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ABSTRACT: In this work, numerical coupling efficiency calculations comparing single-mode fiber (SMF) to
SMF cou-pling schemes using uncoated single ball, conic and graded-index (GRIN) rod lenses are discussed.
The reported fiber coupling efficiency (FCE) calculations were performed using Huygens integral and Gaus-
sian beam physical optics propagation (GBPOP) features in Zemax® . The Huygens integral method results
indicate that the FCE for ball, conic and GRIN rod single uncoated lenses (without accounting for Fresnel
reflection and bulk absorption effects) can reach with the optimal lens and fiber parameters 91.11% (N-BK7
glass), 99.68% (N-BK7 glass) and 96.58%, respectively. In comparison, the calculated FCE for uncoated N-
BK?7 glass ball lens using the GBPOP method was 87.22% (without accounting for Fresnel reflections and bulk
absorption effects). Furthermore, FCE calculations for ball lenses made out of sapphire, fused silica, S-LAH79
and N-LASF9 glass are given. The calculated deviation between the GBPOP and Huygens integral methods is
<0.5%. Finally, tolerance analysis for each lens coupling scheme relating FCE to the tilts and the decentering
of the lens and the two fibers is provided. The tolerance analysis calculations indicate that decentering of fibers
and the single lens has the highest impact on the FCE values. Finally, FCE results suggest that the GRIN lens
coupling scheme is the most sensitive scheme to misalignment and the ball lens scheme is the least sensitive to
misalignment.
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I. INTRODUCTION
Efficient coupling into single-mode or multimode optical fibers
[1] is essential for many fiber-optic laser beam delivery applica-tions such as telecommunications, oil and
gas fiber-optic sensors, laser angioplasty, biomedical fiber-optic cables, multi-cell laser excitation systems,
turbine engines fluorescence thermometry and static pressure measurements, endoscopy, fiber amplifiers, and
fiber lasers [2-7].

In order to couple a laser beam efficiently into the core of SMF a lens is used for focusing and shaping
the laser beam into a spot size less than 10 m in diameter. Ball [8-10], conic [11-13] and GRIN rod [14,15]
lenses offer several advantages for coupling laser beams into SMFs because of their low cost, small size, ease of
packaging and ease of alignment. Fiber coupling efficiency (FCE) [16-18] is defined as the fraction of the laser
power emitted from the light source and coupled into the receiving fiber and can be impacted by Fresnel
reflection losses, lens aberrations, surface quality of the fiber endface and the misalignment of the system
components.

The purpose of this work is to present FCE calculations between SMF-to-SMF using uncoated single
ball, conic and GRIN rod lens couplings schemes. The FCE calculations were performed using Huygens integral
and the Gaussian beam physical optics propaga-tion (GBPOP) methods [19] in Zemax [20-23]. Moreover,
tolerance analysis relating FCE [24] to the lens, source fiber and receive fiber tilts and decentering is provided.
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I1. BALL, CONIC AND GRIN ROD LENS SM FIBER-TO-SM FIBER COUPLING
SCHEMES
The ball, conic and GRIN rod single lens SMF-to-SMF [25] cou-pling schemes are schematically shown in Figs.
1-3.

