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Abstract

An estimate of the permissible width of the workspectral range of optical systems with dif-
fractive elements is given. It takes into accotmetinterval of the angles of incidence of the radia
tion on the microstructure of the element and diceeds from the requirement that there is no halo
in the image that is visualized by the LCD monitbiis shown that the design parameters of dif-
fractive elements intended for mobile device camera quite achievable for today's technologies

of mass production of plastic optics.
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Introduction

Broad opportunities of aberration correction anmct f
of all, of chromatic aberration of an imaging optisys-
tem are well known due to inclusion of a diffractiopti-
cal element into the system diagram-fil0]. In particu-
lar, the element consisting of a diffractive leBd.) with
a small optical power helps achieve a high degree
chromatic correction required to get a high-quatityor
image even when using a limited set of optical mizlte
for instance, technologically efficient and comnigity
available optical plastics. Thereby, today’s tedbgies
of mass production of plastic refraction lense® ofthe
spherical or aspheric surfaces of which bears dosdlv
relief-phase diffraction microstructure (see Fiy. fe-
move almost all previously existed constraints lom de-
sign parameters of such hybrid elements.
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Fig. 1. A sawtooth relief-phase diffraction microstructure

Hence, almost the only serious challenge thaticestr
common use of diffractive elements with the sawicet
lief-phase microstructure is supposed to be corsiie
probability of the occurred color fringe (halo) tharo-
vides the most striking image fragments being fatrng
the optical system in polychromatic radiation. Titee
sponsibility for halo is taken by the radiationfditted
onto the microstructure in indirect diffractive erd [11].
Integrally, their level is usually estimated by ttifer-
ence of the diffraction efficiency (DE) in the firgork-
ing ordem of unity.

The conditions imposed on the diffraction efficign¢

of the microstructure and guaranteeing the absehttee
visually observable halo in the image recorded Iipha-
todetector array are shown in paper [12]. They d&m
that the DE-wavelength influence curves, being simo
and convex at all angles of incidence of the raatiabf
the microstructure (Bmax< 0<06may and within the whole

A
o

working spectral rangé\fin< A <Amay, should fulfill the

following condition: n=1 at one of the wave-lengths
within the spectral range amp>0.85 on its edges. These
conditions have been obtained by theoretical arsalys
experimental results given in paper [13] with thee wf
the Plastic Hybrid Aspheric Lens No 65-999, a comme
cial product by Edmund Optics [14].

0 1. Estimate of the permissible width

of the spectral range

We may accurately estimate DE of the sawtooth re-
lief-phase microstructure of the diffractive lenghin the
framework of the scalar theory provided that tHatien
between the minimum period of the microstructure an
the relief depth ig\min/ h>10. In fact, as shown in papers
[15-17], the DE values obtained within the framework
of the rigorous diffraction theory based on solnsicof
Maxwell's equations with respective boundary caodis
are, in general, lower than the values given bysttaar
theory. However, during the relative microstructpesi-
od Amin/h>10 this difference in the DE values is not
large and may be neglected.

Within the framework of the scalar theory, DE oé th
sawtooth relief-phase microstructure of the diftireelens
in the first diffractive order is described as dols [18]:

n ={sin[m(1-a1/A)] (1= 21/2)} (1)

HereAl is an increment of the optical distance in one
period (in one annular area) of the sawtooth pediiting
dependent on the refraction index of the microstmac
materialn(A), on the relief depth, and also on the wave-
length and the angel of incidence of the radiatibithe
microstructure from the air:

Al :h(w/nz(A)—sinZG—cosﬁ). @)

Having selected the maximum wavelength of the
working spectral range and using the equationsa(it)
(2), it is easy to obtain the dependenGen(Bmay that
provides the above no-halo conditiop<1 at one of the
wavelengths inside of the working spectral rangd an
n=0.85 on its edges at all angles of incidence of#dg
ation of the microstructure not exceedimax in abso-
lute magnitude). However, the best values of thiefre
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depthh will be obtained thereby which provide the leg
value ofAmin for each angle of incidence.

Defining the working spectral range of a photo-
video camera, we will assume that it may be disgdayy

st This spectrum constraint may be achieved using a
yellow optical filter ‘ZhS12 usually applied at black-

porand-white photography [21]. In this case, the filte

blocks all wavelengths being left-handed from thexm

a modern LCD monitor. We can select the maximf@imimum radiation of R LEDs that encolors the imags- di

wavelength of the working spectral range havingnred

to the CIE chromaticity diagram with an appliedardfi-

angle or, that is more obvious, to the spectrgbarse
function of an LED highlight block of the LCD moait

for instance, a modern budget-type model SynsMa
XL20 by Samsung [19] (see Fig. 2). Taking into aouo
the fact that the relative radiant intensity of EDs of

the RGB-triplet drops rapidly from 0.15 almost &ra at
the wavelengths of over 0.¢8n, particularly this wave-
length Amax=0.65um) may be taken as the maximu
wavelength of the working spectral range of moliée

vice photo- or video cameras.

