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This study provides a novel mathematical model for predicting the coupling efficiency (C.E) between multimode
optical fibers (MMF) and ultraviolet light-emitting diodes (UV-C LEDs) with a high degree of accuracy. Unlike
previous models, which rely on simplified assumptions (ideal conditions), this approach incorporates real-world
variations in LED emission profiles, optical misalignments, and Fresnel losses. The model was validated using
four distinct optical system configurations, demonstrating strong agreement (R? = 0.94) with experimental data.

The results from this study provide a robust framework for designing efficient UV delivery systems, particularly
for disinfection and sensing applications and will serve as a practical guideline that may be useful for both the
scientific and industrial community.

1. Introduction

Optical fiber systems are used in a variety of applications such as
telecommunication, medicine, automobile, military, lighting industry
and environmental remediation (Lanzarini-Lopes et al., 2020; Nair and
Dhoble, 2015; Sabri et al., 2015; Uysal and Nouri, 2014; Zhao et al.,
2023a, Zhao et al., 2023b). Various light sources can be used in an op-
tical system depending on application. Laser sources enable higher
coupling efficiency and are widely used as the accepted light source for
most industries. Lasers produce a non-divergent, coherent and mono-
chromatic beam which is ideal for coupling light into optical fibers
(Kogelnik & Li, 1966). However, advancements and market infiltration
of light-emitting diodes (LED) are making them an interesting option for
use with optical fibers.

Visible LEDs are often coupled with fibers for use in lighting and
decorative applications. UV LED coupling to optical fiber is being
explored for various applications such as disinfection and optical
detection techniques (Belz et al., 2007; Degner et al., 2009; Mohsin
et al., 2023). Recently side-emitting optical fibers coupled with UV-C
LED (265 nm) were introduced for disinfection and biofilm prevention
along with improved light distribution (Alidokht et al., 2024; Lanzarini-
Lopes et al., 2019, 2020; Mohsin et al., 2024; Zhao, Rho, et al., 2023).
UV-C LEDs with peak at 265 nm range demonstrate highest germicidal
efficacy by inducing microbial inactivation through DNA and protein
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structure damage (Sinha & Hader, 2002). Understanding what effects
coupling efficiency of LEDs, specifically UV LEDs to optical fibers can
enhance their use for environmental and sensing applications. The loss
of power due to coupling for visible light LEDS can be withstood due to
the high output efficiencies of the technology (50-80 %). However, as
wavelengths drop from 400 nm to 265 nm ranges, the efficiencies of UV
LEDs drop to (1-3 %) (Beck et al., 2017). Therefore, increasing coupling
efficiency can have a substantial impact on the success of UV-C LED and
side-emitting optical fiber market infiltration.

C.E is a major factor in any coupling optical system and is influenced
by components, misalignment, Fresnel reflection losses and lens aber-
ration (J. Chen et al.,, 2017). LEDs are incoherent sources of light
(Bourget, 2008; Malacara-Hernadez, n.d.). The radiation pattern
emitted by the bare LED is known as the Lambertian pattern explained in
detail in later section (Lambert & Anding, 1760; Zhenrong et al., 2009).
LEDs mostly have a high divergence angle (120°-130° degrees)
perpendicular to the junction plane and optical fiber usually used are of
small numerical aperture (0.20 to 0.39) (Vidal et al., 2009). Recently a
lot of work has been done on increasing the output efficiency of UV-C
LEDs by ultrathin tunneling junction and other techniques (Liu et al.,
2024; Zhang et al., 2025; Zhou et al., 2024). Fundamental principles of
the optic state that only a small fraction of the radiation emitted by the
LED would be coupled into the optical fiber due to this mismatch (Yang
& Kingsley, 1975). Optical fibers work on the principles of total internal
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Table 1
List of abbreviations.
N.A Numerical Aperture
0 Half of maximum scattering angle of the LED
0 Plane Acceptance Angle of Fiber
Q. Solid Acceptance Angle of Fiber
T Transmission Coefficient of Fiber
As Cross-sectional area of LED
A¢ Cross-sectional area of Fiber
np Refractive index of dielectric between LED and Fiber
L Distance between LED and Fiber
P Power into Fiber
P Irradiated Power of LED
n Coupling Efficiency

reflection (TIR), thus a light wave entering the end of the fiber will
propagate through the fiber only if the incidence angle is lower than the
critical angle of the fiber (Palmer et al., 1983).

