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An arrayed diffractive optical element design for the beam-shaping of a multi-array light source is
proposed. This is an essential device for recent optical security and face recognition applications. In
practice, we devise a DC noise reduction technique featuring high fabrication error tolerance regard-
ing the multi-array light source diffractive optical elements, as a necessary part of the proposed design
method. The spherical diverging illumination leads to DC-conjugate noise spreading. The main idea is
tested experimentally, and the multi-array light source diffraction pattern is investigated numerically.
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L. INTRODUCTION

Recently, the diffractive optical element (DOE) has at-
tracted unprecedented interest due to new emerging diffrac-
tive optic applications [1, 2]. With recent advances in nano-
fabrication technology [3], the industrial opportunities for
DOE are rapidly expanding. Some of the emerging fields
adopting diffractive optics are near-eye displays for aug-
mented reality (AR), optical security, and bio-optic sensors
[4, 5]. Diffractive beam shaping using DOE in light detec-
tion and ranging (LiDAR) systems is considered a key part
of next-generation electric and auto-vehicle industry tech-
nology. However, the inherent noise generation problem of
DOEs, such as DC noise and conjugate noise, are still un-
resolved and remain a challenging issue for classical DOEs
[6]. The generation of DC noise is a particularly notorious
issue for general diffractive optics applications because DC
generation is vulnerable to DOE fabrication error [7], lead-
ing to phase errors of the transmittance function. DC noise
can be generated by the wavelength mismatch of broadband
light source. Noise control is very important for the fields

such as material processing that require a low level of noise
and beam uniformity [8—10]. In this paper, we propose a
practical approach to reducing the average noise level by
spreading DC and conjugate noise with high tolerance with
respect to transmittance function error. Additionally, we
will apply the design method to the design of a DOE for a
multi-array light source.

II. METHODS AND RESULTS

To address the DC noise problem, we first present the
conventional binary DOE with two phase levels, 0 and =,
and its experimental observation (See Fig. 1). The sche-
matic of the experimental setup and the binary DOE sample
are shown in Figs. 1(a) and 1(b), respectively. A collimated
laser beam of 650 nm wavelength illuminates the back of
the DOE, and its diffraction intensity distribution is mea-
sured on the image plane. The continuous phase DOE pro-
file is designed by the iterative Fourier transform algorithm
(IFTA), and the binary phase of the DOE is approximated
[11-13]. The fabricated DOE has a 1 pum pixel pitch, 4001

*Corresponding author: hwikim@korea.ac.kr, ORCID 0000-0002-4283-8982
Color versions of one or more of the figures in this paper are available online.

) This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.
@ ® \> ‘ org/licenses/by-nc/4.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work
BY NC

is properly cited.
Copyright © 2021 Current Optics and Photonics

- 506 -



Diffractive Optical Element for Noise-reduced Beam Shaping of... - Jonghyun Lee et al. 507

(a)

Expander

(b) (©)

V>

N

Image plane

(d)

FIG. 1. Diffraction pattern of a conventional binary diffractive optical element (DOE): (a) experimental setup, (b) fabricated binary
phase DOE with 1 um pixel pitch, 4001 % 4001 resolution, and 4 mm x 4 mm sample size, (c) numerical simulation result of the
diffraction pattern, and (d) experimental observation of the diffraction pattern.

% 4001 resolution, and 4 mm X 4 mm footprint. Figures
I(c) and 1(d) present numerical simulation results of the
diffraction intensity distribution in the image plane and its
experimental observation, respectively, where the DC spot
and conjugate image are observed. The simulation and ex-
perimental results are in precise agreement.

Since zero-th order DC noise and conjugate noise are
inevitably generated in the binary phase or amplitude DOEs
[14], extra noise filtering systems are popularly employed
in many practical DOE system designs [15, 16]. Also, a
removal of DC noise is a very important issue even in ho-
lographic displays such as head-up displays, and research
progresses on methods for filtering [15] or spreading DC
[17] in liquid crystal on silicon (LCoS) spatial light modu-
lator (SLM) have been published. However, since miniatur-
ization is a unique benefit of diffractive optics, such extra
bulky filtering systems or devices are not acceptable for
practical diffractive optics applications.

