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Abstract: The paper presents the characterization of the field of view (FOV) in a holographic
waveguide display (HWD) with a broadband spectrum image source. The influences of pa-
rameters such as grating slanted angle of volume holographic grating (VHG), grating period,
and effective refractive index are systematically analyzed. We optimized the parameters and
calculated the maximum FOV of monochromatic and chromatic HWD. A multilayered VHGs
structure is proposed to enlarge the FOV effectively without additional cost and optical
design. We also build a rigorous simulation model to verify the feasibility of the multilay-
ered structure. The theoretical maximum FOV of monochromatic and chromatic HWD are
presented after optimization.

Index Terms: Field of view, volume holographic grating, holographic waveguide display.

1. Introduction

The HWD technology is becoming widely used in the application of see-through devices. It involves
the image source, the diffractive optical elements and the planar waveguide [1]. The VHGs are
applied as the diffractive optical elements (DOEs) which steers the light with high angular and
wavelength sensitivity [2]. It benefits from its light weight, small thickness and high ambient light
transmittance [3], [4], but also suffer from the narrow operating angular range (i.e., narrow FOV)
and severe chromatic dispersion in color display applications.

Before, the FOV for a HWD was principally discussed based on the single wavelength image
source like a laser applied as the light source. So the FOV is directly related to the diffractive angular
bandwidth (DAB) of the VHG. And the multiplexing VHGs configuration with different grating periods
were proposed to widen the DAB [5], [6].

Nowadays, various kinds of micro-displays such as organic light emitting diode (OLED), liquid
crystal on silicon (LCOS) with LED backlight can be served as the image source of HWD [7].
And these micro-displays usually have broadband spectrums rather than the single wavelength
of a laser source. When the broadband spectrum micro-display is applied, the FOV depends on
both the incident light spectrum and the DAB. Some researchers have mentioned the FOV for a
broadband spectrum HWD [8]-[10]. However, as we know, the characterization of FOV performance
in broadband spectrum HWDs has not been discussed systematically so far.
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Fig. 1. (a) Basic configuration for a HWD. (b) Propagation mechanism of light beams in the waveguide.
(c) Angular response of reflective VHG. FWHM is the full width at half maximum value of the angular
response.

In this paper, the characterization of FOV in a broadband spectrum HWD is presented, considering
the incident Bragg angle range (IBAR) and DAB. The refractive index of waveguide and parameters
of a volume grating which include the slanted angle and period are studied to reveal the relativities
between the FOV and these parameters. The optimized scheme is proposed to achieve the largest
range of FOV by adjusting the above parameters. To further enlarge the FOV, a multilayered VHGs
structure is applied and a rigorous simulation model based on the finite element method (FEM) is
built to verify the performance of the design.

2. FOV Characterization

Fig. 1 shows the basic principle of a HWD [11]. The effective refractive index of a reflective VHG
is designed same as that of the waveguide material. As a result of the collimation lens, light from
different pixels will be collimated into different angles and incident onto the in-coupling VHG. The
reflective VHG diffracts the incident light and makes the diffracted light beams propagate in the
waveguide under the total inner reflection (TIR) condition. After propagation, the light beams exit
the waveguide when diffracted by the out-coupling VHG which is normally placed as the mirrored
symmetry with the in-coupling VHG. For a full-color display, the multilayered RGB VHGs could be
used as the in-coupling and out-coupling optical elements. The images from the micro-display can
be received by the eyes of the viewer [see Fig. 1(a)] when the collimated light is converged to
different corresponding points on the retina [12]. The maximum angle range received by human
eye indicates the FOV. However, for the traditional waveguide-based near-eye display system, the
eyebox and exit pupil will decrease with the increase of the horizontal FOV. The exit pupil and
eyebox of HWD can be effectively expanded by means of controlling the diffraction efficiency of the
out-coupling VHG. The exit pupil magnification principle was studied before [13].