Studies have been conducted previously on coupling LEDs to optical
fibers with an emphasis on increasing the C.E of the optical system.
Some of the common coupling techniques include butt coupling, and the
use of collimation lenses and microlenses. (Hudson, 1974; Li et al., 2019;
Park et al., 1999; Sun et al., 1991; Wilson, 1998; Yang & Kingsley,
1975). Other studies suggest embedding the light source into the fiber
end which has the potential of high light extraction/coupling (J.-J. Chen
et al., 2012; Zhenrong et al., 2009). Recently, there have been studies
which showed that coupling efficiency can be increased using grating-
enhanced and nano-printed microstructures on waveguides end facet
(Gu et al., 2022; Yermakov et al., 2023; Zeisberger et al., 2024). Addi-
tionally, there is no consensus on which technique would provide
maximum C.E and differs on type of application.

Previous studies on coupling efficiency focused primarily on ideal-
ized conditions, assuming perfect alignment and ignoring attenuation
losses and lens effects. While these models provided theoretical insights,
their predictions often deviate from experimental observations, partic-
ularly for UV-C LEDs operating at low efficiencies. In this work, we
develop and experimentally validate a new mathematical framework
that accounts for non-ideal factors, enabling accurate predictions across
multiple configurations in real world practical scenarios.

2. Materials and methods
2.1. Development of a novel mathematical model for coupling efficiency

Light-emitting diodes (LED) are considered as Lambertian emitters
meaning each point of the LED emits light uniformly in all directions and
is independent of angle and position to a surface (Hudson, 1974). If the
LED is considered a planar source in two-dimensional space (Fig. 1).
Then power is expressed as

Fig. 1. Radiation expressed in one dimensional space.
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P (x,0) =P.

P (y,0) =P.

The LED appears to have uniform brightness across its surface. The
intensity from any point on the surface of LED decreases by the cosine of
the emission angle (I = Iy cosf) with respect to normal. The solid angle
decreases in a similar way by the same amount (Lambert & Anding,
1760). Additionally, the ratio between power and solid angle remains
constant across the surface of the LED. Therefore, irradiance is constant
with respect to angle and position and can be written as equation (1).

p

Ipp = ———— 1
LED ng_xAs ( )

(Hudson, 1974) in their model used a similar equation to quantify
the rate of change of power across the phase volume of a light source. In
Eq. (2) Qmax (steradian) is the solid angle (explained later in detail Fig. 2
(b)) subtended by the LED on the MMF interface and is equal to
78in6 ey (Arecchi et al., 2007). P (mW) is the power of the LED, ¢
(radian) is the half of maximum scattering angle of the LED and Ag
(mm?) is the cross-sectional area of the LED .

_ P
T I SIN20 A

Iiep 2)

When an LED is coupled to a waveguide although the irradiance
emitted by the LED is uniform the power coupled at the interface of the
waveguide changes with respect to the solid angle of the waveguide and
LED (Fig. 2(a)).

The numerical aperture (N.A) of the fiber is defined as the sine of the
largest angle an incident ray can have for total internal reflection in the
core of the fiber. The maximum acceptance angle 6 for optical fibers is
calculated by Snell’s Law using the following equation:

N.A = nysinf = /i3 — n2nl > n2 3)

Where 79 (air = 1) is the refractive index of air in between fiber and
light source, 7 and 7, are the refractive indices of the core and cladding
of the fiber. When calculating the C.E of optical fibers, the solid angle
must also be taken into consideration. The effective solid acceptance
angle is the maximum angle that light emitted from the LED will enter
and be internally reflected through the fiber. Only a portion of the light
emitted by a LED is within the effective solid acceptance angle of the
fiber, therefore limiting the amount of light coupled into the fiber.