We address an indirect way to effectively reduce the
average noise level of DC and conjugate noise. The central
concept of the phase DOE design, which features a reduced
average noise level is that the DC noise spreads as low as
possible while the target diffraction image is separately
maintained. Figure 2(a) presents a schematic of the pro-

posed approach. The two essential elements of the proposed
scheme shown in Fig. 2(a) are the diverging incident light
and the binary DOE multiplied by the convex lens phase
profile.

As seen in Fig. 2(a), the diverging point light source il-
luminates the transmission-type DOE (x,y, plane). In this
case, the DC signal is still diverging because the DC com-
ponent is neither influenced nor controllable by the DOE.
The diverging light field coming out of a point source at the
DOE plane is represented by

I 2,2
W(xn)ﬁ):e F(’1+y] )’ M

where A and F are the wavelength and the distance of the
point source from the DOE plane, respectively.

The transmittance function of the DOE #(x,, y,) is as-
sumed to have two modulating terms, which consist of 7 (x,
¥,) in the case of the target signal and 7~ (x,, y,) in the case
of the conjugate noise, and a non-modulated constant DC
term as follows:

() =1 (x,0)+7 (x,)+DC. )
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FIG. 2. The system scheme and noise spreading simulation results for a single diverging illumination source. (a) Operation

schematic diagram of the proposed DOE system, (b) the design condition of a light source, DOE size /,, and the zeroth diffraction
zone /,, and numerical simulations of the DC noise spreading in the diffraction pattern for focal lengths of (¢) 1 m, (d) 0.5 m, (¢) 0.4 m,

() 0.3 m, (g) 0.2 m, (h) 0.1 m, (i) 0.05 m, and (j) 0.025 m.

The complex field distribution of the DOE under the il-
lumination W(x,, y,) is obtained as

U (xp, 0y ) =t (x, )W (xp00y). 3)

The DOE is designed to include the convex phase profile
that is enabled to compensate for the diverging phase com-
ponent of the incoming wave-field and diffract to form a
designed intensity distribution in the image plane. The DC
and conjugate noise terms are spread over the image plane.
The modulating term 7 (x;, y,) is formed by the multiplica-

tion of the CGH pattern generating the target diffraction
pattern and the convex phase function, and this cancels the
diverging spherical phase of the incidence field W(x,, y,).
The modulating term 7 (x,, y;) excluding the conjugate term
is designed as

— —%(Xf +y|2) (4)
t(x,7) = tpop (3.1 ) e

where #,0e(x, 1) represents the phase function for recon-
tructing a target signal. By substituting Eq. (4) into Eq. (3),
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we find the complex field distribution U(x,, y;) on the DOE
plane as

U(xl’yl)ztDOE (xl,y1)+

ji(xl N

) ©)

The transform of the forward propagation is referred
to the Fresnel transform [16] from the DOE plane (x,, y,
plane) to the image plane (x,, y, plane), and the Fresnel
transform FrT{f(x,, y,); z} of the function f(x,, y,) is de-
fined by

—o0 —o0 i 2
iTZ{(Xz X )7 - )2}

FrT{f(x],y]);z}= j J.f(xpyl)e

—oc0 —co

dx,dy,, (6)

where z and A denote the propagation distance and wave-
length of the incident wave, respectively. Accordingly, the
diffraction image F(x,, y,) on the image plane is represented
by

F(xz,yz)=FrT{U(x1,y1);z}. (7)

As the conjugate term ¢ o:(x,, y,) and the DC term di-
verge due to the spherical carrier wave, the spreading of
DC and conjugate noise on the image plane is expected.

