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Abstract. In this article the process of realization of ball-lensed optical fibers is described. The implementation of four different types of ball-
lensed optical fibers developed in Optical Fibers Techniques Laboratory at Lodz University of Technology is presented. Focal lengths of the 
presented microlenses, which were obtained in simulations and measurements, are also shown in this paper.
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planar waveguides [16] and the strip core optical fiber [17] are 
considered. Research is also conducted on mixed solutions for 
connections on one structure [18] using both free space trans-
mission and the optical fiber. A number of reaserch activities 
[19–23] connected with integrating glass fibers in electronic 
cicuits are conducted. Such fibers, both single and multi-mode, 
are commonly used, and their mechanical processing is well 
known. The greatest challenge in research on integrated opti-
cal circuits based on glass fibers is coupling passive and active 
elements. Butt coupling method is very popular. This solution 
involves coupling the input or output of the fiber to the output 
of the laser or an input of the photodetector. However, the ba-
sic disadvantage of this method is that in order to achieve low 
power loss, the fiber should touch the active elements, which 
is not always possible. Moving the fiber away from the active 
elements always causes a decrease in coupling efficiency. Due 
to the small radius of core, in butt coupling methods lateral 
displacements are also higly undesirable. In order to achieve 
higher connection efficiency, lenses as well as micromirrors 
are commonly used [24–26]. By using ball-lensed optical fiber 
we obtain bigger numerical aperture (NA) and therefore, it is 
easier to couple optical fiber to active elements. Furthermore, 
there is no need to calibrate the lens and fiber, as is the case 
when lenses are separate from optical fiber.

3. Multi-fiber expanded beam connectors

Another application in which ball-lensed optical fibers can be 
used are expanded beam (EB) connectors, especially multi-fiber 
types such as MPO/MTP (Multiple-Fiber and Push-On/Pull-
Off). Single-fiber expanded beam ferrules, described first by 
Baker [27], typically use lenses to expand and focus the light 
between transmitting and receiving fiber. The lenses are gen-
erally either ball lenses or graded index rod lenses (GRIN). 
Multi-fiber EB connectors commercially available since 2014 
[28] are dedicated to cabling in data centers. EB connectors are 
less sensitive to dirt and due to fiber NA end face separation 
losses are reduced. Because lenses in EB connectors are still 
separate elements, coupling the whole system is much more 

1. Introduction

Maintaining the pace of development of integrated circuits is 
owed to multi-chip modules (MCM). They belong to a group of 
the most complex elements in modern electronics and the pro-
cess of their production and assembly involves the use of very 
advanced techniques. The increase in the length of metal lines 
causes an undesirable increase in the parasitic elements, which 
makes the transmission of very high frequency signals impos-
sible. Another limitation arising from the use of conventional 
electrical connections of integrated circuits is their sensitivity 
to electromagnetic interference, which in turn may lead to the 
malfunction of the entire system, in particular if we take into 
account that the electrical connections operating at a frequen-
cy of the order of hundreds of MHz or GHz become a source 
of such interference themselves. The aforementioned problems 
sign ificantly hinder the development of integrated circuits and 
cause the search for new solutions.

2. Optical connections in chip-to-chip systems

It is believed that replacing electrical wires with optical fibers 
will solve many problems such as delays, electromagnetic in-
terference (EMI) or crosstalk, which occur in fast (GHz) com-
munication with the use of electrical signals. This is reflected 
in a number of articles [1–5] and books related to the introduc-
tion of optical interconnectors for very-large-scale integration 
(VLSI) circuits [6–9]. A printed circuit board (PCB) makes use 
of optical systems communicating with each other in free space 
[10]. Such systems have the particular advantage of allowing for 
high density and  – due to the use of, e.g., controllable micromir-
rors – for switching a light beam [11]. However, a rather serious 
disadvantage of such solutions is the difficulty in coupling of 
the whole optical system [12]. Another method of connecting 
optical active elements taken into consideration is the use of 
glass optical fiber [13] or polymer optical fibers [14–15]. Also 
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complicated than in case of coupling ball-lensed fibers. More-
over, using ball-lensed optical fibers potentially reduces return 
losses in connector.

