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A B S T R A C T   

We propose a waveguide-based near-eye display featuring a dual-channel exit pupil expander, which is 
composed of an in-coupler, relay gratings, and an out-coupler. Unlike the conventional waveguide-based near- 
eye displays, whose field of views are usually non-split or partially split, our dual-channel exit pupil expander is 
able to evenly split the field of view into two halves. The greatest benefit of doing so is that the upper limit of 
field of view could be significantly increased. The design rules for all components, including the microdisplay, 
collimating lens, waveguide and gratings, have been studied. The refractive index and dimension of waveguide 
are identified as two factors that limit the field of view. In what follows, its key specifications are recapitulated. 
Field of view is 70◦ (diagonal), eye relief is 15 mm, exit pupil is 20 × 9 mm2, modulation transfer function is 
above 0.591 at 30 cycle/degree, contrast ratio is 13, and distortion is 1.38%.   

1. Introduction 

In November 2019, PricewaterhouseCoopers released a market 
research report titled “Seeing is believing” to foresee the economic po
tential of virtual reality (VR) and augmented reality (AR) over the next 
decade [1]. By 2030, VR and AR are going to contribute 1.5 trillion US 
dollars’ worth of gross domestic product to the world. For both VR and 
AR to pull off “Seeing is believing”, near-eye displays (NEDs) play the 
most important role. Due to an insignificant discrepancy that VR is 
opaque while AR is transparent, the technology roadmaps of VR and AR 
diverge from the very beginning. For VR, the predominant NED archi
tectures are the simple magnifiers [2–4]. With no exceptions, all main
stream VR devices, e.g. Rift (Oculus), Vive (HTC) and Gear VR 
(Samsung), fall into this category. For AR, things are complicated. There 
are a diversity of architectures. Most are based on free-space combiners 
[5–9] and waveguides [10–23]. Few are with contact lenses [24–28]. 
Which category is the best? The community has yet to reach a consensus. 
At the time being, it seems that major players tend to vote for wave
guides, especially, those with diffractive/holographic gratings to expand 
the exit pupil. Typical examples are HoloLens 1 [29] & 2 [30] (Micro
soft), One (Magic Leap) [31], Titan (WaveOptics) [32] and Crystal50 
(DigiLens) [33]. If compared with their VR counterparts, these AR de
vices could outrival in many aspects, like exit pupil or eyebox and form 
factor. But when it comes to field of view (FOV), AR devices are defi
nitely no match for VR devices. 

Despite that VR and AR set sails along different paths, they are 
probably heading towards the same destination. Therefore, it is legiti
mate to prophesy that one particular NED solution might eventually 
consolidate both VR and AR. In search of such a NED, we hereby present 
a waveguide-based NED and reveal its potential for the said purpose. 

2. Design rules 

2.1. Exit pupil expander 

The hardcore role of exit pupil expander (EPE) is to duplicate or 
clone a single pupil into many. Fig. 1 outlines the plan view of dual- 
channel exit pupil expander, which consists of the in-coupling grating, 
left/right relay grating, and out-coupling grating. The in-coupling 
grating is supposed to coincide with the exit pupil of collimating lens. 
To avoid the confusion with the exit pupil at the eye relief (ER), the 
foregoing exit pupil is referred to as input pupil (IP) hereafter. Having 
two sub-gratings with their slant angles being opposite, in-coupling 
grating can guide the light into the waveguide towards both left and 
right directions or channels. For the central field, its propagation angle 
θwg inside the waveguide equals the critical angle θc of total internal 
reflection (TIR), as will be discussed later. Left/right relay grating, 
having five sub-gratings each side, rotates the optical path by the angle α 
(relative to x-axis) and splits the optical path five times in a row. Out- 
coupling grating, having a total of 10 (horizontal) by 10 (vertical) 
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sub-gratings, couples the light out of the waveguide, thus duplicating 
the pupil two dimensionally. As shown in Fig. 2, where the collimating 
lens is generalized as a simple magnifier, center-to-center distance Lir/ 
Lro between the adjacent in-coupling/relay and relay/out-coupling sub- 
gratings is 