All FCE calculations performed in this article were for uncoated ball, conic and GRIN rod single
lenses. The FCE calculations were carried out without accounting for Fresnel reflections and bulk material
absorption effects. However, an estimate for the con-tribution of Fresnel reflections and bulk material
absorption is provided. In addition, all FCE calculations were performed by set-ting the numerical aperture (NA)
for the source and the receiving fiber to 0.09 (Corning defines the NA at 1% of the peak center [25]) and the
Gaussian input beam radial waist to 4.6 m (the mode field diameter at 1310 nm = 9.2 + 0.4 m [25]). Further, the
FCE for each lens scheme was maximized (optimized) by adjust-ing the separation (thickness) between the lens-
to-source fiber and lens-to-receiving fiber using the FICL operand in Zemax. The FCE were performed at 1310
nm due to the availability of MFD val-ues at this wavelength. For the Huygens integral method 128 x 128 (x-
sampling x y-sampling) was selected to perform the FCE numer-ical calculations and 1024 x 1024 (x-sampling
x y-sampling) for the GBPOP method. The selection of the x and y sampling values was chosen by increasing
the x and y sampling until no changes was observed in the calculated FCE value. Increasing the sampling can
result in a significant increase in the computation time for both methods. Here, it is worth noting that
calculations performed using the Huygens integral method is slower than the GBPOP method and can take few
minutes for large x and y sampling values.
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Fig. 1. Diagram depicting the SMF-to-SMF coupling using uncoated ball lens (lens diameter = 2.00 mm, source
fiber-lens separation = 2.012 mm, receiving fiber-lens separation = 1.863 mm, total track = 5.875 mm).
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Fig. 2. Diagram showing the SMF-to-SMF coupling using uncoated aspheric lens (Lens diameter = 2.00 mm;

Lens length = 2.000 mm; Conic constant = —2.273; N-BK-7 glass, source fiber-lens separation = 1.867 mm,
receiving fiber-lens separa-tion = 2.146 mm, total track = 6.013 mm).
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Fig. 3. Diagram showing the SMF-to-SMF coupling using uncoated GRIN rod lens (Lens diameter = 2.00 mm;
Length = 4.00 mm, source fiber-lens separa-tion = 2.541 mm, receiving fiber-lens separation = 2.541 mm, total

track = 9.082 mm).
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Fig. 4. Uncoated ball lens FCE calculations for sapphire (n = 1.74999), N-LASF9 glass (n = 1.81745), N-BK7
glass (n = 1.50358), S-LAH79 glass (n = 1.31) and fused silica (n = 1.44680) lenses at 1.310 m. The calculations
were carried out using GBPOP and Huygens integral methods.
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Fig. 5. Plot showing the calculated FCE of uncoated N-BK7 glass ball lens without accounting for Fresnel
reflection and bulk absorption effects using GBPOP method in Zemax. The receiving and source fiber beam
waists (x and y) were set to 4.6 m. The calculated FCE = 87.17% (x-sampling = y-sampling = 1024).
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I1l. RESULTS AND DISCUSSION

In order to determine the ball lens material which can provide the highest FCE between two SMFs,
FCEs were calculated for ball lenses made out of sapphire, N-LASF9 glass, N-BK-7 glass, S-LAH79 glass and
fused silica using Huygens integral and GBPOP methods in Zemax at 1.310 m. As shown in Fig. 4, the highest
FCE was achieved at 91.8% using the Huygens integral method for uncoated N-BK7 glass ball lens. Whereas,
87.17% FCE was achieved using the GBPOP for the same uncoated N-BK7 ball lens as depicted in Fig. 5. The
worst FCE was calculated for uncoated N-LASF9 ball lens at 78.994%. The average difference between the
Huygens integral and the GBPOP methods for all ball lens materials shown in Fig. 4 was 0.449%.

Additionally, the impact of misalignment on FCE was exam-ined by calculating the FCE for uncoated
ball lens as a function of lens decentering (Fig. 6), lens tilts (Fig. 7), separation between the lens and the
receiving fiber (Fig. 8), separation between the lens
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Fig. 6. Plot showing the relationship between FCE of uncoated N-BK7 glass ball lens and the lens decentering
along the X-axis or Y-axis.
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Fig. 7. Plot showing the relationship between FCE of uncoated N-BK7 glass ball lens and the lens tilts about the
X-axis or the Y-axis.
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Fig. 8. Plot showing the relationship between FCE of uncoated N-BK7 glass ball lens and the lens to receiving
fiber separation along the optical axis (start separa-tion = 1.863 mm).
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Fig. 9. Plot depicting the relationship between FCE of uncoated N-BK7 glass ball lens and the lens to source
fiber separation along the optical axis (start separa-tion = 2.013 mm).