As shown in Fig. 1(b), Bragg diffraction occurs when the incident light entered the in-coupling
VHG with corresponding wavelengths and angles. The propagating angle in the waveguide is 2& +
A6. Here, & is the grating slanted angle of VHG refer to waveguide plane. A0 represents the incident
angle in the waveguide and it is zero for normal incidence. The propagating angle 2¢ + A6 should
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Fig. 2. Characterization of FOV considering two different micro-display sources. (a) FOV calculation
when incident wavelength is 532 nm, (b) FOV calculation when incident wavelength varies from 490 nm
to 565 nm.The incident angle range of pink dashed rectangular represents the FOV.

satisfy the TIR condition [14], that is,
1
arcsin e 28 + AO < Omax (1)

The upper limit of propagation constraints 6max depends on the distance L between in-coupling
and out-coupling VHGs and thickness t of the planar waveguide as shown in Fig. 1(a), which can
be expressed by

L
Omax = arctan T (2)

In practical application, the eye box distribution should also be considered. Generally speaking,
TIR angle over 80° with 2 mm thick waveguide creates very coarse eye-box distribution for individual
field rays.

When the incident angles and the wavelengths match the Bragg condition, the diffractive efficiency
can reach the peak value. However, if incident angle deviates from the Bragg angle in the certain
wavelength, the diffraction efficiency will drop to zero rapidly according to Kogelnik’s rigorous
coupled wave theory [2]. As shown in Fig. 2(a), if a HWD uses the single wavelength light source
with wavelength of 532 nm as an example, FOV equals to the DAB of the VHG directly. When
the light illuminated from the micro-display has a wide spectrum as shown in Fig. 2(b). Both the
incident light field function f;(x, A6) and diffraction function fo(1, A6) which is determined by VHG
have common variables, so the output diffraction efficiency of HWD among viewing angle can be
expressed by the following function:

n(x, AO) = f1(x, AB) * fa(A, AB) (3)

Where f1(1, A6) is the micro-display spectrum in different incident angles, fo(A, Af) represents
the angular response in the certain A6 and A.

As shown in Fig. 2(a) and (b), the incident wavelength A and incident angle A6 on the green
dashed line in the figure of function fo(1, Af) satisfy the Bragg condition, the diffraction efficiency
can always reach 100%. When the incident wavelength A and incident angle A6 are deviated
from Bragg condition, the DAB can be calculated with the function fo(1, A6). And the IBAR can
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Fig. 3. (a) Bragg wavelength distribution considering propagation restrictions and incident wavelength
range. (b) The IBAR when Bragg wavelength at 0° incidence of VHG is 532 nm, the effective refractive
index is 1.52.

be calculated with the Bragg condition curve (green dashed line) if the micro-display spectrum is
known. As shown in Fig. 2(b), the pink dashed rectangular represents the FOV of HWD with a
broadband spectrum which can be calculated by three components: IBAR, DAB1 and DAB2.

As mentioned above, it's worth noting that the IBAR is also influenced by the propagation con-
straints in the waveguide. The effect of VHG parameters on the IBAR considering the propagation
constraints will be discussed in detail below.

3. FOV in Monochrome HWD

3.1. Incident Bragg Angle Range (IBAR)

In the exposure process of reflection VHG, object light and reference light are interfered on the
dry holographic plate from different sides of the plate [15].In this case, reference light is assumed
to be perpendicular to the holographic plate, and object light is incident at a certain angle, which
determines the grating slanted angle &. Interference fringes will be formed by the interference of
reference light and object light in the photopolymer material. The grating period A (distance between
the adjacent fringes) of reflection VHG is calculated by the following equations:

)
A=
2ncosé

(4)

Where & is the grating slanted angle, Ao is the incident wavelength at 0° incidence, n is the
effective refractive index of VHG. When incident light wavelength A and incident angle A@ satisfy
the Bragg condition of reflective VHG, the theoretical diffraction efficiency can reach nearly 100%.
This reconstruction process after exposure can be expressed by the Bragg equation:

Ao

A= cosfp = Ao cos (¢ + AH) (5)
Y B~ cost

If incident light wavelength varies in the green wave spectrum (490 nm-565 nm) [16], the Bragg
wavelength distribution of reflection VHG is calculated by the (5) as shown in Fig. 3(a). In Fig. 3(a),
the green dashed line represents the Bragg wavelength at 0° incidence which is 532 nm. The
effective refractive index of waveguide and VHG is 1.52. The blue solid straight lines 2¢& + A6 =
arcsin% and 2& + AO = Omax represent the boundary of propagation constraints from the (1). In
Fig. 3, the maximum possible propagation angle 6max is 80°. The blue and yellow solid curves
represent the Bragg wavelengths on the boundary of green visible spectrum. In Fig. 3(a), the IBAR
firstly increases with the grating slanted angle & increases and finally reaches the maximum value
17.53° when & = 25.15°. After that, the IBAR decreases. Therefore, it is possible to find the best
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Fig. 4. (a) IBAR of reflection VHG with different refractive indexes. Bragg wavelength at 0° incidence
of VHG is 532 nm. (b) IBAR of reflection VHG under different Bragg wavelengths at 0° incidence. The
refractive index is 1.52. Incident light wavelength varies from 490 nm to 565 nm.

parameters of VHG and waveguide to realize the maximum IBAR. The Fig. 3(b) shows the detailed
values of the IBAR in different grating slanted angles.

Fig. 4(a) shows the IBAR of VHG with three different refractive indexes. When refractive index
is 1.3, the grating slanted angle & changes from 20° to 42°, the maximum IBAR is 14.72°. When
refractive index is 1.52, the grating slanted angle & changes from 14° to 42°, the maximum IBAR
is 17.53°. When refractive index is 1.8, the grating slanted angle & changes from 9° to 42°, the
maximum IBAR is 20.5°. Therefore, with the increase of refractive index n, both of the grating
slanted angle range and IBAR will become wider.

Fig. 4(b) shows the IBAR of VHG under different 1o. The refractive index in Fig. 4(b) is set
as 1.52 and the 1o (Bragg wavelength at 0° incidence) is 560 nm, the possible grating slanted
angles & changes from 10° to 40°. If the grating slanted angle ¢ is 21.35°, the maximum IBAR in
the waveguide can reach 15.42°. When the Bragg wavelength at 0° incidence is 520 nm, grating
slanted angle & is in the range of 16° to 42.5°, if grating slanted angle is 26.98°, the maximum
IBAR in the waveguide is 18.42°. When the Bragg wavelength at 0° incidence is 500 nm, grating
slanted angle varies in the range of 19° to 44°, and the maximum IBAR 20.42° is reached as the
grating slanted angle is 29.81°. Therefore, the grating slanted angle range rises with the increase
of Bragg wavelength at 0° incidence, but the maximum IBAR in the waveguide will be reduced on
the contrary.

3.2. Optimum for VHG Parameters

Based on the above discussion of grating parameters effect on the IBAR, we can design the grating
parameters (the effective refractive index n, grating slanted angle &, and grating period A) to optimize
the IBAR. As shown in Fig. 5(a), after optimization, Bragg wavelength at 0° incidence is 534 nm,
grating slanted angle & is 24.9°, grating period is 193.7 nm, the effective refractive index n is 1.52
and the maximum IBAR can reach 17°. The changing trend of IBAR with the variation of grating
slanted angle is shown in Fig. 5(b). To fabricate the optimized VHG, we should calculate the incident
angle of object and reference beams when using 532 nm solid laser. The calculation method has
been introduced in detail before [17].

FOV in HWD is not only related to the IBAR but also involves the DAB of the corresponding
Bragg wavelength at a certain incident angle as shown in Fig. 2(b). Based on the optimized grating
parameters, the corresponding DAB of Bragg wavelength at incident angle —8.5° and 8.5° in
waveguide (n = 1.52). When light is incident at 8.5°, corresponding Bragg wavelength is 490 nm,
the DAB is only 3°, as shown in Fig. 6(a). However, when light is incident at —8.5°, corresponding
Bragg wavelength is 565 nm, the DAB is 8°, as shown in Fig. 6(b). According to Section 2, FOV in
HWD can be calculated by the IBAR, DAB1 and DAB2. However, when incident angle &6 is —8.5°
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Fig. 6. (a) DAB2 at 8.5° incident angle; (b) DAB1 at —8.5° incident angle; (c) FOV considering DAB2
in the incident angle range. The refractive index modulation of VHG is 0.05, thickness is 10 um, and
grating slanted angle is 24.9°.

and the grating slanted angle & is 24.9°, the propagation angle 2¢ + A6 in the waveguide is equal
to the TIR angle 41°. In order to ensure the propagation angle is greater than the TIR angle, the
DAB when incident angle is —8.5° should be ignored. As a result, the FOV in HWD with optimized
parameters can be enlarged to 18.5° in the waveguide, 28.3° in air. Based on the above analysis,
the theoretical maximum FOV can be calculated by the following equation:

FOV:IBAR+¥ (6)
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Fig. 7. Bragg wavelength distribution of RGB VHGs. Bragg wavelength at 0° incidence of RGB VHGs is
(a) 470 nm, (b) 534 nm and (c) 660 nm, respectively. Refractive index of VHG and waveguide is 1.52.

