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Abstract. Widespread use of semiconductor radiation sources in optoelectronic devices for various

purposes requires further study of the mechanisms of formation of photometric characteristics of the
integrated device in the near illumination zone, where the law of inverted squares is violated. A

mathematical model of the multicomponent beam-diode module is proposed. On its basis the analysis of
influence of the parameters of separate beam sources on the deformation of the indicatrix of radiant
intensity at transition from the far zone to the near one is carried out. It is shown that the determining
parameter of the indicatrix change in longitude and polar distance is the distribution in the plane of the
modulus of the product of the radiant intensity of a single diode on its polar radius vector. The displacement

of the polar angle of the maximum of the vector of the diode radiant intensity is more significant for wide
radiation patterns than for concentrated ones. For specific parameters of diodes and geometry of their

location the suitability of the proposed model for a priori modeling of beam-diode modules is illustrated.

1 Introduction

Successful development of unmanned aerial vehicles
encourages the development and improvement of
optoelectronic devices (OED) for light signals and
reconnaissance purposes. They are mainly implemented
by introduction of new element base of higher quality
where not the last place belongs to artificial sources of
infrared (IR) radiation. Increasing the range of security
and reconnaissance OEDs is achieved by their transition
to active mode, increasing the power of sources, the use
of longer wavelengths of the IR range of electromagnetic
waves (EMW). Among the artificial sources of
spontaneous radiation, undoubtedly, the most promising
are the semiconductor sources of injection
electroluminescence of p-n junctions — light-emitting
diodes (LEDs) (visible area of EMW) and beam diodes
(ultraviolet and infrared areas of EMW). Beam-signal
and other devices of active action of the IR range have
significant operational advantages at the working lengths
of the EMW, which correspond to the "windows" of the
transparency of the atmosphere in the middle range of
the IR spectrum: (3.3 — 4.2) um, (4.5 — 5. 1) um, (8-13)
pm. Modern technological advances in the production of
ultra-bright p-n-emitters in these parts of the spectrum
require further study of the mechanisms of formation of
the basic physical and technical characteristics of
multicomponent beam-diode sources of directional
action.

Due to the topicality of replacing traditional light
sources with more efficient ones in many respects, a
large number of scientific papers are devoted to the
development and design of LED-based lighting devices.
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Most of the papers are limited to offering a mathematical
model for calculating the lighting characteristics of the
LED module and computer software for these
calculations. This is enough to perform practical tasks
and the problem consists only in choosing the most
rational model. From a theoretical point of view, it is
important to study the peculiarities of the formation of
light intensity curves (LIC) for the development of light
intensity algebra. The non-triviality of these questions
lies in the specific use of the category of light intensity
for non-point sources. By definition, the intensity of light
is a characteristic of a point source located at the apex of
the solid angle and to arithmetically add vectors of light
intensity from several sources is valid only for vectors of
one direction when the source is at one point [1, 2, 3].
The method of virtual transfer of radiating components
to one point to obtain a diagram of the direction of light
intensity of the integrated device can be approximated
only in the far illumination zone. The transition to the
near zone raises the question of the legitimacy of the use
of the light intensity characteristic.

Obviously, the pattern of light intensity or LIC of the
integrated lighting device depends on the lighting
characteristics of individual LEDs and the geometry of
their placement. In principle, the LIC of any LED, even
with secondary optics, can be calculated by considering
the course of the beams in a semiconductor crystal [4, 5,
6]. However, in practice a less costly approach is used.
A simplified parametric model is selected for the
empirically obtained data set. Such analytical models are
the basis for the classification of the main types of LIC
for sources of any radiation mechanism [7, 8, 9].
Together with the idealized diagram f(0)=cos>-0 (0 —a
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polar distance) there are 8 such types. Using the
specified classification or point-discrete representation
of empirical data for LIC diodes, the coordinate
distribution of illumination from the multicomponent
module E(x, y) is determined as follows:

E(x,p)=Y3 ((x,p,1,)-cos[0(x,,i,/) ) DA (x-iAx)*+
Ay +P), (1)

where i — the number of LEDs along axis x with distance
Ax between them; j — the number of LEDs along axis y
with distance Ay between them; I(x,y,i) — the intensity
of light of the LED; / — the distance from the LED
module to the lighting plane; 6(x,y,i,j)) — the angle of
incidence of light from a single LED.

