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When analyzing the transmission characteristics of LEDs for long-distance lighting
and communication applications, the light field is commonly assumed to be fully
incoherent. However, in reality, the LED light source emits partially coherent light
with a spatial coherence length on the order of microns. This paper is based on the
generalized higher-order Lambert model of LEDs and aims to construct a
Gaussian-Schell model for the LED beam (LED-GSM) on the near-field source
plane, with a half-power angle of no more than 10°. Utilizing the cross-spectral
density function transmission theory for partially coherent light, this paper
provides the LED-GSM model’s spatial coherence length and beam radius at
different distances and designs an experiment for measuring the spatial coherence
length of LED beams. Experimental measurements of the spatial coherence length
and beam spot size of LED beams at different distances are carried out using a
Thorlabs LED528EHP light source. The experimental results match well with the
theoretical simulations of the LED-GSM model, thus validating its effectiveness.
Then, the proposed LED-GSM model is utilized to investigate the long-distance
transmission characteristics of partially coherent narrow-beam LED light.
Simulation results indicate that the spatial coherence length of the LED light
field can reach tens to hundreds of millimeters over transmission distances of
several kilometers. The beam radius is much smaller than that of the beam radius
based on the fully incoherent model, and the beam intensity distribution also
displays distinct differences.

KEYWORDS

LEDs (light-emitting diodes), narrow beam angle, Gaussian-Schell model, long-distance,
spatial coherence, beam expansion

1 Introduction

The high electro-optical efficiency, strong radiation power, long lifespan, and low cost of
LEDs have made them widely used in various fields, including lighting, display, and optical
communication. In the past decades, the coherence of light fields has been studied in the
context of LED applications such as optical communication [1,2], digital holographic
displays [3], and interferometric measurements [4,5]. Measurements of the spatial
coherence of LED light fields indicate that they are not completely incoherent, but
instead, contain partially coherent light with spatial coherence lengths varying from a
few to several tens of micrometers [6,7]. The size of the spatial coherence length is linked to
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the LED light source material and the structure of the emitting chip
[8]. Mehta et al. [9] conducted a comprehensive investigation on the
spectral and temporal coherence of LEDs. Lin et al. [10]
experimentally determined the spatial coherence length of LEDs
with various emitting chip shapes over transmission distances of
several meters. The findings suggest that with an increase in
transmission distance, the spatial coherence length of the optical
field will extend to the millimeter scale. The spatial coherence of
partially coherent light from LEDs [11] at close range is often
overlooked and assumed to be completely incoherent[12].
Nonetheless, its partial coherence cannot be disregarded in long-
With  the
decoherence properties in laser transmission theory[13], there is

distance transmission. growing prominence of

an increasing focus on analyzing the spatial coherence
characteristics of partially coherent optical transmission theories,
including the typical Gaussian-Schell model (GSM)[14]. This
theoretical approach is capable of dealing with partially coherent
as well as fully incoherent light sources [15], which provides a
theoretical basis for investigating the spatial coherence of partially
coherent LED light in a vacuum environment.

With the advancements in LED materials and light source
design [16], LED light sources that exhibit excellent directionality
and high power [17] have become a fundamental component for
long-distance lighting and optical communication applications.
Currently, LED light source systems that encapsulate light-
emitting chips and use focused lenses are often considered as
fully incoherent light sources in research on communication
channel characteristics. However, the transmission characteristics
of partially coherent light fields suggest that [18], during long-
distance transmission, the spatial coherence and beam radius of the
light field differ from those of fully incoherent light. Therefore, it is
crucial to investigate the partial coherence properties of LED light
using the theory of partially coherent light transmission.

Based on the near-field measurement results of the lateral spatial
coherence length and beam radius of LED, a partially coherent light
model for LEDs with micro-scale spatial coherence length at the
near-source plane is developed through theoretical simulations and
experimental measurements. During the beam propagation, the
study examines the impact of factors such as spatial complex
coherence, source size, and transmission distance on the spatial
coherence length and beam radius of the light field on the
observation plane.

