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Abstract.  The paper is devoted to the study of the ultimate resolution 
of virtual displays with raster systems. Raster systems in such dis-
plays are used for an essential reduction of their longitudinal over-
all dimensions. Three schemes are considered: in the first one each 
element of the raster system forms an image of one pixel only, in 
the second one each element of the raster system forms a small part 
of a virtual image, the third scheme is analogous to the first one, but 
is implemented in the form of a contact lens. For each scheme, we 
analyse the overall dimensions of the optical system and the charac-
teristics of the virtual image, i.e., the ultimate resolution and the 
nonuniformity of its illumination. 

Keywords: raster optics, micromirror rasters, virtual display, contact 
lens.

1. Introduction

Raster optics is widely used in optical systems of microscopes, 
objectives of photo and video cameras, navigation devices, 
and in virtual displays (VDs) for reducing their overall dimen-
sions [1 – 4]. A virtual display is a device that produces a virtual 
magnified image. Virtual displays may be classified with 
respect to their transparency for the observer eye. If the device 
is not transparent, i.e. the eye can see only the virtual image, 
it is called a device of virtual reality. If the device is partially 
transparent, making it possible for the eye to see simultane-
ously both the real world and the virtual image, it is called an 
augmented reality display. In the foreign literature there exist 
a number of analogous terms, e.g., head-mounted display 
(HMD), head-up-display (HUD), near-eye-display, virtual 
reality (VR), etc.

The ultimate goal of VD construction is to create an 
impression of being in a virtual world, i.e., the VD optical 
system must produce such a virtual image that a person could 
not feel the difference between the virtual image and the real 
world. To this end, VDs must provide high resolution and 
offer minimal discomfort for the user. Since the VD is placed 
on the user’s head, its overall dimensions and weight are of 
great importance. In this connection, the application of raster 
optics for producing the virtual image, used in patent [5], is a 

good approach to the minimisation of the overall dimensions 
of VD devices. According to the principles of optical system 
construction, for the fixed dimensions of the display and posi-
tion of the observer’s eye the overall dimensions of the optical 
system will increase with increasing required field of view 
(FoV), and the application of raster systems is expected to 
allow the longitudinal overall dimensions of the VD to be 
reduced.

In a number of papers, the following types of raster systems 
were proposed; 1) an array of spherical short-focus lenses on 
a planar substrate in front of the display [6]; 2) planar colour 
holograms writtent with an array of lenses [7]; 3) a raster 
hologram on a non-planar surface (written with an array of 
lenses) with a contact lens [8]; and 4) a scheme with a set of 
holes, each acting as a camera obscura [9]. The above works 
achieved positive results in the construction of a continuous 
virtual image with a large FoV and small overall dimensions 
of the system. In these systems, the arrays of mirrors, lenses, 
holes, or lens raster microholograms were used as basic ele-
ments. Unfortunately, in none of the above papers the ulti-
mate resolution that can be achieved in such systems was esti-
mated.

In the present paper, we describe the optical properties 
of  three basic concepts of raster systems with mirror base 
elements. Nevertheless the approach proposed makes it pos-
sible to estimate the ultimate resolution not only in the systems 
with mirror (base) elements, but also in the systems with the 
lens elements. 

We first consider a scheme that is very attractive from the 
engineering point of view. In this scheme each base element 
of the raster system forms an image of one pixel only. Then 
we describe the second scheme, in which each base element 
forms a small part of a virtual image. In the third scheme, we 
analyse the possibility to create a VD in the form of a contact 
lens, where the base elements of the raster system are arranged 
(in analogy with the first scheme).

2. ‘One point source – one mirror’ scheme

Consider the VD construction where the base element of the 
raster system is a single point source (PS) (one pixel), placed 
in front of a concave mirror producing a virtual image. This 
scheme is partially described in patent [5]. The base element of 
the system is a mirror, since, in contrast to a lens, it has no 
chromatic aberrations. If the PS is located at the focal point 
of the mirror, then its light (after reflection from the mirror 
surface) will propagate as a parallel beam, i.e., the image of 
the PS will be located at infinity (Fig. 1).

If several PS’s with mirrors are located at a similar distance 
from the centre of the eye pupil and the angle between the 
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axes of the mirrors is amir, then each PS with the mirror will 
form a parallel beam. The angles between the adjacent beams 
will also equal amir, and each of the beams will be perceived 
by the eye as a point located at infinity.