Lir/ro = 2NTIRDtanθwg (1)  

where NTIR is the number of TIR and D the thickness of waveguide. For a 
given center-to-center distance, D is inversely proportional to NTIR. 
Table 1 summarizes the parameters for our EPE, where W/Wi/Wr/Wo 
and H/Hi/Hr/Ho are the horizontal and vertical dimensions of 
waveguide/in-coupling grating/left/right relay grating/out-coupling 
grating, respectively. 

2.2. k-domain 

In a spherical coordinate [34], a wave vector k can be written as 

k = (kx, ky, kz) =
2πn

λ
(sinθcosφ, sinθsinφ, cosθ) (2)  

where n is the refractive index of medium, λ the wavelength, θ the polar 
angle, and φ the azimuthal angle. When the medium is air, for the wave 
vectors emerging from a source to be able to incident to a waveguide, 
their polar and azimuthal angles could range from 0◦ to 90◦ and 0◦ to 
360◦, respectively. If to plot all the possible wave vectors in XY plane, as 
shown in Fig. 3, these wave vectors could fill up a yellow circle with a 
radius Rair 

Rair =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

k2
x(θ = 90◦

) + k2
y(θ = 90◦

)

√

=
2πnair

λ
(3)  

where nair is the refractive index of air. When the medium is waveguide, 
for the wave vectors to be able to propagate within the waveguide, polar 
angles shall be greater than the critical angle θc of total internal reflec
tion, i.e. θc < θ < 90◦. As a result, the domain of all allowable wave 
vectors is represented by a green ring, whose inner and outer radii are 

Rin = Rair (4)  

and 

Rwg =
2πnwg

λ
(5)  

respectively, where nwg is the refractive index of waveguide. Now, 
consider a source emitting a finite range of wave vectors bound by a 
rectangular field of view (FOV) and invoke the grating equation [35] 
that relates the incident angle θair in air to the diffracted angle θwg in 
waveguide as 

nairsinθair − nwgsinθwg =
mλ
p

(6)  

where m is the diffraction order, and p the grating period. For θair 
varying from FOVair1 to FOVair2 and θwg from FOVwg1 to FOVwg2, the 
difference of wave vectors in both air and waveguide are identical as 

nair(sinFOVair1 − sinFOVair2) = nwg
(
sinFOVwg1 − sinFOVwg2

)
(7)  

meaning that the area of k-domain of FOV is well conserved regardless of 
the medium, wavelength, grating period and diffraction order. From this 
conclusion, it follows that the k-domain of FOV must be containable by 
both yellow circle and green ring. For the case of non-split FOV, as 

Fig. 1. Plan view of dual-channel exit pupil expander, which consists of the in- 
coupling grating, left/right relay grating, and out-coupling grating. Left/right 
relay grating, having five sub-gratings each side, rotates the optical path by the 
angle α (relative to x-axis) and splits the optical path five times in a row. W/Wi/ 
Wr/Wo and H/Hi/Hr/Ho are the horizontal and vertical dimensions of 
waveguide/in-coupling grating/left/right relay grating/out-coupling grating, 
respectively. 

Fig. 2. Cross-section view of dual-channel exit pupil expander. The collimating lens is generalized as a simple magnifier. For the central field, its propagation angle 
θwg inside the waveguide equals the critical angle θc of total internal reflection. 

Table 1 
Parameters of exit pupil expander.  