2 LED-GSM model and transmission
theory

2.1 Light field of LED

The illuminance distribution of LED is generally described using
the generalized Lambertian model. (H and M, 2008)
m+3
-

m+1 3 m+1 r’
Eran (1,2) = 55 By cos™(0) = 5 E°<“Z> )

Where z denotes the distance between the light source and the
observation plane, r(x, y) represents the position vector of a point
on the z plane, and E, corresponds to the radiance emitted by the
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FIGURE 1

The relationship between relative illuminance and 6 at different
values of m (z = 0.1 m).

center of the light source. The polar angle of the location with respect
to the LED is denoted by 6, 6 = arctan(r/z) x 180/m. m is the
Lambertian mode number and m > 0. The mode number is a
measure of the directivity of the light beam and is related to the
semiangle of the light beam at half power, denoted by ®,,,, by m =
—In(2)/In(cos (®1,)).

Since ®;,<10°, the LED near-field radiation can be
approximated as a Gaussian distribution [19]. Considering the
condition of ¥ = x> + »* « 2, the Gaussian analytical
expression, approximated by expanding E, (r, z) using a Taylor
series, is represented as

EGau (l’, Z) =

(m + 1)E, . m 1
T ko 1 M
2nz? P

2 2
_ (m+1)E, 2r
T 2 exp{ w? (z)} @

Where w(z) = 2z/~/m is the radius of the beam waist at the z
plane.

Figure 1 shows the relationship between relative illuminance and
0 at different values of m. From the curve in the figure, a larger m
corresponds to a narrower beam. Commercially available LED
lenses can shape the beam of the Lambertian-type LEDs into
Dy, =10°, Dy =6.7° to Dy =3° (H and M, 2008), which
correspond to m = 45 ,m = 100 and m = 505, respectively. Here,
it is noted that due to limitations imposed by the experimental
equipment, the near-field radiation of the LED can be effectively
modeled as a Gaussian distribution when we focus on the range of
m > 45, @y, <10°.

2.2 LED-GSM model

When researching the radiation transmission theory, it is
typically required to construct a complex amplitude expression
for the outgoing light field. To distinguish z, it is assumed that
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the illumination distribution on the z, plane follows Gaussian
distribution characteristics, where z represents the distance of
In the case of the LED illumination
distribution expressions (1) (2) and the consideration of
D, <10° light field
EGau (1,21, t) satisfies Gaussian distribution characteristics, then

light transmission.
and r’«z?, if the narrow beam

the complex amplitude expression for the observation plane at
z = z; can be expressed as follows:

UGau (l‘, Z1s t) = |EGau (l‘, 215 t)ll/z €xp [_l¢ (l‘, t)]
DE 12 2 )
= [%] exp[—wzr(ZI)]eXp[—lgb(r, t)]

€)

Where Ugg, (1, 21,t) is the scalar optical field, and ¢(r,t) is
satisfied with the random phase on (-, 7).

By applying the theory of partially coherent light propagation,
the spatial coherence of a monochromatic light wave field with a
wavelength of A on any plane in space can be described through the
Cross-Spectral Density Function (CSDF). The definition of W (s,
s,) is as follows:

W (s1,82) = KU (s))U*(82)) 5t (4)

Where s; and s, are the position vectors of any two points in
the source plane, ; denotes the ensemble average. Assuming that
the radiation from the LED follows Equation 3, with an
amplitude distribution described by a Gaussian model and a
spatial coherence distribution that also follows a Gaussian
function [20], then the distribution of the CSDF for the light
field on the LED’s near-source plane at position z; follows the
definition of the Gaussian-Schell model (GSM), which is
commonly abbreviated as LED-GSM. From Equation 3, the
expression for the CSDF of a narrow-beam LED on the z;

o ]3]

plane can be derived.

(m+1)E,

W (s1,82,21) = 2z
1

where o is the spatial coherence length of the z; plane light field.
The larger it is, the better the spatial coherence of the beam, and vice
versa, the worse the spatial coherence becomes.

After reviewing the literature [6-8], it is evident that the
spatial coherence length, o, of LED emitting chips typically falls
within the micrometer range. It is important to take into account
the size of the LED light source following processing and optical
packaging, as the spatial coherence length of the emitted light on
the exit plane generally ranges from several to tens of
micrometers. This relationship is closely tied to factors such
as the material and size of the LED chip, the divergence angle of
the beam, and the emission mode of the light source.

