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Abstract: We present upstream signaling and localization for an indoor beam-steered OWC 
system using vision-based technology. We demonstrate a 1.2kbps upstream signaling and 
localization system which enables to identify a large number of users with <0.05° error. 

OCIS codes: (060.2605) Free-space optical communication; (050.0050) Diffraction and gratings 

1. Introduction 
Recently, indoor wireless network has difficulties to cope with the ever-increasing number of mobile devices and the 
rising demand for high bandwidth [1]. Besides, the congestion of radio frequency communications also puts 
immense pressure on indoor networks. As a promising alternative communication technology, optical wireless 
communication (OWC) is an effective way to cope with these problems. OWC opens a huge unlicensed spectrum 
(320THz bandwidth in the visible range and 20.9THz bandwidth in the S+L+C band). OWC enables to create 
smaller communication cells in the network, which is a vital key to unlock the path to exponential capacity growth. 
Besides, electromagnetic-interference-free and high security are also significant advantages of OWC. 

In our previous work [2], we have proposed an indoor broadband OWC system concept deploying 2D-steerable 
narrow infrared (IR) beams with >10Gbit/s capacity per beam. Because of using relatively narrow light beams, no 
capacity sharing among these devices is needed. By providing the optical signals only there where and when needed, 
the proposed system offers more power-efficiency and better privacy protection. In order to serve small footprints, 
the exact position of user devices needs to be detected. We have proposed an accurate localization based on vision 
technology [3]. In this paper, we present an enhancement of the localization system to include upstream signaling 
for the purpose of user identification and channel status. We also propose an angular compensation to improve the 
pointing accuracy. By employing an optical camera to capture the data from IR-LED tags, 1.2kbps upstream 
signaling is achieved using M-ary intensity modulation. 

2. Indoor Beam-Steered Optical Wireless Communication System 
Our indoor OWC system by means of steerable narrow beams is shown in Fig. 1a. The FTTH access network 
provides connections to the central office, and is terminated at the building by a central communication controller 
(CCC).  A PtP fiber link connects the CCC to each pencil-beam radiating antenna (PRA). At the ceiling of each 
room, multiple pencil radiating antennas (PRAs) are installed as access points to transmit the optical signals to the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. a) Indoor beam-steered OWC system; b) Proposed vision-based localization and upstream signaling. 



end-user devices. Each PRA is designed with fully passive optics; it contains no moving parts and needs neither 
electrical powering nor electrical control signals. Multiple beams are launched simultaneously under control of the 
beam’s wavelength. At CCC, the tunable lasers are located. By means of an optical OXC, these lasers are routed to 
the appropriate PRAs in the appropriate rooms according to actual traffic demands. The small footprint of the 
steerable IR beams guarantees privacy, and better energy efficiency by delivering capacity-on-demand when and 
where needed. However, for correctly directing the narrow IR beams, the system obviously needs to know the 
position of the user device accurately. To enable the fast and accurate localization of the multiple user devices, we 
explored a vision-based technique in our previous study [3]. We implemented an optical camera mounted at the 
ceiling and 4 visible-light LEDs arranged around the receiving aperture at the user device to determine the exact 
wavelength the user device can be reached with. A localization accuracy of <5mm was achieved.  

Because the regular optical camera has a spectrum from 300 to 1000nm, it can capture both visual objects and 
objects emitting near-IR radiation. To increase the detecting speed, we propose to equip the device with an IR-LED 
tag. An IR-bandpass optical filter is also integrated into the camera lens to remove the ambient visual objects and 
emphasize the IR-LED tags. Thus, the optical camera at the PRA captures only the emission from IR-LED tags 
mounted around the user device’s collimator. In operation, an image processing algorithm containing two stages is 
implemented to detect the IR-LED tag. Firstly, the pixel area corresponding to each LED is filtered in every entire 
captured image. Because of processing millions of pixels, most of the time consuming is dominated by this first 
stage. Secondly, the position is determined based on the geometric relation in the filtered image. Only the value of 
four-pixel-area centers is needed to detect the position of one LED tag in the filtered image. Thus, the number of 
devices in the image does not affect the processing speed much. Our proposed vision-based system can localize the 
multiple user devices in a quick manner. Then, using the pinhole camera model, the center of the IR-LED tag in the 
image plane gives a light direction from the optical camera to the user device’s collimator. Because the optical 
camera is off-axis with respect to the PRA, there is a difference between the light direction given by the optical 
camera and the desired communication-beam direction. Thus, the light direction given by the optical camera needs 
to be transformed into the communication-beam direction. To tackle the problem, an angular compensation is 
introduced by using the relation between the known distances of LEDs and the pixel calculated-distance of LEDs in 
the image plane.  