Any point on the interface of the fiber will have an effective solid
acceptance angle illustrated in (Fig. 2(b)) and calculated in Eq. (6)
(Arecchi et al., 2007).

7r?
Q. =4 4
" 47R? “)
ar? . r
Q, = = (sind = ﬁ) 5)
Q, = rsin*6max (6)

In solid angle calculation, 47R? is the area of a sphere, r? is the area
of a circle and 4r is the solid angle of the whole sphere.
From Fig. 2(b) we can calculate the power coupled into the fiber as.

P F= TILED'?()Aan 7)

Substituting Eq. (2) and (6) into Eq. (7), results in the following
equation.

_ TPA¢1o 7t SiN*Oax

P, —
! A Sin26 gy ®

As (mm?) is the cross-sectional area of the fiber, Q, (steradian) is the
solid acceptance angle of the fiber, T is the transmission coefficient
which is a measure of how much light passes through the fiber and is
dimensionless (the Fresnel losses which are approximately 4 % at the
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Fig. 2. Illustration showing (a) radiation emitted by each point of the LED onto the fiber interface. Point y which is centrally aligned couples more light into the fiber
as compared point y1 on the edge. (b) Effective solid acceptance angle of the multimode optical fiber.
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Fig. 3. Relative light emission spectrum of the UV-C LEDs with a full-width
half-max (FWHM) of approximately 13 nm.

air-glass interface due to reflection are taken into account and T = 0.96,
assuming all of the incident light is focused in), A (mmz) is the cross-
sectional area of the light source.

For simplicity, we consider the scenario where the light is incident
perpendicularly, and the centers of the LED and optical fiber are aligned.
Cases with oblique incidence, where the light enters at an angle and the
centers of the LED and optical fiber do not align, are not taken into
account.

Lastly, light from an unfocused source follows inverse square law

which states that light intensity decreases as the distance between the
source and the receiver increases. The rate of decrease is inversely
proportional to the square of the distance between them (Brownson,
2014a). Thus, by decreasing the distance between the LED and MMF the
C.E could be increased and vice versa. An important consideration to
keep in mind is that light intensity decreases by a factor of L2 which is
the distance between the LED and the MMF and is a dimensionless term.
Incorporating L2 into Eq. (8).

_ TPAfN 7 SiN*Opax

P, —
P T AL SN0
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P¢ (mW) is the power that would be coupled into the fiber (see Table

1). Hence C.E could be calculated by taking a ratio of the power coupled
into the fiber and total power coming out of the LED.

Power into fiber P

"= Irradiated Power of LED _ P an

2.2. Coupling UV-C LED to optical fiber

Four types of UV-C LED were used in this study, each with different
radiation angle, power, size and encapsulating lenses (Flat lens, para-
bolic lens and no lens from Boston Electronics and no lens from Crystal
IS) (Table 2). All UV-C LEDs were 265-275 nm wavelength (Fig 3). Three
different sizes of MMF (0.6 mm, 1 mm and 1.5 mm) with a numerical
aperture of 0.39 from Thorlabs were used in this study for comparative
analysis (FT600UMT, FT1000UMT, FT1500UMT). The optical system
which yielded the maximum C.E was also tested with a higher N.A (0.50)
fiber (FP600URT, FP1000URT, FP1500URT). A 7-fiber bundle made of
1 mm diameter fibers was also tested to measure its effects on C.E when
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Table 2
Specification of the four LEDs used in this study.
LED Type Manufacturer ~ Viewing Lens type Power Current
Angle (mW) (mA)
(Degrees)
VPC134-265-C Boston 120°- Flat Lens 16 350
Electronics 130°
VC1X1C48L3- Boston 30° Parabolic 43 700
265 Electronics Lens
(Previous
Generation)
VC1X1C48L3- Boston 120°- No Lens 43 700
265 Electronics 130°
(Previous
Generation)
KIL.265-50 V- Crystal IS 130° No Lens 70 500
SM-WD

coupled to each UV-C LED.