Looking at Figure 1, it becomes apparent that the intensity of the
LED follows a Gaussian distribution when z; is sufficiently large
(eg, 2z = 01m, m >
dimensions of the LED light source structure, the light plane at a

45). Taking into account the design and
constant value of z; can be viewed as the output light field of the

entire LED transmission system, referred to as the LED-GSM light
source plane. The radius size of the light beam at the light source
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plane can be defined as w; = 1/2w(z;), and Equation 5 can be

(Sl2 + SZZ)]eXp[ (s1 - Sz)z] 6)

4w? 202

expressed as

W(Sl, Sy, Zl) = ACXP[

Where A = ((’;‘;ZI)ZE“) is the amplitude. From the calculation of
Equation 2, as m = 505 and w; = 1/2w(z; = 0.1) = 3mm, the size
parameter serves as a reference for selecting the value of w; in
subsequent simulations.

Notably, Equation 6 is the coherent optical field model for the
partial coherent light of LED-GSM proposed in this paper, which is

valid when @/, <10° and r* < z3.

2.3 LED-GSM optical transmission

According to the theory of light transmission in a vacuum for
partially coherent light [13,14], under the approximation of the
generalized Huygens-Fresnel principle, the CSDF distribution of any
two points, such asp; and p,, on the observation plane at z distance
from the source plane is given as

W(py»py2) = U (p 2)U* (P 2)

- (%)2 J J J jdzsleSZW(sl,sz,zl)

xexp[ik (pl_sl)z_(PZ_sz)z] 7

2z
Where k = 271/A is the wave number. A is the main wavelength of
the narrow beam LED. When p;
observation plane at z distance is obtained as

I(p.z) =W (p:p:2) ®)

Based on the definition of spatial complex coherence [21], while

= p, = p, the intensity of light on the

p1=p> p2 =0, the spatial complex coherence of LED-GSM beam can
be calculated as Equation 9. Letting |u(p,,0,2)| = e”!, the spatial
coherence length p; (z) on the observation plane can be found [21].
Based on the definition of the second moment width [22], one can
derive an expression for the radius of a beam when it is transmitted
in a vacuum.

W (p.0,2)
W02 (0.2)

SN U S R S g ikp®
"I\ 20T () 8w T (0 ) |2 ()

u(p:0,2)

)
1 1 -1/2
Po(2) = (29§T(z) B 8w§T(z)> (10)
244122
w(z):{wa[1+<sze> ” 1)

Where T(2) =1+ (575)", and g = gz + 2 [18], the beam
expansion is related to the size of the 11ght source and the spatial
coherence length of o. Under the condition of satisfying the
Gaussian model, the beam radius is equal to the spot radius [22].
The spot radius is defined as the distance between the peak of the
normalized intensity distribution curve and the optical axis. During
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FIGURE 2
Comparison the results between LED-GSM model and
experiment in a vacuum.

the transmission of partially coherent light, the ratio of the spatial
coherence length to the beam radius is a constant [23], which means
that

g P

w(2) (12)

From Equations 10, 11, it can be seen that in the transmission of
LED-GSM beams, the spatial coherence length and beam width of
the light field are related to the size of the light source and spatial
coherence length, and they also vary with the increase of the
transmission distance. In this paper, numerical analysis and
experimental measurements of the LED-GSM beam transmission
characteristics at different distances will be carried out. The
effectiveness of LED-GSM will also be experimentally verified by
using Equation 12.

3 Experimental verification of LED-GSM
model

Regarding the validation of the narrow beam ®,,, <10° LED-
GSM model, we first compared and verified it with the experimental
results of the spatial coherence length of LED beams in Ref. [10].
Subsequently, we constructed experimental systems for obtaining
spatial coherence and spot size of the narrow beam LED light field,
using the Thorlabs LED528EHP model as the light source. We
carried on a comprehensive model validation of the spatial
coherence length and spot size of the LED light field at different
distances.