Object Parameter Value 

Waveguide W 48 mm 
H 27.46 mm 
D 3.02 mm 
nwg (546 nm) 1.8127 
θwg 33.49◦

In-coupling grating Wi 8 mm 
Hi 4 mm  

Left/right relay grating α 60◦

Wr 20 mm 
Hr 4 mm 
Lir 4 mm  

Out-coupling grating Wo 40 mm 
Ho 20 mm 
Lro 8 mm  
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shown in Fig. 3(a), if Rwg − Rair ≤ 2Rair, the upper limit of diagonal FOV 
measured in air is 

FOVmax = 2sin− 1
(

nwg − nair

2nair

)

(8)  

If Rwg − Rair > 2Rair, FOVmax is 180◦. For the case of split FOV, as shown 
in Fig. 3(b), if Rwg − Rair ≤ Rair, the upper limit of diagonal FOV 
measured in air is 

FOVmax = 2sin− 1
(

nwg − nair

nair

)

(9)  

If Rwg − Rair > Rair, FOVmax is 180◦. Fig. 4 shows the maximum diagonal 
FOV with respect to the refractive index of waveguide. It can be seen 
that when the refractive index of waveguide is 1.8, the maximum 

diagonal FOVs are 47◦ and 106◦ for the non-split and split cases, 
respectively. When the refractive index of waveguide exceeds 3, both 
cases can reach their ceilings at 180◦. This seems impossible or mean
ingless in that the waveguide—if it is flat and homogenous—cannot be 
infinitely large. However, for non-flat or inhomogeneous waveguides, a 
180◦ FOV is achievable. 

2.3. Field of view 

For in-coupling grating, its grating equation states that 

nairsinθin

nwg
− sinθwg =

mλ
nwgpi

(10)  

where pi is the grating period of in-coupling grating. For out-coupling 

Fig. 3. Domains of all allowable wave vectors propagating in air (yellow circle) and waveguide (green ring) observed in XY plane. k-domains of FOV are denoted as 
red rectangles, which can be (a) non-split, or (b) split after entering into the waveguide. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 

Fig. 4. Maximum diagonal FOV with respect to the refractive index of waveguide. It can be seen that when the refractive index of waveguide is 1.8, the maximum 
diagonal FOVs are 47◦ and 106◦ for the non-split and split cases, respectively. When the refractive index of waveguide exceeds 3, there will be no difference between 
two cases. 
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grating, its grating equation states that 

nairsinθout − nwgsinθwg =
mλ
po

(11)  

where po is the grating period of out-coupling grating. Subtracting Eq. 
(10) from Eq. (11) yields 

nair(sinθout − sinθin) = mλ
(

1
po

−
1
pi

)

(12)  

When the grating periods of in-coupling and out-coupling gratings are 
equal, FOV can be conserved, i.e. FOV is decided by the projector formed 
by the microdisplay and collimating lens. 

2.4. Microdisplay 

For smart glasses or headsets, liquid crystal on silicon (LCoS) and 
organic light-emitting diode (OLED) on silicon are the two most widely 
adopted types of microdisplays [36]. Power consumption wise, LCoS 
outrivals OLED hands down. We nevertheless prefer to design with the 
latter for it is self-emissive, eliminating the necessity of light source and 
beam splitter. As an available option, ECX335S (Sony) is chosen as the 
microdisplay [37], the specifications of which are itemized in Table 2, 
where the diagonal size Dm is 0.7 in. (17.78 mm), resolution is 1920 ×
1080, brightness is 3,000 nit, and contrast ratio (CR) is 100,000. 

2.5. Collimating lens 

As shown in Fig. 5, for the light to be perfectly collimated, the 
microdisplay is located at one focal length f away from the lens, thereby 
forming a virtual image at the infinity, whose FOVair can be determined 
from 

FOVair = 2tan− 1
(

Dm

2f

)

(13) 

For Dm = 15.5 × 8.72 mm and f = 12.7 mm, FOVair = 63◦ × 38◦. 
Given the lens aperture A and lens clearance d, IP could be calculated as 

IP = A − 2⋅d⋅tan
(

FOVair

2

)

− 2⋅D⋅tan
(

FOVwg

2

)

(14)  

where 

FOVwg = 2sin− 1
(

nairsin(FOVair/2)
nwg

)

(15) 

For A = 9.9 × 5.2 mm, d = 0.1 mm and D = 3.02 mm, IP = 8 × 4 mm. 
For a quick look-up, the above parameters are itemized in Table 3. 

