
82 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 29, NO. 1, JANUARY 1, 2017

Analysis and Implementation of Hologram Lenses
for See-Through Head-Mounted Display

Seungjae Lee, Byounghyo Lee, Jaebum Cho, Changwon Jang, Jonghyun Kim, and Byoungho Lee, Fellow, IEEE

Abstract— We introduce an approach to implementation of
see-through head-mounted displays using hologram lenses, which
are categorized by holographic optical elements. The hologram
lenses magnify displayed images and superimpose the magnified
images on the real-world simultaneously, which allows system
configuration to be compact. Here, we investigate imaging prop-
erties and optical issues of hologram lenses using the spectral
analysis of light field. Also, the astigmatism of hologram lenses
is analyzed and its compensation method is proposed and verified.
We conclude by describing display results and a practical
application of the proposed method.

Index Terms— Holographic optical components, displays,
optical device fabrication.

I. INTRODUCTION

AUGMENTED reality (AR) is a promising display tech-
nology that integrates the real-world environment and

computer-generated information. Display systems for AR such
as see-through head-mounted displays (HMD) are mainly
composed of display modules and image combiners. Method-
ology to implement image combiners is the core technology,
determining the display performance and economical values.
Ideal image combiners would be compact, show high trans-
mittance, and form clear virtual image of large field of view.
Several approaches have been proposed for implementation
of the image combiners, including applications of free form
optics [1], [2], index matched optics [3], [4], diffractive [5] or
holographic optical elements (HOEs) [6]–[10].

Here, we introduce an approach to realization of an image
combiner using a hologram lens that is categorized by HOEs.
The hologram lens can perform the roles of concave and half
mirrors simultaneously, which allows system configuration
to be compact. In addition, the hologram lens is thin and
light weight, since it is recorded in a thin holographic film.
Furthermore, the optical path of incident light is flexible so
that it can be modified, which secures degree of freedom for
the shape of HMD.

There have been similar works that applied HOEs for
imaging lenses. See-through HMD system using a hologram
lens was first reported in 1999 [6], [7]. However, this system
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Fig. 1. (a) Recording and (b) reconstruction processes of hologram lenses:
When a deviated reference wave is introduced, the signal wave is converged on
a shifted focal point. (c) Illustration of image formation by hologram lenses.

suffered from optical aberrations involved by hologram lenses.
Peng et al. [9] introduced a head-up compensation system
that enables hologram lenses to form much clearer images.
However, the size and cost of the compensation system could
be a limitation in HMD. Recently, it was reported that aber-
ration of hologram lenses can be reduced by modulation of
computer generated hologram [11]. Although this method has
clear merits for digital holographic displays, it is not applicable
to 2-dimensional HMD. In this letter, we propose a practical
approach for 2-dimensional HMD, which effectively alleviates
the aberration caused by hologram lenses.

The contributions of this study are as follows: First, we
establish imaging equation of hologram lenses and investigate
astigmatism of hologram lenses. Second, in order to verify the
analysis, the image formation by hologram lenses is simulated
based on ray optics and spectral analysis of light field. Third,
an optical compensation method for astigmatism of hologram
lenses is proposed and verified via implementation of a pro-
totype. We conclude with the evaluation of the prototype and
a practical application of the proposed method.

II. PRINCIPLE

A. See-Through HMD Using Hologram Lenses

Hologram lenses are volume gratings that transform a
specific wavefront (plane wave) to a predefined converging
wavefront [12], which are fabricated via a recording process
shown in Fig. 1(a). An interference pattern between reference
and signal waves is recorded in a holographic material as
a volume grating. The recorded hologram lens reconstructs
the signal wave when the reference wave is introduced to
the hologram lens. Since the signal wave is reconstructed
via diffraction of the reference wave, the hologram lens can
be considered as a lens that modulates the reference wave.
In addition, the hologram lens can be transparent since most
of wavefronts from real-world scene can pass through the holo-
gram lens without diffraction due to the angular selectivity.
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On the other hand, employing hologram lenses as imaging
lenses involves optical issues. Imaging lenses can form an
image of a point source by collecting light rays from the
point source on another point. However, hologram lenses are
designed to concentrate a specific wavefront into a focus point.
When a deviated reference wave is introduced to a hologram
lens, the incident wave is focused on a shifted focal point by
Bragg mismatched reconstruction as shown in Fig. 1(b). Only
if there is a linear relation between the incident angle of the
deviated plane wave and the shifted angle of the focal point,
the hologram lens could be employed as an imaging lens [11],
as illustrated in Fig. 1(c). These optical issues are thoroughly
analyzed in Section 3.