4. Coupling with the use of ball lenses

In order to achieve high efficiency of coupling multi-mode fi-
bers, it is necessary to minimize lateral displacement and to 
bring the fiber as close to the active element as possible. The 
aforementioned conditions make the design process and imple-
mentation of integrated optical connections difficult. One of the 
solutions, which may facilitate the process of coupling active 
and passive elements, is the use of ball-lensed fibers, shown 
in Fig. 1. Thanks to the lens it is no longer necessary to place 
the fiber right next to the output of the laser or directly next to 
the photodetector. Due to the use of ball microlens, the active 
element may be placed at a certain distance from the fiber (it 
is best to put it in the focal of the lens), whereas the coupling 
efficiency will remain on a high level. The change of the diam-
eter of the microlens involves changing its focal length. This 
way the distance between the fiber and the active elements can 
be controlled, which is a great convenience in the design of 
integrated optical systems.

Fig. 1. The concept of ball-lensed optical fibers, where ε – angle of 
incidence, θ – angle of refraction

5. The realization of ball microlenses

In the Optical Fibers Techniques Laboratory at Lodz Univer-
sity of Technology, four types of ball-lensed fibers were pro-
duced. The diameters of the microlenses ranged from 133 μm 
to 230 μm. FITEL S153A fusion splicer by Furukawa was used 
in the production process. In order to produce such ball micro-
lenses, cleaved multi-mode fiber (MMF) OM4 optical fibers 
were placed in the V-groove of the splicer as shown in Fig. 2 
and Fig. 3. Optical fibers were put between the V-groove and 
the electrodes. Then, after closing the protective cover of the 
splicer, different diameters of ball lenses were realized by man-
ually selecting appropriate parameters of the splicer. The most 
important settings are presented in Table 1.

After setting the desired parameters of the splicer and posi-
tioning the MMF fibers in relation to the electrodes, marked in 
Table 1 (the initial length of the fiber), two electrical discharges 

of the electrodes were induced, and ball microlenses were cre-
ated by melting the ends of MMF fibers. During the discharges 
the fiber was moved according to the parameter marked in Ta-
ble 1 (the length of the fiber pushed during electrodes’ electrical 
discharges).

Table 1  
Programming parameters

The name of the ball lens

Parameter Ball lens 
133 μm

Ball lens 
150 μm

Ball lens 
215 μm

Ball lens 
230 μm

The diameter [μm] 133 ± 4 150 ± 3 215 ± 4 230 ± 4

Discharge power of the 
first arc [mW] 50 100 100 200

Time of discharging of 
the electrodes [s] 3 3 3 3

Discharge power of the 
second arc [mW] 80 142 255 255

The initial length of the 
fiber [μm] 150 200 200 200

The length of the 
fiber pushed during 
electrodes’ electrical 
discharges [μm]

20 1500 32767 32767

Two examples of ball lenses: ball lens 150 μm and ball lens 
230 μm, made as described above, are presented in Fig. 4.

Fig. 2. Schematic of fiber alignment inside the splicer

Fig. 3. A photo of the fiber placed in the splicer
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Focal lengths were designated for the performed ball lenses 
numerically – using the commonly available OSLO EDU [29] 
software for optical elements analysis, as well as an authorial 
software created on the MATLAB platform – and experimen-
tally, using a measuring set consisting of a positioning platform 
MAX373D by Thorlabs, an optical power meter AF-ORL-3.1 
and a light source AF-LST-85 of 850 nm wavelength.

Table 2  
Comparison of focal lengths obtained in simulations  

and measurements

Method of determining 
focal lengths

Focal length of the ball microlens [µm]

Ball lens 
133 μm

Ball lens 
150 μm

Ball lens 
215 μm

Ball lens 
230 μm

OSLO 211.6 238.6 351 365.9

MATLAB 201.19 228.13 330.25 353.71

MEASUREMENTS 166.7 190.4 393.1 423.4

The results are summarized in Table 2. The results of the 
simulations are similar, yet they are significantly different from 
the measurements obtained experimentally. The difference may 
be caused by the fact that the lenses are never an ideal ball 
with a constant radius. Additionally, the refractive index of the 
lens differs insignificantly from the refractive index of the core. 
Because of that, the light coming through the lens is refracted 
already in the lens, and not beyond it, as was assumed in the 
simulations.

6. Summary

Problems related to further development of electronic circuits, 
described more thoroughly in the first part of the paper, urged 
many research centers to conduct research on finding new con-
ceptions of developing integrated circuits. Optical connections, 
as compared to electrical connections, possess many advan-
tages connected with transmitting signals of high frequency. 
The problematic area in integrated optical circuits is the place 
of coupling the fiber with the active elements. The simplest 
method is butt coupling; however, it requires direct contact in 

order to reduce power loss. Thanks to the use of ball-lensed 
fibers presented in the paper, the active element may be placed 
at a certain distance from the fiber, while maintaining high cou-
pling efficiency. Such a solution will facilitate introducing op-
tical connections into integrated MCM systems.
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