and the source fiber (Fig. 9), the source and receiving fiber decen-tering (Fig. 10), and the source and
receiving fiber tilts (Fig. 11). Next, the linear portion of each graph was fitted into a straight line (Y = mx + c)
employing linear regression (shown in each graph
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Fig. 10. Plot showing the relationship between FCE of uncoated N-BK7 glass ball lens and the source or
receiving fiber decentering along the X-axis or Y-axis.
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Fig. 11. Plot showing the relationship between FCE of uncoated N-BK7 glass ball lens and the source or
receiving fiber tilts about the X-axis or Y-axis.

Table 1
Table summarizing the calculated slopes (% FCE per mm or degree) due to tilting and decentering the
components of uncoated N-BK7 glass ball lens coupling scheme.
FCE FCE FCE
(mm) (mm) (mm) FCE() FCE()
X-axis  Y-axis
Dec. X Dec.Y Dec.Z tilt tilt

Source fiber +14,578 1478 #179.1 11.727 *11.727

Ball lens +14,071 +14,071 — +253.09 +253.09
Receiving

fiber +14,743 +14,743 +284.23 +11.727 +11.727
'____I_____ 1004--

ﬂ!%\' o

Kﬁ 964

. e 94
= o 92-
By 481047 4 0 66T + 19 R04x + 34 315 304

n =z EE_

56+
3 -,2.5 r-z -.1.5 '-1 ":0.5

Conic Constant

Fig. 12. Plot illustrating the relationship between the FCE of uncoated N-BK7 glass conic lens and the value of
the lens conic constant.

as a solid line). Table 1 summarizes the slopes calculated for each straight line.

Likewise, the impact of misalignment on FCE was examined for uncoated conic lens coupling scheme.
Fig. 12 depicts the relation-ship between FCE and the lens conic constant for uncoated N-NK-7 glass lens. As
shown in Fig. 2 the maximum FCE is achieve at conic constant equal to —2.273. Figs. 13-17 depict the calculate
curves for the FCE as a function of the conic lens decentering, lens tilts, lens-to-fiber separation, fiber
decentering and fiber tilts, respectively. Table 2 summarizes the slopes calculated for the straight portion of the
graphs shown in Figs. 13-17.
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Fig. 13. Plot showing the relationship between FCE of uncoated N-BK7 glass conic lens and the decentering of
the lens along the X-axis or Y-axis.

1004
30-

_______________ 80+ R y o= 125003 - 3048 3x” - 185 37« + 100.49

______________ 704 \\ k=093

607
_______________ S

------------- = 40
204 )
20 \“\
10+ s
0
0 0.05 0.1 0.15 0.2 0.25 0.3
Coniclens |about Xor ¥Yais [

Fig. 14. Plot showing the relationship between FCE of uncoated N-BK7 glass conic lens and the lens tilts about
the X or the Y-axis.
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Fig. 15. Plot showing the relationship between FCE of uncoated N-BK7 glass conic lens and the receiving or
the source fiber separation along the optical axis (source fiber to lens start separation = 1.888 mm; receiving

fiber to lens start sepa- ration = 2.167 mm).
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Based on the data tabulated in Tables 1-3 it can be seen that the
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Fig. 16. Plot showing the relationship between uncoated N-BK7 glass conic lens FCE and the source or
receiving fiber decentering along the X-axis or Y-axis.

Similarly, tolerance analysis was performed for the uncoated GRIN lens coupling scheme. Figs. 18-23 illustrate
the obtained FCE curves for the GRIN lens scheme as a function of lens decentering, lens tilts, lens-to-fiber
separation, fiber decentering and fiber tilts, respectively.
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Fig. 17. Plot showing the relationship between the FCE of uncoated N-BK7 glass conic lens and the receiving
and the source fiber tilts about the X-axis or Y-axis.

