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A novel derivation of near-field intensity 
distribution of LEDs reveals why high-power, 
inorganic LED-based lamps produce 
enormous luminance and glare 
M. NISA KHAN 

IEM LED Lighting Technologies, 331 Newman Springs Rd., Suite 143, Red Bank, NJ 07701, USA 
*nisa.khan@iem-led.com 

Abstract: Glare and blue light from LED-based lamps have raised great concerns for medical 
professionals around the world.  Addressing them requires accurate quantification of 
luminous intensity distribution (LID) generated by LEDs.  For the first time, we demonstrate 
why inorganic LED chips including a phosphor coating produce non-uniform luminance, high 
peak luminance, high glare, and very intense blue spectrum.  We explain why flat light-
emitting devices generate a 3D Lambertian LID in near-field, and offer a novel formulation of 
the near-field LID from a finite-size flat-light source.  Our analytic formula, extendable for 
lasers, is very useful for calculating the peak luminance and LID profiles from an LED light 
source.  It reveals that larger LED chips and 2D arrays with higher luminance generate higher 
peak luminance, higher luminous intensity, and increased glare and can result in consuming 
unsafe amounts of bright light and harmful blue light when we directly look at high-power 
LED lamps.  

© 2019 Independently published by M. Nisa Khan. (This article was rejected by OSA and other scientific 
journals. The reviewers’ erroneous reviews and my rebuttals are also published independently by Khan.) 

1. Introduction 
Inorganic LED and laser materials are epitaxially grown on wafers using, primarily, 
compound semiconductors and then fabricated into flat, thin, rectangular or square solid-state 
chips.  The growth and fabrication techniques of these devices are quite mature after almost 5 
decades since they were first demonstrated in the laboratories.  Semiconductor LEDs and 
lasers have been of great interest since the early 60’s since their successful demonstration 
unfolded from an exciting race among several research groups [1 - 4]. While lasers found 
numerous applications in telecommunications, medical, recording, imaging and various other 
markets, LEDs started off as indicator lights and display digits in much smaller markets.  
Lasers and LEDs both seize multi-billion US dollar industries, with LEDs surpassing the laser 
market revenue several years ago as display and lighting applications have grown 
tremendously. 

Currently inorganic LED-based lamps are replacing most traditional lighting products 
around the globe despite their high glare and directional spatial light pattern. High glare and 
directional beam properties are somewhat mitigated for residential applications by using 
translucent covers over individual LEDs and placing them on various planes.  However, for 
street lights, auto headlights, and warehouse ceiling lights, glare from LED lighting is still 
extensive since much higher-power LEDs, in large numbers, are used to illuminate large 
volumetric space from great heights or distances.  LED luminaires for such applications use 
many high power individual LEDs densely packed on a 2D plane and for such configuration, 
glare is tremendous and the formed beam has a very strong directionality that causes over-
illumination near the center of the beam while creating under-illumination at the outer edges 
of the beam.  Despite such unsuitability, fast LED lighting adoption is taking place because 
LEDs are touted to save energy and because reasons for LED's inherent shortcomings are not 



well understood.  Therefore, economic solutions for mitigating the inherent glare and strong 
directional beam have not been found. 

Because LEDs started off with non-lighting applications that didn't require high optical 
intensity, not much work was dedicated to study their optical beam shapes and 3D spatial 
intensity distributions.  Meanwhile, many laser applications demanded that optical intensity 
increase continuously and that meant that optical power increased within a fixed specified 
area leading to very high power densities otherwise known as radiance.  In most applications 
this was desired and did not really pose a problem because the optical beam was either not 
visible to the users as they remained within a closed hardware system, or users were given 
proper warnings regarding eye safety so that they could take necessary cautions.  In early 
applications, LED optical power densities were quite low that they did not pose any ocular or 
other threats and it is reasonable to assume that there was little interest in analyzing the beam 
shape generated by LEDs. 

There was however a great deal of interests by laser scientists to engage in research to 
formulate and analyze the spatial optical power distributions generated by semiconductor 
lasers.  Particularly in fiber optics telecommunication field, the knowledge of the spatial 
optical power density distribution was of key interests to investigate lightwave signal 
propagation in fibers.  However, all such efforts concentrated on formulating and analyzing 
spatial optical power density distribution only on a 2D plane. Kogelnik et al., for example, 
showed that a laser intensity profile at its exit surface, which is a 2D planar surface, could be 
approximated by a Gaussian distribution making the assumption that the laser exit facet 
dimensions extends to infinity [5] and A. Yariv showed that such a 2D spatial profile is 
“Gaussian-like” [6]. This Gaussian approximation for a semiconductor laser or a laser with 
flat-mirrors proved to be beneficial for fiber-optic applications.  As far as this paper is 
concerned and subsequent future work that is still to come, it is important to recognize that 
such a profile is a description of the 2D optical field distribution at the laser exit surface, 
which is not a 3D profile.  Such a 2D light distribution profile is completely different, 
physically and mathematically, from the light distribution in 3D space that the same light 
source generates.  This significant difference should be noted in the context that the 
Lambertian output that an inorganic LED light source generates is a 3D light distribution in 
space and it is not the 2D light distribution on the LED emitting surface.  In the near future, in 
a separate paper, we shall compare and contrast both 2D and 3D light distributions from 
inorganic LED and laser sources.  Such an analysis will establish very important 
understanding of light distribution from all semiconductor light sources and enable more 
accurate formulation and simulation for fiber-optic communication systems.  For this paper, 
however, it is imperative to recognize that both experiments and numeric simulations have 
long shown that both 2D surface intensity profile and 3D volumetric spatial intensity profile 
of LEDs and lasers are similar in that the light intensity peaks at the center of these light 
emitting devices and this is a characteristic of directional beams.   

In the 1990’s, when a blue LED in GaN material system was first demonstrated by S. 
Nakamura, H. Amano, and I. Akasaki [7, 8] followed by Nakamura’s white LED 
demonstration via a GaN LED and yellow phosphor, several semiconductor and lighting 
companies took interest in developing LED lighting for illumination applications.  Research 
and development work accelerated to substantially increase optical power densities and 
material quantum efficiencies in order to make LED lighting a commercial reality.  However, 
during such activities and even today, not many have realized what the actual spatial profile 
characteristics of the optical beam of an inorganic LED means for lighting. Although 
researchers in the laser field approximate the optical intensity distribution at the exit surface 
of the laser using a Gaussian distribution by fitting the full-width-at-half max (FWHM) to the 
measured intensity profile, no one in prior literature, has determined what this 2D Gaussian-
approximated distribution at the laser exit surface actually happens to look like in 3D space.  
While this was not a necessary mission for those working on fiber optics or other 



applications, it is extremely important to know what the light intensity distribution is in 3D 
space for LEDs and lasers, in lighting applications. 

In this paper, we show that one need not approximate the light intensity distribution on the 
LED surface with a Gaussian because the light intensity distribution in 3D space for an LED 
light source can be and has been carefully measured in near field.  While several groups have 
experimentally shown that an LED, with or without phosphor conversion via a phosphor 
layer, produce a Lambertian 3D spatial light distribution in near-field, not many have 
recognized that this radiation pattern is neither advantageous nor very desirable for many 
lighting applications because this is the very reason why LEDs are directional.  No other light 
sources other than semiconductor lasers and LEDs produce a Lambertian distribution in near-
field and consequently no other light sources are directional or produce high glare. 

Although it has been experimentally demonstrated that laser diodes produce Gaussian-like 
light distribution on its 2D exit surface and LEDs produce Lambertian distributions in 3D 
space, for the first time in literature, we investigate here just why a Lambertian spatial light 
distribution is formed in 3D space from a finite-size LED chip in near-field.   We demonstrate 
that such a light source generates light off its flat surface and its light intensity spatial profile 
is unsuited for general lighting applications due to high luminance and glare, lacking 
uniformity in its spatial light intensity distribution.  It is important to note that although a 
simplified Lambertian cosine distribution is well-known to the optics community as the 3D 
optical output from a differential-area element light source, the analysis presented in this 
paper is significantly different from this non-finite or infinitesimal case.  Our analysis is the 
first ever to derive how a generalized Lambertian distribution is formed from a finite-size flat 
light source.  The differential-area element light source formula found in literature is only 
useful when used as a far-field light distribution approximation of a flat light source.  
However, this simplified Lambertian cosine law is not applicable to any light source of any 
shape at near field because they cannot be treated as a differential-area element for close 
distances.  Therefore, the derivation provided here is particularly useful for obtaining near-
field light distributions from such finite, flat-light sources as inorganic LEDs that have their 
own distinct finite chip sizes and other particular physical properties that uniquely determine 
their own weighted Lambertian light distributions.  In other words, for the first time in 
literature, we offer a derivation that relates the 3D light intensity profile’s characteristics of a 
finite-size flat light source to the source’s finite-area dimensions and its inherent 
optoelectronic characteristics.  This formula is very useful in demonstrating how much danger 
a high-power LED lamp or luminaire would pose to our eyes and general health.   