3.1 Validation against literature comparison

Literature [10] provides the spatial complex coherence curve
of a red LED chip with a central wavelength of 623.3 nm and a
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3 mm square side of the light-emitting area. This curve exhibits a
Sinc function distribution at the observation plane 5 m away, as
shown by the red line in Figure 2. By utilizing Equations 6, 10, the
spatial complex coherence curve of the LED-GSM (w; = 1.5 mm,
0 = 15 um) follows a Gaussian function distribution, represented
by the black dashed line in Figure 2. The good agreement at a
spatial coherence length ofp,(z=5)=0.7mm on a 5m
observation plane.

3.2 Experimental verification of spatial
coherence

The experiment used a Thorlabs LED528EHP green LED
(A = 525nm, Oy, = 9°), whose emitted beam characteristics meet
the conditions of the LED-GSM model. The LED is a system that
packages a light-emitting chip and a focusing lens. The spatial
coherence length and spot size of its light field were measured at
different distances, and the measurement results were compared
and analyzed with the simulation results given in Equations
10-12.

Measurement of spatial coherence of partially coherent light
from a narrow beam LED is performed using Young’s double-slit
interference experiment, as shown in Figure 3A. As stated in Section
2.2, the distance between the LED-GSM light source plane and the
LED source is z;, determined by the condition of @/, <10° and
r’ < z2. Double slits are placed at a distance of z from the z; plane,
and the interference pattern is determined by the parameters of the
double slits, a and b, as well as the distance z. The typical interference
pattern is a series of bright and dark fringes, as shown in Figure 3B.
The intensity distribution of the interference fringes is detected
using a high-sensitivity SG-11-01K40-00-R model linear CCD
(14 ym x 14 pm), as shown in Figure 3C.

In the experiment, to ensure consistency with theoretical
calculations, the selected transmission distance and double-slit
optical path fall within the
approximation range. It is assumed that the diffracted light

conditions in the paraxial
emitted from points P; and P, combine at point Q to produce
interference fringes, with the distance between the double slits being
b. In the interference field of the double slits, the intensity of light at a
particular point Q in space can be expressed as[24].

Q) =1(Q) + L (Q) + 2V, (QL (Q)|uy, (w)|cos B, (w)  (13)

Where I (Q) and I, (Q) denote the intensities of the sub-waves at
points P; and P,, respectively, that give rise to the light intensity at
point Q. |u,, (w)| represents the spectral coherence between points
P, and P,, while 8,, (w) corresponds to the phase of |y, (w)|, which
(0,27). Under the
monochromatic approximation, the relationship between the

continuously ~ varies between quasi-
visibility of interference fringes and the degree of coherence

satisfies (T and J, 1982)

(Imax - Imin) _ 2 \/II (Q)IZ (Q)

y(Q) = Tnax + Inin) 1 (Q) + 1 (Q)

|.”12| (14)

Where y(Q) is the visibility of the interference fringes, and |y,

is the spatial complex coherence between two points. Under the
assumption that a condition is satisfied with I, (Q) = I, (Q) = I(Q)
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The experiment system. (A)Double slit. (B)Interference pattern. (C)Averaged cross-section intensity distribution.
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Diffraction patterns. The crest (maxima points) and trough
(minima points) are represented by green and cyan marks,
respectively. (z; = 0.1m, z =03 m,a =0.06 mm, b = 0.2 mm).

[24], the visibility of y(Q) = |u,,| can be determined. Therefore, the
spatial coherence of the light beam can be determined by measuring
the maximum and minimum values of the interference fringe
intensity.

Due to the influence of background light and other noise, there
are errors in determining the accurate values of I, and I,. To
address this, the Gaussian fitting of the maximum and minimum
points of the interference fringes is considered, and the maximum
value of each obtained Gaussian curve is taken as the respective
values of I, and Ipi,.

Figure 4 shows the interference pattern of the intensity of the
interference fringes at z = 0.3 m after passing through the double slits
(a = 0.06 mm, b = 0.2 mm). By normalizing and smoothing the
collected interference fringes, removing background light and other
noise, and fitting the two Gaussian envelopes of the interference
fringes, the red and blue curves correspond to the Gaussian curves
obtained using the maximum and minimum points, respectively.

Frontiers in Physics

TABLE 1 Double slits parameters.