The schematic of the experimental set-up used for coupling UV-C
LED to the optical fiber is illustrated in (Fig. 4). The optical coupling
system consisted of a LED which was attached to FC/PC adapter plate
(SM1FCA2) and four aluminium heat sinks (8.8 mm?x 5 mm) for proper
heat dissipation and LED cooling. Kinematic mounts (KS1T-SM1) and
M6 optical posts were used for precise alignment of the LED to the op-
tical fiber. A B&K Precision 1715A Single Output Power Supply was used
to power the LED. The four types of LEDs selected are the most common
commercially used UV-C LEDs.

2.3. Irradiance measurements

All the irradiance measurements were taken using a spectroradi-
ometer (AvaSpec-2048L, Avantes, Louisville, CO USA). The spectror-
adiometer was adjusted to measure irradiance from 240 to 300 nm. The
sensor tip (0.119 cm?) was placed parallel and flushed to the MMF
terminal end and aligned centrally with precision for accurate mea-
surements. Active alignment ensured the highest output and therefore
accurate alignment was recorded during each replicate. All the light
intensity/irradiance measurements for each LED and MMF were taken in
the open air on top of an optical bench in the laboratory. The intensity
(mW/cm?) was measured by placing the sensor tip parallel and flushed
to the junction plane of the fiber. Triplicate measurements were taken
for each step of this study.

Cooling Fan Heat Sink LED  Ferrule

Kinematic

Optical Post—— N jount
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2.4. Attenuation measurements

Attenuation (a (dB/cm)) described by the Beer-Lambert Law
(Swinehart, 1962), relates It to the material properties and geometry of
the optical fiber it is passing through.

« (dB/em) = — 10log (?) /L an
0

Attenuation was quantified by the cutback method (Hui & O’Sulli-
van, 2009) using Eq. (11), where a 10 cm fiber was cut 3 times to 8, 6,
and 4 cm. The transmittance was measured for each length (L) and re-
ported with reference to the transmittance at the 4 cm fiber (Ip).

2.5. Coupling method

In geometrical optics, it follows that if the ratio of fiber cross-
sectional area to the LED radiation emitting area is < 1, then C.E is
maximum by butt coupling and cannot be improved using collimating
optics and when the ratio is > 1C.E could be increased using collimating
optics (Hudson, 1974). Therefore, butt coupling and collimation lensed
LEDs were used for every diameter fiber. In butt coupling technique the
waveguide is attached directly to the light source (diode) with no
encapsulating lens or collimation lens in between them. LEDs are inco-
herent sources of light which follow inverse square law where light in-
tensity is inversely proportional to the distance from source to object
(Brownson, 2014b). Thus, it is reasonable to assume that more light
could be coupled into the fiber by removing the encapsulating lens of the
LED and directly butting the fiber to the diode. The second technique
was the use of a encapsulated collimation lens to focus more light into
the fiber. The C.E was measured with two LEDs with encapsulating
lenses including a flat lens and parabolic lens LEDs and two LEDs with no
encapsulating lenses, named no lens. The optical fibers were flushed
against each of the LED to minimize the distance between the light
source and wave guide.

2.6. Bundling of fibers

To measure the effect of bundling of fibers on C.E, fiber bundles were
coupled with each LED. A 7-fiber circular bundle of 1 mm diameter fi-
bers was used in this study. Hexagonal packing provides tighter
bundling and higher cross-sectional area however circular fibers are a
more commonly used fiber geometry. The fibers were arranged in cir-
cular rows as shown in (Fig. 5) with a central fiber and 6 surrounding
fibers.