4. FOV in Chromatic HWD

This paper adopts a multilayered RGB VHGs waveguide structure to realize color display. The thick-
ness of single RGB VHGs is 10 um, while waveguide thickness is 2 mm, so the thickness of mul-
tilayers VHGs can be ignored. The restrictions of incident light should be consistent with that listed
in Section 2. Assuming that wavelength ranges of incident light are RGB visible light wave band,
which are 606 nm—710 nm, 490 nm—-565 nm and 454 nm—-485 nm, respectively [16]. Fig. 7 shows
the Bragg wavelength distribution of RGB multilayered VHGs. Changing the Bragg wavelength at 0°
incidence of RGB VHGs can shift the Bragg wavelength distribution in the incident angle range. To
realize colorful display in the whole FOV, the RGB IBARs should remain the same region as large
as possible, as shown in Fig. 7. The refractive index of RGB VHGs is 1.52, the Bragg wavelength at
0° incidence of RGB VHGs is 660 nm, 534 nm and 470 nm. Therein, blue VHG has the narrowest
IBAR, which is about 9°, as shown in Fig. 7(a). So the IBAR of blue VHGs determines the RGB
IBARs. We mainly discussed influences of blue VHG parameters on the IBAR in the next section.

4.1. Optimum for VHG Parameters

The IBAR of blue VHG with different refractive indexes is shown in Fig. 8(a). When the refractive
index increases, the possible range of grating slanted angle becomes wider, the maximum IBAR
also increases. As shown in Fig. 8(b), the possible range of grating slanted angle increases with
the Bragg wavelength at 0° incidence, on the contrary, the maximum IBAR decreases.

4.2. Diffractive Angular Bandwidth (DAB)

As shown in Fig. 7, the IBAR of RGB multilayered VHGs is from —4.5° to 4.5°, but the DAB of Bragg
wavelength on the IBAR boundary must be considered to calculate the FOV. Fig. 9 shows the DAB
on the boundary of blue IBAR. As mentioned before, the DAB can become wider when the incident
light is closer to the grating vector. When light is incident in —4.5°, the DAB of blue VHG reaches
the peak values. On the contrary, when incident angle is 4.5°, the DAB of blue VHG will decrease
to 4°. Considering the DAB of blue VHG and propagation constraints, FOV of chromatic HWD in
the waveguide (n = 1.52) is 11°, and can reach 16.8° in air.

5. Multilayered VHGs Design for FOV Enlargement
5.1. In a Monochromatic HWD

FQOV of single green VHG waveguide structure (28.3°) is too narrow to satisfy the demand of
customer. On the analysis of the IBAR of monochrome VHG, we find that changing the Bragg
wavelength at 0° incidence can alter the IBAR and shift the location of IBAR. Therefore, we designed
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a multilayered VHGs structure, as shown in Fig. 10. The Bragg wavelength at 0° incidence of two
green VHGs is 500 nm and 560 nm, respectively, the Bragg wavelength distribution region of
VHGH1 just connects with that of VHG2. Light with positive incident angle only can be diffracted by
VHG1, and VHG2 diffracts the negative incident angle range of the structure. The IBAR can be
enlarged effectively by this method. When grating slanted angles of two VHGs are 20.5° and 30°,
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Fig. 12. (a) DAB2 at incident angle 14°; (b) DAB1 at incident angle —18°. The slanted angle of VHG1
and VHG2 is 20.5° and 30°. Grating thickness is 10 um, the effective refractive index is 1.52, and
refractive index modulation is 0.05.

the IBAR can reach the maximum value. To verify the performance, we built a simulation model of
the multilayered VHG structure based on FEM.