Conventional phase quantization is used to multi-step
phase-only DOE. The diverging light field can be realized
by setting up a concave lens with the same focal length as
the convex lens phase profile applied to the DOE. If the
divergent light generated by the concave lens is incident
onto the proposed DOE with the corresponding convex lens
phase profile, the spherical phase profile of the incidence
field is canceled out and the target signal is reconstructed
correctly in the region of interest (ROI), since the phase
profiles of two lens profiles cancel each other out. The dif-
fraction image at the image plane is obtained by the Fresnel
diffraction transform.

The phase function of the transmittance function 7 (x, y)
is fabricated. In this scheme, the designed transmittance
tooe(x, y) carries out diffraction pattern generation, while
the conjugate noise as well as the non-controllable DC term
spread broadly over the image plane (x,y, plane), as shown
in Fig. 2. The divergence angle of DC and the correspond-
ing coverage areas can be controlled by the distance param-
eter F'in Eq. (5).

The optimized position of a light source can be calculat-
ed as shown in Fig. 2(b). As the DOE can compensate the
phase of the diverging light source, the position of the light
source should be optimized to cover the zero-th region. The
optimized position of a light source is represented to

D, = D
1 12 _l| 2, (8)

where parameters are the optimized position D, of a light

source, the propagation distance D,, the size /, of DOE, and
the size /, of zero-th region. By the Fresnel diffraction, the
size of zero-th region is /, = AD, / p, where p is the pixel
pitch of DOE. If the position of a light source is too short,
compensation for the diverging light source will not be
done properly. Accordingly, it should be optimized by cal-
culating the appropriate position.

The binary phase DOE is designed according to the
above mentioned process and the simulated results for the
focal lengths of 1 m, 0.5 m, 0.4 m, 0.3 m, 0.2 m, 0.1 m, 0.05
m, and 0.025 m are presented in Figs. 2(c)-2(j), respec-
tively. Regardless of the distance parameter F' and the DC
noise coverage, the target diffraction image ‘IPDS YNG’ is
clearly observed in the image plane.

The verification experiment was undertaken. The binary
DOE for the same target image as in Fig. 1 was fabricated
[Fig. 3(b)] and tested in the experimental setup depicted in
Fig. 3(a). A collimated beam is transformed into a diverging
field through a concave lens of 2.5 cm focal length.

The DC reduction-binary type DOE sample in Fig. 3(b)
has 1um pixel pitch, 4001 x 4001 resolution, and 4 mm
x 4 mm footprint. The numerical simulation and the ex-
perimental observation results of the diffraction image are
compared in Figs. 3(c) and 3(d), respectively. The diffrac-
tion image for the target signal, ‘IPDS YNG?’, is observed
in ROL. In contrast to the results in Figs. 1(c) and 1(d), the
reconstructed image has low-level noise and high image
quality.

In recent industrial applications, multi-array light sourc-
es such as vertical-cavity surface-emitting laser (VCSEL)
and light-emitting diode (LED) arrays are popular in the
diffractive optic system. The representative example of the
multi-light source diffractive system is the LIDAR module
installed in electric and auto vehicles. In order to project
beam array on the free space, the DOE used in those fields
is used as a function of splitting beam. In this paper, we
design and analyze the DC reduction-binary beam shaping
DOE for an incoherent point source array. In Fig. 4, the
DOE:s for 3 x 3 arrayed light source are designed with and
without DC reduction function and they are compared to
each other in terms of the quality of far-field diffraction in-
tensity distribution. The point source wavelength is 650 nm
and assumed to be located 1.25 mm from the DOE as seen
in Fig. 4(a).

The distance between adjacent light sources is about 0.9
mm. The proposed multilevel DOE sample in Fig. 4(b) is
designed with a 1um pixel pitch, 3,333 x 3,333 resolution,
and 3.3 mm x 3.3 mm footprint. Figures 4(c) and 4(d) show
each image reconstructed with DC noise and the reduc-
tion diverging DC noise in the ROI. Despite using a multi-
array incoherent light source, a clear target signal can be
observed due to diverging the DC noise over the whole
region.