Optical Fiber

Spectroradiometer

Post Holder

Fig. 4. Schematic of UV-C LED coupled to an optical fiber. The schematic illustrates mounted UV-C LED in alignment with the MMF and spectroradiometer.
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( 4

Fig. 5. Schematic of seven fiber bundle arrangement in circular packing.

3. Results and discussion
3.1. Validation of the mathematical model

The C.E was measured for two encapsulated (Flat lens, Parabolic
lens) and two no lens (bare diode) UV-C LEDs with 0.6 mm, 1 mm, 1.5
mm diameter fibers and a 7-fiber bundle (1 mm) which have a N.A of
0.39. Fig. 7(a) shows comparative data illustrating the change in C.E
with different UV-C LEDs. The C.E was 2.21 + 0.2 %, 5.77 + 0.35 %,
9.89 4 0.06 % and 5.55 4 0.16 % with 0.6 mm, 1 mm, 1.5 mm diameter
fibers and a 7 fiber bundle (1 mm) respectively for a flat lens LED. There
was a linear increase in C.E from 2.21 + 0.2 % to 9.89 + 0.06 % as fiber
diameter was increased from 0.6 mm to 1.5 mm which agrees with our
model (Eq. (9) and (Hudson, 1974) coupling equation that C.E is directly
proportional to cross-sectional area of the fiber. However, the C.E
decreased from 9.89 + 0.06 % for a 1.5 mm fiber to 5.55 + 0.16 % fora 7
fiber bundle which has a ~ 3 mm diameter because the phase space area
of the bundle (~5.45 mm?) exceeded the phase space area of the
encapsulated lens (~4 mm?). The C.E can only increase using a fiber
bundle when the phase space area of the bundle remains smaller than
the phase space area of the LED (Hudson, 1974). Furthermore, as
illustrated in Fig. 6 (left); majority of the incident light focused on the
outer fibers of the 7 fiber bundle exceeded the N.A of the fibers and is
refracted outward, only the incident light focused on the central fiber is
within N.A of the fiber and is totally internally reflected; that is why the
C.E of single 1 mm fiber (5.77 + 0.35 %) is approximately same as C.E of
the 7 fiber bundle (5.55 + 0.16 %).

For a parabolic lens LED from Boston Electronics, a linear increase in
C.E was also observed with increase in diameter of the fibers at 1.82 +
0.07 %, 4.53 + 0.08 % and 13.61 + 0.42 % for 0.6 mm, 1 mm, 1.5 mm
diameter fibers respectively. However, the C.E increased even further
when the parabolic lens LED was coupled with a 7-fiber bundle to 16.67

Light rays 7 Fibre Bundle

3 mm

2 mm

Radiant
Flat lens Angle
LED (120°-130°)

=+ 0.90 %. This occurs because the phase space area of the encapsulated
parabolic lens (~9 mm?) was higher than the phase space area of the 7-
fiber bundle (~5.45 mm?) as compared to the flat lens LED. Addition-
ally, a significant amount of the incident light focused on the outer fibers
of the 7-fiber bundle was within the N.A of the fibers because the radiant
angle of the parabolic LED is 30° compared to 130° radiant angle of the
flat lens LED (Fig. 6-right).

