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Abstract: We report a liquid lens based optical see-through head mounted display that can 
simultaneously display both a maxwellian view and a hologram. Holograms are reconstructed 
by an angular spectrum layer based synthesis method. A hologram and Maxwellian view are 
simultaneously displayed by focusing the liquid lens from 0 D to 20 D with 60 Hz. The 
hologram is reconstructed at a position 1.5 m from the eye, and it is confirmed that the 
Maxwellian view is clear, even if the focus of the eye changes from 50 cm to 1.7 m. In the 
proposed system, the liquid lens acts as a low-pass filter. Since the PSNR is about 23 dB in 
the currently used 10 mm diameter liquid lens, the image quality is not adequate. However, 
we successfully verify the feasibility of our proposed system. In addition, if a large diameter 
liquid lens of 30 mm or more is applied, excellent image quality of 30 dB or more can be 
realized. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction
Computer generated holograms are a useful and effective technology employed in various 
industrial fields [1]. They provide an environment similar to seeing real objects by 
reconstructing virtual objects in the air. Hologram displays are considered promising 
technology for the next generation 3D displays [2]. When someone see the object in the air, 
eyes collect several depth cues such as accommodation, binocular disparity, texture, color and 
motion parallax, etc. Conventional 3D display such as stereoscopic glasses, multiview, and 
integral imaging cannot provide all depth cue [3,4]. Basically, the hologram create voxels in 
the air by modulating complex amplitude of the light. Hence, the hologram in monocular 
vision, eye receive accommodation information from each voxels. Although computer 
generated holograms have progressed tremendously by advanced semiconductor technology, 
inevitable obstacles for commercialization remain, such as field of view (FOV) [5, 6], speckle 
noise [7–9], DC noise [10,11], a large processing load [12,13], etc. The hologram is an image 
reconstructed in space by controlling the complex amplitude of the light with spatial light 
modulators (SLMs) such as a liquid crystal on silicon (LCOS) [14, 16], a digital mirror device 
(DMD) [15], a transmissive liquid crystal panel [1], etc. Although SLM technology has been 
developed for decades, pixelate structure and large pixel pitch of the SLM cause image 
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quality related problems including FOV, exit pupil (Eye box), DC noise, and image 
resolution, as mentioned above. Recently, SLMs under several micron pixels have been 
released to overcome these issues, but they are not capable of creating large area high 
definition holograms. On the other hand, small area holograms can be reconstructed with 
sufficient resolution for augmented reality display and virtual reality displays. Recently, many 
studies related to hologram augmented reality and virtual reality head mount displays that can 
reconstruct high resolution and full color holograms have been presented [1,16]. 

Maxwellian view is a method of observation with extended depth of focus. If the light is 
focused on the entrance of the pupil, the eye will appear as a disc filled with light of uniform 
intensity [17]. Therefore, if the transparent screen is put into the system properly, the eye can 
see the image of the screen without accommodation. Hence, most accommodation-free 
displays use the maxwellian view principle [18,19]. As a typical example, a laser-MEMS-
scanner based Maxwellian display has been suggested as an AR device [19,20]. Unlike 
hologram, the Maxwellian displays do not provide accomodation in monocular vision. Thus, 
observer receives only 2D images. Since the depth of focus is extremely large, it is always 
possible to provide clear images regardless of the eye's performance (diopters, aberrations, 
etc.). 

Computer-generated holograms reconstruct realistic objects in the air, observer receives 
the 3D viewing experience and the 3D cues from the hologram. But, in this case, the eye only 
focuses on the small area due to the visual angle of the eye [21]. In other words, even if 
dozens of objects are created in the air, we can only see a small number of objects. Thus, in 
order to solve this hologram’s limitation, we combined the Maxwellian view with the 
holographic view, as the former provides clear images regardless of the focus of the eye. Our 
proposed display simultaneously provides both the holographic view and the Maxwellian 
view by 60Hz time multiplexing technique using a liquid lens. As far as we know, there has 
been no published research to synthesize both a hologram and a maxwellian view. 

In this paper, we verify the feasibility of an optical see-through head mounted display that 
time multiplexed expresses both a hologram and the maxwellian view using a liquid lens. 
Although all experiments are done on an optical table rather than with a wearable device, we 
have successfully verified the proposed technology. Section 2 describes the proposed system 
design, FOV, exit pupil, peak signal to noise ratio (PSNR) of hologram. The PSNR is the 
ratio between the maximum possible power of a signal and the power of corrupting noise that 
affects the fidelity of its representation. It shows that hologram quality is highly restricted by 
lens diameter. Section 3 presents the measurement results. Finally, Section 4 provides 
concluding remarks. 