B. Optical Characteristics of Volume Gratings

First, we will focus on a fundamental form of volume grat-
ings (volume Bragg grating), which can be applied to inves-
tigating optical characteristics of hologram lenses based on
local approximation [13]. The fundamental grating is recorded
by an interference pattern between two plane waves where the
average refractive index of the volume grating is assumed as 1,
for convenience in analysis. Then, the fundamental grating can
be represented by a grating vector kg = [kgx, kgy, kgz], which
is given by

kg = ks − kr, (1)

where ks and kr denote the wavevectors of signal and reference
waves in the recording process, respectively. After the record-
ing process, if a probe wave is introduced to the fundamental
grating, a diffracted wave is reconstructed and its wavenumber
is determined by the probe wave since the wavelength is
constant.

When we consider a relatively thin volume grating rep-
resented by the superposition of infinite gratings [14], the
wavevector of the diffracted wave kd is given by

kd = [kgx + k px , kgy + k py, kdz], |kd |2 = k2
0, (2)

where kp = [k px, k py, k pz] is the wavevector of the probe
wave, and k0 is the wavenumber of the probe wave. Using
Eq. (2), we can derive the relationship between the probe and
diffracted waves. For instance, the relationship in 2D space is
given by

θd = sin−1 (
sin θs + sin θr − sin θp

)
, (3)

where θs , θr , θp are the incident angles of the signal, reference,
and probe waves, respectively. θd denotes the diffracted angle
of the diffracted wave.

III. HOLOGRAM LENSES

A. Imaging Equation

Using Eq. (3), we can establish the imaging equation of 1D
hologram lenses in 2D space (yz plane). We consider a
hologram lens that is recorded by an interference pattern
between a converging wave with the focal point at (0, f ) and
a plane wave at the incident angle of θr . As shown in Fig. 2,
a light ray is generated from a point light source P located

Fig. 2. Local approximation of a hologram lens to the fundamental grating.

at (p tan θr+h, p) and introduced to the hologram lens at angle
of θr +φ. As the light ray is introduced to a point Q(q, 0), the
light ray is transformed by the hologram lens. If we locally
approximate the hologram lens as fundamental grating, Eq. (3)
can be applied to determination of the transformed ray vector.

The propagation direction (ψ) of the transformed light rays
is defined as follows.

sinψ = sin( fsig(q))+ sin θr − sin(θr + φ), (4)

where fsig(y) = tan−1(−y/ f ) is a function that denotes local
propagation directions of the converging wave recorded in the
hologram lens. If ψ , φ, and q are sufficiently small, Eq. (4)
is approximated to

ψ ≈ fsig(q)− φ cos θr = − q

f
− φ cos θr . (5)

Therefore, optical path of the transformed rays can be
described with an equation of a straight line that is given by

y − h + h

f
z =

(
−p sec2 θr + zp sec2 θr

f
− z cos θr

)
φ, (6)

where q is approximated to h − pφ sec2 θr . Eq. (6) is arranged
relating to φ so that we can determine the y and z coordinates
of the imaging point R that the transformed light ray passes
regardless of φ. Accordingly, we can derive the imaging
equation and magnification ratio of the hologram lens as
follows.

1

z
= 1

f
− cos3θr

p
, M = − z

p
cos3θr , (7)

where z is the distance from the hologram lens to the image,
and M is the magnification ratio of the hologram lens. In
short, hologram lens has a distinctive imaging equation that is
correlated with the term of cos3 θr .