The no lens (bare diode) LED from Boston Electronics follows same
trend as flat lens LED, where a linear increase in C.E was observed at
2.83 + 0.08 %, 11.54 + 0.07 %, 24.95 + 0.82 % for 0.6 mm, 1 mm, 1.5
mm diameter fibers and a decrease in C.E at 15.59 + 1.92 % with a 7-
fiber bundle (1 mm) respectively. The decrease in C.E from 24.95 +
0.82 % for a 1.5 mm fiber to 15.59 + 1.92 % for a 7-fiber bundle was
explained earlier. For single fibersi.e. 0.6 mm, 1 mm, 1.5 mm diameter;
highest C.E was achieved by coupling no lens (bare diode) LED from
Boston Electronics among all four LEDs. The results showed that butt
coupling directly to diode yields higher C.E then coupling to a LED with
an encapsulated lens (Flat lens and Parabolic lens). The reason why butt
coupling yields higher C.E than encapsulated lens is because a signifi-
cant portion of light is lost in the first few mm of distance from the diode
to the waveguide. Even though the encapsulated lens refracts the inci-
dent light trajectory into the waveguide, all of the incident light is not
refracted and is lost in dielectric medium in between the light source and
the waveguide (Fig. 6). This phenomenon can be seen by comparing the
C.E data of the parabolic lens LED with no lens (bare diode) LED from
Boston Electronics which is the same LED but without the encapsulated
parabolic lens (~3 mm). The C.E increased from 1.82 to 2.83 %, 4.53 to
11.54 % and 13.61 to 24.95 % for 0.6 mm, 1 mm, and 1.5 mm diameter
fibers respectively simply by removing the encapsulating parabolic lens
which reduced the ~ 3 mm distance between the diode and the
waveguide.

Furthermore, to evaluate how high of a C.E can be achieved with this

Light rays 7 Fibre Bundle

3 mm

Radiant
Parabolic Angle (30°)

lens LED

Fig. 6. Schematic of the pathway of light rays from a flat lens and a parabolic lens LED into a 7-fiber bundle.
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same configuration; we tested the same no-lens (bare diode) LED with
the same diameter fibers but higher N.A (0.5). The C.E increased for all
three single fibers i.e., 0.6 mm, 1 mm and 1.5 mm from 2.83 + 0.08 %,
11.54 £ 0.07 %, 24.95 + 0.82 % to 11.28 + 0.4 %, 34.09 + 1.2 %, and
60.03 + 0.57 % respectively; when the N.A was increased from 0.39 to
0.50. The C.E increased about 2.5 to 3 times just by increasing the N.A of
the fiber by 0.11. The N.A can be increased by using a fiber core material
of much higher refractive index than the cladding. When evaluating a 7-
fiber bundle for 0.39 and 0.50 N.A, the C.E only increased from 15.59 +
1.92 %, to 18.55 4 0.63 %, with no statistical distinction. These results
indicated that N.A is not a significant parameter when it comes to
enhancing the C.E of a fiber bundle for a no-lens LED not for every LED
optical system.

A linear increase in C.E was not observed for the no lens (bare diode)
LED from Crystal IS. The C.E increased from 2.48 + 0.24 % to 6.43 +
0.38 % for 0.6 mm and 1 mm fiber but no further increase in C.E was
observed for 1 mm, 1.5 mm diameter and a 7-fiber bundle. There was no
statistically significant difference (p < 0.05) in the C.E of 1 mm, 1.5 mm
and 7-fiber bundle at 6.43 4 0.38 %, 7.46 & 0.25 % and 6.67 + 0.49 %
respectively. The lack of increase of C.E for the 7-fiber bundle was
explained earlier but the lack of increase of C.E from 1 mm to 1.5 mm
fiber was anomalous and could be due to the trajectory of incident light
exceeded the N.A at the edges of the fiber and was refracted outward.

Results in Optics 21 (2025) 100826

Furthermore, the Crystal IS LEDs are fabricated on an aluminum nitride
(AIN) substrate, whereas the LEDs from Boston Electronics utilize a
sapphire substrate. AIN and sapphire have refractive indices of
approximately 2.1 and 1.75, respectively. Given that the optical fiber
used in this study has a silica core with a refractive index of 1.45, the
sapphire substrate provides a closer refractive index match, potentially
resulting in improved optical coupling efficiency at the LED-fiber
interface while the AIN substrate LED shows lower coupling efficiency
due to a higher refractive index mismatch.

