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ABSTRACT   

Optical wireless communication (OWC) is envisioned to become an indispensable technology in future wireless networks. 

However, one of the main issues hindering the widespread of OWC systems is the strict alignment required to maintain 

connectivity. This is due to the tradeoff between the receiver’s active area and its response speed, which necessitates the 

use of a lens to focus the light, limiting the field of view (FOV). Taking inspiration from the wide-FOV eyes of horseflies 

to address this issue, we propose the use of a convex-surface fused fiber-optic taper (FFOT) that can effectively expand a 

planar array of photodetectors and project it onto a spherical dome, respectively improving the light collection of individual 

photodetectors and expanding the overall FOV of the array. In our proof-of-concept demonstration, we show an optical 

receiver with a FOV semi-angle of around 25° and optical power density gain up to 120 in a 1-GHz link whose bandwidth 

is limited only by the photodetector. Moreover, reducing of the FOV of each individual fiber that results from tapering and 

the extra-mural absorption material incorporated around the fibers’ cores reduce the crosstalk between them, preserving 

the image quality. Therefore, unlike non-imaging light focusing elements, FFOTs can potentially be used in applications 

in which preserving the image is necessary, such as in imaging multiple-input and multiple-output systems and light 

detection and ranging (LiDAR). We also show the performance of FFOTs in collecting light from color-converting 

materials, a technique used in expanding the FOV beyond the étendue limit.   
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1. INTRODUCTION  

Optical wireless communication (OWC) has emerged as a complementary technology to conventional radio frequency 

(RF) communication to allow for a wider bandwidth use to meet the ever-increasing demand for high-speed wireless 

connectivity. The rapid increase in this demand is mainly due to the continuous rise in the number of mobile devices and 

the growth of the internet of things (IoT). By making use of the wide unlicensed optical band (ranging from 100 nm to 

2000 nm) of the electromagnetic spectrum, OWC provides an alternative to the RF technology in many applications. 

Moreover, due to the high switching speed offered by semiconductor optical transmitters, including light-emitting diodes 

(LEDs), superluminescent diodes (SLDs), and laser diodes (LDs), it is possible to achieve ultrahigh-speed communication, 

exceeding 5G technologies1. 

The visible-light band is of particular interest as it can provide simultaneous lighting and communication, which is also 

called light-fidelity (Li-Fi)2. This is done by modulating the emitted light intensity at speeds higher than the perception of 

human eyes. Another important advantage of visible light is the low attenuation of water in the blue and green region of 

the electromagnetic spectrum, which makes it possible to use blue and green LEDs and LDs to transmit data at much higher 

speeds than what is achievable using acoustic communication (the standard communication modality in the underwater 

environment)3. 

Despite its advantages, OWC suffers from some challenges that limit its widespread. The main challenge is the strict 

positioning, acquisition, and tracking (PAT) requirements. This is due to the small active area of the photodetectors (PDs) 

used in receiving the signal, which is needed to have a low junction capacitance to ensure a short resistor-capacitor (RC) 

time constant. This allows for a wider modulation bandwidth to be used and, therefore, higher speeds. However, the small 

area lowers the amount of light that can be collected by the receiver, significantly limiting the signal-to-noise ratio (SNR). 

To overcome that, a light-focusing optical element is commonly used to focus wider beams of light on the small active 



 

 
 

 

 

 

area. Given the trade-off between the geometric focusing gain and the field of view (FOV) of light concentrators, following 

the conservation of étendue, there is a trade-off between the FOV and the achievable SNR, which is related to the amount 

of collected light.  

Several solutions have been proposed in the literature to overcome these fundamental trade-offs between the bandwidth 

and SNR and between the SNR and FOV. Herein, we provide a short review of some of the main solutions that have been 

proposed and show a demonstration of using a biomimetic fused bundle of tapered optical fibers as an imaging light-

focusing element that has the potential to implement angle diversity to circumvent the SNR-FOV trade-off. As a proof-of-

concept study, we studied the optical gain, modulation bandwidth, and transmission efficiency of fused fiber-optic tapers 

(FFOTs) using a single-pixel detector in a visible-light communication (VLC) link. By collecting the light using the 

hundreds of thousands of fibers in the FFOT, a FOV semiangle of ±25° is maintained with a geometric optical gain of 120 

and a −3-dB modulation bandwidth of 1 GHz. Moreover, the reduced FOV of each individual fiber due to tapering and 

the convex shape of the input face lower the crosstalk, ensuring that each fiber collects light from only a narrow cone and 

that adjacent fibers receive light from different angles. In addition to that, extra-mural absorption is used to further limit 

any crosstalk caused by light coupling from one fiber to neighboring fibers. These two factors improve the imaging 

capability of FFOT, which shows their potential in angle diversity, imaging multiple-input and multiple-output (imaging 

MIMO), and light ranging and detection (LiDAR) systems. All of these systems require imaging light-focusing elements, 

which prevents the use of non-imaging light concentrators that offer optical gains approaching the theoretical limit. 

