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Abstract: The Augmented Reality (AR) industry requires both aesthetic designs and high
performances of AR-devices. This complex dilemma challenges R&D groups from all over
the world to improve existing systems, or propose new-, breakthrough designs. The
unconventional concept of direct retinal projection display may be one. It is based on see-
through holographic retinal projection, the image being formed via the so-called self-focusing
effect. In this paper, we describe an experimental validation of this self-focusing effect, and
introduce a possible approach of self-focusing performances evaluation. Experimental image
formation capability is demonstrated and compared with simulation results. Main present
limitations of the concept are discussed, such as pixel addressing design and images
resolution/sharpness conflict.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Augmented reality (AR) comes smoothly but steadily into our daily life. There are a lot of
applications for AR [1,2], in very diverse domains such as medicine and surgery, education
construction safety, or maintenance, and numerous others [3-8]. Many scientific groups are in
the process of creating their own smart glasses devices [9,10]. In this field, the need to
overlay digital information to the surrounding real world usually requires the use of micro-
displays. These devices, in turn, require complex optical systems to provide a comfortable
vision. Furthermore, the formation of the virtual image of the screen by the device is
accompanied by constraints related to the management of pupils that limit the viewing angle
and the positioning latitude of the eye while leading to bulky systems.

Bernard Kress and Thad Starner [11] described a wide range of different types of head-
mounted displays (HMD). Most of them use conventional approaches for image formation
based on the use of a micro-display and an optical system. The CEA proposed in 2014 an
original concept of image projection that combines holography, integrated photonics and free
space optics [12]. The concept aims at projecting an image into the observer's eye, onto the
retina, without any lens. Convergence is provided by the eye through a phenomenon that we
describe as self-focusing. This unconventional approach was explained recently for a concept
of retinal projection display [13].

The concept is based on the design of an emissive screen close to the eye, where the
emission points are duplicated so as to form the illusion of a plane wavefront. This is the case
of Fig. 1(a). Thanks to the self-focusing effect, the multiple beams emitted from the display
focalize onto the retina without any lens between the emission surface and the eye. The
resulting focalized spot corresponds to one Emissive Point Distribution (EPD). An image,
composed of several spots, requires a respective number of EPDs, which means that the
surface of the display is covered by various EPDs to be able to form an image. Every EPD, in


https://doi.org/10.1364/OA_License_v1

turn, consists in emissive points that are activated simultaneously and coherently for a given
EPD, and designed to generate a directive spherical wave front with main wave vector ic; .

As the wavefronts emitted from every point are phase adjusted for a given EPD and
angularly orientated, they produce a resulting planar wavefront of wave vector Ep. Through

multiple interferences the spherical wavefronts focalize the beams onto the retina due to self-
focusing effect through the eye pupil.

Self-focusing effect has already been demonstrated experimentally for data storage
applications [14]. The use of a distribution of small apertures that approximates the behavior
of a large, continuous aperture has also been demonstrated experimentally for astronomical
applications [15-17]. However, the unconventional aspect of this approach for display
applications opens questions about the perception of the so-formed images on the retina.
Theoretical part was discussed previously [13], and we now experimentally investigate the
capability of an unconventional image formation directly onto the retina using a device that
simulates the self-focusing display concept as shown in Fig. 1(b). A planar wavefront with a

given angular direction of wave vector k , basses through a transmission device consisting of

a distribution of apertures in an opaque metallic layer. The device simulates a distribution of

emitters that generate coherent, phase-adjusted spherical wavefronts ks with main wave

vector direction kp .

The pinhole distribution represents the EPD and the device is placed in front of an optical
system that mimics the eye.

In this article, we present first experimental results of unconventional image formation for
the concept of retinal projection display developed by our laboratory. Section 2 presents the
choice of the EPD and the mathematical development used to evaluate the randomness of the
distributions. The third section describes the experimental validation of the self-focusing
effect. Various EPDs are evaluated and a double Gaussian model is introduced to describe the
signal formed by a central peak and a surrounding noise. This model is used in the last section
to theoretically evaluate the behavior of the concept as an image-forming device. Simulations
are then compared to experimental measurements of a self-focused image obtained from an
optical system that mimics the eye.

a) —

Fig. 1. Self-focusing image formation: (a) concept of near to eye display where a distribution

of spherical wavefronts is emitted and produces the illusion of a plane wavefront that the eye

lens focuses on the retina; (b) our validation setup: a laser beam passes through a transmission
device consisting of a distribution of pinholes in an opaque metallic layer.