In the case of using the multi-array diverging light
source, each source is represented by
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FIG. 3. Diffraction pattern of the proposed binary DOE: (a) experimental setup, (b) fabricated binary phase DOE with 1 pum pixel
pitch, 4,001 x 4,001 resolution, and 4 mm x 4 mm sample size, (c) numerical simulation result of the diffraction pattern, and (d)

experimental observation of the diffraction pattern.

soivnd) o

where d,, and d,, are the shifted x-position and shifted y-
position of each light source on the source plane and p is
the source index. Here, we assume that the point sources
are incoherent with respect to each other.

The pth transmittance function of the DOE for the shift-
ed single light source W, (x,, y,) is represented as

’p(Xl’yl)=t_p(x1:y1)+7;(x1’yl)+Dcp~ (10)

The modulating term 7, (x,, y,) is designed to be

Sl e )

t_p(xl’yl):tDOE (xl=yl)e

where #,0p(x,, ¥;) represents the designed phase function
forming the target image and is commonly applied for ev-
ery point light sources.

We set the total transmittance function of the DOE, #(x;,,
1), according to

t(xl’yl)zivltp (x1=y1). (12)

p=1

The complex field distribution formed by the total DOE
t(x,, y,) illuminated by the pth single diverging light source
W (x,, y,) is obtained as

U, (x,v)=t(xv)W, (x,0). (13)

The total field intensity distribution on the image plane
seen in Fig. 4(d) illuminated by all point light sources is
represented by the incoherent superposition form:

N
L (%,0,) = Y |FrT{, (x],yl);z}r. (14)

p=1

Each individual light soruce comprising the multi-arrray
light source is designed to illuminate its own correspond-
ing DOE without interfering with the other DOEs, since the
cross-interference can degrade the diffraction image. Figure
5 shows a comparison of the diffraction intensity distribu-
tions with respect to the source illumination overlap area.
It is apparent that the diffraction intensity distribution with
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FIG. 4. The system scheme and noise spreading simulation results for multi-array diverging illumination source. (a) Operation
schematic diagram of the proposed DC reduction of DOE for the multi-array light source, (b) the proposed 3 x 3 multi-arrayed phase
DOE profile #, (x,, ;) with DC-conjugate noise spreading. Comparison of (c) the diffraction pattern of the conventional DOE with

strong DC spot and (d) that of the proposed DOE with DC-conjugate spreading.

no-overlap area in Fig. 5(a) has the superior diffraction ef-
ficiency, 47.71%. As the illumination overlap increases, the
diffraction image quaility becomes increasingly degraded
even though the DC spot is spread over the image plane.
The proposed method of DC spreading is neither real DC
noise rejection nor filtering. DC noise rejection without ad-
ditional bulky filtering systems is difficult to achieve. In the
recent security application, the dot-array pattern is generat-
ed by the DOE. In this application, the binary thresholding
is applied to the dot-array diffraction pattern. The strong

DC spot needs to be spread for this type of application.

II1. CONCLUSION

In conclusion, we proposed the design of an arrayed
phase-type DOE for an incoherent multi-array point light
source with a DC-conjugate noise spreading property.
Also, through simulation and experiment results, we pre-
sented that, instead of simply magnifying the reconstructed
projection image, the phase of the target signal wave is
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maintained and the quality of the reconstructed image is
improved by spreading the DC and conjugate wave by the
divergent spherical phase. Especially, it is superior for use
in the variety of fields in that it can be applied not only for
a single source but also for multi-array source. Further opti-
mization can be performed using other nonlinear optimiza-
tion algorithm such as stochastic gradient descent (SGD),
nonlinear conjugate gradient method rather than IFTA. We
will deal with this topic in our next research. The flexibility
of using DC-conjugate noise spreading supports the practi-
cal application of DOEs, such as to LiDAR techniques, fa-
cial recognition, and vision camera for autonomous driving.
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