Apparently, in order to obtain a maximal number of such 
virtual points one has to place the mirrors closely, without 
gaps between them.

From Fig. 1 it follows that
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where Dmir is the mirror diameter; S is the bending deflection 
of the mirror; Lf is the focal length of the mirror; Leye is the 
distance from the eye to the point source; and R is the curva-
ture radius of the spherical mirror.

Since for a spherical mirror

R = 2Lf ,	 (3)

we have
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From Eqn (4), one can determine the diameter of the mirror:
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The density P of PS arrangement in the plane of Fig. 1 equals 
the number of PS in the unit angle:

P 1
mira= .	 (6)

Clearly, the smaller the amir, the greater the number of PS’s 
that can be integrated in a display of this type, and the smaller 
can be the mirror diameter Dmir. However, it can be decreased 

only to some limit value, at which the diffraction on the mirror 
begins to affect the resolution. It is known that the angular 
diffraction limit of the resolving power is

. ,D1 22dif
lY = 	 (7)

where l is the light wavelength; and D is the entrance pupil 
diameter of the optical system (in our case, D = Dmir).

If for the small mirror diameter Ydif exceeds amir, then it 
is impossible to resolve two closely spaced PS’s, and a further 
increase in the PS number has no sense. Thus, the angle amir 
must be greater than the angular diffraction limit of the reso-
lution:

amir > Ydif = 1.22Dmir

l .	 (8)

From Eqn (8), one can find the minimal mirror diameter 
Dmir, for which in the scheme of Fig. 1 one can determine the 
maximal number of PS’s (Fig. 2):
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From the dependences presented in Fig. 2 it follows that 
for Leye = 15 mm, Lf = 2 mm and l = 550 nm the optimal 
mirror diameter is equal to ~0.107 mm, the angle between 
the mirrors is 0.36° and the angular resolution amounts to 
2.8 points deg–1.

Based on ergonomic reasons, let us restrict the distance Leye 
to the range 10 – 20 mm, and the focal length Lf to the range 
1 – 5 mm. Figure 3 presents the dependences amir(Leye, Lf) and 
Dmir(Leye, Lf) calculated for the above ranges of Leye and Lf 
values. It is seen that the larger the values of Leye and Lf, the 
smaller the value of amir. Thus, the ‘one PS – one imaging 
mirror’ scheme has a limitation of the number of PS’s that 
can be resolved in the virtual image. Here it is important to 
note that the size of the elementary optical element should be 
larger than the eye box (EB):

Dmir > DEB.	 (10)
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Figure 1.  Schematic of the ‘one point source – one mirror’ system.
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As a result, when there is only one PS in the focal point 
of  the optical element, the maximal resolution amounts to 
approximately three points per one angular degree, provided 
that Leye = 10 – 20 mm.

3. ‘A few pixels per one imaging mirror’ scheme

The limitation of the number of PS’s per angular degree in the 
first scheme arises due to the diffraction on the elementary 
imaging mirror of small diameter.

Now let us consider the case when in front of each mirror there 
is an array of PS’s, i.e., a spatial light modulator (SLM) rather than 
a single PS. Such mini-arrays of PS’s can be integrated into one 
array with irregular distribution of PS’s over the area.

This scheme allows the PS density to be increased with 
increasing mirror size, since it is possible to add some more 
PS’s in front of each mirror, while the concave mini mirror 
allows the sources to be resolved according to the Rayleigh 
criterion [see Eqn (8)]. In contrast to the previous case, each 
mirror will form a magnified image of the PS array rather 
than that of a single PS. All elementary mirrors of the raster 
system together form a large virtual image.

Here it is important to note that the mirror should provide 
the resolution of each PS in the array. Placing a few PS’s in 
front of each mirror will allow an increase in the diameter of 
the elementary optical element which can possibly increase 
the total number of resolved PS’s as compared to the previous 
case for the same distance Leye between the eye and the PS.

Figure 4a presents a schematic of the raster system element 
that forms a part of a virtual image. In contrast to the first 
scheme, there is an array of PS’s in front of the mirror (Fig. 4b). The 
Figure also shows the central beam and two edge beams, outgo-

ing from the PS’s of the array and located at the centre and the 
ends of diagonals. These beams form the FoV of the mirror am ps. 