2A.   Light Distribution in 3D Space from a finite inorganic LED structure - a 
comprehensive derivation 
Inorganic LEDs chips are formed from a large flat wafer by cleaving the wafer in two 
orthogonal crystallographic directions within the wafer plane and therefore each chip takes 
the shape of a square or a rectangle as shown in Fig. 1.  A thin layer, also a square or a 
rectangle, which defines the p-n junction, is the active region that is sandwiched between a p-
doped layer and an n-doped layer.  In this active region, light is generated from the 
electroluminescence process in which electron-hole (e-h) pairs radiatively recombine when 
the LED is forward biased with an electric current or voltage.  Typically the contact bond 
pads are fabricated on p and n layers near the edges of the layers as shown in Fig. 1 to allow a 
maximum amount of light to escape from the active layer via the top surface.  The p-layer is 
thin and substantially transparent and therefore is omitted in the optical analysis here to keep 
the derivation simple.  The p layer would only add a scalar optical loss to the derivation based 
on its refractive index, absorption, and some scattering properties.  Similarly, the phosphor 
layer in a white LED would also add a scalar optical loss, the reason for which is provided  in 
the analysis to follow. 
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Fig.1. A schematic diagram of a surface-emitting LED chip showing features and direction of 
light emission.  The LED active region is shown in hatched pattern.  The figure is not drawn to 
scale. 

 Since typically an LED chip is utilized as a surface mounted device (SMD), it is 
packaged so that light can only escape from one of its two largest surfaces, as shown in Fig. 
1.  In a packaged SMD, all other 5 surfaces except the top surface are blocked so that light 
only exits from the top surface, as seen in Fig. 1.  In the p-n junction active layer, we can 
assume that the radiative e-h pairs, on average, are arranged uniformly in a 2-D array when 
one looks down from the surface of the LED chip from which the light is emitted.  This is an 
appropriate assumption for a human viewer under steady-state light emission generated by a 
constant current drive.  Such an assumption is valid because an LED generates light due to 
spontaneous emission, which is a quantum statistical process that happens very fast, i.e., at 
the microsecond level, and therefore when a constant current is injected into the thin active 
layer under forward bias, it causes electroluminescence in a continuous manner. Hence the 
spatial distribution of the “light-generating elements” (i.e., radiative e-h pairs) in the active 
layer can be assumed to be uniform on a time-averaged scale as far as a human viewer is 
concerned.  In practice, in some cases, the e-h pair spatial density distribution may not be 
uniform due to non-ideal material growth conditions.  For such cases, one can apply some 
weighted variation based on certain wafer mapping measurements of radiative e-h pair 
locations and distributions, and the formulation presented below can still be carried out by 
sequentially adding light generated from many different regions that have locally uniform e-h 
pairs. 

Following the assumption that all radiative e-h pairs are arranged in a regular 2-D array, 
we can think of each pair having an inherent luminance of Lavg as shown in Fig. 2.  Although 
in practice, a chip is typically a square with the same x and y lengths, here we consider the 
chip to be a rectangle to be more general, with the different x and y dimensional lengths, XL 
and YL respectively, with a total of m X n e-h radiative pairs arranged in a 2D grid.   The p-
layer is omitted in this analysis since it is substantially transparent.   
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Fig.2. A schematic diagram of a pn-junction layer within a rectangular LED chip containing 
mXn radiative e-h pairs. 

In order to determine how light escapes the LED structural solid in Fig.1, we use 
Maxwell's Equations for polarizable dielectric materials [9].  Since each such pair on the 
surface can emit light, it would do so following the first of the 4 Maxwell’s Equations known 
as the Gauss’ Law or Gauss’ flux theorem for polarizable dielectric materials [9] given by 

    

freeDS
QAdD =Φ=⋅∫∫


                                             Eq. (1) 

where ΦD is the D-field flux through a surface S, which encloses a volume V, and Qfree is the 

total charge contained in V.   The flux ΦD is defined analogously to the flux ΦE of the 

electric field E through S.  Eq. (1) in detailed form can be written as 

freeV freeDS
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                           Eq. (2) 

Using the Divergence Theorem as done in [10], 

     ∫∫ ∫∫∫ ⋅∇=⋅
S V

dVFdSnF


                                         Eq. (3)  

we can write Eq.(1), Gauss’s Law, in its differential form involving free charge only: 

         freeQD =⋅∇


                                                           Eq. (4) 

where D


⋅∇  is the divergence of the electric displacement field D


, and rfree is the free 



electric charge density. 
 

Eq. (2), Eq.(3), and Eq.(4) together state that the direction of light rays, emanated from the 

LED chip’s top surface, specified by its electric field displacement vector, D


, only escapes 
the top flat surface orthogonal to this flat surface. 

The usage of Maxwell’s Equation for D


 and the usage of the Divergence Theorem under 
these circumstances form the basis of light emission from lasers and LEDs made of 
polarizable dielectric materials [6, 9].  In homogeneous, isotropic, nondispersive, linear 

materials, the simple relationship between E


 and D


 is [9] 
 

               ED


ε=                                                                Eq. (5) 

where ε is the permittivity of the material.  For the case of vacuum (i.e., free space), ε = ε0.  
Under these circumstances, Gauss’ Law modifies to the simpler versions [9], 

0ε
QAdE ES
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   and 
0ε

r
=⋅∇ E


.  

Following the analysis above, what we learn is that all light rays specified by the electric 

field displacement vector, D


 in Eq. (5) from a flat light source in fact escape the flat surface 
orthogonal or normal to the flat surface.    

The light intensity, I, is then obtained from *EEI


⋅α or  I = | E


|2 [6].  The magnitude 

of light intensity I, determined from the Poynting vector, S


, where S


 = E


X H


, in fact 

equals | E


|2 because in vacuum and in non-magnetic media, E


 (or D


 with a scaling factor) 

is the same as the magnetic field, B


 (or H


 with a scaling factor).  Therefore, the Poynting 

vector magnitude, I, is essentially I = | E


|2. Numeric methods, such as finite element and 
finite difference optical waveguide and beam propagation simulation tools make use of this 
formula to determine light intensity in various media including solids. 

The above analysis establishes that light is emitted orthogonally from the light-emitting 
surface in Fig. 2 and for a SMD LED without a phosphor layer.  In fact, light would escape 
similarly from an SMD that includes a planar phosphor layer for white LEDs (see Fig. 1) 
because as light is emitted orthogonally from the top, flat escaping surface of the blue LED 
pump, the emitted light would maintain its orthogonal direction through the phosphor layer.  
This behavior is dictated by the electromagnetic boundary condition, which states that normal 

D


 must be continuous through all dielectric boundaries [6, 9].  This boundary condition is 
fundamental to finite element and finite difference optical waveguide and beam propagation 
simulation tools that are used to determine light emission and propagation in various media. 

Because the only LEDD


 that is allowed to exist from the LED's top layer is orthogonal to the 

LED surface, the phosphorD


 coming out of the phosphor layer must also be orthogonal to the 

SMD surface since normal D


 through the dielectric boundaries must be continuous!  Note 



however, that phosphorD


 from the phosphor layer would lose some strength according to Eq. 
(5); in other words, light coming out of the phosphor layer would experience a scalar loss 
associated with absorption and some scattering by the phosphor layer.  The loss would 
primarily depend on the absorption properties of the phosphor layer by means of it's dielectric 
constant ε in relation to Eq. (5). 

A good portion of the analysis and explanation presented above has been extensively used 
in prior literature for many years. The notable addition here is that light can only escape 
orthogonally from a flat light source no matter how many additional parallel layers are placed 
on top of the original LED emitter!  We shall see in the next section that such light behavior 
stated here is automatically assumed in Lambert’s cosine law found in literature, although it is 
not explicitly stated.  