2.6. Achromatic cemented doublet 

For the prime performance, sometimes designing a collimating lens 
can be intimidating [38]. That being said, a minimal design will be more 
desirable for wearable devices. Pursuant to this philosophy, we are in 
favor of achromatic cemented doublet, which comprises two lenses 
made from glasses with different amounts of dispersion [39]. As a rule of 
thumb, a common achromatic doublet is the combination of a positive 

lens of crown glass with large Abbe number and a negative lens of flint 
glass with small Abbe number. Under first-order approximation, to zero 
out the net dispersion, the power of positive lens P1 and power of 
negative lens P2 should be correlated by [39] 

P1 + P2 =
1
f

(16)  

and 

P1

V1
+

P2

V2
= 0 (17)  

where V1 and V2 are in turn the Abbe numbers of positive and negative 
lenses. Without preference, K7 (crown) and F2 (flint), both from Schott, 

Table 2 
Parameters for microdisplay.  

Object Parameter Value 

Microdisplay Dm (diagonal) 0.7 in. (17.78 mm) 
Dm (horizontal) 15.50 mm 
Dm (vertical) 8.72 mm 
Resolution 1920 × 1080 
Brightness 3,000 nit 
CR 100,000  

Fig. 5. Optical path diagram of microdisplay and collimating lens. Dm is the 
size of microdisplay, f the focal length of collimating lens, A the lens aperture, 
d the lens clearance, FOVair the field of view measured in air, and IP the 
input pupil. 

Table 3 
Parameters for collimating lens.  

Object Parameter Value 

Collimating lens f 12.7 mm 
FOVair 63◦ × 38◦

d 0.1 mm 
A 9.9 × 5.2 mm 
IP 8 × 4 mm  

Table 4 
Tentative parameters for achromatic cemented doublet.  

Object Parameter Value 

Positive lens (K7) P1 100 m− 1 

refractive index @546 nm 1.5131 
V1 60.41 
radius of curvature (front) 6.2126 mm 
radius of curvature (back) − 29.3346 mm  

Negative lens (F2) P2 − 21.260 m− 1 

refractive index @546 nm 1.6241 
V2 36.37 
radius of curvature (front) − 29.3346 mm 
radius of curvature (back) ∞ mm  
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are picked as our lens materials. Resorting to the lensmaker’s equation 
[39], tentative parameters for the achromatic cemented doublet, which 
are subject to change, can be obtained as in Table 4. 

2.7. In-coupling grating 

In-coupling grating is composed of two blazed gratings [40] with 
opposite directions, as depicted in Fig. 6, where hi is the grating height, 
pi the grating period, and βi the slant angle. To couple light into the 
waveguide, two blazed gratings function as the reflection grating, for 
which the incident angle θi and diffraction angle θm of mth order
—relative to the waveguide normal Nwg—shall obey 

pi(sinθi − sinθm) =
mλ
nwg

(18)  

For the FOV to be bisected by the central field (θi = 0◦), θm = θc = 2βi. 
When λ = 546 nm and m = − 1, then θm = 33.49◦, βi = 16.75◦, hi =

164.24 nm, pi = 545.85 nm. For the FOV to be non-split or partially split, 
either the microdisplay can be tilted, or let θm > θc. 