B. Simulation to Investigate Imaging Property of Hologram
Lenses

Analysis in the previous section is reliable when the vari-
ables ψ , φ, and q are sufficiently small. In order to investigate
optical issues that may occur in practical applications where
the variables could be large, we conduct imaging simulation
in general conditions based on spectral analysis of light
field [15]. Under the two-plane parameterization for 2D light
field representation [16] shown in Fig. 3(a), 2D light fields or
epipolar image (EPI) of a 1D object M(y) that extends along
the line z = p is given by

l(u, s) = M(u + p

z0
s). (8)
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Fig. 3. (a) Two-plane parameterization for 2D light field representation.
EPI of (b) an object and (c) its image formed by a hologram lens, where
D = 25 mm, a = 25 mm, p = 29.46 mm, f = 100 mm, and z0 = 20 mm.
(d) Fourier transformed EPI of the image.

Fourier transform of light field l(u, s) from the constant
depth of p is given by

L( fu , fs) = 2πL0δ(− p

z0
fu + fs), (9)

where L0 is the 1D Fourier transform of light field l(u, 0),
and δ(·) is the Dirac delta function. Details of this derivation
can be consulted in the spectral analysis paper [17]. Eq. (9)
shows that EPI of the 1D object with the constant depth is
represented by a straight line in the frequency domain. Also,
the slope of the straight line is determined by the depth of the
object. If a 1D object has a varying depth between the zmin
and zmax due to optical aberration, the EPI of the object is
bounded in the frequency domain by two straight lines given
by

gmin : − zmin

f
fu + fs = 0, gmax : − zmax

f
fu + fs = 0. (10)

Figs. 3(b)-3(d) describe the imaging simulation of 2D light
fields from a 1D object. First, 2D light fields of a plane
object, which occupies a line segment, are constructed. The
light field information is transformed by a hologram lens
with the diameter of D and the focal length of f . Note that
the transformed light field information denotes the EPI of an
image of the plane object. Fig. 3(d) shows that the EPI of the
image fills a triangular region in the frequency domain, which
indicates the optical aberration of the hologram lens. However,
if we employ a low-pass filter that limits diffusing angle of
the plane object, the optical aberration of the hologram lens
can be alleviated. When the diffusing angle is limited to 2.5°,
the transformed light field shows a local part of the original
field, and its Fourier transform approximately forms the shape
of a straight line.

C. Astigmatism

The imaging equation of the 1D hologram lenses can be
applied to investigating imaging properties of 2D hologram
lenses in 3D space. In this letter, we cover a specific example
of 2D hologram lens for the simplicity of analysis, which can
be extended to general hologram lenses. We suppose a 2D
hologram lens on xy plane, which is recorded by employing
a converging wave with the focal point at (0, 0, f ) and a
plane wave with the wavevector of k0[0,− sin θr ,− cos θr ].

Fig. 4. Implementation of a prototype: recording and reconstruction
processes. Two different lens curvatures are recorded according to the sagittal
(zx) and transverse planes (yz) to alleviate astigmatism of hologram lens:
Lens 1 has fx = f y = 100 mm, Lens 2 has fx = 45 mm, fy = 100 mm,
and Lens 3 has fx = 50 mm, f y = 105 mm.

According to Eq. (1), the local grating vector of the hologram
lens is given by

kg(a, b, 0) = ks(a, b, 0)− k0[0,− sin θr ,− cos θr ],
ks(a, b, 0) = k0

(a2 + b2 + f 2)1/2
[−a,−b, f ], (11)

where kg(a, b, 0) and ks(a, b, 0) denote the local grating
vector and wavevector of the signal wave at the point (a, b, 0)
on the hologram lens. When a probe wave with a wavevector of
k0[− cos(θr +φy) sin φx ,− sin(θr +φy),− cos(θr +φy) cosφx ]
is introduced to the hologram lens, a diffracted wave is
reconstructed, which can be derived by substituting Eq. (11)
in Eq. (2).