Since an LED chip is typically utilized as an SMD, any light that escapes from the SMD, 
with or without containing the phosphor layer, is then emitted orthogonal to the top surface 
according to Gauss’s Flux Law, consistent with the Divergence Theorem, as explained above.  
Therefore, each radiative e-h pair from a rectangular SMD LED in Fig. 2 emits light only in 
the direction that is straightly upward off the surface. 

We now make use of the assumption made previously that is on average, each radiative e-
h pair from a rectangular SMD LED in Fig. 2 emits light with an inherent luminance of Lavg 
as shown in Fig. 3.  Luminance is a power density quantity that is defined in lighting as the 
light source’s inherent brightness.  It is quantified as lumen power confined in a finite and 
bounded volumetric cone defined by the product of the solid angle of the cone and the square 
area of its circular flat region.  In other words, luminance is the inherent surface brightness of 
a light source seen by the eye as light strictly confined in a finite and bounded solid angle and 
quantified in lumen/sr/m2. 

Because lighting as experienced by us is correctly defined as lumen power confined in a 
solid angle viewed at some arbitrary distance from the light source, each radiative e-h pair on 
the LED surface would then be viewed as its lumen power confined in a solid angle unit.  
This fundamental quantity in lighting is known as luminous intensity, which is an unbounded 
volumetric lumen density that is quantified in units of lumen/steradian or lm/sr in SI units.  
Note that luminance is just luminous intensity per square area. 

Since today’s LED chips are very efficient, it is meaningful to assume there is a very large 
number of radiative e-h pairs in the active layer and therefore the emitting surface of Fig. 3 
would be densely packed with many such e-h pairs as shown in Fig.2.  In order to calculate all 
the lumen power emitted from the LED chip, one would apply Gauss’ Law as depicted in Fig. 
3, meaning each radiative e-h pair at location (xi,yj) would generate Lavg lumens within a finite 
and bounded volumetric cone, orthogonally placed on the light-emitting surface to satisfy that 
the emitting light direction is orthogonal to the surface.  The cone is defined by the vector r


 

that creates an angle f with the azimuthal axis z, following the conventions of a spherical 
coordinate system.  The other angle θ in this spherical coordinate system is shown on the chip 
surface in Fig. 3.  

Integration of all the cones, i.e., solid angles, dΩ 's, containing Lavg lumens in Fig.3, gives 
several pieces of useful information.  It not only gives us how much luminance, luminous 
intensity, and total lumens the chip generates, the equation of the integral gives the profile of 
the chips luminance as well as the profile of the chip’s luminous intensity distribution (LID).  
Since this analysis includes these physical parameters of the LED chip, it is indeed a very 
useful physical analysis that yields the functional relationship between an LED chip’s light 
distribution and its inherent physical parameters. 
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Fig.3. A schematic diagram of an LED chip showing average luminance Lavg from a radiative 
e-h pair at location (xi, yi) in the shaded bounded volumetric cone that is located at the right 
side of the chip.  On the left side, the large overlap of luminance from points A, B, and C are 
shown as all cones emit light in the same orthogonal directions off the chip.   

 
To integrate all these cones, one would let the differential dΩ be infinitesimally small and 

sum them over the entire surface area of the LED chip.  This sum is the Riemann sum [11], 
LRS , given by 

ji

nm

ji
jiRS AvufL ,

,

1,1
),( ∆= ∑

==
                                           Eq. (6) 

where f(ui vi) is the function that represents a single cone as shown in Fig. 3 and ∆Ai,j is the 
incremental area around (xi,yi) within the chip surface area.  It is important to note that the 
function f(ui,vi) need not be a function of (x, y) in Cartesian coordinates and that some 
equivalent function g(xi, yj) in Cartesian coordinates can be appropriately transformed to 
f(ui,vi)  in such other coordinates as polar, spherical, or cylindrical coordinates. 

For highly efficient LEDs, ‘m X n’ is very large and in that case many of these differential 
cones would be overlapping as dΩ becomes infinitesimally small.  In the limit where ‘m X n’ 
is very large and dΩ becomes infinitesimally small, the entire chip area would be filled with 
e-h radiative pairs with each cone essentially overlapped by all others; the Riemann sum then 
becomes, 

)()( VYXLmXnL LLavgRS =                                       Eq. (7) 

where V represents the volume of the differential cone, which is generated by revolving the 
vector r


 defined by the angle f it creates with the azimuthal axis z, along the θ axis as θ  

revolves from 0 to 2π.  These notations, seen in Fig. 3, are consistent with the spherical 



coordinates defined by r, f, and θ [11]. 
Because ‘V’ in Eq. (7) represents the volume of a differential cone with no specific 

boundaries, but required to only approach zero, it can be written as an indefinite volume 
integral for r and f variables and a definite integral for the θ  variable in (r, f, θ) spherical 
coordinates [11].  Therefore, V is written as, 
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π
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Solving the integral in Eq. (8) leads to 
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=V                                                 Eq. (9) 

 

where r   is the magnitude of the vector r


.  Inserting Eq. (9) into Eq. (7) leads to the 

Riemann sum 

)cos()(
3
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rπ

LLavgRS YXLmXnL =  .                       Eq. (10) 

Since all quantities in Eq. (10) leading to cos(f) are physical constants related to the LED 
chip, it can be simplified as 

)cos(fCLRS =                                            Eq. (11) 
where  

LLavg YXLmXnC )(
3

2 3rπ
=   is a constant. 

Eq. (11) is of the form r = Mcos(θ) in polar coordinates where M is a constant [11]. Note that 
we have interchanged θ  and f  to stay consistent with the angle variables generally used in 
polar and spherical coordinates.  Applying this interchange is harmless because the chosen 
nomenclature of angular variables is arbitrary for each coordinate system. 

Although we have made simplified assumptions that all light-generating elements, i.e., 
radiative e-h pairs, have the same luminance Lavg, and that they are uniformly distributed over 
the active layer, the above analysis can still be carried out for separate local regions of locally 
uniform luminance of e-h pairs and adding the equivalent of Eq. (6) for each region.  The 
additions of several Riemann sums will again produce another cosine relationship because 
one would be adding two or more cosines. 

Note that some scalar attenuation in the luminance and luminous intensity distribution of 
the LED chip may come from polarization and birefringence properties of the LED.  LEDs in 
general have random polarization and they are incoherent light sources; therefore, random 
polarization, birefringence, and random phase all get averaged in the intensity that is 
generated by the surface normal LED.  From these averaging effects, luminous intensity on 



average is reduced due to some cancellation; however light generation is so fast that we still 
observe a very large amount of average light density (i.e., luminance and luminous intensity) 
from today’s LED chip and its spatial light intensity distribution property still remains intact 
as described by Eq. (11) as far as lighting and viewing applications are concerned. 

The polar equation, r = Mcos(θ ), which is the generalized form of our Eq. (11), is known 
as a Lambertian distribution.  Indeed, many experiments have shown that the measured 
luminous intensity distribution of a flat LED chip, with and without a phosphor coating, in 3D 
near-field is in fact a Lambertian!  We shall present some of these experimental results in 
Section 3. 

While in a 2D plane, the solution to the polar equation, r = Mcos(θ ), has a circular outline 
in rθ plane as shown in Fig. 4, the solution of this equation in 3D volumetric space is a 3D 
Lambertian whose boundary or outline is spherical; in 3D, Eq. (11) produces a spherical 
outline where the magnitude C is equivalent to the diameter of the sphere created by this 
‘spherical outline’ just as the constant M is the diameter of the circle in rθ plane in Fig. 4.  
Note that unlike in Cartesian coordinates, the polar equation representing the circular outline 
in 2D or the spherical outline in 3D do not hold the same magnitude all along the spherical 
surface.  The magnitude on the spherical surface varies based on the angle from the polar 
axis.  Fig.4 shows the various magnitudes on the circle's circumference at various angle, θ. 
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Fig. 4.  The graph of the polar equation r = Mcosθ  is plotted on an rθ plane.  The graph is 
shown as a circular outline in red where 7 (r, θ ) coordinates are plotted showing the value of r 
and θ. 

Note that the polar equation plotted in Figure 4 in red, also a function in a spherical 
coordinates, is not the same circular or spherical function described by r = C0, where C0 is a 
constant.  A point source, such as the sun when viewed very far away from the earth, would 
generate light distribution based on r = C0 and not based on the Lambertian, r = M cos (θ).   