2. CONVENTIONAL AND NOVEL LIGHT CONCENTRATORS 

Given the need for an optical receiver that can provide ease of alignment while maintaining high speed and SNR, different 

possible solutions have been proposed. Figure 1 summarizes some of the main approaches to designing light concentrators. 

These solutions can be categorized as luminescent concentrators, which rely on light absorption and re-emission (down 

conversion), and reflection/refraction-based concentrators. Optical concentrators using reflection and refraction include 

non-imaging elements, such as compound parabolic concentrators (CPCs) and hemispherical concentrators, imaging 

lenses, and FFOTs. These elements suffer from a fundamental tradeoff between the gain and FOV. This can be shown 

 
Fig. 1: A summary of optical concentrators used in optical wireless communciation systems. For luminescent 

concentrators, the blue gradients indicate the incoming beam and the green gradients are the re-emitted light. 
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from the relation between the geometric optical gain, 𝐺, which is defined as the ratio of the input area of the concentrator 

to its output, and its FOV semiangle, 𝜃max: 

𝐺 ≤
𝑛2

sin2 𝜃max

, (1) 

where 𝑛 is the refractive index of the material of the concentrator. As can be seen from this relation, any increase in the 

optical gain requires lowering the FOV of the concentrator. 

On the other hand, the main advantage of luminescent concentrators is that they are not étendue-limited. This is because 

they rely on absorbing the incoming light beam and generating a new stream of photons at a longer wavelength (i.e., lower 

frequency) using luminescent materials trapped within a waveguide. These luminescent concentrators can have a planar 

waveguide form, known as luminescent solar concentrators (LSCs), or they can be formed using scintillating fibers. LSCs 

have been used to collect more solar radiation for solar cells but, more recently, have been shown to allow for wide-FOV 

signal detection in OWC, especially in VLC. The amount of collected light is directly proportional to the absorbed incident 

light, which is proportional to cos 𝜃, where 𝜃 is the angle of incidence. Therefore, the −3-dB FOV semiangle for these 

detectors is 60°. Moreover, these detectors can be used to form near-omnidirectional receivers when scintillation fibers are 

used, but the main limitation is in their modulation bandwidth, which is limited by the photoluminescence (PL) lifetime of 

the luminescent material, instead of the RC time constant. Although the focus here is on concentrators that rely on reflection 

and refraction, we include in Table 1 a summary of recent works on luminescent concentrators for further reading. 

Table 1: Summary of recent works on luminescent concentrators in the literature 

Ref. Form 
FOV 

Semiangle 

Bandwidth 

(MHz) 

Luminescent 

Material 

PL 

lifetime 

Data Rate 

(Mb/s) 
Notes 

4 LSC 60° 40 
Coumarin 6 

(Cm6) 
3.10 ns 

190 

(OOK) 

Compared the performance 

of LSCs to that of CPCs 

5 LSC 55° 100 SuperYellow 1.30 ns 
400 

(OFDM) 

Used a nanopatterned, 

CPC-shaped LSC 

6 
Scintillating 

Fibers 
180° 91 Organic dye 1.77 ns 

2100 

(OFDM) 

Demonstrated an 

omnidirectional detector  

7 
Scintillating 

Fibers 
− 86 Organic dye 1.91 ns 

250 

(OOK) 

Underwater receiver for 

ultraviolet light 

8 LSC ~70° 
2 (PD 

limited) 

Cm6, 

DCM 

2.57 ns, 

2.70 ns 

12 

(WDM, 

OOK) 

WDM system in free space 

based on two different 

luminescent materials 

9 
Scintillating 

Fibers 
− 89 Organic dyes 1.74 ns 

1000 

(WDM, 

OOK) 

Demonstrated a WDM 

system for underwater 

communication 

10 
Scintillating 

Fibers 
− 67 Organic dye − 

250 

(OOK) 

Full-duplex underwater 

links 

11 
Scintillating 

Fibers 
180° 13 CsPbBr3 2.96 ns 

153 

(OFDM) 

Used inorganic CsPbBr3 

perovskite nanocrystals 

12 
Scintillating 

Fibers 
180° − Organic dyes 12 ns 

45 

(OFDM) 

Used toroidal-shaped 

structure for vehicular 

communication 

OOK: on-off keying, OFDM: Orthogonal frequency-division multiplexing, WDM: Wavelength-division multiplexing, 

DCM: 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran 



 

 
 

 

 

 

3. FUSED FIBER-OPTIC TAPERS IN OPTICAL WIRELESS COMMUNICATION 

FFOTs are commonly used for medical imaging applications. A FFOT is formed by fusing a bundle of hundreds of 

thousands of multi-mode fibers and tapering the bundle according to the required area magnification ratio, 𝑀. The 

numerical aperture, 𝑁𝐴, of each fiber before tapering is determined by the refractive index of the core, 𝑛c, and that of the 

cladding, 𝑛cl, and can be calculated using: 