No. 1 p) 3 4 5
a\ mm 0.03 0.03 0.06 0.06 0.1
b\ mm 0.08 0.1 0.2 0.3 0.4

© Experimental Data(z=0.7m)
—Fitted curve(z= 0.7m)

\ - - Experimental Data(z=1.7m)
N\, |* Fitted curve(z= 1.7m)

—o—7=0.7m
—#—7=0.9m
—4—z=1.1m
z=1.3m
—»—z=1.5m |
Jde—z=1.7m
—#—7=19m
- = |u=0.368|1

|l

0 0.1 0.2
Slit Distance b/mm

FIGURE 5

The curve of changes in |u| at various distances due to variations

in the double-slit parameters. (A) Simulation curve fitting experiment
points.

Therefore, I, = 0.376 and I, = 0.304 are determined and
substituted into Equation 13 to calculate the spatial complex
coherence value of the light field at the double slits, which is
denoted as |y| = 0.150.
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FIGURE 6
Determine the initial spatial coherence length of the model by
means of simulation and experimental measurements. (z; = 0.1 m).

The experiment in this paper used 5 sets of double slits with
different spacing, whose specific parameters are shown in Table 1.
The widths of the double slits (a) and the separations between them
(b) have been finely adjusted and customized based on actual
conditions. Through repeated experimentation, clear interference
fringes can be obtained to achieve the most accurate measurement of
spatial coherence length. Based on the measurement method of
Young’s double-slit interference experiment introduced above, the
spatial complex coherence of the optical field was measured using
different double slits at different distances, and the relationship
between the spatial complex coherence and the double-slit size was
obtained. Figure 5 shows the relative spatial complex coherence
curve relationship of the narrow beam LED at different double slit
spacings, which are 0.7, 0.9, 1.1, 1.3, 1.5, 1.7, and 1.9 m, respectively.
Although the number of experimental points is relatively small, the
experimental measurement results in z = 0.7m still show that the
amplitude of spatial complex coherence of |u| does not vary

A 1
—Simulation by Eq.(9)
0.75 * Experimental Data
= 05
0.25

0 ry
0 0.1 02 03 04 05 0.6
p(mm)

FIGURE 7

10.3389/fphy.2023.1181343

monotonically with the increase of the double slit separation b.
This is because the amplitude of the spatial complex coherence of the
light field generated by the LED circular disk source exhibits a Bessel
function relationship with the variation of b, which also indicates the
consistency between the experimental measurement results and the
theoretical results in the trend of change. Due to the limited number
of double slits used in the experiment, we can calculate the spatial
coherence length of the LED at various light transmission distances
by identifying the intersection point between the curve obtained
from fitting the measurement points in Figure 5A and |u| = 1/e.
For instance, by analyzing of z = 0.7 m and z = 1.7 m, we can
determine the spatial coherence of the LED source to be 77 um
and 110 pm.

Using the method described above, we can determine the spatial
coherence length of the optical field at various distances. The results
are shown in Figure 6, where the scattered points represent the
experimental measurement results. Due to experimental constraints,
measuring the spatial coherence length of the optical field at z; plane
directly is not feasible. Nonetheless, we can use a combination of
Equation 10 and experimental data, and optimize them using the
least squares method to determine the spatial coherence length of
0 =41 um at z; = 0.1 m. At this juncture, the residual between the
theoretical simulation and experimental measurement values is
approximately +0.02.

The observation plane of the light beam at z; = 0.1 m serves as
the initial light source plane for the LED-GSM model. The value of
0 =41 um obtained from this plane is substituted into Equation 9 to
calculate the curves that illustrate the relationship between the
spatial complex coherence amplitude |y| and p at positions z =
0.9 m and z = 1.9 m, respectively. These curves are represented by
the blue curve in Figure 7. The simulation results of the LED-GSM
model presented in Figure 7 exhibit good agreement with the
of the
coherence amplitude. Through the comparison between the LED-

experimental measurement results spatial complex
GSM model simulation results and experimental measurement
results in Figure 7, it is not only demonstrated that the reliability
of the initial light source plane obtained by optimizing the curve in
Figure 6 is satisfactory, but also confirms the accuracy of the LED-

GSM model.