In the above section, we have added all the differential light cones, dΩ, over the entire 
surface of the LED chip.  Doing so in spherical coordinates yields a cosine function in 
spherical coordinates or polar coordinates with only one angular variable, which is precisely 
what a Lambertian is.  In Section 3, we shall show that this is exactly what we measure as a 
luminous intensity distribution in near-field 3D for an LED chip, with or without a phosphor 
coating.  The analysis in this section shows that the Lambertian intensity distribution in near 



field is formed from the aggregate sum of many infinitesimal dΩ’'s on a 2D plane.  Since dΩ 
is a 3D spatial quantity densely, when many dΩ’'s are summed over a 2D plane, the 
aggregation produces extremely intense luminous intensity, particularly in the middle of the 
LED chip.  This type of tremendous aggregation of luminous intensity or luminance does not 
happen for a light source that has a curved surface. 

2B.   Light Distribution in 3D Space from a finite inorganic LED structure - a 
quick derivation 
The derivation presented in the previous section is new in the literature and therefore it may 
be difficult to understand it initially.  However, one can arrive at the same basic derivation as 
described in Eq. (11) by starting with one differential-area element light source as done in 
[12], which is basically Lambert’s cosine law for a differential-area light source [13,14].  One 
can then add these differential-area elements over XL and YL for a finite LED chip and apply 
the cosine addition law to arrive at the same result in Eq. (11). 

The important thing to realize in this simple derivation is that Lambert’s law described in 
[13, 14] also uses the same orthogonal emission from the differential-area element, dA, as 
seen in Fig. 1 of [12].  Although such an orthogonal emission seems intuitive, the treatment in 
[12] does not explain that this happens due to Gauss’ flux law in Eq.(1) and Eq.(4); but in fact 
it uses the same phenomenon as Gauss’ Law would dictate.  It follows that starting with the 
formulation in [12] and adding all such differential-area elements, i.e., dA’s, over XL and YL, 
would lead to the derivation presented in Section 2B.  Hence the final result in Sections 2A 
and 2B are equivalent and consistent with each other.  The most interesting and important 
notion from these two derivations is to recognize that when some amount of light is contained 
in a volumetric cone that results from light emission from a flat surface, it in fact produces a 
radiation pattern in 3D that can be described by a Lambertian!  Furthermore, in 3D and in 
near-field, one obtains a Lambertian intensity profile if and only if the source is a finite flat 
emitter! 

2C.   Distinction between light distributions from finite-size sources and 
infinitesimal sources 
The derivation presented in the previous sections, formulated for the first time, is significantly 
different from the Lambertian cosine relationship found in the literature for a differential-area 
element (not a finite) light source in Ref. [12, 13, 14].  Our derived formula, i.e., Eq. (10), is 
for the near-field 3D light distribution profile of a finite-size LED, which is a finite, flat light 
source.  The light distribution described by Eq. (10) is accurate for near-field as well as far-
field and is composed of very basic and inherent physical properties of an LED emitter.  (The 
formula may be applied towards laser chips as well with appropriate modifications.)  In 
contrast, the well-known Lambertian cosine formula found in literature [12, 13, 14] is only 
applicable to an infinitesimal light source where the emitting surface is described by a 
differential-area element, dA.  Prior to our derivation, Lambert's cosine law formula has not 
been extended for a finite-size light emitter.  The formula found in [12, 13, 14] is sometimes 
used for far-field approximations of flat light sources observed from a very large distance 
away.  At a very far distance, along center optic axis, i.e., at θ = 0, the intensity, Imax, is some 
number that can only be determined from measured data; consequently any off-axis intensity 
I at angle θ is then calculated using I = Imax cos(θ).  These theoretical relationships have 
already been verified in the lighting and display industries over decades of experiments.  
However, one cannot find in literature how Imax can be calculated from the inherent properties 
of a light source.  In contrast, our derived formula, Eq.(10), while still a Lambertian, is 
applicable for near-field light distribution for any finite-size, flat light source bearing specific 
physical dimensions and other relevant properties.  These physical parameters include the 
length and the width of the flat light source, the density of light generating elements, and the 
inherent luminance of each light generating element.  When these parameters are translated 



for a practical inorganic LED, they include the size of the chip, the density of radiative e-h 
pairs, and the luminance of each electron-hole pair that depends on the quantum efficiency of 
the LED and the level of drive current applied to the LED.  Therefore Eq. (10) is a very 
important derivation that can determine the peak luminance or luminous intensity at θ = 0, 
which scales with all these parameters.  The significance of this formula is enormous because 
it reveals how large the peak luminance can become for an LED chip if one continues to 
increase the size, quantum efficiency, and the drive current of the LED chip.  It is also 
important to recognize that while some finite, numeric methods can determine the near-field 
light intensity distributions, currently they do not exist for 3D.   Further, numeric simulations 
do not provide a functional relationship between light intensity and the source's inherent 
physical parameters.  

It is also worthwhile mentioning that the formulation in [12] extends to calculating the 
function for the total luminous flux emitted from a differential-area element by applying the 
unit sphere analog and taking ‘sin θ’ as its Jacobian matrix.  Generally speaking, this is not 
physically intuitive.  In our derivation, we also determine the total flux from the entire LED 
chip.  However, we argue that since all light cones described by dΩ for each e-h pair would 
overlap substantially, the profile of r = M cos(θ) is obtained from doing the straight-forward 
integral in Eq. (8) in spherical coordinates defining r, θ, f, and their limits of integration.  We 
apply the condition that dΩ must approach zero while doing the aggregate flux integral, 
which is the volume integral consisting of the integrand times dΩ  in Eq. (8). This condition 
is fundamental to the very routine practice we must perform in calculus for turning discrete 
Σ's (i.e., sums) to an integral.  Our formulation uses a very clear and descriptive method 
starting from the basics of light emission by a differential cone, which is how ‘luminous 
intensity’ is fundamentally defined.  Doing such does not require the use of a Jacobian matrix 
and unit sphere arguments in order to derive the proper integrand that is to be integrated to 
determine luminous flux or LID in space. 

3.   Experimental Verification of near-field Lambertian distributions from flat 
light sources 
We now examine some experimental findings of several white LED light sources, which have 
discrete LED modules mounted on flat surfaces.  A standard white light LED module is 
typically formed by mounting an LED chip such as that shown in Fig. 1 on a ceramic mount, 
protecting all parts of the semiconductor device by various coatings including the top 
phosphor coating through which white light is emitted.  Prior to investigating the 
experimental results, it is beneficial to first think and visualize the graphical characteristics of 
a Lambertian in 3D volumetric space.  As such, following the characteristics of Fig. 4, one 
must be careful to not think of the Lambertian as a regular solid sphere in 3D Cartesian 
coordinates; but rather think of the 3D Lambertian as an object whose outline is spherical in 
spherical or polar coordinates where the magnitude of the spherical object varies along the 
spherical outline as the cosine of the angle specified in Fig.4.  We shall visualize this type of 
3D Lambertian profile in the upcoming figures from experimental data for further clarity.   [It  
should be noted that the general equation, r = a + b cos(θ ) produces a cardioid in 3D; when a 
= 0 and b = 1, the general equation yields a Lambertian.] 

We now simplify the quantities in Eq. (10) by letting m X n = N and XLYL = A, where N is 
the total number of radiative e-h pairs of the LED chip and A is the surface area of the 
rectangular LED chip.  Eq. (10) then becomes, 
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Eq. (12) allows one to determine the luminance and luminous intensity magnitude and 



profiles in space.  These quantities of an LED chip sample can be measured with a high 
precision goniometric imaging camera by choosing a certain suitable distance from the chip 

and this distance allows one to determine r .  The details of this type of goniometric 

measurements can be found in the literature [15], which, not surprisingly, also uses the 
Riemann sum approach we discussed here. 

Using Eq. (12), LRS can be measured discretely at various points as a function of various 

distances and f.  Integrating these discrete points (defined by r  and f) over a total fmax of 

π, would provide the total luminance of the LED chip.  The quantity LRS as a function of f , 
provides the profile of the LED chip’s luminance. 

One can see from Eq. (12) that if N is large (which is the case for LED chips with very 
high quantum efficiency), or if Lavg is very high due to a high injected current and quantum 
efficiency, or if the both conditions are true, then luminance of an LED chip can become 
enormous.  Similarly, this is in fact what happens for a semiconductor laser when the laser 
chip’s quantum efficiency is quite high and is driven at high current. 