2. Emissive points distribution for self-focusing

The EPD design plays a dominant role for self-focusing, therefore the best distribution to
implement must be found. We introduce some possible solutions and discuss their advantages
and drawbacks. As previously shown [13], the best theoretical EPD for image formation is a
random distribution. However, such a solution represents a technological challenge for the
device manufacturing and the EPD addressing.



On the opposite, the easiest solution for the device manufacturing and addressing is a
periodic EPD, but this solution is not acceptable from the image formation point of view.
Hence, a compromise is to be found, such as a quasi-random distribution.

We introduce the Emissive Unit Cell (EUC) to refer to the elementary building block of
the display. EUC is a region with sizes A; and A,, composed by one emissive point from each
EPD. As described in [13], each emissive point corresponds to the intersection of a
waveguide and an electrode. To provide the interference phenomenon, each EPD is addressed
by a single laser. Image formation is then conceived in a scanning mode with a frequency that
depends on the number of lasers used to project the image. It comes that each EUC will be
addressed by several lasers ny,,, and electrodes n,,, that fixes the number of the pixels N of
the projected image:

N=n M

The size of the EUC is then given by the distances between rows of waveguides d, and
between columns of electrodes d:

A =n,,.d

elect™ e
A2 = nlaserdg

A simple way to solve the addressing problem is to create a 2D grid of periodically-
distributed, straight electrodes. The coordinates of the EPD x;; and y;; are then given by the
equation:

elect nlaser

2

X, ;= Aji
. 3
Yij = A,Jj

Another solution for the EPD is to define a quasi-random distribution inside the EUC:
x,, =N (i+rmd)
Vi, = (j+rmd)

Where rnd is a random number, with rnd € [0:1].

“)

This solution is theoretically interesting but is hard to implement in practice because of an
intersection distribution between a waveguide and an electrode trajectory function. To
generalize the addressing problem, we define these two trajectory functions as fi(x,y) and
Jdxy). Solving the EPD design problem then requires solving the intersection equation
between a distribution of waveguide and electrode function.

With respect to Eq. (3) and (4), this can be done in two ways. First by keeping a periodic
distribution:

(xl-,_,-,y,-,j)=fe(X+A1i,y)ﬂfg(x,y+A2j) (5)
Secondly by introducing a random access addressing:
(xl.,j,yl.’j)=fe(x+A1(i+rnd),y)mfg (x,y+A,(j+rmd)) (6)

To facilitate the determination of the intersections between £, and £, we choose to describe
these functions as the trajectory of a moving particle. The location 7 (X, y) of the particle is
given by the time varying relation:

fi F(t+ot)=7F(t)+V ()0t (7)



The velocity function 17(1‘ ) that fixes the trajectory is defined by a time varying

amplitude and direction:

= . ®)

In this work, we choose a simple sinusoidal model with the following definition:
v, () =v, = const.

(27: J ©)
a(t)=a,cos t—t

0

Starting from these equations, we calculate the intersections of the functions £, and f;
according to the two cases described in Eq. (5) (Cross Sinusoidal distribution CS) and (6)
(Cross Random Sinusoidal distribution CRS). The resulting EPDs are given in Fig. 2(e) and
2(g). It consists on a set of Ngpp points. The cases of periodic and quasi-random distributions
are described in Fig. 2(a) and 2(c) respectively.

The physical process involved in self-focusing is based on a multiple interference
phenomenon. It can be described as a superposition of series of Young’s fringes figure, with a

period and an orientation given by the amplitude and orientation of the vector U4 that
connects two interfering emissive points p and g from a given EPD.

The efficiency of the self-focusing effect is related to the number and to the diversity of
this vector distribution. To evaluate this diversity, we introduce the histogram of the minimal
distance distribution.