2. Design and theory of our proposed optical see-through head mounted
display
2.1 The proposed optical see-through head mounted display 

Our proposed optical see-through head mounted display is illustrated in Fig. 1. A SLM 
(Holoeye, LC-2012) is used and the wavelength of the laser light source is 532nm 
(SUWTECH, DPGL-2150). Polarizers are used to set a phase-mostly mode of the SLM. 4F 
optics are used with a spatial filter to eliminate aliasing errors and DC noise. A liquid lens 
(Optotunes, EL-10-30-TC) is combined with a concave lens to adjust the diopter from 0 D to 
20 D. The liquid lens is controlled by a PC. If the liquid lens is set at 0 D, it acts like a 
transparent screen. Therefore, the hologram can be delivered to the eyes without any 
distortion. On the other hand, if the liquid lens is set with 20 D, the light is focused in the 
plane of the entrance pupil, and a maxwellian view is provided. Hence, the observer can see 
accommodation-free images. Commercially available liquid lenses are Varioptics and 
Optotunes. The Varioptics electrowetting liquid lens provides less outer size and no gravity 
problem, but it cannot give large diameter and a fast response. On the other hand, the 
Optotunes liquid lens can give a large diameter with high speed, but it has problems of small 
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diopter changing ratio, bulky size, and a gravity problem. Although the gravity problem 
causes a significant reduction of image quality, operation speed is much more important in 
our research and we therefore applied an Optotunes liquid lens on the beamsplitter, as shown 
in Fig. 1. The beam-splitter and the spatial filter are not proper choices for use with head-
mounted display optics due to the light paths, sizes and weights of these components. 
However, due to the small diffraction angle of the SLM, 4f optics with a spatial filter is an 
inevitable option to reconstruct the hologram [16]. The spatial filter and 4f optics can be 
removed, if the pixel pitch become sufficiently small. Moreover, the beam-splitter needs to be 
replaced with thin and lighter optical elements such as holographic film and a half-reflection 
mirror. In this paper, we focused on verifying the feasibility of an optical see-through head-
mounted display that simultaneously expresses both the holographic view and the Maxwellian 
view using a liquid lens (see Table 1). 

Table 1. Specifications of SLM and liquid lens 

Spatial Light Modulator (LC-2012) Liquid lens (EL-10-30-TC) 
Number of pixels 1024x768 Diotper range + 8.3 D ~ + 20 D

Pixel pitch 36 um (58% fill factor) Clear aperture(diameter) 10 mm 
Active area 36.9 x 27.6 mm Lens type Plano convex 
Frame rate 60 Hz Response time < 2.5 ms 

Fig. 1. Our proposed optical see-through head mounted display configuration. 

The FOV and the exit pupil are calculated for the holographic view and the Maxwellian 
view, respectively. In the proposed display, the holographic view is an unmagnified 
holographic display system [22]; hence, the FOV and the exit pupil can be expressed as 
follows: 

 FOV.H 2 arcsin
2 p
λ 

= ×  
 

(1) 

FOVExit Pupil.H d tan
2

 = ×  
 

 (2) 

In these equations, λ, p, and d denote the wavelength, the pixel pitch, and the distance 
between the hologram and the pupil plane, respectively. The holograms are reconstructed at a 
distance of 1.5m from the pupil plane. Thus, the FOV and the exit pupil are correspondingly 
0.85° and 11.27mm, sufficient to cover the movement of the pupil within 11.27mm x 
11.27mm (the pupil moves +/4mm when the eye gazes at +/−25deg). The FOV should be 
larger to cover pupil movement fully. Generally, diverging light-based holographic projection 
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can achieve a large FOV. However, it decreases the size of the exit pupil [22], and collimated 
illumination is necessary to achieve the Maxwellian view in the proposed display [17,18]. 