While the luminance is very high in laser diodes primarily due to high current density and 
not the physical size of the laser chip, the luminance and the peak luminance of an LED chip 
is very high when the size of the LED chip is rather large and it is driven by high current.  
This is precisely the case for high-brightness LEDs as they are very large compared to typical 
semiconductor laser exit surfaces.  The peak luminance of such LED chips used for lighting 
can become very large for efficient chips driven at high current.  As such, enormously high 
luminance of 38 million cd/m2 from high-brightness white LEDs using InGaN blue LED 
chips have already been reported several years ago [16]. In contrast, the luminance of a 
fluorescent tube T8 lamp is only in the neighborhood of 250cd/m2.  Semiconductor edge-
emitting lasers have also shown to reach very high radiance of multi-megawatt/cm2 and 
therefore catastrophic optical damage becomes a great concern [17, 18].  In surface-emitting 
semiconductor lasers such as in commercial laser pointers producing 1 milliwatt of radiant 
power within a Gaussian-like beam (a 2D spatial intensity profile), the radiance is 
approximately 1000 megawatts/sr/m2 [19].  One can show that this laser radiance is nearly a 
thousand times more than the radiance produced by the sun.  The examples of the actual 
radiance and luminance numbers provided here should alarm us that only semiconductor 
lasers and LEDs produce radiance and luminance that are many orders of magnitude higher 
compared to those obtained from non-flat light sources. 
 It is important to note that the luminance of an LED chip is not constant on the 
surface of the chip.  Its profile is given by Eq. (12) which is a generalized Lambertian 
distribution.  One should distinguish that the luminance of the LED chip is different from the 
luminance of each radiative e-h pair, i.e., each light-generating element.  While the luminance 
of each light-generating element may be constant on a flat-emitting surface, the luminance 
distribution on the flat-emitting surface is not constant due to aggregation effects from all 
light-generating elements. 
 The maximum value of the luminance profile takes place in the middle of the chip 
and the luminance values taper off in all other radial directions as a cosine function of the 
angle f that is measured off the vertical z-axis of the cone as shown in Fig. 3.  The luminous 
intensity distribution (LID) that the LED chip generates in 3D space also has the profile of a 
generalized Lambertian distribution, which is defined by r = Mcos(θ) where M is the 
weighting factor that is defined by the light source’s physical parameters.  It is important to 
note this distinctive spatial light distribution characteristic is only generated by a flat light 
emitting surface such as that of an LED chip.  All other current natural and artificial lighting 
sources known at this time do not generate such Lambertian LID in near-field space because 
they are not flat light sources.  It is important to note that there is a distinction between a light 



source and a lighting source.  In the field of lighting, lighting sources are referred to those that 
provide the function of illumination where proper light diffusion over wide solid angles is 
necessary with luminous intensity profiles and luminance values similar to those found in 
such conventional light sources as incandescent and gas-discharge lamps.  Although currently 
LEDs and even some lasers are being utilized as lighting sources, they do not strictly meet 
these guidelines. 

We reiterate that while the optics and the lighting industries routinely apply Lambert’s 
cosine formula to approximate the far-field intensity radiation of many light sources due to 
simplicity, the Lambertian and generalized Lambertian spatial light distributions derived and 
discussed here should not be applied to non-flat light sources in near field.  When the 
Lambertian cosine law is applied to nearly all types of light sources very far away, the source 
is treated as a differential-area element, which is equivalent to an infinitesimally small source 
radiating only over 2π steradian.  Such utilization, in some applications, may serve as an 
acceptable far-field approximation where disregarding the shape of the source is meaningful.  
Non-flat light sources in near-field radiate over an angular span that is larger than 2π and 
therefore it is not valid to approximate the near-field radiation pattern of non-flat light sources 
using Lambert's cosine law.  Although Lambert's cosine law is valid for flat-light sources in 
near field, it does not allow one to determine the exact radiation pattern of a finite, flat light 
source in near field because Lambert's cosine law is not a function of the light source's 
physical size and inherent brightness.  In contrast, the derivation of the generalized 
Lambertian light distribution provided here gives the near-field LID as well as luminance 
distribution of a finite-size flat LED that has distinct physical properties relevant to light 
generation. 

Polar equations are generally difficult to visualize in space unless they are accurately 
plotted in multiple 2D planes as slices that scan the entire space over which the solution of the 
polar equation is valid.  Alternatively, it can be done by means of a 3D plot in spherical 
coordinates using colors to show magnitude variation over θ and f. We have seen previously 
that the polar equation r = M cos(θ ) generates a Lambertian sphere in 3D polar coordinates.  
While its outline in 3D space is a sphere, the magnitudes on the surface of the sphere are not 
constant; but rather the magnitudes fall off as cosine of angles as angles increase from zero in 
degree or radian.  Generally in prior optics or lighting applications, one hardly encountered a 
3D model of a Lambertian since the need never likely surfaced in the past.  Consequently for 
most, it is very informative to actually see what the solution of the polar equation in Eq. (12) 
looks like in 3D space in Cartesian or other coordinates.  Fortunately, we can accomplish this 
via a 3D plot of the actual measured LID data from an LED lamp that falls in the same light 
source category where individual light source elements are all arranged on a 2D plane.  Such 
an LED lamp that is used as a task lamp is shown in Fig. 5(a) where 21 LED modules are 
arranged on a flat surface.  We present the measured LID data for this LED lamp in Figs. 5(b) 
and 5(c). 

The goniometric 3D LID data presented in Figs. 5(b) and 5(c) were taken using a RiGO-
801 near-field goniometer, commercially sold by Techno Team Bildverarbeitung GmbH.   
The plots use false colors to represent the various LID values in cd/klm.  The candela/kilo-
lumen scale is used to note that such candela values are obtained from a single lamp 
producing less than 1000 lumens.  The description on such LID data acquisition can be found 
in the literature [20]. 

Fig. 5(b) shows the plot of the 3D LID data taken for the LED task lamp which is 
optically similar to a single LED chip with many radiative e-h pairs arranged on its surface as 
shown in Fig. 2.  The differences for the task lamp is that the number of light source elements 
is only 21, the spacing between these are more coarse, and the total size of the 2D plane 
generating light are much bigger compared to the analogous parameters for the LED chip 
shown in Fig. 2. 
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Fig.5(a).  A photograph of an LED task lamp constructed with LED modules arranged on a 
2D-grid.  The Cartesian coordinate orientation is superimposed on the photo and the x, y, and z 
axes are consistently modified in the measured data presented in Fig.5(b). 
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Fig.5(b).  The goniometric LID data of the LED task lamp in Fig.5(a) is plotted here showing 
luminous intensity distribution using false colors to indicate intensity levels.  The luminous 
intensity level variation is shown via the color scale bar. 



y

45°

105°
120°

135°
150°

165°

165°

30°

75°

30°
45°

60°

75°

150°135°
105°

120°

60°
15°

15°

x z

 
Fig.5(c).  The goniometric LID data of the LED task lamp in Fig.5(a), plotted using a different 
Cartesian coordinate orientation from that used in Fig.5(b).  The different orientation depiction 
improves one’s visualization of a generalized Lambertian in 3D space.  

By applying similar arguments as we have done in Section 2A, the task lamp is expected 
to produce a Lambertian-type distribution following an equation of the category described in 
Eq. (12).  Indeed we see that in Fig. 5(b), a weighted Lambertian rather than a perfectly 
spherical Lambertian is generated with some asymmetry arising from the rectangular 
arrangement seen in Fig. 5(a).  (A weighted Lambertian is one that is not entirely spherical 
which occurs when the light source has a different dimensions in the x and y directions, using 
the directional notations used in Fig. 2.)  In addition to the asymmetry, the outer profile in this 
plot is not entirely smooth between the red and green transitional values (i.e., around 190 cd) 
and this is a real phenomenon because that the gap between LED modules is fairly coarse.   A 
smoother LID outer profile as well as a less-pronounced asymmetry is seen in the plot shown 
in Fig. 5(c) where the coordinates are rotated such that from that perspective, the data appears 
smoother because the degree of symmetry is higher.  Seeing the data from different 
perspectives helps one visualize the weighted Lambertian distribution further and obtain an 
overall better understanding of the type of spatial light distribution generated from a light 
source whose light generating elements are all arranged on a flat surface.  It is important to 
note that the data presented in Figs. 5(b) and 5(c) contains some error due to the finite and 
coarse angular resolutions.  Although improved resolutions can be applied in general in 
obtaining data, relatively coarse resolutions were used for fast data acquisition of the task 
lamp.  A higher degree of asymmetry with less smooth generalized Lambertian boundary 
would be obtained if one uses finer angular resolutions when gathering experimental data for 
this type of a task LED lamp. 