Fig. 7(a) shows experimentally measured data illustrating the change
in C.E with different UV-C LEDs along with modelled data. Residual
analysis was used to measure the strength of relationship between the
experimental data and modelled data indicating a strong correlation (R?
= 0.94) between the two variables (Fig. 7(b)). The data for 1.5 mm fiber
with no lens LED from Crystal IS was not included in the residual
analysis and was considered anomalous as explained earlier.

Limitations: Some limitations to the model developed in this work
include (1) The model is designed for single fiber coupling methods and
does not work for fiber bundles and (2) The model is designed for butt
coupling mechanism where the fiber is directly attached to the diode or
the encapsulating lens, it does not work for collimation lenses with focal
lengths placed in between LED and fiber. (3) The model is designed for
normal incidence light not for oblique incidence as the coupling
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Fig. 7. (a) Coupling efficiency of different fibers with x-axis illustrating diameter of each fiber (mm) coupled with the type of LED and N.A of the fibers. Experimental
data is represented by bars () and modelled data is represented by (). (b) Illustrates the fitness of experimental data (observed) vs our modelled data (predicted).
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efficiency would be very low due to LED and optical fiber center
misalignment. However, recently there have been studies which showed
that coupling efficiency can be increased further for oblique incident
light with wide angle using grating enhanced and nano printed micro-
structures on waveguides(Gu et al., 2022; Yermakov et al., 2023; Zeis-
berger et al., 2024).

3.2. Comparative analysis with other C.E models

The coupling efficiency between an input field and a waveguide has
been explicitly examined in a multitude of literature (Niu & Xu, 2007;
Saruwatari & Nawata, 1979; Yermakov et al., 2023b), but most of them
have been developed for coherent sources of light (laser beams) with a
given Gaussian beam waist size. For incoherent sources like LEDs, pa-
rameters like irradiance pattern and angles are used rather than beam
waist.

Hudson, 1974 and Yang & Kingsley, 1975 developed C.E models
designed for coupling with incoherent light sources (LEDs). Yang &
Kingsley, (1975) in their study titled “Calculation of Coupling Losses
Between Light Emitting Diodes and Low-Loss Optical Fibers” derived the
following model for maximum coupled power without an encapsulating
lens.

R
I~ maB[gDZ +(2R? — D*)cos™ () ~RD(1 — ;)2 + =

Where T is the transmission coefficient, Q, is the fibers angular
acceptance angle, B is the source radiance, D is the diameter of the
optical fiber and R is the radius of light source. This model assumes R <
D and was validated against experimental data, yielding a correlation
coefficient (R%) of 0.79 (Fig. 8(a)). Some of the model’s limitations
include (1) The model ignores the divergence angle of the LED, which
can significantly affect coupling efficiency, especially for Lambertian
sources like UV-C LEDs. (2) The model assumes zero distance between
the LED and the fiber, implying perfect alignment and no light losses due
to separation unrealistic conditions in practical setups.

Hudson., (1974) in his study titled “Calculation of the Maximum
Optical Coupling Efficiency into Multimode Optical Waveguides™ also
created a model to calculate maximum C.E from an LED into a
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multimode optical fiber.

E.(max) % (13)

Where E.(max) is the maximum C.E, Ay is the fiber cross-sectional
area, A; is the LED cross-sectional area, N.A is the numerical aperture
of the fiber and ny is the refractive index of the dielectric medium in
between light source and optical fiber (air). This model demonstrated
better correlation with experimental data (R2 = 0.86) compared to Yang
& Kingsley's (1975) approach. (Fig. 8(b)). While this approach provides
a basic framework and was much simpler than the previous model; some
of the model’s limitations include (1) it also does not take into account
the radiant angle of the light source (2) the model assumes ideal con-
ditions when A; < Ay almost all of the light is focused into the fiber (3)
the model does not take into account distance between the light source
and fiber overlooking inverse-square law losses.