2.8. Relay grating 

Relay grating is constructed as rectangular or binary gratings [41], as 
shown in Fig. 7, where hr is the grating height, pr the grating period, and 
wr the grating width. Referring to Fig. 8, the azimuthal angles of incident 
and diffracted fields differ by the angle α and the plane of incidence is 
inclined by the angle θm relative to waveguide normal Nwg. The incident 
angle θir, diffraction angle θmr of mth order, and grating period pr shall 
satisfy 

pr(sinθir − sinθmr) =
mλ
nwg

(19)  

where 

θir = − θmr = sin− 1
(

sinθmsin
(α

2

))
(20)  

When λ = 546 nm, m=+1, θm = 33.49◦ and α = 60◦, θir = − θmr = 16.02◦

and pr = 545.85 nm. It is interesting to note that, in this particular case, 
the period of relay grating is identical to that of in-coupling grating. 
According to the scalar diffraction theory [42], to suppress the nonzero 
even orders, the fill factor needs to be 50%, i.e. wr = pr/2 = 272.93 nm. 
Moreover, to suppress the zeroth order, the phase modulation needs to 
be π, i.e. hr = λ/2(nwg − nair) = 336.05 nm [42]. 

2.9. Out-coupling grating 

Out-coupling grating, as shown in Fig. 9, can be deemed as the 

conjugate of in-coupling grating for it would counteract the in-coupling 
grating and reverse the light back to its original state. To pull this off, in- 
coupling and out-coupling gratings shall share the same grating period 
and slant angle. 

3. Results and discussion 

3.1. Diffraction efficiency 

The modeling of gratings is performed on VirtualLab Fusion (Wyr
owski Photonics), which leverages the Fourier modal method [43] to 
rigorously compute the diffraction efficiency (DE). The design wave
length is Mercury e-line (546 nm). Dense flint glass SF6 (Schott) with a 
refractive index of 1.8127 at 546 nm is selected as the substrate material. 
Per the design rules elaborated previously, Table 5 lists the parameters 
for in-coupling, relay and out-coupling gratings. To ensure the unifor
mity across the entire eyebox, it is necessary to modulate the DEs for 
different exit pupils. For both in-coupling and out-coupling gratings, 
their efficiencies can be adjusted by the thickness of coating of 
aluminum. As shown in Fig. 10, DE of reflected first order (blue line of 
R1) increases with respect to the thickness of aluminum until it saturates 
after 38 nm. The efficiency of transmitted zeroth order (red line of T0), 
on the contrary, falls off all the way through. For the see-through AR, 
thin coating is recommended for out-coupling grating for the sake of 
transparency. For the non-see-through VR, coating thickness can be 
maximized. For the relay grating, DE can be adjusted by the grating 
height, as shown in Fig. 11. In accordance with the scalar diffraction 
theory, the peak of DE occurs at 336.05 nm. Speaking of the grating 
fabrication, the technique may vary depending on the need. For the 
research, electron-beam lithography, direct laser writing, focused ion 
beam and holography [44] are versatile but time-consuming. For the 
industry, deep ultraviolet lithography and nanoimprint lithography are 
more suitable for mass production. 

3.2. Field of view, eye relief and exit pupil 

In the horizontal direction, as shown in Fig. 12, the yellow- 
highlighted region marks the intersection of left and right FOVs. The 
width of intersection is defined as horizontal exit pupil EPh, which has a 
maximum when 

ER =

Wo
4 − D⋅tan

⎛

⎜
⎜
⎝sin− 1

⎛

⎜
⎜
⎝

nair sin

(
FOVh

2

)

nwg

⎞

⎟
⎟
⎠

⎞

⎟
⎟
⎠

tan
(

FOVh
2

) (21)  

where ER denotes the eye relief and FOVh the horizontal FOV. For Wo =

Fig. 6. Profile of in-coupling grating, which is composed of two blazed gratings with opposite directions. hi is the grating height, pi the grating period, βi the slant 
angle, θi the incident angle, θm the diffraction angle of mth order, Nwg the waveguide normal, and Ng the grating normal. 
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40 mm and FOVh = 63◦, ER = 15 mm and EPh = 20 mm. In the vertical 
direction, as shown in Fig. 13, vertical exit pupil EPv monotonically 
decrease as the eye relief increases, which could be formulated as 