Due to the cumbersomeness of formulas and the
specificity of simulation modeling, the identification of
physical patterns of formation of integrated
characteristics is complicated. Numerical results do not
reflect the functional relationships of the characteristics
of the isolated LED with the characteristics of the
module. Therefore, the patterns of formation of
integrated parameters of LED modules, determined at
present, are the result of the analysis of graphical
dependencies and are expressed verbally.

Basically, they are as follows:

1. The most uniform illumination can be provided by
[10, 11, 12]:

— modules of the cluster variant with a large number
of low-power LEDs;

— placement of powerful LEDs in groups with non-
concentrated LIC;

— turns of LED, which is convenient in this case
because of small occupied area and storage of a light
flow.

2. When the module size is compared with the
observation range, the illuminance with a change in
distance changes insignificantly for non-turned diodes
and for turned diodes with LIC with large radiation
angles [14-18].

3. The anomalous coordinate dependence of the
deviation coefficient on the law of inverse squares K(7)
is manifested when the beams are focused. Maximum
values K{(r) increase as the angles of radiation of the
LED decrease. With anomalous K(r), value E(r) sharply
changes in the near illumination zone [13,14, 17-19].

4. Normal dependences of K{(r) are observed when
using unturned LEDs with cosine-type LIC, as well as
when defocusing the module [14, 16, 15, 19, 20-22].

5. The more gently sloping dependences K{(r) are the
less the decrease of E(r) is [13, 18, 19, 23-24].

6. Dependences of relative uniformity of light
distribution (RULD) are non-monotonic with minima in
the near zone. For the near zone, defocusing results in
higher RULD values than focusing [16—19].

7. High RULDs are achieved by reducing the
maximum illuminance [16-22].

Purpose of the paper — to analytically research the
peculiarities of the formation of the spatial distribution
of the radiant intensity of the integrated beam-diode
module, depending on the parameters of its components.

2 Results

For p-n-diode emitters with a spectrum outside the
visible range the term "beam diode" is more correct than
the term "LED". Suppose we have an integrated planar
module assembled from N beam-diode point sources.
The irradiance at the observation point 4 of the parallel
plane (Fig. 1) is determined as follows:

E(r,0,0)=Y k-1 IOk 01 pro 9)VALi (7,0, 0, 1, 91)) 05 O (2)

where Ly (,6,9,pi ¢r) — the distance from the k-th source
to the point of observation; 6; — polar distance of
spherical coordinates with the pole at the location of the
k-th source; r6,¢p — radius vector, polar distance,
longitude of spherical coordinates with pole at selected
point of module plane; pi, ¢ — the polar coordinates of
the k-th source; ak — half the width of the radiation
pattern of the k-th source; [i(6yowprpr) — radiant
intensity (light intensity) of the £-th source.

A

A A

Fig. 1. The geometry of the analysis of illumination at point A
from a point source with polar coordinates pi, Q.

Taking into account that (Fig. 1):
Li(r, G,go,pk,gok):r-\/(] -2resinG-cosAitri)
and
Ok (11,0, 0)=arccos(cosON(1-2ry-sin0-cosApi+ri2)),
where ri=pw/r; Api=0-pr.
Expression (2) can be presented as follows:

E(r,0,0)=cos0/r* - i (r,0,Api 0, p1))/
[1-2ry-sin@-cosApi 17> 3)

With 7—0 irradiation E(r,0,¢r)—cosO/r2> x=/"1x
(6,ax), describing the irradiance of the module as a point
source with radiant intensity Y x-/Ix (6,0). Based on this
and the form of expression (3), the value

Lu(r,0,0)=Y4=1"[I(r.0.Apr,00,p1))/
[1-2risinf-cosApk+ri], “)

where  r2-2risinf-cosAgpi#1  can  be conditionally
interpreted as radiant intensity of the module at r>>py, i.e.
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for far illumination. In the near zone, where the
coefficient of deviation of the irradiance from the law of
inverse squares K(r) <0.95, such an interpretation of
expression (4) is problematic, because at such distances
from the module it is far from point one and for it the
classical definition of radiant intensity cannot be applied.