Our study addresses the limitations of these earlier models by
developing a new mathematical framework that incorporates (1)
Radiant angle dependency-Unlike previous models, our approach
explicitly accounts for LED divergence angles, making it more accurate
for modern UV-C LEDs, which inherently exhibit high beam spread. (2)
Distance effects on efficiency-The model includes distance dependence
between the LED and fiber, accounting for inverse-square law losses; a
key factor overlooked in prior studies. (3) Refractive index of the

3 11
- iR(D2 —R?)2— QDzsin’l )] 12

encapsulated lens-The model includes the refractive index of the LED
encapsulating lens accounting for the deviation in radiant angle. (e.g the
parabolic lens LED has an encapsulated lens of fused quartz withny =
1.49). (4) Experimental validation and accuracy- Residual analysis of
the current model demonstrated a significantly higher correlation (R% =
0.94) with experimental data compared to previous models, proving its
predictive reliability across diverse setups. (5) Sensitivity analysis- By
performing sensitivity tests on parameters such as fiber diameter, N.A.,
and LED emitting area, our model provides a design tool for optimizing
coupling efficiency without requiring exhaustive experimental trials.
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Fig. 8. (a) Illustrates the correlation coefficient of Yang & Kingsley's (1975) modelled data (predicted) vs our experimental data (observed) (b) Illustrates the
correlation coefficient of Hudson., (1974) model modelled data (predicted) vs our experimental data (observed).
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Fig. 9. Coupling efficiency as a function of numerical aperture, LED surface area and fiber diameter for a no-lens (red), flat lens (green) and parabolic lens (yellow)

UV-C LED specifications.

3.3. Sensitivity analysis on different parameters affecting C.E

The model equation shows how increase in transmission coefficient
(T), power of LED (P), fiber cross-sectional area (Ay) and 0 (fiber
acceptance angle) will lead to higher power coupled into the fiber while
increase in LED cross sectional area (As), distance between LED and fiber
(L) and 8 (LED scattering angle) will decresease the power coupled into
the fiber. A sensitivity analysis was perfomed on the numerical aperture
(N.A), LED cross-sectional area (As) and fiber diameter to visualize the
impact that these parameters can have on C.E (Fig. 9). All other pa-
rameters were kept constant in reference to the light source (no lens, flat
lens and parabolic lens LED separately) and N.A was varied from 0.2 to
0.9, LED cross-sectional area was varied from 0.5 to 3 mm? and fiber
diameter was varied from 0.3 mm to 2 mm to encompass most of the
commercially available MMF coupled with LEDs. The results showed
that increasing the N.A and fiber diameter would increase the C.E of the
system but upto our knowledge 0.50 N.A and 1.5 mm fiber diameter are
the maximum fibers available commercially. Conversely, decreasing the
LED surface area from 1 to 0.5 mm? would increase the C.E of the system
but the smallest commercially available LED have surface area of
approximately 1 mm?. Therefore, practically maximum C.E (59 %)
could be achieved by using a 1.5 mm diameter fiber with a N.A of 0.50
coupled with a 1 mm? no lens LED. The experimentally measured data
was in conformation with the model-predicted data and showed a C.E of
(60 %) with the same optical system configuration.

Lastly, the attenuation in fibers was measured out to be 0.132 +
0.035 dB/cm for 265 nm wavelength using Eq. (11). A significant
amount of light is being lost to intrinsic characteristics (material) of the
fiber (Swinehart, 1962), which shows the significance of wavelength
specific fibers for coupling purposes which are designed to transmit that
wavelength. These fibers have a wavelength range of 300 to 1200 nm.

4. Conclusions

This study presents a novel mathematical model for coupling effi-
ciency between UV-C LEDs and multimode optical fibers, validated
across multiple configurations. Unlike previous models, this approach
incorporates practical factors such as beam divergence, Fresnel losses,
inverse square law, and attenuation, achieving an R2 of 0.94 with
experimental data. These findings establish the model as a design tool
for optimizing optical coupling systems, providing a foundation for
further studies involving advanced optics and microstructures.
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