1.0 T Intensity, relative units
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Fig. 2. Spectral characteristic of an LED highligiibck
of the LCD monitor SynsMaster XL20

Having the above chosen long wavelength limit ef th

working spectral range and using the microstruchoaele
of the crown-alike optical plastic E48R [20], wevbha
drawn up the dependency graphn(Bmay given in Fig. 3.
It shows that when the angles of incidence of tdiar

tion are (kBmax<15°, the minimum permissible wave}f

length is 0.42& Amin<0.436pm.
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Fig. 3. Dependence of the permissible short wavéteofthe
working spectral range from the angle of incidentéhe
radiation of the microstructure

Having referred again to Fig. 2, we will note th
when the wavelengths are from 0.427 to 0.486 the
radiant intensity of B LEDs referred to the relelvarax-
imum grows from 0.05 up to no more than 0.2. Hen
elimination of the radiation from the working spech at
the wavelengths of less thamin by using a proper opti-
cal radiation filter won't be visually perceiveddawon’t
involve any additional digital color correction.

The situation with large angels of incidence of tae
diation is quite different. For instance, wh@ga.x=25°,
the minimum permissible wavelengthhigin=0.452um.

played on the monitor in yellow (Fig. 4). If reqed,
this color gradation may be removed, as noted pepa
[12], by digital correction using a white-balana®ltin
any paintbrush software, for instance, Adobe Phuips
5t¢R2]. Besides, it is possible to anticipate an andtic
white-balance shift by a predefined value in thebiteo
device camera software

Fig. 4. Example of digital correction of the imafpemed
by the photo camera when being installed in fronthe lens

of the yellow optical filter “ZhS12": 1— with thepsical
filter; 2 — without the optical filter; 3 — the coected white

balance in software
In conclusion, thereof we would like to note that

limiting the angles of incidence of the radiatiohtloe
microstructure of the diffractive lens in refracrand-
diffractive optical systems is provided by the dgsi
technique actual for these systems. In particutlae,
procedure noted in [23] helped limit the anglegnafi-
dence of the radiation of the microstructure iniper
scope and variable focus lenses upti®°® at angular
fields of view of the optical system up tB87° [24,
25]. The same technique used in objective lenses of
smart phones helps limit the angles of incidencéhef
radiation of the microstructure up #&25° at angular
fields of view of the optical system up #82° [12].

2. Egtimate of technological effectiveness of the
sawtooth relief-phase DL microstructure

In Introduction we have mentioned that today’s tech
nologies of mass production of elements with the-sa
tooth microstructure remove almost all previoustiseed
Alconstraints on the design parameters of diffracties

ments. This is due to the fact that the main aitmaram-
eter, that is the width of the microstructure’s roarest
C€annular area, is restricted with the following citiodh:

Amin/h>10. The very width of the narrowest area at the
given focal length of the diffractive lens deteresnex-
actly the maximum clear aperture. We will demorstra
this with the example of two types of elements: dife
fractive lens, the coefficients of a spherical adkon
component of which at the effective wavelength iare

versely proportional to the focal length of progegree,
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and the diffractive lens with the spherical abéorat

completely removed at the estimated wavelength.
The first type of the diffractive lens causes tbkofv-

ing phase delay to the normally incident plane Vv

0=TP/\,f ", 3)

wherelois the estimated wavelengthjs the length meas
ured relative to the optical axis;is the focal length.

The microstructure of this diffractive lens is dimnito
the microstructure of the geometrical Fresnel zplage
whose boundary radii of annular areas are proputito
the square root of whole numbers. The outer radius

boundary annular area of the geometrical Fresneé zo

plate, i.e. the half of the clear aperture, isvaig to the
width of this zone with the following approximatela-
tionship:

05D cI:pmax: ()\O//\min)f" (4)

Taking into account the fact that the best religfittis
of the diffractive lens at the angles of inciden¢ehe ra-
diation up to 25 slightly differ from the depth that pro
vides the unit diffraction efficiencyn(=1) at6=0 at the
estimated wavelengtky, we use the following:

h=x,/(n(A,)-1), ®)

and assuming thadtmin/ h=K for the half of the clear ap
erture, we receive the following:

Conclusion

This paper presents recommendations on selection of
the working spectral range of photo- and video case
for mobile communication devices. These recommenda-
tions are grounded on the analysis of the speatrdlan-
gular dependence of the diffraction efficiency lod saw-
tooth relief-phase microstructure and on the expenial
estimate of quality influence of the image beingnfed
by the optical system with the diffractive lens ahd ra-
diation having been diffracted on its microstruetur in-
direct orders. In addition, they also take into sidara-
tion the color gamut of the LCD monitor which ispsu
posedly to be used for image visualization.

According to these recommendations, the whole visi-
ble spectral range may be considered as the working
spectral range of the optical system at the angflésci-
dence of the radiation of the microstructure ofdfférac-
tive lens not exceeding 150 absolute magnitude. When
the incidence angles come up to® 25 absolute magni-
tude the visually observed halo occurred withinithage
shall be omitted only by cutting-off a short wavedeof
the spectrum, for instance, by means of the yetiptical
filter “ZhS12".

The paper shows that restrictions on the microstruc
ture design parameters caused by electromagnetie wa
diffraction on the relief-phase microstructure dfite
depth are more severe than today’s technologicat co
straints in mass production of such structures.

OED CIZMf,' (6)
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