We first calculate the distribution of the minimal distance s from a point to its neighbors:

s, = min(‘up,q‘)qEEPD (10)

We consider the case of a square EUC: A; = A, = A. The histogram is calculated with a
number N, of bins calculated between 0 and A:

Nerp 2A) 2A
=S 0<|s —g=2|<=2 1
, ; (,, qNJ N, (11)

The histograms of the various EPDs are presented Fig. 2, right part. In the case of the
periodic distribution, the histogram is a Dirac located at the period of the distribution, see Fig.
2(b). The histogram is a large distribution for the quasi-random EPD as shown in Fig. 2(d).
The choice of a sinusoidal design for the waveguides and electrodes allows to enlarge the
histogram function particularly in the case of the random access, case of Fig. 2(h) with
respect to the periodic one, as depicted in Fig. 2(f).

This first mathematical approach to the design of the EPD shows some orientations that
will be followed in next investigations to improve the histogram distribution in order to
achieve better self-focusing performances.

To validate the link between the EPD histogram and the self-focusing behavior, the
various EPDs considered in this study have been manufactured in an opaque layer, and
experimentally evaluated using an optical set-up that transposes the self-focusing behavior
from an emissive to a transmissive configuration.
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Fig. 2. Calculated distributions and their histograms of the closest distance between the nearest
pinholes: (a) and (b) periodic distribution; (c) and (d) quasi-random distribution; (e) and (f) CS
distribution; (g) and (h) CRS distribution.



3. Experimental validation of self-focusing effect
3.1 Set-up description

The optical set-up consists in a 513 nm laser diode, emitting through an optical fiber. The
beam impacts an opaque sample made out of a thin glass, coated with an opaque, black
chrome layer. A distribution of apertures of various sizes and distribution functions has been
etched through the opaque layer with a maskless lithographic process Fig. 3(a) [18]. In order
to simulate a phase-adjusted emission through the EPD, the fiber laser is located at a large
distance from the sample. The beam incident on the EPD sample can then be considered as
representing a planar wave, as shown in Fig. 3(b).

Beyond the aperture distribution sample, we evaluate the self-focusing effect with an
imaging system that mimics the eye. We use as optical system an objective with a focal
length fo = 51 mm and a high resolution 6.6 MegaPixels monochrome CMOS sensor with a
3.5 pm pixel size. The distance between the aperture distribution sample and the optical
system is about 20 mm.

3.2 Experimental results

The first results given in Fig. 4(a) and 4(b) present the case of a single aperture. In this case
self-focusing does not occur, and one observes the blurred image of the aperture. Figure 4(a)
shows the intensity of the beam measured on the CMOS sensor in angular coordinates. Figure
4(b) depicts the cross section of the signal.

a)

b)
Optical Fiber
NA 0.14 Laser
IHDD n ( ) 513 nm
Imaai_r.';g
System

Fig. 3. Experimental set-up for self-focusing effect validation: (a) pictures of a sinusoidal
periodic apertures distribution mask, (b) set-up description.
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Fig. 4. Diffraction patterns produced by various EPD, on the left the image on the image
sensor (in green false color), on the right the intensity cross section compared with Gaussian
function: (a) and (b) one pinhole; (¢) and (d) periodic distribution; (e) and (f) quasi-random
distribution; (g) and (h) CS distribution; (i) and j) CRS distribution. Figure (f), (h) and (j) are

plotted in logarithmic intensity scale. Inset in Fig. (f) is a detail of the spel theory/measurement
comparison in linear scale near O arcmin.



We use Gaussian beam formalism as described in [13]. The waist wy of the beam emitted
from the aperture is taken as the radius of the aperture. The angular radius A¢ (HWHM) of
the blurred signal is then given by:

A

Af=—-o (12)
W,

With a 50 pm diameter aperture, an angular radius of 22 arcmin is calculated. The value is
consistent with the value of the waist deduced from the Gaussian model of Fig. 4(b) (waist
30 arcmin).

Figures 4(c) and 4(d) describe the image resulting from a periodic aperture distribution.
The period A of the 50 um diameter apertures distribution is 400 pm. The periodic aperture
distribution generates diffraction orders with an angular period given by A/A. It corresponds
to an angular period of 4.4 arcmin, consistent with our measurements.

