regions 

are constructed with 𝜆1. The input field angle from −10° to 0° is diffracted to the output angular 

region from -20° to the −10°, and the input field angle from 0° to 10° is diffracted to the output 

angular region from 10° to 20° at a certain time domain 𝑡1. In contrast, the VHG  corresponding 
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to the central output angular region has basically zero DE response since its Bragg condition 

corresponding to the input angular region from -10° to 10° is zero.  

 

Figure 3.19 DE profile of the FOV expander under the illumination of 𝜆1 = 638 𝑛𝑚 within the 

time domain 𝑡1. 

Fig. 3.20 shows the DE response of the entire DCBG-based FOV expander when it is 

illuminated with 𝜆2within a different time domain 𝑡2. In this case, the VHG  corresponding to 

the central portion of the target output FOV has a significant DE response since it is constructed 

with 𝜆2. The Bragg condition of the central VHG  diffract the input angular range from -10° to 

+10° to the output field region form the -10° to +10°. Meanwhile, unlike the case with illumination 

of 𝜆1  within the time domain 𝑡1 , the two peripheral regions have a noticeable amount of DE 

response at the edge of the input filed region.  One thing worth mentioning is that a Δ𝜆 of 35 nm 

is claimed to be the minimum wavelength different for wavelength multiplexing in the case of 90° 

FOV expansion. However, the wavelength different in this case is only 20 nm but the DE response 
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when the VHG  is illuminated with a different wavelength of light is negligible. Therefore, the 

requirement of Δ𝜆 need to be specifically defined for certain case of DCBG based FOV expander. 

 
 

Figure 3.20 DE profile of the FOV expander under the illumination of 𝜆2 = 658 𝑛𝑚 at a 

different time domain 𝑡2. 

Once the Bragg condition of each VHG   has been determined, the next step is to perform 

the DE simulation based on the RCWA algorithm. The RCWA simulation is performed using the 

commercial software RSoft from the Synopsys Inc.  Fig. 3.21 below shows the DE response 

comparison of the VHG  responsible for the centre −10° to 10° angular region simulated by the 

RCWA and ACWA algorithm, respectively. Via comparison, the reflection DE profile obtained 

using the two algorithms are quite close to each other. One thing worth mentioning is that, since 

the 1st diffraction order has the same value, but opposite direction compared to the incoming light 

in the unslanted grating case, RSoft intrinsically defines this diffraction order to be the 0th 

diffraction order. The hight order diffractions are also set to be calculated and plotted in RSoft; 

however, no higher order diffractions are generated based on the result of RCWA simulation. This 



93 
 

reveals that the DE performance of the unslanted grating is well matched with what it should be 

expected based on the ACWA algorithm, which is only one diffraction order will be generated. In 

addition, the angular bandwidth, the angular location corresponding to the peak and null of the DE 

profile are also matched with the profile obtained using the ACWA. Although the peak DE 

calculated in the RCWA algorithm is about 80%, while the peak DE calculated in the ACWA 

algorithm is about 83%, a 3% of discrepancies is negligible compared to the high DE response 

within the angular bandwidth. In conclusion, the VHG constructed based on the unslanted structure 

should be reliable and the discrepancies should not be a potential issue in a practical 

implementation. Also, this result matched with the plotting for unslanted grating obtained by 

Moharam as shown in the Fig. 3.18.  

Figure 3.21 DE profile of the unslanted grating simulated by a) the RCWA algorithm and 

b) the ACWA algorithm. 

Fig. 3.22 below shows the DE response comparison of the slanted VHG  responsible for 

diffracting the input angular region of 0° to 10° to the output angular region of 10° to 20° of the 

target 40 °  FOV which simulated by the RCWA and ACWA algorithm, respectively. Via 

comparison, at least two noticeable facts can be realized directly: 1) hight order diffractions are 
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generated and the corresponding DE value is too high to be ignored, which will cause issue in 

terms of cross talk or ghost image in the practical imaging implementation; 2) the angular 

bandwidth of the first diffraction order, which denoted as (-1,0)R in the RCWA plotting, is 

matched with the angular bandwidth obtained in ACWA. For example, the angular locations of 

the first null-to-null are about −2° and 22° for the case of RCWA, while the first null-to-null 

locates at about −1.67° and 21.95° for the case of ACWA. The angular location for the peak DE 

locates at about 3.5° and 16.5°, while the peak DE locates at about 3.47° and 16.5°. Nevertheless, 

the maximum DE obtained in the case of RCWA is about 30% less compared to the case of ACWA 

algorithm. According to the pink curve denoted as (0,0)T in Fig. 3.22 a), most of the light is 

directed transmitted through the VHG rather than be reflected. Such a large number of 

discrepancies also matched with the result founded in Moharam’ paper.  

 
Figure 3.22 DE profile of the slanted grating simulated by a) the RCWA algorithm and b) 

the ACWA algorithm. 

