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Abstract

The paper considers a design method for a side-emitting lens working with a single LED source and providing a narrow
light beam in the horizontal direction within 360°. The authors deal with the composing method in the design, which
is usually used to synthesize the initial scheme of the imaging systems. However, in this case, a similar approach is
applied to the synthesis of a system, the task of which is to provide a certain shape and characteristics of the light
beam. The stage of choosing an initial principal design and synthesis for non-imaging optics is especially important
since this area is characterized by the use of so-called local optimization, the result of which strongly depends on the
original system. Therefore, the stage of forming an initial approximation of the system becomes crucial. In this case, the
composing method can provide the most effective choice of an initial scheme of a side-emitting lens. The application of
the composing method and the theory of aberrations in the field of synthesis of the initial design of a side-emitting lens
is shown. The paper describes a method for selecting the key parameters of the system, and presents the relationships
that allow a preliminary evaluation of the characteristics of the designed system without the use of time-consuming
calculation or optimization procedures. The presented approach makes it possible to ensure the choice of the initial
point of the system for further optimization, as well as to achieve high efficiency of using the light flux by the optical
system of the lens (up to 90 %), only due to the optimal size of the zones into which the beam is divided and to the
optimal parameters of the generating curves. In this case, the lens profile is formed by two zones in each the profile is a
conic curve, hence, the curve can be described by a small number of parameters, which is very convenient at the stage
of searching the initial scheme. The proposed approach can be applied in the design of such systems, as well as applied
at the stage of preliminary assessment of achievable characteristics, which can significantly speed up the development
process.
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AHHOTaNMA

IIpeamer uccnenoBanus. PaccMOTpeH METOM MPOSKTUPOBAHHS JIMH3BI OOKOBOTO CBEUEHNS, paOOTArOMIEH C OTTHOYHBIM
CBETOMOIHBIM HCTOYHUKOM CBETa M 00ecrednBaromeil (popMUpoBaHUEe y3KOTO CBETOBOTO ITyYKa B TOPU3OHTATHHOM
HarnpasiieHuu B npenenax 360°. Meroa. [Ipu npoekTHpoBaHUY UCIIOIb30BaH METO KOMIIO3ULUY, KOTOPbIH IIPUMEHACTCS
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JUISL CHHTE32a MCXOTHOM KOHCTPYKINH cUCcTeM, (OPMHUPYIOLIMX H3o0pakeHne. B paboTe naHHbIH MOIX0I NPUMEHEH K
CHHTE3y CHCTEMbI, 3a/ja4a KOTOPOH 3aKirouaeTcs B 00eCHeueHNN ONPeiesIeHHONH (OPMBI M XapaKTepPUCTHK CBETOBOTO
Mmy4ka. DTan BeIOOpa NPUHIMIHAIBEHON KOHCTPYKIIMHU U CHHTE3a JUIsl Hen300pakalomieil ONTHKH 0COOEHHO BaXeH, JUIs
KOTOPOH XapakTepHO NMPUMEHEHHE TaK HA3bIBAEMOM JOKAJIBbHON onTUMH3aluuu. Pe3ynbrar onTuMHU3anuu B JaHHOM
ClTydae CyIIeCTBEHHO 3aBUCHUT OT UCXOHON CHCTEMEL. B CBsI3M ¢ 3TUM 0COOEHHO Ba)KHBIM SIBIISIETCS TAI (hOPMHUPOBAHNUS
Ha4aJILHOTO MPUOIIDKEHHs CHCTeMBL. [IpH 3ToM MeTO/T KOMIO3HUIINH MOMKET 00ecTIeunTh Hanbosee 3 (eKTHBHEIN BEIOOp
HaAYaJIbHOTO MPHUONIVKEHHS JUTS IIPOSKTHPOBAHHS JIMH3BI O0KOBOTrO cBeueHHs. OCHOBHBIE pe3yabTarsl. [lokazaHo
IIPUMEHEHNEe MeTO/Ia KOMITO3HIINH M TeoprH abeppanuii B 00J1acTH CHHTEe3a IPHHIUITHAIEHOM CXeMBI JTMH3BI OOKOBOTO
cBedeHus. [IpuBesieHo onucaHne MeToa BHIOOpa KIIIOYEBBIX IIAPAaMETPOB CUCTEMBIL. [IpeicTaBIeHbl COOTHOIICHHUS ISt
HpeBapUTEIbHON OLEHKH XapaKTEPUCTUKU MPOSKTUPYEMOM CHCTEMbI 0€3 HCIIOIb30BAHUS TPYLOEMKHX IPOLELYP
pacdeTa unn ontuMusanuy. IIpenoxkeHHbIi OIX0 MO3BONAET 00ECTIeUNTh BBIOOP HAYaIbHOH TOYKM CHCTEMBI JUIS
JanbHeHIeil ONTHMHU3aINHY, a TAKKe T0OUTHCS BBICOKOH 3()(EKTHBHOCTH HCIIONB30BAaHUS CBETOBOTO IMOTOKA ONTHYECKON
cuctemoit uH3BI 10 90 %. DTO mOCTUTAETCS TONBKO 3a CUET ONTHUMAIBLHOTO pa3Mepa 30H, Ha KOTOPbIE pa3aelsieTcst
ITy4O0K, a TaKKe 3a CYeT ONTHUMAJIBLHOTO BBIOOpa mapaMeTpoB obpasyromeil kpuBoid. [Ipu sTom npoduns auH3BI
(dopmupyeTcs ABYMs 30HAMH, B KaXJ0i 13 KOTOPBIX MPO(IIb IIPEACTABIIIET COO0I KPUBYIO BTOPOTO MOPSIAKA, KOTOPYIO
MOXXHO OIHCATh MaJbIM YHCJIOM IIapaMeTpoB, YTO yHOOHO Ha JTane KOMIOHOBKU. [IpakTHYecKkasi 3HAYMMOCTD.
PaccMOTpeHHBIH METO/] MOYKET HalWTH NMPUMEHEHHE NPY MPOEKTHPOBAHUHU MOJOOHBIX CHCTEM, a TAKKe IPHUMEHSATHCS
Ha 3Tane l'lpellBapPlTeJ'leOFl OLCHKHN NOCTHIKUMBIX XapaKTEPUCTHUK, YTO MOXKET CYLIECTBEHHO YCKOPUTH IIpoLECC