Figures 4(e) and 4(f) describe the case of a quasi-random distribution calculated on a
400 pm periodic EUC. These results confirm the self-focusing behavior. One observes a
central peak, that we name spel (for elementary spot), with an angular radius &6 (first zero of
the Airy function) given by the entrance pupil diameter D,

00=1.22 i (13)
D P

The aperture of the optical system is given by the choice of the f#. In order to image a spel
over several pixels, while still keeping a sufficiently high signal level, we choose an aperture
of /15 that corresponds to D, = 3.4 mm. The calculated angular radius of 0.6 arcmin is
consistent with the measurements (the inset of Fig. 4(f) shows the cross section pixel signal of
the spel and a Gaussian model with waist 0.45 arcmin).

The signal outside of the spel is distributed as speckle noise.

Figures 4(g) and 4(h) show the result for the CS distribution. The resonant contribution is
strongly reduced, compared to Fig. 4(d), but speckle noise still presents remaining peaks,
compared to Fig. 4(f).

Finally, the choice of a CRS distribution allows for reducing the contribution of the
unwanted peak, as shown on Fig. 4(i) and 4(j).

3.3 Analysis

The experimental results confirm that the self-focusing effect implemented with a random
EPD allows for isolating a spel on the retina. This behavior is accomplished at the price of a
speckle noise surrounding the spel. The characteristics of this noise contribution are related to
the EPD:

the size of the emissive points fixes the size of the noise envelop,

the type of the EPD reduces the number of unwanted ghost spel in the noise,

e the number of points in the EPD fixes the signal to noise ratio between the spel

and the noise.

To evaluate the impact of the noise on the imaging performance of the self-focusing
effect, we introduce a double Gaussian model to describe the spel and the noise. Figure 5
shows a cross section of the spel for the quasi-random EPD case.

One can separate the signal in two contributions:

e the spel is described by a first intensity Gaussian function with a waist wy,
e the noise is described by a second intensity Gaussian function with a waist w.

Both intensity functions are described by the Gaussian beam formula:

I; (r) = 101'6_{;’.]2 (1

i=1,2



1y; being the maximum intensity of the signal that fixes the total energy of the signal:

E =2rml,w’ i=12 (15)
The size of the spel w; is given by the total pupil aperture:
A
w, ~0.780f, =0.86D—f0 (16)
p

The size of the noise contribution w, is given by the pinhole aperture diameter d,, as for
the case of Eq. (12):
Af

w, =222 17

2 T dp (17)
The terms E, and E, represent the energy contains in the spel and in the noise,
respectively. We define the parameter yas the ratio in dB between the energy of the spel and

the energy of the self-focused signal:

I w?>
y=-10log L =—10log % (18)
E +E, Iyw™+1,w, )

Figure 5 shows the experimental characterization of the spel in the case of a random EPD
with the aperture diameter d, = 75 um. To fit both Gaussian models, three intensities of the
LD are used to overcome the limited CMOS sensor dynamic: Fig. 5(a) to Fig. 5(c).

The cross intensities functions are given in spatial coordinates on the CMOS sensor. The
double Gaussian parameters are: Ip; = 1; w; = 6.5 pm; I, = 0.065; w, = 200 um and are
consistent with the theoretical value given by Eq. (16) and (17): w; = 6.7 um and
wy =224 um. The Gaussian model parameters give a noise ratio y= 18.

| | . |
1 5

Signal (norm.)

0,001 E . " :
-400 -200 0 200 400

X (Hm)

Fig. 5. Double-Gaussian model for the spel. (a), (b) and (c) spel intensity distributions for three
LD power (d) cross intensity function of the concatenated images (blue dotted curve) and
Gaussian model for the peak and the noise (orange curves).