 

 

 



95 
 

Chapter 4. Summary 

In this thesis, three optical related challenges: 1) material-limited FOV, 2) étendue 

conversation, and 3) display resolution for the waveguide combiner based AR-NED are defined 

and potential solutions, a novel usage of Digital Micromirror Device (DMD) and Volume 

Hologram Grating (VHG) to solve the challenges are presented. In Chapter 1, the three optical 

challenges and their corresponding potential solution are introduced. Firstly, the material-

limitation is caused due to the limited index of refraction of the material itself, which limits by the 

maximum allowable propagating angular angle under the TIR condition. Although this issue can 

be solved by using a glass material with higher index of material, it is still hard-pressed to meet 

the FOV requirement for AR-NED, which is critical to deliver an immersive experience. To 

overcome this challenge, we proposed the idea of first multiplexing the wide FOV image in time-, 

angular- and wavelength domains by the DMD based pattern steering which introduced in Chapter 

2, and decoding the multiplexed images by the VHG based FOV expander that introduced in 

Chapter 3. 

In Chapter 2, we proposed the concept of utilizing the sawtooth phase profile of the 

micromirror to angularly modulate the incoming light. Accordingly, it is feasible, and has been 

presented to deliver high DE light across the full 48° angular swipe of the DMD. Furthermore, the 

sawtooth phase profile of DMD can be combined with binary amplitude grating patterns to not 

only angularly but also spatially modulate the incident light. Hereby, a hybrid modulation 

technique defined as the Angular and Spatial Light Modulation (ASML) is developed, and the 

technique was implemented into beam steering application to achieve high scanning resolution, 

wide scanning range, and fast scanning rate simultaneously. Based on the ASLM beam steering 

technique, a ASLM based pattern steering was also proposed by author’s team, which replacing 
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the binary amplitude grating with binary intensity images for display application. In this manner, 

multiple images, or multiple portions of the same image can be swiftly display across the 48° 

angular throw with kHz of refresh rate. Each image, or each portion of the image is displayed in a 

time-multiplexing manner, and therefore each of them equips with the physical resolution of the 

DMD. As a result, the display resolution and the space-bandwidth product can be effectively scaled 

up by the number of diffraction order given by the sawtooth phase grating structure of the DMD 

micromirror. Accordingly, the second optical challenge mentioned in Chapter 1, which is the mass 

amount of resolution required for AR-NED can be solved. In addition, the third optical challenge 

which is the étendue conservation limitation, is also partially solved by enlarging the display FOV 

provided by the DMD itself. 

ASLM pattern steering technique multiplexes images while increasing overall information 

throughput. A wide FOV image can be split into multiple portions in the angular domain, and be 

steered sequentially in the time domain. Each of them can propagate through the same angular 

range of a band-limited waveguide to meet the TIR condition. Furthermore, thanks to the high 

refresh rate of DMD, it is possible to using the same scheme to deliver different spectral portions 

of an image within the eye integration time. Nevertheless, these time-, angular-, and wavelength-

multiplexed portion of the image need to be de-multiplexed such that the original image can be 

viewed by a viewer. Also, for a better immersive experience, we also try to double the FOV of the 

displayed image from the microdisplay. To achieve the goal, in Chapter 3, author proposed the 

concept of DCBG-based FOV expander which consisted of multiple layers of VHG with different 

Bragg condition. Since each layer of the VHG has a certain high angular sensitivity based on their 

own Bragg condition—that means, each layer of the VHG only diffract a certain angular portion 

of the delivered image, while the adjacent layer of the VHG correspond to the adjacent angular 
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position of the delivered image. As a result. the proposed DCBG-based FOV expander has the 

potential to decodes the time- and angular-multiplexed images to its original angular region. 

Furthermore, since VHG is also wavelength sensitive, so it is possible to engineer the Bragg 

condition of each layer of VHG such that the incident light can transmit or be diffracted based on 

the spectral response of the VHG. By using two wavelengths of light within the same color channel, 

the FOV of the image can be doubled by the wavelength multiplexing scheme. In this manner, the 

étendue of the entire system can be further enlarged. 

Simulation results reveal that the approach works well for the purpose of achieving 90° FOV 

in the 1st order manner when the wavelength separation is on the order of 35 nm for wavelength 

multiplexing. Corresponding survey of state-of-the art laser diodes shows that in green region, a 

pulsed LD with 535 nm wavelength is needed, though there is no viable solution except for direct 

modulation of DPSS laser. Furthermore, the current 1st order design is built based the Kogelnik’s 

Approximate Couple Wave Theory (ACWA). However, the ACWA assuming only one diffraction 

order existed while multiple diffraction order could present in a rigorous manner which introduced 

crosstalk across the aperture. Besides, the FOV expander scheme required two wavelengths for 

wavelength multiplexing within the same color channel to be greater than 35 nm. Such wavelength 

different requirement will be hard-pressed when it comes to choose the appropriate green LD for 

prototyping, which requires new architecture or solution for wavelength multiplexes the green 

channel of the image. Furthermore, Moharram’s numerical analysis based on the Rigorous Couple 