pa3paboTKu.
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Introduction

LED sources are used everywhere to illuminate
architectural objects, posters, shop windows,
advertisements, for road illumination, in lighthouses, signal
lighting, and other lighting devices [1].

The expansion of the fields of LEDs application has
led to the rapid development of design methods for such
systems. Most methods are based on the direct solution of
the problem of finding the surface profile with the known
characteristics of the light source or on automated design
methods using specialized software (ASAP, LightTools,
Zemax).

In practice, optical engineers widely use the selection of
the shape of surfaces and elements based on approximate
requirements for the ray paths and methods of automated
design (optimization) of optical systems. However, even
when applying this approach, it is necessary to have an idea
of what shape the lens should be (one or more surfaces,
the presence of total internal reflection, the division of
the beam into zones, etc.). Besides, when using the SMS
(Simultaneous Multiple Surface) method [2—4] or ray-
mapping method [5], there is no way to preliminarily
evaluate the achievable characteristics (for example, beam
divergence when designing a collimator). Therefore, even
for a standard element in the form of a collimating system
operating on the Total Internal Reflection (TIR) effect,
there are many solutions and methods proposed by many
scientists [6—8].

For lenses and systems operating with one or multiple
sources and providing a narrow beam in an annular zone for
the full azimuth angle of 360°, methods based on finding
the surface profile using the ray-mapping technique have
also been proposed in a number of works [9, 10].

An alternative method of designing optics, which allows
finding an initial solution quickly enough, is the so-called
composing method. The composing method is understood
as combining elements (optical surfaces or lenses) with
studied and / or well-known properties. For imaging optics,
these properties are aberration properties, but it is necessary
to take into account the achievable distribution of luminous
intensity or illumination distribution for non-imaging
systems [11, 12].

As arule, aberration theory is not applicable for the case
of a source emitting inside a wide angle. To apply it to the
area of non-imaging systems, it is necessary to consider not
the aberration properties, but their influence on the light beam
characteristics. For a collimating lens or a side-emitting
lens these properties are the possible residual divergence.