According to the above analysis, the IBAR is related to Bragg wavelength distribution of VHG.
As shown in Fig. 11(a) and (b) is the FEM model of green multilayered VHGs using COMSOL
Multiphysics which is a commercial finite element package. The multilayered VHGs structure is
illuminated by two light beams with two different wavelengths at normal incidence, respectively. In
simulation, the grating period of VHG1 is 212.7 nm, VHG2’s grating period is 175.6 nm. To ensure
the maximum IBAR, the grating slanted angles of VHG1 and VHG2 are 20.5° and 30°. The results
shown in Fig. 11(a) and (b) is only one example, because Bragg diffraction always occurs if only
the incident angle and wavelength satisfy the Bragg condition. All cases between incident angle
and wavelength which satisfy the Bragg condition of VHG1 and VHG2 are shown in Fig. 11(c). Pink
dashed lines in the figure represent the boundary of green visible light wave band. It is easy to find
that maximum IBAR can reach 32°.

Fig. 12 is the DAB when the incident angles are 14° and —18°, the incident wavelengths are
490 nm and 565 nm. The DAB is 4° when incident angle is 14°, and 10° when incident angle
is —18°. However, the DAB at the negative incident angle should be ignored because of the TIR
condition, so FOV of green multilayered VHGs in the waveguide (n = 1.52) can reach 34°, and
52.8°in air.

5.2. In a Chromatic HWD

As mentioned above, the IBAR of blue VHG limits the IBAR of RGB multilayered VHGs. As a result,
in order to enlarge color FOV, we need to extend the IBAR of blue VHG as shown in Fig. 13(a),
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Fig. 13. Bragg wavelength distribution and the DAB of blue multilayered VHGs. (a) Bragg wavelength
at 0° incidence of two blue VHGs is 454 nm and 485 nm, respectively; (b) The DAB2 when Bragg
wavelength at 0° incidence is 485 nm, incident angle is 7°; (c) The DAB1 when Bragg wavelength at 0°
incidence is 454 nm, incident angle is —10°.The effective refractive index is 1.52. Incident wavelength
of blue light varies from 454 nm to 485 nm. Grating slanted angle of blue VHG1 is 25.6°, and grating
slanted angle of blue VHG2 is 20.5°.

the expanded blue IBAR is composed of the IBARs under two different Bragg wavelengths at 0°
incidence (Log1 = 454 nm, Aggo = 485 nm). When grating slanted angles of blue VHG1 and VHG2
are 25.6° and 20.5°, the incident angle can vary from —10° to 7°, which is included in the IBAR of
red and green VHGs. The IBAR of red and green VHGs can be found in Fig. 7(b) and (c).

In order to match the blue IBAR, it is necessary to select appropriate grating slanted angles of
green and red VHGs. The grating slanted angles of red and green VHGs should be consistent with
that of the blue VHG2, so that the extended blue IBAR is among the IBAR of green and red VHGs.
So the grating slanted angle of blue VHG2, green VHG and red VHG is 25.6°, and grating slanted
angle of blue VHG1 is 20.5°.

Compared to the original single-layered VHGs, the multilayered structure can enlarge the IBAR
by 8°, which reaches 17° (—10° to 7°). As mentioned before, the calculation of color FOV in HWD
also needs considering the corresponding DAB2 of VHG on the boundary of the IBAR, as shown in
Fig. 13(b) and (c). After the calculation of the IBAR and DAB2, as well as considering the propagation
constraints, the actual FOV can reach 19.25° in the waveguide (n = 1.52) and 29.4° in air.

6. Conclusion

This paper characterizes the FOV in a monochromatic and chromatic HWD with broadband spec-
trum image source. The influences of grating parameters such as Bragg wavelength at 0° incidence,
grating slanted angle, grating period and the effective refractive index on the IBAR are discussed.
We build a rigorous model based on FEM to analyze the diffraction property of VHG, including the
diffraction efficiency and DAB. The possible maximum FOV in both monochromatic and chromatic
HWDs are 28.3° and 16.8° in air, considering the propagation constraints and the DAB. Then we
propose a simple multilayered VHGs structure for enlarging FOV further. After optimization, the
theoretical maximum monochromatic and chromatic horizontal FOV can be extended to 52.8° and
29.4° in air. This work presents the numerical analysis of FOV in HWD, which provides essential
theoretical guidelines for the design of near-eye waveguide display system.
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