Wave Analysis showed that a noticeable discrepancy in terms of the DE could present for the case 

of slanted grating. Such result has been proved by simulating a slanted and unslanted grating for 

the design of achieving a 40° FOV. As a result, the FOV expander shall be further analyzed and 

optimized based on the Rigorous numerical analysis.  
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Journal 

1. Brandon Hellman, Chuan Luo, Guanghao Chen, Joshua Rodriguez, Charles Perkins, Jae-
Hyeung Park, and Yuzuru Takashima, "Single-chip holographic beam steering for lidar by a 
digital micromirror device with angular and spatial hybrid multiplexing," Opt. Express 28, 
21993-22011 (2020) 

Conference Articles 

1. Chuan Luo, Brandon Hellman, Guanghao Chen, Joshua Rodriguez, Charles Perkins, Jae-
Hyeung Park, and Yuzuru Takashima, “Single-chip DMD-based hybrid holographic beam 
steering for lidar” accepted to Emerging Digital Micromirror Device Based Systems and 
Applications XIII, SPIE Photonics West (2021)  

2. Ted Liang-tai Lee, Chuan Luo, Brandon Hellman, and Yuzuru Takashima, “Pulsed 
illumination driver with intensity control and RGB mixing capabilities for high-resolution 
near-eye display”, Submitted to AR/VR/MR 2021, SPIE Photonics West (2021) 

3. Brandon Hellman, Chuan Luo, Ted Liang-tai Lee, and Yuzuru Takashima, “MEMS-based 
Angular and Spatial Light Modulation for Lidar and AR Displays”, Frontiers in Optics 2020, 
Washington DC (2020) 

4. Chuan Luo, Yuzuru Takashima “Design, Optimization, and De-sensitizing of Radiation Hard 
Wide Angle Space-mission Camera”, Frontiers in Optics 2020, Washington DC (2020) 

5. Yuzuru Takashima, Brandon Hellman, Joshua Rodriguez, Chuan Luo, Young-Sik Kim, and 
Jae-Hyeung Park, “Lidar Optical Architectures with Digital Micromirror Devices”,  CLEO 
2020 ATTR: Optical Technologies for Autonomous Cars and Mobility II (AF2M.3) 

6. Chuan Luo, Brandon Hellman, Guanghao Chen, Joshua Rodriguez, Diego Jimenez, Charles 
Perkins, Jae-Hyeung Park, Ali Akoglu, and Yuzuru Takashima, ” Reduction of Effective Pixel 
Pitch of Digital Micromirror Device for Lidar Transmitter and Receiver”, CLEO 2020 ATTR: 
Optical Technologies for Autonomous Cars and Mobility I (AF1M.4.) 

7. Yuzuru Takashima, Brandon Hellman, Joshua Rodriguez, Chuan Luo, Iain Donnelly, T. L. 
Lee, X. Deng, Y. Kim, H. Choi, E. Evans, E. Kang, and D. Kim, “MEMS Imaging Lidar” 
Invited for ICO-OWLS-2020 (www.ico25.org) 

8. Yuzuru Takashima, Chuan Luo, Brandon Hellman, Ted Lee, Xianyue Deng, Jiafan Guan, 
Heejoo Choi “Emerging Technologies for Optics in Future: from AR Displays to Lidar”, 
Specially invited paper and panel discussion for The 56th Annual Meeting of the Japanese 
Society of Ophthalmological Optics (Focus 2020) in Yokohama, Japan. 
(https://www.56jsoo.com/program) 

http://www.ico25.org/
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9. Yuzuru Takashima, Brandon Hellman, Chuan Luo” Lidar and AR Displays by MEMS-based 
Angular and Spatial Light Modulation”, Invited for 12th International Conference on Optics-
photonics Design and Fabrication (ODF 2020) in Taoyuan, Taiwan. 

10. Yuzuru Takashima, Brandon Hellman, Joshua Rodriguez, Chuan Luo, Iain Donnelly, Ted 
Liang-tai Lee, Xianyue Deng, Youngsik Kim, Heejoo Choi, Erik Evans, and Daewook Kim, 
“Imaging LIDARs by Digital Micromirror Device” Specially Invited Paper for Imaging 
Sensing and Optical Memory (ISOM 2019). 

11. Yuzuru Takashima, Brandon Hellman, Joshua Rodriguez, Guanghao Chen, Braden Smith, 
Adley Gin, Alonzo Espinoza, Paul Winkler, Cameron Perl, Chuan Luo, Eunmo Kang, 
Youngsik Kim, Heejoo Choi, and Daewook Kim, “MEMS-based Imaging LIDAR” Invited for 
OSA E2 conference in Singapore (2018) 

12. Nicholas Mennona, Chuan Luo, Guang-hao Chen, Sunglin Wang, Chris Summitt, and Yuzuru 
Takashima “Interactive Graphical User Interface for Ray Aberration Generator 3.0 (Invited 
Talk)” presented at Research Experience for Undergraduates Symposium October 22-23 2017, 
(http://www.cur.org/conferences_and_events/student_events/reu/) 
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