The right-hand part of Fig. 4b shows the areas illuminated 
by four PS’s located at the ends of the array diagonals and 
in the centre at the distance Leye from the PS array after the 
reflection from the mirror. As seen from the Figure, in order 
to use up to a half of the light energy from the edge fields with 
the diameters De  field, the field diameter Dp  field formed by the 
crossing of the principal rays from the edge PS’s of the array 
with the plane of the pupil should be smaller than or equal to 
the diameter of the eye pupil (Dp field £ Deye). The difference 
of illuminance on the retina due to the beam vignetting by the 
eye pupil can be compensated for by different brightness of 
the PS’s.

From Fig. 4 it follows that

Dp field = 2(Leye + Lf – S) 
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where k = am ps / amir.
To avoid gaps and discontinuities in the virtual image the 

edges of two adjacent images should either coincide or over-
lap. The overlap condition for the virtual image of adjacent 
element of the raster system is determined from the inequality 
am ps /2 ³ amir – am ps /2 (Fig. 5), from which it follows that

am ps ³ amir.	 (12)

The key parameters in the study of the considered systems 
are the mirror diameter, the eye position, and the parameter k.
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Figure 3.  (Colour online) Dependences of (a) the angle amir and (b) the 
diameter Dmir on Leye and Lf. 
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As seen from Fig. 6, the variation of the focal length Lf 
has almost no effect on the diameter Dp field. However, the 
greater the Dmir, the greater the Dp  field. The condition of using 
a half of the light energy from each PS requires Dp field £ Deye. 
Since Deye lies in the range 3.5 – 8 mm, Dp field must be greater 
than the minimal size of the eye pupil (3.5 mm). This condi-
tion will be fulfilled if Dmir < 2.5 mm.

To provide a high PS density P and more than a half for 
the light energy of all PS’s transferred to the eye, let us chose 
the mirror diameter Dmir equal to 2.5 mm, the minimal distance 
Leye equal to 10 mm (because of physiological limitations), 
and the focal length of the mirror Lf equal to 8 mm. Then the 
relative aperture of the mirror is Dmir /Lf = 1/3.2. Then from 
Eqn (4) and Eqn (11) we obtain am ps = 11.27°, amir = 7.967°, 
Dm ps = 2Lf tan(am ps /2) = 1.578 mm at k = 2 . Let us deter-
mine the PS density that can be resolved by the considered 
system.

The criterion of admissible density of the PS arrangement 
can be found by setting the minimal contrast of the PS array 
image equal to 0.3, which corresponds to the satisfactory image 
quality for an average statistical eye:

0.3 £ 
I I
I I
max min

max min

+
- .	 (13)

The corresponding dependences of the modulation transfer 
function (MTF) or frequency-contrast characteristic of the 
system are presented in Fig. 7. One can see the contrast level 
of the image produced by the optical system of objects pos-
sessing the appropriate spatial frequencies. Since the mirror 
system is axially symmetric, it is sufficient to analyse a half 
of the field from zero to am ps /2. From Fig. 7 it follows that 
this mirror system can transmit the spatial frequencies up to 
30.5 points mm–1 with a contrast 0.3.

Now it is possible to estimate the angular density of the PS 
for the given value of MTF:
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In addition, it is possible to count the maximal density N of 
PS’s in the array for the formation of a virtual image with a 
contrast 0.3 by the system having the FoV am ps:

N = 2n0.3 = 2·30.5 = 61 points mm–1.	 (15)

We also studied the variation of the optical system resolu-
tion depending on the relative aperture and the mirror diameter 
Dmir with the aim to choose the optimal parameters for this 
scheme. We analysed the PS density Pps per unit angle and the 
maximal density N of PS’s in the array that can be resolved 
with a contrast 0.3 depending on the relative aperture Dmir /Lf 
and mirror diameter (Fig. 8).

As seen from Fig. 8, the smaller the Dmir /Lf , the greater 
the Pps, i.e., the larger number of PS’s can be resolved by our 
system. For this purpose, it is necessary to increase the PS 
density N in the array, but in this case the length of the system 
increases. Note that Pps weakly depends on Dmir.

Figure 9 presents the scheme and parameters for cal
culating the energy of PS light, received by the eye after reflec-
tion from the mirror.

Let us denote by EqS the total light energy from the ith PS 
that enters the eye. It can be expressed as a sum of the energies 
E1 i and E2 i, radiated by the ith PS at negative and positive 
angles with respect to the system axis and entering the eye.