The double Gaussian model has the great interest to give an analytical expression for the
spel that can be used to evaluate the image forming process involved in self focusing as a
function of ¥

4. Self-focusing image formation
4.1 Imaging process simulation

Simulation of imaging process in conventional imaging is based on the convolution of an
image by the Points Spread Function (PSF) of the optical system. This process related to
linear systems traduces the continuity of the image in the object and image plane of the
optical system. Here, one has to consider a process with no image in the object plane of the
optical system, and an image representation that is not continuous in the image plane. The
simulation can still be made on the basis of the convolution with the optical response of the
system, but we must consider here the image as a series of Dirac that localize the spels on the
retina.

Considering an image formed onto the retina by a succession of spels with positions on

the retina given by the vector 7., and an intensity given by the matrix M,,,, one describes the

spel intensity distribution with the function g (V) . The image /.., on the retina is given by the

sum of the spel contributions:

1 (;) = ZMu,vg(;—;w) (19)

We must here underline the specificity of the imaging process in self-focusing. In
conventional optics the image on the retina is expressed by:

I, (;) = H ZMWrectW (E ~Fu )PSF (17 - E) dx dy, (20)

The function recty represents the geometric image of the square pixel on the retina (with
size and pitch W) and traduces the continuity of the image as a succession of adjacent squares
with size given by the display characteristics and the magnification of the optical system.

According to Eq. (20), if we consider a micro display with resolution N, X N, pixels, an

—

optical system gives the same result I et (r) for an image of size N, /2 X N./2 or for the same

image oversampled by a factor 2.

In the case of self-focusing imaging, the oversampling by a factor 2 leads to an increase of
a factor 4 on the number of spels and modifies the resulting image. This effect is described in
Fig. 6. The image to be displayed is the letter T and is shown in Fig. 6(a) as given in a
conventional display with adjacent pixel. In self-focusing each pixel can be represented by
one spel as in Fig. 6(b), by four spels as in Fig. 6(c) or more. Increasing the number of spel is
supposed to increase the image quality. However, as the total number of emissive points is
fixed for a given display, increasing the number of spel reduces the number of emissive points
allocated to each spel. This reduction of the EPD size degrades each individual spel, and by
this way is supposed to degrade the overall image quality.

A compromise must be found between the number of spel and the efficiency of the spel in
terms of image quality, so-called resolution/sharpness conflict. The goal of this paper being to
present first experimental validations of self-focusing imaging, this complex aspect of self-
focusing will not be more discussed here.



Fig. 6. (a) Image of the letter “T” coded with 5x5 pixels, (b) self-focusing imaging with one spel per pixel and (c)
self-focusing imaging with four spels per pixel.

4.2 Experimental set-up

The set-up used to evaluate self-focusing imaging is described in Fig. 7. As we don’t have yet
retinal display devices, the principle of the validation is to pass through a distribution of
apertures as in the case of Fig. 3. The objective is not to generate a single planar wave
through our EPD but a series of planar wave that project an image onto the retina. We use a
micro-display with a pixel size dand a collimating optics with focal f. as wavefront generator.

Each pixel u,v of the display generates a wavefront of vector k., with the angular
coordinates:

kuy =| sin (pu,v)sin(eu,v) 21
cos (pu,v )

With the angular relations given in the paraxial approximation:

P =%\/u2 +v'

Vu? +v*

The wavefronts are transmitted to the imaging system through the apertures holes of the

_ -1
6,,=cos

EPD and form the spels of the image at coordinates 74,» on the CMOS sensor that mimics
the retina.

- fip..c0s(,,)
’ f()pu,v Sin (eu,v)

The microdisplay used in this work is depicted on Fig. 8. As the aperture distribution used
in this work has a very low transmission factor due to the small size of the pinholes, a specific
high power monochromatic microdisplay developed in our laboratory has been used. This
binary microdisplay forms a static image of the word “LETI” on a 13 X 5 pixels resolution,
and a single, isolated pixel is also activated. The size of the pixel is 8 X 8 um? with a pixel
pitch of 10 um. Typical brightness for this display is about 3000 Cd/m? [19].

For these measurements, the resolution of the sensor is increased and a new CMOS sensor
is used with a smaller 1.67 pm pixel size.

(23)



Imaging Aperture Collimating i
System distribution lens H-display

Fig. 7. Optical set-up used to evaluate self-focusing imaging.