EPv = Ho − 2⋅D⋅tan

⎛

⎜
⎜
⎝sin− 1

⎛

⎜
⎜
⎝

nairsin
(

FOVv
2

)

nwg

⎞

⎟
⎟
⎠

⎞

⎟
⎟
⎠ − 2⋅ER⋅tan

(
FOVv

2

)

(22)  

where FOVv is the vertical FOV. For Ho = 20 mm and FOVv = 38◦, EPv =

9 mm. From the above equations, it is also important to note that, apart 
from the refractive index, the dimension of waveguide is another factor 
that keeps the expansion of FOV in check. As shown in Fig. 14, as the 
horizontal/vertical FOV rises to 120◦, if the eye relief and exit pupil are 

unchanged, the required horizontal and vertical dimensions of out- 
coupling grating are 112 and 65 mm, respectively, somewhat imprac
tical for wearable devices. Incidentally, as to the chromatic dispersion, 
the loss of FOV could be eluded by taking advantage of narrowband 
color scheme [45]. 

3.3. Modulation transfer function 

The imaging performance is quantitatively analyzed with Code V 
(Synopsys). Whereas Code V is a ray-tracing-based tool, it could handle 
the diffraction gratings with the scalar diffraction theory. Fig. 15 out
lines the optical surfaces being engaged in the simulation. The optical 
path is arranged in the backward direction as the object—i.e. the virtual 
image of microdisplay—is located at the infinity. Waveguide is defined 
by surfaces 1 and 2, the diffractive properties of which are assigned as 
linear blazed gratings with ±1 orders, respectively. Collimating lens is 
defined by surfaces 3, 4 and 5. Prior to the optimization, radii of cur
vature of surfaces 3 and 4 and thicknesses of surfaces 3, 4 and 5 are set as 
variables. For the optimization, the error function is transverse ray ab
erration and the constraint is to target the effective focal length to be 

Fig. 7. Profile of relay grating, which is a rectangular or binary grating. hr is the grating height, pr the grating period, and wr the grating width.  

Fig. 8. Geometry of incident angle θir, diffraction angle θmr of mth order, and 
waveguide normal Nwg. The azimuthal angles of incident and diffracted fields 
differ by the angle α and the plane of incidence is inclined by the angle θm 
relative to waveguide normal Nwg. 

Fig. 9. Profile of out-coupling grating, which can be deemed as the conjugate of in-coupling grating for it would counteract the in-coupling grating and reverse the 
light back to its original state. 

Table 5 
Parameters for in-coupling, relay and out-coupling gratings.  

Grating Type Parameter Value 

In-coupling Blazed pi 545.85 nm 
hi 164.24 nm 
βi 16.75◦

Relay Rectangular pr 545.85 nm 
hr 336.05 nm 
wr 272.93 nm 

Out-coupling Blazed po 545.85 nm 
ho 164.24 nm 
βo 16.75◦

C.P. Chen et al.                                                                                                                                                                                                                                 
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12.7 mm. After the optimization, the final parameters are automatically 
tweaked as in Table 6. As shown in Fig. 16, modulation transfer function 
(MTF) is calculated as a function of the spatial frequency in cycle/degree 
for the fields of 0◦ (central) and 35◦ (tangential and radial). At 30 cycle/ 

degree—corresponding to the benchmark of 20/20 vision [46]—MTFs 
of all fields are above 0.591. 

3.4. Contrast ratio 

Contrast ratio hinges on the MTF of optical system as well as CR of 
microdisplay CRm as [47] 

CR =
CRm + 1 + MTF⋅(CRm − 1)
CRm + 1 − MTF⋅(CRm − 1)

(23) 

As the resolution is 1920 × 1080 and FOV = 70◦, the spatial fre
quency is 15.74 cycle/degree. Revisiting Fig. 16, for the field of 0◦, MTF 
= 0.858. Hence, CR = 13 (CRm = 100,000). 