Table? E ! i
Table summarizing the calculated slopes (% FCE per mm or degree) due tilting
and decantering the components of the uncoated N-BK7 glass conic lens coupling
eheme,
FCE (mm) : FCE {mm)} FCE (mm) | FCE (") FCE (")
Dac X Dae. ¥ Deac. £ K-axis tilt V-axis tilt
Source fibar #18.547 +18.547 +740.67 +14.03 +14.03
Conic lans #33 332 +33.332 - +522.14 +522.14
_ FRacajving fihar +16.946 +16 946 +606.23 +15.80 +15.80
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Fig. 18. Plot showing the relationship between the GRIN rod lens FCE and the decen- tering of the lens
along the X-axis or Y-axis.
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Fig. 19. Plot showing the relationship between FCE of uncoated GRIN rod lens and the lens tilts about

the X-axis or the Y-axis.

GRIN lens coupling scheme is the most sensitivite coupling scheme for misalignment and the ball lens
coupling scheme is the least sen-sitive coupling scheme for misalignment. Furthermore, the threelens coupling
schemes are most sensitive to the lens decentering about the x and y-axis followed by the lens-to-fiber
separation. Additionally, the calculations indicate that misalignment due to
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Fig. 20. Plot showing the relationship between the FCE of GRIN rod lens and the receiving and the source fiber
separation along the optical axis (source fiber to lens start separation = 2.541 mm; receiving fiber to lens start
separation = 2.541 mm).
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Fig. 21. Plot showing the relationship between FCE of uncoated GRIN rod lens and the receiving fiber
decentering along the X-axis or Y-axis.
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Fig. 22. Plot showing the relationship between uncoated FCE of GRIN rod lens and the receiving fiber
decentering along the X-axis or Y-axis.

| {FCE 1]

¥
1
1
=]

120 ] ¥ =0.3620x - 4.2288> - 0.0483x + 98.436

100 Mk .-. R’ = 1 {Source Fiber)
i1 80 ¥~ 0.3782¢" - 4 2806x - 0.0841x + 28459
5 1 Rie100

Titts sbout X or ¥ {%)
* Source Fihar, A Receiving Fiber

Fig. 23. Plot showing the relationship between FCE of uncoated GRIN rod lens and the receiving and the source
fiber tilts about the X-axis or Y-axis.

Table 3 Table summarizing the calculated slopes (% FCE per mm or degree) due to tilting and decentering the
components of uncoated single GRIN rod lens coupling scheme.
FCE FCE FCE
(mm)  (mm) (mm) FCE() FCE()
X-axis Y-axis
Dec. X Dec.Y Dec.Z tilt tilt

Source fiber +15,610 +15,610 +481.55 +15.69 +15.69

GRIN lens  +34,128 +34,128 — +1102.9 +1102.9
Receiving
fiber +16,080 +16,080 +486.27 +15.79 +15.79
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lens

tilts has a higher impact on the FCE than the source or receiving fiber tilts.

IV. CONCLUSIONS

Based on the results reported in this article the following con-clusions can be drawn:

o)
)
®3)
(4)
(5)
(6)
[1]
[2]

[3]
[4]

[5]
[6]
[7]

[8]
9]

[10]

[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]

[20]

The deviation between the Huygens integral and GBPOP SMF coupling efficiency calculations is <0.5%.
The uncoated conic lens coupling scheme provides the highest coupling efficiency with coupling efficiency
reaching 99.68% for N-BK7 glass lens followed by the uncoated GRIN lens coupling scheme at 96.58%
FCE.

Fresnel reflections and bulk absorption account for approxi-mately 7.76% of the FCE value and can be
reduced to <3% using anti-reflection coatings.

The ball lens coupling scheme has the shortest total track (pack-age length) equal to 5.875 mm and the
GRIN lens has the longest total track equal to 9.082 mm.

The GRIN lens SMF coupling scheme is the most sensitive scheme for misalignment and the ball lens
coupling scheme is the least sensitive coupling scheme for misalignment.

The FCE for the three lens coupling schemes is most sensitive to the decentering of the lens.
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