1000000

Fig. 8. MicroLED display used to generate the image wavefront. On the left the display size compared with 1
eurocent; on the right the magnification of the display with an isolated activated pixel as well as the “LETI” acronym.

4.3 Experimental results

We show on Fig. 9 the results of the image forming process on the various EPDs considered
in this study. Figures are given in gray level and angular coordinates. To give a better visual
rendering the gray scale of the figure is reversed. Figure 9(a) shows the image of the micro
display without any aperture. It represents the perfect image only limited by the aberration of
the optical system. Due to a too low energy level, the experimental evaluation of the imaging
process through a single aperture was not possible.

Figure 9(b) shows the imaging through a periodic aperture distribution (d, = 75 pm, A =
400 pm). We observe a duplication of the elementary image as expected from the theory.
Figures 9(c) and 9(d) show the result of imaging through the quasi-random and CRS EPDs.
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Fig 9. Results on the experiment (a) diffraction limited, (b) periodic distribution, (c) quasi-random EPD and (d) CRS
EPD.

4.4 Simulation results

We use as image a 13 x 5 pixels sampling of the acronym “LETI” representative of the micro-
display of Fig. 8. We choose a 130 x 50 pixels resolution for the whole image, with an
emissive-pixel periodicity of the display of 10 pixels, and each emissive zone being itself
sampled with 8 x 8 pixels.

Simulations are made on the basis of the double Gaussian model. The results based on the
parameters given from Fig. 5 give low correspondence with our experimental measurements
and correcting factors must be introduced in the value of w;, w, and yas given by Eq. (16) -
(18). Both values of the waist must be increased by a factor 1.5 and a noise ratio of 15 dB is
used instead of 18 dB.

Figure 10(a) shows simulation for a conventional imaging behavior. We use the double
Gaussian model with a ratio factor y~ 0 dB.

We simulate the case of a periodic EPD with a function that describes the spel distribution
as shown on Fig. 4(c). The following definition is used for g (with the corrected waist values):

-2 - - 2
H [
-2 -2

S per (17) =Ge WTZZe ’ @4
k,l



First term G is used to normalize the total energy. Second term is the envelope of the
apodization function. Third term is the grid of resonances due to the periodic distribution,

vector 7k, giving the coordinates of the resonant peaks:
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Fig. 10. Results on the imaging simulation process (a) diffraction limited, (b) periodic distribution, (c) quasi-random
EPD, (d) CRS EPD and (e) comparison of the middle cross section of the measured and simulated images in the
quasi-random EPD.



Figure 10(b) gives the result of the simulation. One can see that the repetition of the
resonant peaks prevents the recognition of the word LETI, as observed in the measurements
and as predicted by the theory.

The quasi-random distribution is simulated with the double Gaussian formalism:

g, (r)=1(r)+1,(r) (26)

The simulation result given in Fig. 10(c) is used as a comparison between theory and
experiment. Figure 10(e) compares the cross section of the experimental and simulated image
made on the middle of the image in the quasi-random case. This case is used as a reference as
it corresponds to the optimal imaging result for the EPD design. Correcting factors are
determined to give the best fit between the two curves. Note that the Cross Sinusoidal and
Cross Random Sinusoidal distributions (CS and CRS) distributions are easier to fabricate but
don’t correspond to an optimal distribution realistic with our manufacturing capabilities.
Future work will focus on determining such distributions with better self-focusing
performances than CS and CRS. Note also that the brightness of the image is not strongly
modified by the kind of EPD used, as long as the main characteristics of the EPD (size and
density of the apertures) remain the same.

We can now recognize in Fig. 10(c) the word LETI surrounded by a strong noise
contribution that degrades the contrast.

The CRS case is described by a function that mixes the formalism of Eq. (24) and (26).

Bk
zas (F)= 1 ([ + 2

4N ‘V—"q,p‘
The first two terms of the equation correspond to the spel and the noise, respectively, as in

- 205 2=
feme Ty
q.p

Eq. (24). The last term corresponds to the ghost peaks that appear at coordinate 74, with an

angular extension wj given in the experimental results of Fig. 4(i).