On the other hand, the Maxwellian view has a very small exit pupil [17], which is same 
with airy disk size, as shown in Fig. 5. Thus, the FOV and the exit pupil of the Maxwellian 
view can be expressed as 

FOV.M 2 arc tan  r
f

 
= ×  

 
(3) 

Exit Pupil.M 1.22 f
r
λ

= (4) 

r and f denote radius and focal length, respectively. In our proposed display, r and f are 5mm 
and 50mm, hence the FOV and the exit pupil is 11.42° and 6.5um. The exit pupil is too small 
to cover pupil movement. It is a major problem in the Maxwellian view display. To solve 
such a problem, light source position movement [23] and optical axis tiltable optical elements 
[24] are suggested as a solution. However, it still needs further study to enlarge the exit pupil
and the FOV.

2.2 Layer based synthesis hologram 

There are many ways to calculate complex amplitude for a hologram such as a point cloud 
based hologram [25], polygon based hologram [26], and layer based hologram [27], 
respectively. Compared with point cloud and polygon based holograms, a layer based 
synthetic hologram can be implemented easily and quickly without hologram image reduction 
[27,28]. In addition, an angular spectrum algorithm and a Fresnel diffraction algorithm were 
suggested as transfer functions for a layer-based hologram. However, due to the paraxial 
approximation of the Fresnel diffraction, using the Fresnel diffraction algorithm causes 
calculation errors in systems with a high numerical aperture [29]. Thus, in this paper, the 
angular spectrum from each layer was synthesized based on the fast Fourier transform. First, 
the complex 3D scene is divided into a few layers according to depth information, where i = 
1, 2… N is the index UN. Each layer is synthesized as a complex amplitude distribution of 
sub-holograms based on a fast Fourier transform (FFT). In addition, the complex amplitude of 
the sub-hologram is pointwise multiplied by the angular spectrum transfer function. Then, by 
adding all complex amplitude distribution of sub-hologram, we can obtain the complex 
amplitude distribution of the entire hologram, as shown in Fig. 2. 

( )
n 0

u, v, z FFT{ (x, y, )} H (u, v, )
N

N N n F nU U z z
=

= ⋅∑  (5) 

Where u and v are spatial frequencies. HF is an angular spectrum transfer function and it can 
be described as 

( ) 2 2 2 2u, v exp [ jkz 1 ]FH u vλ λ= − −   (6) 

where k = 2π/λ is the wave number and λ and z are respectively the wavelength and the 
propagation distance. 
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Fig. 2. Diagram of layer based synthesis hologram.

To avoid aliasing errors, the hologram should be reconstructed beyond the effective 
distance. The effective distance is related with the pixel pitch, the SLM width, and 
wavelength, and it can be expressed as 

2 2z L 4(Δ ) 1x λ−= −  (7) 
L and Δx denote the SLM width and the pixel pitch, respectively. The pixel pitch and the 

SLM width of our SLM are 36um and 36.9mm, respectively. Hence, the effective distance is 
around 5m. However, in our set-up, a liquid lens of 10mm diameter is used, and hence the 
effective distance is short, 1.35m. However, since the liquid lens serves as a low-pass filter, 
the smaller the lens diameter results in lower hologram quality, as shown in Fig. 3. The white 
letters in Fig. 3 indicate the diameter of the liquid lens. The first row shows bolts, the second 
row represents the gear, and the last row represents the cube. As the diameter of the liquid 
lens becomes larger, the information of the high-frequency region is added and the hologram 
is expressed more clearly. No diffusive reflection information is added because when we fill 
the inside of the hologram with diffusive random phase, the whole hologram looks blurry. 
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Fig. 3. Numerical calculated hologram by changing the liquid lens diameter (a-d) Bolt, (e-h) 
Gear, and (i-l) Cube. 

We performed numerical calculation of the PSNR between the original hologram and the 
band limited hologram for each case of liquid lens diameter, as can be seen in Fig. 4. The 
PSNR is expressed as 

( ) ( )

2

2
00 0

255PSNR 10log
1 ( , , )m n

rI m n I m n
mn

 
 

=  
 − 
 ∑ ∑

(8) 
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Fig. 4. PSNRs comparison by increasing the liquid lens diameter. 

Generally, a higher PSNR indicates higher image quality. In addition, the PSNR typically 
should be at least 30dB to guarantee image quality [30]. The numerically calculated PSNR is 
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enhanced by increasing the liquid lens diameter. Unfortunately, the currently used liquid lens 
is not sufficient to obtain more than 30dB. However, some researchers have developed larger 
diameter liquid lenses, which can be a solution to overcome the above problems [31–33]. 

2.3 Maxwellian view 

Fig. 5. Simplified schematic of maxwellian view. 