Multiplier wk(r,0,¢)=[1-2rsin0-cosApi+ri’]3? takes
into account the influence of a single source on the
radiant intensity of the module depending on its location,
or, on the other hand, takes into account its contribution
to the "non-point nature" of the module. For the ease of
analysis, we present y; as a power series. So, provided
|2rsinf-cosA@i-12|<1, which corresponds to the
variation of » from r=pi/2.4 at sinf-cosApi=1 to r=p; at
sin6-cosAp,=0, we have [10]:

wi (r,0,0)=1/11(3/2)Y n=0"I(n+3/2)/n!-
(2ry-sin@-cosApi-ri)n, ®)

where T'(x)=lo*r!-e"-dt, (Re x>0) — gamma function [25,
26].

Condition r>py is sufficient for the legitimacy of the
representation of i by expression (5) with arbitrary
values of 6 and Ag;. Satisfied with the approximation at
max n=1, we have:

wi(r,0,0)=1+3rysind-cosApi-3/2 1. 6)

Then the radiation pattern of the modulus of radiation
taking into account (4) and (6) can be represented in the
following way:

S(1,0,0)=Y 1 NUk/Lp) H(3sin0/r) =1V [1k (Ii-pi)/I0]
cosAi-3/(2r7) Y=tk pid)/ 1o (7)

where / ():limT(r—>OO)Zk:1N1k (r, Gk, ak, Pk (ﬂk)-

(To simplify expression (7), the record of the
functional dependence Ik (r,0,0u,px,¢x)) is omitted.

The first term in (7) describes the pattern of the
algebraic sum of the radiation intensity of all point
sources that are components of the module virtually
located in the spherical coordinate pole.

The second term characterizes the deformation of the
diagram in the meridional and azimuthal planes and is
determined by the weighted average radial size and
azimuthal arrangement of sources ~ =Y k(Ix-pr-cosA@p)/Ip.

The third term describes the effect on the axial value
of the diagram 0=0 of the average radiation-weighted
square of radial size =Y x(l:pi)/o.

With > r, 12, corresponding to the far illumination
zone, the pattern is determined by the first term (7).
Experimental measurements of LIC or radiation patterns
describe the dependence that corresponds to the first
term (7) because the measurements are made in the far
zone at the length of photometry where the radiant
intensity does not depend on the distance from the
source. It is obvious that dependences (4) and (7) can be
used to interpret empirical data obtained in the near
illumination zone with a large approximation.

The radiation pattern of the module is fixed relative
to the selected pole of the spherical coordinates and the
shape of the diagram in the near zone depends on this

choice. It is most effective to choose the pole at the point
of the plane of the module with the largest statistical
contribution of the radiation of the diodes to the total
radiant intensity or in the center of the weighted average
radiation size of the module [27, 28].

The configuration of the radiation pattern of the
isolated beam-diode is fixed relative to the pole located
at the point of placement of the diode at a time when in
the integrated device it is measured relative to the
selected center of the spherical coordinates. However, in
the integrated device, a large number of diodes are
located outside the center of the spherical coordinates.
Let us analyze the influence of the distance of the
isolated diode from the center of registration of radiation
force.

Based on a Lambert emitter with polar coordinates
(pror) and axial symmetry of its own diagram, the
diagram of its radiation intensity in the module can be
represented as follows:

Jilr,0,0)=[cos(Px-0r)-R(Or,ax)]/
[1-2rsinf-cosApitrii]?, (®)

where Pi=n/(30x) — the concentration parameter of the
Lambert pattern [29];

R(61,00)=H(6)-H(0r-(3-04)/2) — limiting function for
polar distance 6;

H(z) — asymmetric unit function.