Figure 10(d) gives the result of image simulation with the CRS distribution. The image of
the word LETI can be recognized but some ghost images appear at the ghost peak location as
in the measurements.

4.5 Analysis

The experimental results confirm the ability to produce an image through the self-focusing
effect. The model of a double Gaussian intensity distribution is efficient to describe the
imaging process on the retina. It allows for fast simulations as summations of the various
spels that form the image.

The main drawback of the device will concern the contrast of the retinal image and the
presence of ghost images produced by limited random distributions. The EPDs that have been
considered throughout this paper are related to simple sinusoidal models, and more complex
configurations are currently under investigations to improve the image quality.

The best fit between simulation and measurements in Fig. 10 requires introducing some
correcting factors. This correction can be explained by the difference in spectral
characteristics between the laser diode used in Fig. 5 (FWHM ~ 1 nm) and the pixel of the
microLED display used in Fig. 9 (FWHM ~ 30 nm) [20].

The EPD parameters have been chosen in order to simplify the visual analysis as shown
on Fig. 9 and 10. Future work will focus on the parameters corresponding to our device with
an emissive aperture diameter smaller than 10 pm and an entrance pupil diameter of about
6 mm. The three orders of magnitude difference between these two values make visual
analysis difficult if one wants to evaluate on the same graphic the effect of the spel and of the
whole surrounding noise as in Fig. 10(e).



For this analysis it is also of primary importance to consider the eye model, particularly in
terms of extended sensing dynamic and non-uniform resolution. Specific diffusion behavior
of the holographic part of the device also has to be considered for a rigorous analysis of the
system performance [21].

It is also worth mentioning the influence of the source bandwidth. In particular, the
increase of the spectral bandwidth expands the speckle figure around the central peak and
tends to increase the ratio between the energy of the spel and the energy of the noise. This
aspect still requires an in-depth analysis, however, effects of wavelength and bandwidth have
been described experimentally in [20], to which the interested reader is referred.

Then, the display concept we propose works with a set of different Emissive Point
Distributions (EPDs) each associated with an image pixel. To be fully representative of the
concept, each pixel of the word “LETI” should have been associated with a specific EPD.
This configuration is not possible in the frame of this first experiment, as all the display pixels
highlight a transmission aperture distribution. We are currently investigating use of a
holographic printer, to evaluate a configuration with different EPDs, for a closer-to-real-case
application. Nevertheless, even if the aperture distribution is here still common to all the
pixels, it anyway well describes the effect of image formation through self-focusing effect, to
demonstrate its practical interest.

5. Conclusion

After the introduction of a new concept of retinal projector [13], we studied an
implementation of the imaging process through the self-focusing effect. This first
experimental demonstration allows introducing first elements of design for an Emissive Point
Distribution consistent with the requirement of the addressing process through the
intersection of sinusoidal waveguides and electrodes. First results are positive, but show that
more complex addressing design has to be found in view of improving the visual rendering of
the retinal projection.

Main limitations of the concept have been highlighted. The noise generated by the
sampling of the planar wave by a series of spherical waves is a first limitation, inherent to the
concept. Its reduction requires a compromise between the size and the number of the EPD,
that is, between the resolution and the sharpness of the image (resolution/sharpness conflict).
It is well described by a simple double Gaussian model that allows for fixing a signal to noise
design parameter ¥

Another limitation is the presence of ghost images, directly related to the choice of the
EPD and to its actual degree of randomness.

The link between 3 the EPD definition, the sampling and the angular size of the images is
difficult to establish and will require pursuing research with the introduction of a more
detailed eye model, in order to finely tune the image formation parameters, which are specific
to this new image projection modality.

Finally, a natural extension of this work would be to study application for colors display.
Here, monochrome demonstration of the self-focusing effect is provided, but the use of
multiple wavelengths is possible, using same EPD for all the pixels of the image. It could
allow for evaluating the spectral behavior of the self-focusing effect in a red-green-blue
(RGB) configuration. However, in the case of the originally proposed retinal display concept
[12, 13], each EPD is to be associated with a specific hologram that fixes the emissive angle.
As holograms are selective in wavelength, one would then have to use three separate
holographic layers in order to encode three EPD color families for full RGB display.
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