Assuming that the PS radiates the light beams with 
Lambert distribution of intensity (I = I0 cos q) the quantity EqS 
can be determined as 
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EqS(aps i) = E1 i (aps i) + E2 i (aps i) 

	 = ,cos cosd dI I0
0

0
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i i1 2
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where I0 is the intensity of PS light at q = 0. 
As seen from Fig. 9, at some angles aps i the light beam 

reflected from the mirror is vignetted by the eye pupil. As a 
result, the image with nonuniform illuminance is formed at the 
retina.

Figure 10a presents the dependences of the energies E1 i , E2 i 
and their sum EqS on aps i normalised to EqS at Deye = 4 mm. In 
this case the angular size aps i, corresponding to the uniform 
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distribution of the image illuminance amounts to ~2.3°. 
Beyond this angle, the illuminance begins to fall. Figure 10b 
shows that the size of the uniformly illuminated area increases 
with increasing Deye.

As a result of the study, the optical system with the fol-
lowing parameters was modelled: Deye = 4 mm, Dmir = 2.5 mm, 
Leye = 10 mm and Lf = 8 mm (which corresponds to the relative 
aperture Dmir /Lf = 0.32). Due to the axial symmetry of the 
system, it is sufficient to analyse it by considering the rays 
only in the vertical and horizontal planes.

The modelling using the Zemax programme was carried out 
for the system of 11 mirrors arranged along the vertical axis and 
11 mirrors along the horizontal one, providing the FoV 87.67° 
= 11amir (amir = 7.97°). As test sources of light we used a set of 
five emitting rectangular strips (Fig. 11).

Figure 12 presents the image of test sources on the retina 
of the model eye. It is seen that the images formed by the adja-
cent mirrors appear to be joined.

The modelling has shown that when each mirror of the 
raster system forms an image of a few PS’s, one can increase 
the PS angular density in the image formed at the retina, as 
compared to the first scheme. In the particular case when 
Dmir /Lf = 1/3.2, k = 2, Lf = 8 mm, Leye = 10 mm, Dmir = 
2.5 mm the density of PS’s achieves 8.54 points deg–1, N = 
6  points mm–1, which corresponds to high-resolution SLM, 
already developed and produced by industry. In comparison 
with the first scheme (one PS for each mirror), the resolving 
power of the VD designed using this scheme can be increased 
by 3.1 times. In this case, one should provide the possibility to 
correct the PS brightness for keeping the image illuminance 
uniform. As mentioned above, the illuminance of the image 
of each PS on the retina varies depending on the eye pupil 
size. In this connection, it is necessary to use a system of pupil 
size monitoring to correct the brightness of the appropriate 
pixels.

4. ‘One point source – one mirror’ scheme  
mounted in a contact lens

Consider one more version of the VD scheme with raster 
optics, namely, a contact lens placed directly on the eye 
cornea. A number of electronics-producing companies develop 
systems with a so-called smart lens [10, 11]. The authors of 
these papers propose the construction schemes and the multi-
layer structures of a future smart contact lens, as well as the 
technology of manufacturing contact lenses with base raster 
elements [12].

Clearly, one of the most attractive properties of such raster 
schemes is their small longitudinal size (by definition, contact 
lenses cannot have the thickness exceeding parts of a milli
metre). Therefore, in the present paper we will briefly consider 
the possibility of mounting the raster optics in a contact lens. 
Another attractive feature of the contact lens is its location 
on  the eye axis at the minimal possible distance from the 
pupil. It moves together with the pupil and thus automatically 
eliminates the necessity to provide a large EB.

Typical parameters of a contact lens are as follows: the 
diameter, Dcl = 13 – 15 mm; the radius of curvature, R = 
8.1 – 8.9 mm; and the diameter-to-thickness ratio of the lens, 
Dcl /t = 20 – 170. These parameters are determined, on the one 
hand, by the human eye physiology (structure, shape, sensi-
tivity of the sclera to the presence of a foreign body on the 
surface, etc.) and the comfort conditions (water content, oxygen 
penetration, etc.) of its use, and, on the other hand, by the 
technology of its fabrication [13 – 15].

The contact lens is an individual optical system. Each 
person needs lenses with the parameters depending on the 
physiological specific features of his eyes. In the present paper, 
we will estimate the possible maximal resolution of displays 
based on the contact lenses using some particular parameters 
of the lenses.

We used the following model (Fig. 13). In the contact lens 
having a diameter Dcl the region having a diameter Dcl  m is 
selected, containing the base elements, i.e., the raster spherical 
mirrors with point sources.