Fig. 2 (a, b) contains the change of the shape of the
meridional section (Agr=p-pk=0) of the indicatrix of the
radiation intensity of a single diode when the position of
the diode shifts relative to the pole of the spherical
coordinates of the module. With the diode distance
p=0.2-r the maximum length of the radiation force
vector Gyqy shifts by a certain value depending on o and
makes 45° for ax=n/3 and 15° for ay=n/12. Displacement
Omax in plane Apy=0 may theoretically reach 90°, in other
meridional planes with A0 it will be less significant.
Comparison of dependences of the coefficient of
illumination deviation from the law of inverted squares
(LIS) Ki(rx) and Onulry) (Fig. 2 e) shows that at the
boundary of the near and far zones of illumination
(K,=0.95) displacement Bmax for the Lambert source is
~30°.

The deformation of the indicatrix in the azimuthal
plane occurs in the direction of displacement of the
diode relative to the pole and is more significant for
diodes with smaller a.

For the axial force of the beam, taking into account
(8), we obtain:

Luo(r)=Y 11 {Iok-cos[Pr-arccos 1 /A(1+12) | R(r,01) }/
(1+12)*2, )

where R(r,ou)=H (1) -H(r-tg 3/2 oy);
Lok=Ik(0=0).

For the Lambert emitters P;=1 axial radiant intensity
L0, of the module with the Lambert components takes
the form:

Lioa(1)=Yx=Mon/(1+12)? (10)
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From expression (10) it follows: if N identical beam-
diodes are placed radially symmetrically with respect to
the pole (geometric center of the circle) then the total
axial radiation intensity of the module I",,,(7) is:

I*Mo.ﬂ(r):N'[Ok/(] +rk2)2 (1 1)

Fig. 4 (a, b) contains the radiation patterns of the
radiation of the module according to formula:

(r,0,0)=1/IoXi=1~ {Tocos[Pr-0x(11,0,0)]- R[Ok(T,0,0),01] }/
(1-2risin-cosA@x+ri?)? (12)

It should be noted that the radiation pattern for the
axial radiant intensity expresses the coefficient of

: Corresponding author: klk.nauka@gmail.com
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Fig. 2. Deformation of radiation patterns of diodes with auy=mw3
(a, ¢) and ax=w12 (b, d) on frontal plane Apx=0 (a, b) and
azimuthal plane (c, d), curves: 1, 3 — =0; 2, 4 — =0.2; e)
dependence Gmax (1) and coefficient LIS (2) for the Lambert
diode on ri=pw/r.
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Fig. 3. Dependence of the normalized axial force of the diode
radiation on the distance to the observation point Z, curves:

1 — =0, au=n/6; 2 — 1=0.1, ow=m/6; 3 — r=0.2, au=n/6;

4 — r=0.1, ou=m/36.

deviation of irradiation (illuminance) from the law of
inverse squares K(r):

Ar,0=0)=K(r)=[J,, (r,60=0))/1, . (14)

3Conclusions

1. The proposed analytical model of a multicomponent
beam module is suitable for a priori modeling of light
intensity curves (radiant intensity curves).

2. The proposed model includes:

a) the synthesis of radiant intensity and its indicatrix ,
of the module integrated from point sources is performed
according to the formulas (4), (12);

b) in the far illumination zone (K;>0.95) the
indicatrix of the radiant intensity of the module does no 3
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depend on the nature of the placement of the diodes and
is determined by the first term of expression (7);

c) the deformation of the indicatrix of the radiant

intensity of a multicomponent module during the
transition from the far illumination zone to the near one
depends on the geometry of the diodes relative to the
pole of the spherical coordinates of the module and is
determined by statistical values tand ~(1?).

d) the displacement of the longitude of the maximum

of the radiant intensity vector of a single diode
depending on the distance to the coordinate pole is more
significant for beam diodes with a wide pattern than with
a concentrated one. The nature of the displacement of
the azimuthal projection of the maximum of the vector is
exactly the opposite.

Fig. 4. a) radiation patterns of the radiant intensity in the

frontal plane (¢p=0) of the module with diode parameters (13)

for ax: curve 1 — ax=n/36; curve 2 — ow=n/3;

curve 3 — ax=4/9 m; b) dependence of the axial intensity of the
radiation of the module on the distance to the observation point
for diodes with different parameters: curve 1 — ox=n/36; curve

2 — o=n/3; curve 3 — ax=4/9 m.
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