B I
—Simulation by Eq.(9)
0.75 * Experimental Data
= 05
0.25
0
0 0.1 02 03 04 05 06

p(mm)

Simulation and experimental results comparing the variation of spatial complex coherence amplitude with respectto p. (A) z = 0.9 m, o = 41 um. (B)

z=19m, 0=41um.
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FIGURE 9
Simulation and experimental verification of spot radius. (z; =
0.1m, o = 41 um).

Equation 11 indicates that the beam radius of w (z) is related to
the size of the light source of w, and the spatial coherence length of o.
In this study, experiments were carried out on the narrow beam LED
discussed in Section 3.2. The beam size was directly measured by
taking photographs of the beam spot. A typical beam spot pattern
(z; = 0.1 m) captured by a Nikon D800 DSLR camera (with a
resolution of 7,360 x 4,912) is shown in Figure 8A.

The normalized intensity distribution is shown in Figure 8B, and
the spot radius size is obtained using the equation of w(z) = I(z)/¢%,
First, the calibrated pixel spot size is 6.5 ym, as shown in the black
mark. Further, the effective spot radius can be calculated as 1.4 cm,
as shown by the green mark. Similarly, the spot size can be obtained
from z =0 to z = 1.9 m, i.e,, the spot size on the observation plane at
different distances, as shown in Figure 9 for the discrete points.

By substituting ¢ = 41 ym into Equation 11 of the LED-GSM
model, we can observe a curve of the beam radius increasing with
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TABLE 2 The ratio of experimentally measured spatial coherence length to spot
radius.

a\10™ 3.85 3.77

a\10™*

3.59 4.00

distance. As shown in Figure 9, the beam radius obtained from the
LED-GSM model simulation agrees well with the experimental
measurements as the distance increases, and the error range of
the simulation and experiment is within +0.04 m. As shown in
Equation 12, the ratio of the spatial coherence length to the beam
radius is constant of «, regardless of the optical transmission
distance. The value of ay;,,, = 3.60 x 10™* can be determined from
the model simulation results. By combining the experimental
measurements from Figure 6 and Figure 9, we can obtain the
ratio of the coherence length to the spot radius as shown in
Table 2, with a constant coefficient of Qexp = 3.86 X 10 Thus,
considering the margin of error, it can be concluded that a;,,=dtexp,
implies that the ratio of « is associated with the parameters of the
light source and transmission distance. This finding is consistent
with the rule derived from Friberg’s study on GSM beam vacuum
transmission (T and J, 1982). Additionally, it provides further
evidence that the coherence length of the light source plays a
crucial role in determining the spot radius.

4 LED-GSM long-distance transmission
characteristics

A simulation study was conducted on the partial coherence
transmission characteristics of LED optical fields in long-distance
LED
communication applications. Using Equations 10, 11, the far-
field coherence length and beam radius of the LED-GSM source

optical  transmission for narrow-beam optical
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was simulated and calculated at different spatial coherence
lengths on the LED source plane, showing how they change
with distance. Simulation parameters A = 525 nm, w, = 3 mm,
o with values of 0, 5 ym, 10 ym and 41 ym taken separately. Here,
0 =0 corresponds to the case where the LED source is considered
as fully incoherent light, with a transmission distance up to
10,000 m.

Figure 10A illustrates the correlation between the normalized
intensity distribution on the observation plane and the increasing
spot radius. The figure demonstrates that the normalized light
intensity distribution is significantly influenced by the size of o,
and the spot size at the normalized intensity of 1/e? is utilized to
ascertain the beam radius. When considering the spatially coherent
lengths mentioned above, the resulting beam radii are 65.75, 33.13,
and 7.89 m respectively. These radii decrease as the corresponding
length of o increases. In the case of fully incoherent light, the beam
radius is 123.61 m, which differs from the beam radius while o =
41 pum at 15 times. It is evident that, for a specific outgoing power of
an LED light source, after undergoing the same channel attenuation,
the partial coherence of the light source increases, resulting in a
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smaller spot size and an order of magnitude increase in power
density on the observation plane. This highlights the impact of
spatial partial coherence on the transmission characteristics of the
LED light source. The underlying reason for this phenomenon is
that the beam with partial coherence possesses a degree of
randomness in its original wavefront. Figure 10B depicts the
relationship between beam radius and transmission distance z for
various values of ¢. It is evident from the figure that the beam radius
reduces as o increases, and the dashed line in the figure corresponds
to that in Figure 10A. In addition, the beam radius linearly increases
with transmission distance, consistent with the pattern of beam
radius variation reported in literature [25] for 1D linear GSM beams
with increasing coherence length in a vacuum. The rate of beam
expansion is dependent on the spatial coherence length o of the
source; a smaller spatial coherence length results in faster beam
radius expansion. This is due to the influence of transmission
distance causing free diffraction-induced beam expansion.