We analyze imaging properties of the 2D hologram lens
by dividing it into two perpendicular x and y sub-hologram
lenses. The y sub-hologram lens is defined in the yz plane,
referred to as the transverse plane where a and φx are constant.
On the other hand, the x sub-hologram lens is defined in the
zx plane, referred to as the sagittal plane where b and θr +φy

are constant. Applying paraxial approximation to each case,
we can derive two different imaging equations according to
the sagittal and transverse planes.

1

zx
= 1

f
− cos θr

p
,

1

zy
= 1

f
− cos3 θr

p
, (12)

where a point source is placed at P(0, p tan θ, p). Conse-
quently, two images of the point source at P are formed
by the y and x sub-hologram lenses, referred to as the
astigmatism of the hologram lens. This astigmatism can be
optically compensated in the recording process. For instance,
we can employ a converging wave that focuses on two different
points in the sagittal and transverse planes. When θr is 45°,
the converging wave should satisfy following condition to
compensate astigmatism.

1

fx
− 2

fy
= −1

z
, (zx = zy = z) (13)

where fx and fy denote focal points of the converging wave
in the sagittal and transverse planes, respectively.

IV. EXPERIMENTS

A. Prototype Implementation of See-Through HMD

A prototype of see-through HMD is implemented as shown
in Fig. 4. In the recording process, a converging wavefront
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Fig. 5. Left: Astigmatism compensation and imaging performance of
hologram lenses. Right: Practical application of the prototype.

from spherical and cylindrical lenses is recorded in a pho-
topolymer. The cylindrical lens is employed for recording
different lens curvatures in the sagittal and transverse planes.
We use a green laser (532 nm) for coherent light source.
A reference wave of the plane wavefront is introduced to the
photopolymer at the incident angle of 45°. Three different
lenses are implemented and analyzed: lens 1 has the same
curvatures in the two perpendicular planes; lenses 2 and 3
have different curvatures that are designed for the imaging
distance of 500 and 1000 mm, respectively.

The reconstruction system is composed of projection mod-
ule, diffuser, and hologram lens. The projection module is
divided into a laser projector and a collimating lens. The
laser projector has a green light source with single wavelength
of 522 nm. The collimating lens converts a diverging beam
from the laser projector to a collimated projection beam.
Since the projection beam is scattered by the diffuser, we can
consider that a plane object is floated on the diffuser. We utilize
holographic diffusers from Edmund with a limited diffusing
angle that functions as the low-pass filter. The hologram lens
forms an image of the plane object that can be dynamically
changed by laser projector. The prototype is designed for
single eye, which can be duplicated for stereoscopic HMD.

B. Evaluation

We evaluate the astigmatism compensation method and
investigate imaging performance of the prototype as described
in Fig. 5. For comparison, images formed by an ordinary holo-
gram lens (lens 1) are presented. According to the images, the
lens 1 shows blurred image since only horizontal information
is focused at 500 mm while vertical information is focused at
70 mm. On the other hand, lenses 2 and 3 are implemented via
the compensation method. Each lens has different focal points
at the sagittal and transverse planes as described in Fig. 5.
Compared to the lens 1, lenses 2 and 3 form clearer images
with the reduced astigmatism.

Transparency and an application of the prototype are also
described in Fig. 5. We mimic a navigation system using the
prototype. A printed Google street view is used for background
and placed at 500 mm from a camera. As shown in the
results, the real-world scene of high contrast and bright-
ness is observed beyond the hologram lens (lens 2 in Fig. 5).

Detailed specifications of the prototype are described as
follows: The diffuser has the diffusing angle of 5°, which
guarantees pupil size of 13 mm. The virtual image floated
by the prototype has field of view (FOV) of 18° × 18°. The
thickness of the hologram lens is less than 2 mm. Ghost effect
is observed in the prototype, which can be alleviated using
anti-reflection glasses.

V. CONCLUSION

We proposed a novel approach to implementation of see-
through HMD using hologram lenses for realization of AR.
We have improved imaging properties of hologram lenses in
a practical and economical way by recording a modified con-
verging wave and employing low-pass filtering. A prototype
was implemented in order to show the validity of the proposed
system and verify the compensation method. We expect that
our method could be an effective way to implement see-
through HMD and give novel inspirations for the realization
of advanced methods.
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