𝑁𝐴 = sin 𝜃max = √𝑛c
2 − 𝑛cl

2 . (2) 

After tapering the fiber, the numerical aperture is reduced by a factor of √𝑀. In our proof-of-concept demonstration, the 

FFOT used has a convex-shaped input (see Fig. 1) and consists of fibers whose input diameter is around 100 m, with the 

core having a diameter of 80 m and a refractive index of 1.72, whereas the sheath surrounding it has a refractive index of 

1.51. The convex input is a spherical cap with a radius of curvature of 40 mm and a base radius of 23 mm. The output is a 

circle with a radius of 3.5 mm. The compound nature of the FFOT resembles the compound eyes of horseflies and other 

arthropods, as can be seen in Fig. 213,14. 

Combining a convex-shaped FFOT with a planar array of PDs effectively expands the area of the array and transforms its 

planar geometry into a spherical structure that can be used in angle-diversity detection, with each PD corresponding to one 

fiber or a subset of fibers. Moreover, tapering limits the FOV of individual fibers while maintaining a wide overall FOV 

of the entire array. Limiting the FOV of each detector can potentially serve to lower the blur in the image and improve the 

quality. This effect is also enhanced by the convex structure of the FFOT since each fiber is pointing toward a unique 

direction. Unlike non-imaging concentrators, FFOT, which are primarily designed for imaging applications, have the 

potential to be used in angle-diversity receivers and other imaging applications. 

As can be seen in Fig. 1, other light-focusing elements can be used to form similar angle-diversity receivers. For example, 

it is possible to use an array of CPCs, each coupled to a single detector on a convex detector array, to achieve similar 

functionalities15. However, this is more easily approximated by using a FFOT instead to avoid the complexity of designing 

and fabricating a 2D array of CPCs and a convex PD array. 

In our proof-of-concept test, we used a second flat FFOT with an input diameter of 11 mm and output diameter of 1 mm 

to focus the light from the first FFOT on a single detector to be able to measure the transmission efficiency16, the FOV, 

the modulation bandwidth, and the data rate. Using a vector network analyzer and a green-light laser diode, the modulation 

bandwidth of the receiver, which consists of an avalanche PD (APD, Menlo Systems, APD210) and the combined FFOTs, 

was around 1 GHz, as shown in Fig. 3(a), which is the bandwidth of the used APD. This confirms that the pulse broadening 

due to the multipath effects introduced by the FFOTs is too small to affect the bandwidth of the system. The bit error ratio 

(BER) at a data rate of 1.5 Gb/s versus the angle of incidence is shown in Fig. 3(b). The BER values were below the 7%-

overhead forward error correction (FEC) BER limit (3.8×10-3) for angles up to 25°. Moreover, when the APD was replaced 

with a conventional PD (Thorlabs, DET10A2) combined with an electronic amplifier, the data rate was up to 0.63 Gb/s 

with a BER below the FEC limit throughout the range of angles tested. In our previous work, we showed that the −3-dB 

 

Fig. 2: (a) Micrographic picture of the input face of the convex-shaped FFOT (adapted with permission from Ref. 

[16] © The Optical Society). Each circle in the image corresponds to the input of a fiber whose diameter is around 

100 m. (b) Scanning electron microscope (SEM) image of the eye of an Asian needle ant, Brachyponera chinensis 

(adapted from Ref. [14] and is licensed under CC BY 4.0: creativecommons.org/licenses/by/4.0). (c) Schematic of a 

cross-section of the compound eyes commonly found in arthropods13. 
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FOV semiangle of the receiver is around 30° and the transmission efficiency was above 55% in the wavelength range from 

450 nm to 1550 nm16. 

4. CONCLUSIONS 

Given the potential of OWC and the main challenge it is facing, which is the strict alignment requirements, there is a need 

for high-speed, wide-FOV light receivers. While luminescent concentrators have received significant attention in the 

literature, they currently suffer from a low modulation bandwidth compared to LDs and can only be used with specific 

wavelengths. Angle-diversity receivers are a promising alternative that can provide high-speed communication, a high 

SNR, and a wide overall FOV. Here, we proposed the use of convex-shaped FFOTs as the imaging light focusing element 

in angle-diversity receivers. Using a single-pixel detector, we showed that they can support a wide modulation bandwidth 

with a wide FOV. Future work should focus on verifying their performance with an array of PDs in an angle-diversity 

receiver and comparing it to that of other alternative imaging light concentrators. This has the potential to pave the way 

toward an OWC receiver that relieves the strict alignment requirements, allowing for the widespread of the technology in 

different applications in a wide variety of applications. 
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