To achieve a maxwellian view, first coherent light should be induced into the phase-mostly 
mode SLM, and the liquid lens is placed at 1f distance. The light is then focused at the 
entrance of the pupil, as shown Fig. 5. We can then obtain a maxwellian view. Also, we 
simulated the field distribution of our proposed maxwellian view optics with VirtualLab (trial 
version). In the simulation, a grid image has cell size of 500um and line width of 100um. As 
can be seen in Fig. 6. the field distribution of the grid image is changed little as the diopter of 
the eye is changing. 

Fig. 6. Field distribution of grid image on our proposed maxwellian view optics, when eye 
focuses on (b) 50cm, (c) 1m, and (d) 1.7m. 

3. Optical experiment results of our proposed optical see-through head
mounted display
Our SLM is too large to be implemented in a miniaturized optical see-through head mounted 
display. Thus, we set up the proposed system on an optical table. 
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Fig. 7. Configuration of our proposed dual view optical see-through head mount display. 

First, the liquid lens is set to 0 D before reconstructing the hologram. We use cube and 
bolt as holograms, as can be seen in Fig. 7. They are reconstructed at 1.5m from the digital 
camera (NIKON D90). Each object consists of 255 layers. The small yellow box in Fig. 8 is a 
magnified image of a reconstructed hologram. It is similar to the simulated result. Although 
the spatial filter in 4F optics removes the aliasing error and DC noise, they still remain near 
the hologram. Although a narrower spatial filter can remove the noise perfectly, in this case, 
the maxwellian view becomes too dark to see because the spatial filter cuts the backlight 
partially. Therefore, the spatial filter is set to an adequate size. 

Fig. 8. Reconstructed hologram at 1.5m with (a) cube and (b) bolt. 

Second, the liquid lens is set to 20 D for the maxwellian view. We applied ‘KAIST’ text 
as an input image. The digital camera is then manually focused at 50 cm and 1.7 m, as shown 
in Fig. 9. The ‘KAIST’ letters are always in focus. However, the letter ‘T’ is slightly darker 
than the other letters because the spatial filter cuts the backlight partially, as mentioned above. 
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Fig. 9. Maxwellian view of 'KAIST ' letters formed at 50cm and 1.7m position. 

Finally, to realize a hologram and a maxwellian view simultaneously, the liquid lens and 
the SLM were synchronized. Our SLM is driving with 60Hz and a 60Hz GIF format image is 
produced by placing the hologram and the maxwellian view image at intersections. The image 
is then put into the SLM and synchronized with the liquid lens, as shown in Fig. 10. A high 
speed Nikon J5 camera, which can record video at 400fps, is used. Although it has a low 
resolution of 800x239, it is enough to confirm the time multiplexed images. 

Fig. 10. Simplified Time multiplexing system schematic. 

We confirm the Maxwellian view and holographic view during the time multiplexing 
operation, as shown in Fig. 11(a). However, the size of hologram was too small to capture 
clearly, and it appears vignetted, as shown in Fig. 11(b). This is caused by synchronization 
problems between the liquid lens and the SLM, as we manually utilized synchronization 
between two devices in this paper. This can be offset by adding a trigger device. While we do 
not deal with this issue in the present work, it should be addressed carefully for perfect 
synchronization. 
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Fig. 11. (a) Maxwellian view and (b) hologram snapshots during time multiplexing operation. 

4. Conclusion
Hologram is a promising technology for 3D displays. In addition, the Maxwellian view based 
head mount displays have recently been suggested in many studies. Each type of display has 
advantages to the observer, but they are difficult to combine in a single system. In addition, 
optical see-through head mounted displays are an appropriate type of display for using the 
current hologram and the Maxwellian view optics. In this context, two different optics were 
put into one system using a liquid lens in this research. We also considered the hologram 
quality according to the liquid lens diameter. Although there was no available large diameter 
liquid lens, we successfully confirmed the possibility of our proposed optical see-through 
head mounted display. In addition, the high order diffraction, system size, and hologram 
resolution can be resolved by using small pixel-sized SLMs or large-diameter liquid lenses. 
Recently, a LCOS SLM with 3um pixel pitch was commercialized, and we thus expect that it 
will be possible to implement an optical see-through head mounted display that 
simultaneously expresses both a hologram and a maxwellian view with superior resolution. 
We expect that this work can provide a new method for realizing optical see-through head 
mounted displays. 
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