In addition to the experimental verification presented above, one gain even further 
understanding of the fact that a flat light source generates a Lambertian distribution that is 
weighted by the light source’s equivalent parameters contained in the constant, C, in Eq. (11).  
This can be achieved by looking at the illuminated photographs of 2 commercial G12 LED 
corn lamps that are constructed with LED modules arranged on multiple flat planes creating a 



hexagonal–shaped geometry.  The un-illuminated lamps are shown on the left side of Fig. 6.  
On the right side of Fig. 6, we present the photographs of the same lamps illuminated with 
high electrical drive current to generate several hundred lumens from each LED module. 

The illuminated lamp photos shown in Fig. 6 do not provide quantitative data; however, 
they depict generalized Lambertian distributions formed in near-field from different flat 
emitting surfaces, each containing some 2D arrangement of LED modules.  Such photos do 
show the outline of illuminated profiles that can be described as corresponding weighted 
Lambertian distributions in terms of their boundaries.  The illuminated boundaries seen in 
Fig. 6 are unique to LED lamps that use discrete modules arranged on 2D planes.  Such 
illuminated boundaries will never be generated from a fluorescent G12 lamp of similar size 
and electrical wattage because a fluorescent lamp would never produce a Lambertian light 
distribution in near field. 

Both photos from the illuminated LED corn lamps show distinct individual Lambertian-
like spatial light distribution from each flat surface, weighted by that surface’s number of 
LED modules and the specific rectangular arrangement of modules on that surface.  In both 
lamps, the rectangular flat surfaces produce weighted Lambertian outputs that are elongated 
more along the larger length of the rectangular surfaces.  The top surface on each lamp is 
somewhat circular and therefore shows approximately spherical Lambertian LID profiles. 

A G12 category lamp with 70 SMD LED modules (AC 100-240V, 10W, 1080 Lumens)

A G12 category lamp with 132 SMD LED modules (DC 12V, 15W, 1400 Lumens)

 
Fig.6. Photographs capturing generalized Lambertian near-field LIDs generated from flat 
surfaces of two typical commercial LED corn-lamps.  The intensities from the LED modules 
were sufficiently increased to show that weighted Lambertian outputs are generated from each 
flat surface of such corn lamps. 

 The top G12 illuminated lamp in Fig.6 has more LED modules placed along the longer 
length of each flat surface.  Consequently, the Lambertian distribution for each surface of the 
top lamp photo shows more weighting along the lamp's length compared to the case in the 
shorter G12 lamp shown at the bottom of the figure.  Although regular camera photos such as 
those shown here do not display accurate intensity values because their photosensitivity 
response is usually non-linear and uncalibrated, Fig. 6 nevertheless shows distinct outlines of 
generalized Lambertian light distributions, weighted accordingly to each flat surface’s LED 
module arrangement.  Visualizing such light output distributions from LED lamps constructed 
with modules on flat surfaces is indeed helpful to qualitatively understand how a particular 
Lambertian profile is formed and what it looks like in the real world.  It is important to realize 



that a tubular fluorescent lamp of similar size will not generate this spatial light output 
behavior because a tubular lamp surface is not flat and light intensity emitted from such a 
lamp is equal in all radial directions  This too is consistent with Gauss’ Flux law. 

The experimental demonstration depicted in Figs. 5(b), 5(c) and Fig. 6 verify the most 
crucial aspect of the derivation in Section 2A, which is that for a finite size LED (not an 
infinitesimal differential-area element), the luminous intensity and luminance distributions at 
near and far field distances are both Lambertian functions.  These Lambertian functions are 
weighted by the LED source’s geometrical and material parameters and external electrical 
driving conditions.  Another important point is that if many such flat LED chips are 
aggregated on a planar surface, another weighted Lambertian is produced with a different 
value for ‘M’ in r = Mcos(θ).  The danger of such Lambertian luminous intensity distribution 
in near field is that on axis luminance can become tremendous.  These aspects of an LED 
light source are not at all substantially altered by package dimensions, bond wires, reflector 
cups, extraction lens, and the phosphor particles' macroscopic geometry because a generalized 
Lambertian LID is created based on optical wavelength dimensions, which is much smaller 
than the dimensions of all other macroscopic elements that form the LED SMD.  Dictated by 
Gauss's law and the Divergence Theorem, a flat LED produces a generalize Lambertian LID 
based on its chip dimensions, inherent semiconductor material properties, and external 
driving conditions as described in Eq. (10).   

Summarizing the results thus far, the light cones emitted from a flat LED chip surface is 
orthogonal to the surface and because normal D continuities must hold through various 
materials, the light rays generated from the LED chip maintains its optical axis; its 
directionality is unaffected by package sizes, bond wires, reflector cups, extraction lens, and 
phosphor layer to a large degree.  Only the magnitude of the light intensity profile, still 
maintaining a Lambertian distribution in space, will be affected by some small amount of 
scalar attenuation due to these external components.  This has been demonstrated many times 
in many laboratories as the measured intensity profile from a flat LED chip, or module, or a 
lamp with modules on a planar board, is always a Lambertian regardless of obstructions 
created by bond wires, reflector cups, extraction lens, and phosphor profiles.  The measured 
near-field Lambertian profile from all flat LED sources have shown that they are weighted 
appropriately by the geometrical and material parameters of the LEDs and their external 
electrical driving conditions, provided proper resolutions are used to take data satisfying 
measurement conditions related to near-field. 

It is important to conclude this section with the takeaway that a flat LED chip with high 
quantum efficiency driven with a high current density will have very high luminance.   The 
LED chip’s luminance and LID profiles in 3D space will fall in the category of a generalized 
Lambertian, where the peak luminance and LID occur in the middle of the chip and their peak 
values decrease with increasing angle measured from the center vertical line normal to the 
chip.  This non-uniform luminance and LID characteristics are substantially different from 
any other natural and artificial light source with the exception of a semiconductor diode laser.  
The LED chips and modules used to create many of today’s high-power LED lamps with very 
high lumen output have peak luminance that is much higher compared to the peak radiance of 
many semiconductor lasers because typical high-brightness LED chips have emitting surface 
areas that are many orders of magnitude larger than emitting surfaces of laser diodes.  Our 
derivation of 3D near-field LID is also consistent with how very high-power lasers are 
constructed using a planar array of individual lasers.  Note that for general optical 
applications other than lighting applications, luminance and LID need to be interchanged with 
radiance and radiant intensity distribution.  Further, one must be consistent when comparing 
LEDs and lasers by using the same units of spatial power density including the usage of solid 
angle, whether in radiance or luminance.  Lumen power conversion from radiant power takes 
into account the human eye sensitivity function.  In the next sections, we see why many 



current LED lighting products have undesirable as well as unsafe lighting properties and how 
they can be corrected. 

 

4.   Glare from a Lambertian optical distribution 
In the lighting industry, glare is recognized as excessive light density along the line of sight 
perceived by the human eye.  Many studies have been conducted to define and quantify glare 
and due to many different light source types, ambient conditions, and human perceptions, the 
subject is quite controversial [21, 22, 23].  Nevertheless some formulations and ratings have 
been adopted by different lighting organizations for two types of glare.  These are disability 
and discomfort glare, where the latter is broadly debated even at the basic quantification level 
[24, 25].  The controversies existed even prior to the advent of LED lighting and the glare 
subject is more complicated now than ever before since LEDs emit light differently and often 
with a very high peak luminance.  Despite the controversies, ubiquitously acknowledged 
primary factors for glare are luminance values associated with the light source and the 
background or ambient. 

One of the widely used glare quantities is defined by the CIE (Commission Internationale 
de l’Eclairage) as unified glare rating (UGR), which is given by [21] 
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where Ls is the source luminance, Lb is the background luminance, ω is the subtended solid 
angle at the eye by the glare source, and p is the angular deviation of the glare source from the 
line of sight.  Regardless of what glare definition is used, it always increases with increasing 
luminance of the source.  In fact, glare increases with the square of the source luminance, 
which is the dominant factor in defining glare as seen in Eq. (13).  Glare should be 
particularly a great concern for high-lumen-output LED lamps because many current LED 
based lamps fail to diffuse light properly. We now verify that a typical LED lamp 
configuration used nowadays generate very high peak luminance along the center propagation 
axis of the light beam.  In the rest of the section, we only focus on luminance descriptions and 
calculations from LED light sources with the understanding that very high luminance will 
cause very high glare and therefore glare is essentially synonymous with luminance. 