Figure 11 depicts the relationship between the complex degree of
coherence |u| and spatial coherence length p, with respect to
transmission distance for different spatial coherence lengths of o.
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The curves of |u| versus p on the observation plane at 2,000 m and
6,000 m are shown in Figure 11A. It is evident from the curves that
the |u| curves overlap when o is 41 uym, 10pym and 5pum,
respectively. The values of p, are 109mm and 327 mm,
respectively, at the observation planes of z = 2,000 m and
6,000 m. This is attributed to the free diffraction-induced beam
expansion that occurs during beam transmission through the
vacuum, resulting in increased variation in coherence length
affected by the beam expansion. Nevertheless, the alteration in
spatial coherence length p, is also impacted by the size of the
source and transmission distance, as illustrated in Figure 11B.
Figure 11B illustrates the relationship between coherence length,
denoted as po, and its variation with respect to distance of z for
different values of w,. The figure shows that at a transmission
distance of 2,000 m, the spatial coherence lengths corresponding
to different o values in Figure 11A are equal. When the transmission
distance is increased to 6,000 m, the coherence lengths for w; values
of 3, 5, and 8 mm are 327, 196, and 122 mm, respectively. At this
point, p, for w, = 3 mm is roughly three times that of w, = 8 mm.This
indicates that as the value of w, decreases, the corresponding change
in py becomes more rapid, while p, exhibits a linear increase with
respect to transmission distance. The reason is that when a beam of
light is transmitted over long distances in a vacuum, as shown in
Equation 10, the impact of the light source parameters on light
transmission relative to spatial coherence dominates. Within this
distance, the main mechanism of the light beam is free diffraction,
leading to an expansion of the beam and an increase in the
coherence length.

5 Conclusion

This paper is based on the generalized higher-order Lambert
model and proposes the LED-GSM model for LED beams with a
half-angle of no more than 10° in the region surrounding the
light source plane. The validity and accuracy of the LED-GSM
model are preliminarily verified by comparing the spatial
complex coherence curves obtained from experiments with
the approximate LED source model in reference (Lin H and
M, 2012). This comparison supports the application of cross-
spectral density transfer theory for studying the propagation of
LED beams. Secondly, the spatial coherence length and spot size
are measured experimentally at different distances using the
Thorlabs LED528EHP model light source. The results show
good agreement with those corresponding to the theoretical
simulation of LED-GSM beam transmission at CSDF, thereby
verifying the validity of the proposed LED-GSM model. Finally,
by carrying out a study of the long-distance transmission
characteristics of the LED-GSM model, it was found that the
far-field beam radius decreases significantly with the increase of
o on the LED-GSM light source plane, and the spatial complex
coherence amplitude remains unchanged but is distinctly
different from the fully incoherent light of ¢ = 0. In
particular, the spatial coherence length on the observation
to hundreds
transmission distances of several kilometers. With increasing

plane can reach tens of millimeters at
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distance, the spatial coherence length increases significantly
linearly, especially as w; = 8 mm decreases to w, = 3 mm,
where p, on the observation plane at z = 6,000 m is about
three times larger than at z = 2,000 m.

The results presented above can be utilized to solve problems
related to near-range holographic displays, interferometry, and the
light
communication systems. They also offer a valuable mathematical

design of long-distance atmospheric detection and
theoretical analysis of LED atmospheric transmission, providing a
dependable theoretical basis for the development of outfield
experiments. Moreover, this study addresses the limitation of
treating LEDs as a fully incoherent light source during long-
distance light transmission. It establishes a theoretical framework
for investigating the impact of attenuation, scattering, atmospheric
turbulence, and ambient light interference on narrow-beam LED

arrays during long-distance optical transmission channels.
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