3.5. Distortion 

Distortion—the displacement of image height or ray location—is 
graphed in Fig. 17, from which it can be seen that the distortion up to the 
field of 35◦ is 1.38%. 

3.6. Simulated imaging 

Fig. 18 shows the original image alongside the virtual image. 
Compared to the original one, the virtual image has a mild pincushion 
distortion and noticeably reduced brightness at large field angles. 

Fig. 10. DE of both in-coupling and out-coupling gratings versus the thickness 
of coating of aluminum. DE of reflected first order (blue line of R1) increases 
with respect to the thickness of aluminum until it saturates after 38 nm. The 
efficiency of transmitted zeroth order (red line of T0), on the contrary, falls off 
all the way through. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 11. DE of relay grating versus the grating height. In accordance with the 
scalar diffraction theory, the peak of DE occurs at 336.05 nm. 

Fig. 12. Illustration of horizontal exit pupil. For Wo = 40 mm and FOVh = 63◦, 
ER = 15 mm and EPh = 20 mm. 

Fig. 13. Illustration of vertical exit pupil. For Ho = 20 mm, ER = 15 mm, and 
FOVv = 38◦, EPv = 9 mm. 

Fig. 14. As the horizontal/vertical FOV rises to 120◦, if the eye relief and exit 
pupil are unchanged, the required horizontal and vertical dimensions of out- 
coupling grating are 112 and 65 mm, respectively. 

C.P. Chen et al.                                                                                                                                                                                                                                 
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4. Conclusions 

A waveguide-based NED with a dual-channel EPE and design rules 
thereof have been comprehensively investigated. Unlike the existing 
EPEs, which do not split [29,31] or partially split [30] the FOV, our dual- 
channel EPE fully (or evenly) splits the FOV into two halves. By doing so, 
the upper limit of FOV can be significantly hiked. The refractive index 

and dimension of waveguide are identified as two factors that limit the 
FOV. In what follows, its key specifications are recapitulated. FOV is 70◦

(diagonal), eye relief is 15 mm, exit pupil is 20 × 9 mm2, MTF is above 
0.591 at 30 cycle/degree, CR is 13, and distortion is 1.38%. As the major 
glass vendors—e.g. Schott [48] and Corning [49]—are ambitious in 
pushing the envelope of refractive index of glass, the waveguide-based 
NED would possibly become the ultimate optical solution for both AR 
and VR. 

Fig. 15. Optical surfaces being engaged in the simulation. The optical path is arranged in the backward direction as the object—i.e. the virtual image of micro
display—is located at the infinity. Waveguide is defined by surfaces 1 and 2, the diffractive properties of which are assigned as linear blazed gratings with opposite 
orders. Collimating lens is defined by surfaces 3, 4 and 5. 

Table 6 
Parameters of optical surfaces used in Code V.  

Surface Surface type Radius (mm) Thickness (mm) Medium Diffractive property 

object (image) sphere infinity infinity air n/a 
1 (waveguide) sphere infinity 3.0200 SF6 linear grating (blazed) 
2 (waveguide) sphere infinity 0.1000 air linear grating (blazed) 
3 (collimating lens) asphere 6.2362 0.7679 K7 n/a 
4 (collimating lens) asphere − 29.9965 0.3800 F2 n/a 
5 (collimating lens) sphere infinity 11.9357 air n/a 
image (microdisplay) sphere infinity 0.0000 air n/a  

Fig. 16. MTFs calculated as a function of the spatial frequency in cycle/degree 
for the fields of 0◦ (central) and 35◦ (tangential and radial). At 30 cycle/degree, 
MTFs of all fields are above 0.591. 

Fig. 17. Distortion calculated with respect to the field angle. It can be seen that 
the distortion up to the field of 35◦ is 1.38%. 
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