Collimating optics can act as the basic version of the
system making it possible to confirm the effectiveness of
the proposed approach [12]. The authors have previously
considered the application of the composing method for
the initial scheme synthesis and analysis of the properties
of a collimating lens operating on the effect of TIR. In this
work, it is proposed to apply this approach for designing a
side-emitting lens that provides a horizontal narrow light
beam within azimuth angle 360°.

The composing method
for designing a side-emitting lens

Let us consider at the first stage a point light source
emitting within a hemisphere and a schematic layout of a
side-emitting lens. Below, when composing a side-emitting
lens, we consider several basic solutions, the properties
of which are well known from the theory of geometric
aberrations [13—-15]:
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— a lens with a first convex hyperboloid surface facing
a point source and a second flat surface. The conic
constant of the profile (hyperbola) k= — n2 . In the case
of a point source located in the focal plane of such a
lens, it provides an ideal parallel beam,;

— a lens with a first spherical surface, concentric to the
source point, and a second ellipsoid surface. The conic
constant for the profile (ellipse) k = — 1/n2;

— parabolic mirror surface. Provides a parallel beam when
a point source is located at the focal point;

— a spherical surface. It does not change the divergence
of the beam if the center of the beam is in its center of
curvature;

— a flat surface. It does not change the divergence of a
parallel beam of rays incident perpendicular to it.

It should be noted that the elements listed above provide
a strict absence of spherical aberration, that is, a strict
stigmatic beam.

Since it is necessary to provide a horizontal parallel
beam for the case when the LED light source radiates into
the upper hemisphere, several solutions are possible using
the elements listed above. Relatively powerful LED light
sources often emit within a hemisphere, and according to
the law close to Lambert’s law / = [jcos® (Z, I, — is the
luminous intensity in a given direction 0 and along the
axis, respectively), therefore, taking into account the wide
beam, it is necessary to split the light beam into several
zones, i.e., at least two zones. As we will show below,
for the minimum number of zones we can balance the
zones’ size very quickly. The decision on whether it is
necessary to further increase the number of zones is based
on the analysis of the achievable beam divergence and the
required dimensions. However, increasing the number of
zones may lead to greater difficulties in manufacturing.
Thus, our goal in this work is to show how we can increase
the efficiency of using the light flux just by choosing the
optimal size of the zones and the shape of the profile.

Fig. 1 shows the cross-section profiles of possible
variants of a lens built from the basic elements, the side-
emitting lens is formed by rotating the profile about the OY
axis. Fig. 1, a shows a system where the beam is divided

into two zones. The region of zone / can be considered
as a sphero-ellipsoid lens, a parabolic reflecting surface
operates in zone //, and surfaces are added that do not affect
the divergence of the beam from a point source (spherical
surface, concentric to the point where the source is located,
indicated by the green line in the figure, and a flat surface).
Fig. 1, b shows a variant where a sphero-ellipsoid lens
is also used in zone 7, but zone /I is a plane-hyperbolic
lens, into which an additional flat surface is introduced,
providing the corresponding direction of the beam axis.
Rays that correspond zone /7 are depicted in a red color,
the edge ray for zone / is shown in blue.

A plane-hyperboloid lens for zone / is not considered
since it will not be possible to manufacture the configuration
obtained in this way by molding, and the variant with a
sphero-elliptical lens for zone /7 is not analyzed, since in
this case the dimensions of the system significantly increase
or it is impossible to ensure full capture of the light beam
in zone /1.

For a lens of the first type (Fig. 1, a), the residual beam
divergence in the horizontal direction will be determined
by the source size, as well as by the coma aberration. For
the central zone, the divergence angle due to the source
size (o;) and aberrational (due to coma) (®;,,,,) can be
determined on the basis of geometric relations and formulas
of the theory of the third-order aberrations [16]:

o/ = ylff,
3y

———sin?g,,
2(n—1ff

(Dllcoma ~
where y — size of the luminous area of the source; f; —
focal length of a sphero-ellipsoidal lens; » — refraction
index of the material.