Currently, for LED lamps that produce very high lumen output using high-brightness 
LEDs, luminance can be very high, particularly in the middle of the lamp.  While we have 
seen that to be the case on the LED chip surface, it is not intuitive to many that it remains the 
case when viewed at various distances from an LED lamp.  We now see how light propagates 
after it leaves the flat surface of an LED lamp constructed with modules in a 2D array. 

We have seen that a flat light source such as an LED chip or an LED lamp constructed 
from discrete LED modules arranged on flat planes generates an appropriately-weighted 3D 
Lambertian LID in near field.  Lambertian LID is unique to LEDs and lasers, which are flat 
light sources.  In contrast, all other existing natural or artificial lighting sources are 
curvaceous and they usually generate a fairly radially symmetric LID as well as substantially 
uniform luminance profile on their curved surfaces.  Light from a curvaceous light source, 
resembling the sun, propagates as radially symmetric wavefronts in near field, maintaining its 
radial symmetry while the luminous intensity falls off inversely proportional to the square of 
the distance from the source.  The Lambertian LID generated from an LED chip (or an LED 
lamp with SMDs arranged on a flat plane) does not propagate in this manner.  Instead, a 
Lambertian LID maintains its peak light intensity along the propagation axis at any distance; 
and at that distance in 3D space, the off-axis intensity falls off as some weighted cosine 
function as the angle increases from the propagation axis. 



In the following simulation study, we show the calculated light distribution on various 2D 
planes at different distances from an LED lamp source, which is constructed from 16 LED 
SMDs arranged on a plane.   We have chosen the luminance distribution as the representation 
of the light distribution at various distances.  Although, luminance represents the 3D 
volumetric unit light density for a light source, it represents the brightness or lumen density at 
a particular point on the surface of the light source pointing in a specific direction.  Therefore 
plotting the luminance values on a light surface represents the luminance at various points on 
that light surface.  In other words, each point on a light emitting surface has as associated 
luminance value and this is different from the light source's exitance value.  Exitance does not 
have any association with a solid angle or direction. It is important to not confuse these 
simulated calculations on 2D planes with light distributions in 3D space described by Eq. 
(12). 

Using the commercial ray-tracing software Zemax 13, we simulated the luminance 
profiles generated from a source plane containing 16 high-brightness LED modules at 2D 
detector planes located at various distances from the source.  The simulated 2D luminance 
profiles can be described as the mapped luminance profiles of the same source at various 
detector planes located along the z axis, i.e., the major optic axis of the source.  These 
luminance values do not represent the actual luminance profile of the source, which does not 
change with distance.  The Zemax simulations merely show the mapping of the source 
luminance distribution at the detector [20, (Chapter 6)].    The interpretation of this mapping 
is that if the source is projected at a farther distance, the luminance of the projected source 
would scale down accordingly.  The luminance distribution mapped at the detector is directly 
proportional to the illuminance map at the detector.  Illuminance is the parameter used in 
lighting to determine the optical power incident on a certain plane some distance away from 
the source.   

Using 16 SMD LEDs, we created a symmetric 4X4 arrayed lamp with equal x and y grid 
spacing of 12mm.  At the center of the array, i.e., at (0,0), where the propagation axis begins 
at z = 0, there are no LED modules and this is chosen intentionally.  Each SMD uses the 
physical optical data available in the Zemax library of a standard high-brightness LED SMD 
module manufactured by Philips a number of years ago.  We plotted the simulated output on 
2D planes at various distances along the propagation axis orthogonal to the source array in 
Figs. 7(a), 7(b), 7(c) and 7(d).  The simulated outputs were calculated in terms of both 
luminance in position space and illuminance.  Luminance in position space on a 2D plane 
represents the mapped or projected luminance profile detected at the detector plane at some 
distance z from the original source plane. 

Figs. 7(a) through 7(d) show that as z increases, the mapped luminance from each SMD 
module starts to aggregate along the propagation axis and a higher concentration of light 
starts to form in the middle of the xy-planes at different z values.  This concentration profile is 
not a cosine function on a 2D plane in position space and should not be confused with the 
cosine function in a Lambertian distribution described in polar or spherical coordinates in 3D 
space.  In a future paper, we shall describe these differences in more detail.  Note that in Figs. 
7(a) through 7(c), mapped luminance of each LED module at various distances shows non-
uniform luminance distribution, consistent with the luminance simulation of a standard 
Philips LED module available in the Zemax library. 



 

Fig.7(a)  The simulated luminance in position space seen in an 80mmX80mm detector at 
z=2mm from the source that consists of 16 HB-LED modules arranged in 4X4 array on a xy-
plane at z=0.  The peak incoherent illuminance corresponding to the peak luminance here is 
5.75 X 106 lumen/m2. 

 

Fig.7(b)  The simulated luminance in position space seen in an 80mmX80mm detector at 
z=5mm from the source that consists of 16 HB-LED modules arranged in 4X4 array on a xy-
plane at z=0. The peak incoherent illuminance corresponding to the peak luminance here is 
1.10 X 106 lumen/m2. 



 

Fig.7(c)  The simulated luminance in position space seen in an 80mmX80mm detector at 
z=10mm from the source that consists of 16 HB-LED modules arranged in 4X4 array on a xy-
plane at z=0.  The peak incoherent illuminance corresponding to the peak luminance here is 
8.28 X 105 lumen/m2. 

 

Fig.7(d)  The simulated luminance in position space seen in an 80mmX80mm detector at 
z=15mm from the source that consists of 16 HB-LED modules arranged in 4X4 array on a xy-
plane at z=0. The peak incoherent illuminance corresponding to the peak luminance here is 
7.16 X 105 lumen/m2 or lux. 



In figures 7(c) and 7(d), we note that the distribution showing a higher concentration in 
the middle is not smooth because only 16 LED modules are used with appreciable gaps 
between adjacent modules.  The objective of presenting simulations using 16 modules is to 
show that due to aggregation from many modules, a peaked 2D light distribution is formed as 
one moves down the optical axis, z.  More modules would show the same effect. 

We have calculated equivalent profiles for illuminance at different detector planes in the 
units of lumen/m2, which show the same behavior we see in Figs. 7.  The corresponding peak 
illuminance values in lux are provided in all the figure captions in Figs. 7(a) through 7(d).  It 
is interesting to note that while we intentionally designed the array with no SMD module 
being present at the origin of the initial xy-plane, in Figs. 7(c) and 7(d), due to aggregation, 
the maximum values are still occurring in the middle of the xy-planes at z=10mm and z=15 
mm.  Note also the extremely high peak luminance values in all 4 graphs, which exceed 
100,000cd/m2. 

The Zemax simulations presented here use 10 million rays and are accurate 
representations of mapped luminance at various distances.  These mapped luminance values 
and their corresponding illuminance values at those distances show just how large they still 
are farther down the center optic (z) axis from source.  Although we use only 15 mm as the 
largest distance from the source plane in our simulation, our results show an important scaling 
trend.  In current commercial LED streetlamps and car headlamps, many more significantly 
higher-power, very densely-packed SMD-LEDs are used and peak luminance from such LED 
lamps are expected to show a similar scale-down trend at viewing planes several meters away 
as the simulated results here demonstrate.  Consequently, at these distances, glare which 
scales with luminance squared, is tremendous when a person directly looks at an LED car 
headlamp or a streetlamp from many meters away.  The peak luminance, or its corresponding 
illuminance value, is responsible for determining the amount of light a person sees, when he 
is directly looking at an LED streetlamp or auto headlamp from certain distance away. 

  For comparisons, we have measured the typical luminance from household incandescent 
bulbs and T8 fluorescent lamps to be approximately 400cd/m2 and 250cd/m2 respectively.  A 
typical auto headlamp luminance from a special halogen lamp in the U.S. is still only around 
25,000cd/m2 [26]. Enormously high on-axis luminance, such as on the order of about 500,000 
cd/m2 from certain current LED streetlamps and auto headlamps is the reason for extreme 
glare a viewer experiences when he looks directly at such lamps with no translucent covers.  

The simulation results in figures 7(a) through 7(d) assert that luminance, illuminance and 
luminous intensities all aggregate or peak in the middle of a flat light source and light from a 
flat source propagates maintaining certain center peak intensity at all distances from the 
source.  This light propagation behavior explains why a person viewing certain high-power 
LED car headlamp or tail lamp straight along optical axis, finds the light very blinding.  The 
high peak luminance is the reason for high glare from such flat LED light sources. 