Let us determine the maximal FoV amax, equal to the 
angle between the rays passing through the edges of the pupil 
and the places of mirror location:

( )
arctan

L s
D D

2
2max

cl

clm eyea =
-

-c m,	 (17)
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where s is the bending deflection of the contact lens part 
having the diameter Dcl  m, in which the elements of the raster 
system are arranged.

The beams formed by different mirrors will enter the eye 
at different angles. The greater the distance between the 
mirror and the contact lens centre, the greater the angle at 
which the beam formed by this mirror enters the eye pupil. 
Starting from the optical axis, the pupil is divided into Nmir – 1 
equal segments having the length di – di – 1 = const, where Nmir 
is the number of mirrors (odd number); di is the distance from 
the boundary of the ith segment to the centre of the eye pupil; 
i is an integer [– (Nmir – 1) /2 £ i £ (Nmir – 1)/2]; and d0 = 0. 
The optical axes of the mirror base elements, the number of 
which is equal to Nmir, pass through the boundaries of the 
appropriate segments. The optical axis of the central mirror 
passes through the pupil centre, the optical axis of the next 
mirror passes through the boundary of the first segment, etc., 
so that the angles between the axes of the adjacent mirrors are 
amir = ai – ai – 1 = amax /(Nmir – 1). Here ai is the angle between 
the axis of the contact lens and the axis of the ith mirror.

The diameter of a mirror in the contact lens, Dmir, depends 
on the number of mirrors, Nmir (Fig. 14a). To obtain a high-
resolution VD, one has to increase Nmir maximally, i.e., to 
reduce Dmir. However, with a decrease in the mirror diameter 
the divergence of the light beam grows due to the diffraction at 
the mirror. The maximal resolution, estimated in the same way 

as for the first scheme, i.e., using the Rayleigh criterion (8), 
with the refractive index of the contact lens material (n = 1.5) 
taken into account, for the given contact lens amounts to two 
points per angular degree (1/amir = 1/0.48° » 2 points deg–1) 
(Fig. 14b).

The considered model of a contact lens for the virtual 
display allows a few conclusions. In particular, to reduce the 
diffraction due to the reflection from the mirror aperture 
it  is  desirable to have the mirror diameter no smaller than 
53 mm. In this case, according to Fig. 14b, the number of PS’s 
that can be reproduced and resolved by the eye amounts to 
nearly 156 in the horizontal and the vertical planes in the 
maximal FoV amax = 74°. This means that it is possible to 
construct a virtual image with the resolution of 2 point per 
angular degree for the diameter of the eye pupil Deye = 4 mm, the 
diameter of the contact lens with the raster elements Dcl m = 
8 mm, and the curvature radius of the contact lens surface 
R=8.5 mm. 

5. Conclusions

Three schemes of the raster virtual display construction are 
considered. For the first scheme where each mirror produces 
a virtual image of a single PS it is shown that the PS density 
(the maximal resolution) can achieve 3 points deg–1 in a rather 
wide FoV (~180°).

The second scheme makes use of one imaging mirror to 
produce a part of the virtual image field, and the PS density 
amounts to 8.54 points deg–1 in the large FoV (~180°).
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Figure 13.  (a) Arrangement of mirrors and the ray paths in a contact 
lens; (b) the eye and the contact lens with the element of the raster 
system and the parameters of the model.
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Figure 14.  (a) Dependence of Nmir on Dmir for Deye = 4 mm, Dcl  m = 8 mm, 
R = 8.5 mm, and (b) dependence of amir on Dmir for the same values of 
parameters. In the painted area amir and Dmir satisfy condition (8).
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The third scheme is analogous to the first one, but the 
optical system is immersed in the contact lens on the eye 
cornea rather than located in the air. Using this scheme one 
can achieve the PS density up to 2 points deg–1 in the maximal 
FoV 74°. This scheme is unique because it is free of EB 
requirement, which is a weak point in the VD raster systems. 

The version of developed virtual displays analogous to the 
ones considered here in many cases might appear not suitable 
for the formation of a high-resolution virtual image. However, 
these schemes still have some positive properties. They would 
be useful as displays of virtual and augmented reality in 
indicator and navigation systems, where the produced virtual 
image should not merge with the surrounding space. The 
longitudinal size of such displays will be very small and the 
visual angle, on the contrary, rather large.
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