Full beam divergence is defined by the full divergence
angle that is the sum of the values:

’ !
Oy + O7 coma-

Besides, it is convenient to introduce dimensional
relationships for zone /. The diameter of the side-emitting
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Fig. 1. Possible profiles for generating a side-emitting lens: a sphero-ellipsoidal lens and paraboloid surface (a); a sphero-ellipsoidal
lens and plano-hyperboloidal lens with an additional flat surface (b)
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lens (lower part — zone /) is determined by the parameters
of the sphero-ellipsoidal lens. It can be shown that with this
configuration, the focal length of a sphero-ellipsoidal lens
is described by the expression:

.f}l = Tsph +d,
where r,

sph — the radius of the spherical surface; d — lens
thickness.
Vertex radius of the second surface (ellipsoidal):

_ =) _(dHrn-1)

n n

)

If the radius of the spherical surface is set as the initial
parameter (the minimum value is determined by the
required dimensions), as well as the focal length of the lens
/7 selected based on the required beam divergence, then
the lens thickness is determined almost unambiguously.
On the other hand, on the contrary, it is possible to set the
thickness of the lens and the radius of the spherical surface
and analyze whether the desired lens characteristics are
achievable in this case.

These expressions are valid for both types of lenses
since zone / in all cases has the same shape. It should be
noted that in this case, the energy distribution of the source
is not taken into account, as well as the fact that the source
area is tilted relative to the profile axis.

For zone /I in a system of the first type, the divergence
due to the size of the source (w'j;) and the aberration
divergence (®'y,.,me) are defined similarly:

o'y= .
n=
f,Hp
O feoma = =3, [sin}(n/2) — sin?c] = -3—"—cos?o,
1Ip Y Ilp

where /", — focal length of the paraboloid.
Lens dimensions (Fig. 1, a) could be described by the
formulas:

2 ’
max f”p [1+~1 + tancy],

Y,
tanGU
_ 2
ZH - Ymax/f’IIp _f,Hp'

Full divergence angle for the lens of the first type is the
maximum of the two values — divergence for zone / and
zone I1.

For a lens of the second type (Fig. 1, b) for zone /I, the
relations for a plano-hyperboloid lens are valid:

o' = VI 1pns
3yn
2(n = 1)f i

where /", — focal length of the plano-hyperboloidal lens.

As for the previous case, the full divergence angle for
the lens of the second type is the maximum of the two
values — divergence for zone / and zone /1.

As can be seen from the analysis of the formulas, the
lens of the first type provides a lower divergence, since
the focal length of the paraboloid can be greater than the
focal length of a plane hyperboloid lens, which can be

' ~ )
O f1coma = SI=Gyp,

physically realizable in the structure of the side-emitting
lens. Moreover, coma of a paraboloid is smaller (with the
same characteristics). However, the second type could be
more compact.

Design example of the side-emitting lens

Fig. 2 and 3 show the examples of lenses of the first
and second types, built using the proposed approach, as
well as the results of simulations performed in Zemax
Optic Studio.

For the first type lens if we choose the focal length
of paraboloidal part /', = 2.2 mm, Y, = 13 mm, the
focal length of a sphero-ellipsoidal lens f;' = 11.35 mm,
the conic constant of ellipsoidal surface (for zone /)
k =-0.444, the radius of a spherical surface r,, = 4.35 mm
we obtain the divergence angles ®'; = 2.5°, ©'j.pma = 3-8°,
the full divergence angle for zone / ®' = 6.4°, for zone I/
©';=13° 0 ;1.0ma = —4.9°, the full divergence angle for
zone Il @' = 8.1°. It is worth noting that y = 0.5 mm was
used in calculations, and the refraction index » = 1.5. The
larger value of the divergence at the same sign determines
the total divergence value. Thus we can see that residual
divergence is more because of zone /I. The second variant
in Table presents the parameters of the lens of the second
type — with the plano-hyperboloidal lens in zone /I. The
parameters of the profile for zone I are the same, and the
parameters of the hyperboloid profile (for zone //) are as
following: the focal length of the plano-hyperboloid lens
S'1jpn = 1.5 mm, the conic constant for the hyperboloid
ky =-2.2253. The values of the divergence angles for the
two variants are given in Table below.