LED lamps used in today’s streetlights and car lamps can have extremely high peak 
luminance due to their flat geometry and large overall emitting surface areas created by 
densely aggregating many high-brightness LED SMDs.  Such high peak luminance, even 
when viewed along the propagation axis of the LED light sources over distances that are 
usually considered as far-field by lighting standards, can still be very damaging because 
substantially high lumen power densities will be present on the viewer’s eyes. It suffices to 
say that at near-field distances, the on-axis glare is significantly worse.  We often encounter 
LED car headlamps at near-field distances while we are on the road and experience very high 
glare as a result. 

LED-based high-power luminaires such as those in streetlamps, high-bay, and auto 
headlamps produce weighted Lambertian spatial light distributions that generate very high 
peak luminance and illuminance, resulting in very non-uniform light distribution on the eye 
plane at different viewing angles.  This is in sharp contrast to the lighting properties of gas-
discharge lamps such as metal halides and HIDs adopted for the same applications.  These 



traditional lamps typically utilize appropriate reflectors to shape the output beams to produce 
light distribution with far less luminance values that are substantially uniform over wide 
angles.  Because LED lamps have high peak intensity, non-uniformity and unique 
propagation characteristics, their LID measurement procedures must not be the same as those 
applied towards incumbent lamps.  The distance and resolution requirements as well as far-
field point-source approximations applied towards incandescent and gas-discharge lamps are 
not appropriate for such high-power LED street and auto head lamps. 

Previously we proposed a solution using many small LED chips mounted on a common 
substrate where light from each LED chip is allowed to enter into an adiabatically tapered 
optical waveguide or a lightpipe to broaden the light distribution prior to exiting a curved 
surface[27].  The common substrate acts as an efficient heat-sink; the chip size and drive 
current can be appropriately chosen based on the lighting application that dictate the overall 
lamp size, luminance, LID, and the beam angle.  Remote phosphors can be used in this layout 
at the end of the waveguides in order to generate white light from blue LEDs.  If warm color 
phosphors are used directly on the LED device to generate white light, one can use a ray-
tracing software tool such as Zemax to simulate tapered lightpipes instead of waveguides.   
These tools can be applied to design car and street lamps to ensure eye safety requiring that 
luminance does not exceed a certain value and LID profiles do not have sharp cut-offs.  
Allowing the LEDs to remain on a planar board as seen in Fig. 5 in Ref. [27] where a proper 
heat sink can be utilized, effective thermal management can be implemented to minimize 
lumen and color depreciation over a very long lamp operating life [28]. 

5. Conclusion 
High quantum efficiencies achieved in today’s blue LEDs along with high volume 
manufacturing capabilities for generating inorganic semiconductor devices and packaged 
modules enabled LED lighting to become primarily an assembly of lamps or luminaires using 
one or more 2D arrays of individual LEDs.  In this paper, we have investigated the lighting 
properties of LEDs and 2D LED arrays in near field 3D space, to generate an understanding 
of why this basic construct can be problematic when high-power LEDs and large arrays are 
used to create certain lighting products.  

For the first time we have provided a mathematical analysis to explain why a flat LED 
chip with a finite area, with or without phosphor coating, produces luminance and luminous 
intensity distributions in 3D space that have Lambertian profiles in near-field.  Although the 
Lambertian cosine formula is well known and applied to certain light sources extensively in 
prior literature, it strictly applies to a differential-area element and not to a finite-area light 
source.  Strictly speaking, a Lambertian radiation can be used as a far-field approximation for 
a flat light source only.  Further, it has limited uses for lasers and LEDs at near field.  The 
formulation presented in this paper is very useful for LED-based lamps in near field.  It is 
applicable for high-power LED lamps used under near-field conditions such as LED car 
headlamps viewed from 20 to 30 feet away.   

In this paper, we have explained in detail what a near-field Lambertian spatial light 
distribution looks like in 3D space in terms of light concentration over angles and why it is 
unsuitable for most lighting applications.  We have further shown using both experimental 
data and simulation that creating an LED lamp, with many modules arranged on a 2D plane, 
still produces a Lambertian type 3D spatial distribution weighted by its layout geometry of 
the modules.  A Lambertian distribution has a cosine profile in 3D polar coordinates and its 
projection on the 2D surface of the light source is similar to a Gaussian distribution in that its 
peak value occurs at the center of a flat light source.  This peak value is substantially higher 
than those values at other locations away from the center of the chip surface.  Further, our 
optical simulation shows that the light emitted from a planar array of LEDs become 
concentrated along the center optical axis as it propagates; and the light distribution on 
various 2D planes perpendicular to the optical axis some distance away shows that the peak 



value of this light distribution always occurs at the optical axis.  Consequently an LED lamp 
has strong glare due to strong peak luminance when viewed directly.  These concentration 
and propagation characteristics are similar to that of a Gaussian, which is widely accepted as 
the approximated 2D light intensity distribution of a semiconductor laser at its exit surface.  
Our analysis is not just purely mathematical; it is also important in terms of physics because it 
shows the luminance of an LED chip increases in a specific manner with increased drive 
current, quantum efficiency, and the chip area.  Our derived formula shows that enormous 
luminance and luminance peak values can be generated from large, efficient LED chips 
driven with high current. Indeed the peak luminance from certain LED chips has already 
exceeded several hundred thousands of nits (cd/m2) with today’s technology.  Such high 
luminance numbers are alarming and without a proper understanding, ongoing improved LED 
material and device technologies would only stand to produce even higher peak luminance 
from  unshielded, commercial LED light sources. 

We have shown that 2D arrays created with LED modules also generate a 3D weighted  
Lambertian in near field where the weighting is determined based on the array size and grid 
spacing.  Because luminance and luminous intensity can aggregate to a very large magnitude 
at the center of a lamp created with high-power 2D LED arrays, such as those seen in many 
street and auto headlamps, they pose a great hazard for eye safety for those whose directly 
look at such lamps from near-field distances, which often occur for drivers on the road. 

Today manufacturers are producing LED luminaires for commercial car headlamps and 
street lamps that often put out tens or even hundreds of thousands of lumens over a diameter 
of only about 8 inches to 1 foot. In photometric terms these amount to luminous intensity far 
exceeding 200,000cd; and luminance, as well as mapped luminance far exceeding 
50,000cd/m2 along the propagation direction from the center of the lamps.  In some cases 
these numbers are much higher and currently there are no safety standards that limit 
luminance and luminous intensity values along center optic axis.  Currently the lighting 
industry only ensures that the total lumen output from a traditional lamp is maintained in an 
LED lamp replacement; while this condition is satisfied, in a high-lumen output LED 
replacement lamp, such as a streetlamp or a high-bay luminaire, the peak luminous intensity 
and luminance parameters are enormous and exceeds those of a traditional lamp counterpart 
by many orders of magnitude. This poses a significant ocular threat because certain 
streetlamps and high-bay luminaires are continuously on for many hours at a time every day.  
The laser industry recognized what implication a Gaussian light distribution has is in terms 
representing the 2D light concentration profile at the laser exit surface.  It means that the 
radiance or luminance on the exit surface is non-uniform and the peak luminance occurs in 
the middle of the laser exit facet. Our derivation of an LED lamp’s 3D near-field Lambertian 
spatial light distribution demonstrates that the luminance from an LED is also not uniform 
over the LED emitting surface and the peak luminance occurs in the middle of the LED chip. 
This is a new development for the lighting industry as traditional light sources all produce 
substantially uniform luminance all along the lamp surface; and luminous intensity and other 
photometric standards were largely established based on such light properties. In a future 
paper, we shall show that in fact both inorganic LEDs and lasers generate similar spatial light 
intensity distributions in 2D as well as in 3D. 

LED’s inherent Lambertian light distribution in near-field 3D (i.e., volumetric space) 
is a concern for high-power and high-brightness LEDs.  The in-depth understanding of this 
concern can drive the development of new standards in terms of adopting maximum-limits for 
such lighting parameters as LID, luminance, and glare for many lighting applications. It can 
also help develop a set of comprehensive requirements for measuring and utilizing near-field 
photometric parameters for high-power and high-brightness LED lamps.  Such development 
is crucial for manufacturing safe LED luminaires used in automotive, stadium, street and 
warehouse lighting.  New measurement standards will also help quantify the optical power 
carried in certain blue wavelength near 465 nm, which has been identified to be harmful for 



nighttime light consumption by humans and other species.    
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