Fig. 2, a presents the lens of the first type with the
parameters from the first line in Table (variant 1). The
distribution of the luminous intensity on the polar detector
[17] in the system when working with a Lambertian light
source having the dimensions of a luminous area 1 x 1 mm?
is depicted in Fig. 2, . The source flux in calculation equals
100 Im. The lens material is polymethylmethacrylate
(PMMA). As can be seen from the figure, the lens provides
the formation of an annular beam of rays, and about 91 %
of the light flux is concentrated within an angle of + 8°.
Table also provides the value of the Full Width on the Half
Maximum of the beam (FWHM).

In this case, reflection losses were not taken into
account. The results of simulations have shown good
agreement with theoretical values. If in theoretical
evaluations we use the diagonal size of the area source
(y7=0.7) the theoretical values will be even closer to the
results. Hence, here we demonstrated how the parameters
of the profile curves influence the resulting properties of
the beam.

Fig. 3, a demonstrates the 3D model of the lens for the
second variant from Table. Fig. 3, b shows the distribution
of the luminous intensity in the system working with a
lambertian light source with the same parameters as in the
previous example. As shown in Fig. 3, b, the lens provides
the annular beam of rays; about 68 % of the light flux
is concentrated within an angle of +8° from the horizon
(for an angle +5°, the corresponding value is 60 % of
the energy). In this case, when the divergence angles are
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Table. Parameters for the curves of the lenses and their characteristics

Variant Parameters Zone I Zone II Full diverger}ce angle Diy ereence gngles
(theoretical) in simulations
1 S/ =1135mm 0';=2.5°, o'y=13°, o' =8.1° + 5° (corresponding solid
Fgpp =4.35 mm O'eoma = 3-8° O reoma = —4.9° angle contains 83.5 %
7, =3.783 mm of energy)
k=-0.444 + 8° (91 % of energy)
S'ip =22 mm + 15° (95 % of energy)
Y ihax =13 mm
Divergence FWHM = £2.2°
2 ff =11.35 mm 0';=2.5°, o'y=19° o'=61° + 5° (corresponding solid
Fgpp =4.35 mm O'eoma = 3-8° O jeoma = 42° angle contains 60 %
7, =3.783 mm of energy)
k=—0.444 + 8° (68 % of energy)

S 1pn=1.5 mm + 15° (76 % of energy)
ky =-2.2253
Divergence FWHM=+2°

Detector Image:
Tranetiy
170,8
153, 7
136,6
119,6
102,5
85,4
68,3
514,72
34,2
17,1
0,0

Detector Image: Luminous Intensity

Detector 4, NSCG Surface 1: polar Zemax OpticStudio 20.3
Max polar angle: 98,00 deg, Total Hits = 1910605
Peak Intensity : 1,7080E+02 Lumens/Steradian

| S— 20 mm Total Power : 9,5530E+01 Lumens

example_igs_sideeml.ZMX
Configuration 1 of 1

Fig. 2. The design example of a side-emitting lens of the first type: 3D lens model (); light intensity distribution on a polar detector (b)
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Detector Image: Luminous Intensity

Detector 4, NSCG Surface 1: polar Zemax OpticStudio 20.3
Max polar angle: 98,00 deg, Total Hits = 1866515

Peak Intensity : 1,3781E+02 Lumens/Steradian

Total Power : 9,3326E+01 Lumens example_igs_sideem2.ZMX

Configuration 1 of 1

— 20 mm

Puc. 3. The design example of a side-emitting lens of the second type: 3D lens model (a); light intensity distribution on a polar
detector (b)
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relatively large the correspondence between the theoretical
values and simulation results is larger since trigonometric
functions are omitted in the formulas. However, the
agreement is still good enough. As can be seen, the
theoretical expressions provide a clear understanding of
what zone and what parameters are responsible for the
divergence, thus they provide ideas about the ways of
improving the lens characteristics.

In accordance with theoretical calculations, the second
type of lens has lower efficiency, but it has smaller
dimensions: the maximum lens diameter is determined in
this case by the dimensions of the lower zone (a sphero-
elliptical lens) and is equal to 22.7 mm.
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Conclusion

In the work, it is proposed to compose the starting point
of the side-emitting system for LED sources based on the
ideas of the composing theory. Two possible configurations
of the lens are considered, the relations that determine the
collimation properties of a side-emitting lens (the size of
the angular sector) are obtained. The work provides the
formulas that allow generating a lens cross-sectional profile
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the properties of the system at the early design stage. An
example is given to illustrate the proposed approach.
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