Besides, taking advance of the vision-based system, an upstream signaling is proposed to support data processing 
for physical layers. The data is modulated into the blinking sequence of the four-IR-LED tag. However, the bit rate 
of the uplink is limited by the frame rate of the camera and the modulation format. For the existing on-off keying 
scheme, a spectral efficiency of 1 bit/frame is achieved [4]. To increase the bit rate, an M-ary intensity modulation is 
proposed in this research.  Each IR-LED is controlled to create multilevel intensity. In a typical system, the PAM 
technique is applied to achieve the multilevel signal. However, this technique increases the system complexity 
because of the need for the multiple-output voltage fed into a single LED. By the low-pass characteristics of the 
camera, each captured pixel represents an average intensity within an exposure time. Thus, to create M-ary intensity 
signal, we propose to use the pulse width modulation (PWM) technique as shown in Fig. 2a. Applying the intended 
signal pulse time Tpwm≪Texposure and the variable duty cycle, a different light intensity is received in the different 
pixel areas and different pixel values in the image. This enables the increase of data rate with the simple LED driver. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: a) Block diagram of upstream modulation using the M-ary intensity modulation; b) Experimental setup for the vision-based system. 
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3. Experimental Demonstration and Results 
The vision-based localization and upstream signaling have been implemented in our AWGR-based beam-steered 
OWC demonstrator reported in [2] which showed real-time 10Gbit/s Ethernet streams in free-space. By means of a 
129-port AWGR, multiple infrared beams can be steered simultaneously in 2D angular dimensions via a honeycomb 
matrix array by tuning wavelengths in the C+L band.  Fig. 2b shows the proof-of-concept experimental setup 
including the optical and vision systems. A low-cost optical camera (Ailipu Technology Co., Ltd, China, ELP-
USBFHD08S-LC110) and a four-IR-LED tag are used. The optical camera is mounted next to the PRA, the distance 
between the two lens centers is 5cm. The resolution of the localization camera is kept at 1280×720 pixels 
(corresponding to the maximum frame rate of 120fps) to cover an area of 3.2m×1.8m at a free-space distance of 3m. 
Four IR-LEDs (diameter of 2.8mm and viewing angle of 120°) are placed around the collimator. To distinguish two 
close tags, we set a size limit for each tag at 7.5cm×7.5cm. Thus, within the coverage area, 1024 user devices can be 
placed and localized simultaneously. 

To evaluate the performance of the vision-based localization system, we carry out the experiment by placing one 
of the users at the different spread-out positions in the user plane and then determining the localization error at these 
positions. At each position, the measurements are repeated 10 times. Taking the actual locations as references, Fig. 
3a shows the cumulative distribution functions of the angular localization errors. Without the angular compensation, 
the mean of the angular error is 0.18°. As expected, when the angular compensation is applied, the mean error 
reduces significantly to 0.013°, and the maximum angular error is only around 0.05°. The results show a good 
performance of our proposed angular compensation.  

Fig. 3b shows the processed pixel-areas of one LED corresponding to the transmitted duty cycles at a PWM 
frequency of 20kHz. This experiment is important to find the optimal parameter that needs to be implemented in our 
proposed M-ary intensity modulation scheme. Then, we set the frequency of PWM at 20kHz and set the exposure 
time of the camera at 650s. Thus, one image captures thirteen modulated pulses of PWM. Fig. 3c and 3d show the 
eye diagram of 4-ary intensity modulation and 8-ary intensity modulation. We can achieve an error-free with 4-ary 
intensity modulation and a bit error rate <10-4 with 8-ary intensity modulation. Using the 8-ary intensity modulation 
and four-IR-LED tag, the 1.2kbps upstream signaling is feasible at the100fps camera frame-rate. 

4. Conclusions 
We present a new concept for upstream signaling and localization for the indoor optical wireless communication 
system using the low-cost optical camera. This signaling capability can be used for identifying a large number of 
active user devices and channel performance monitoring. The user devices are localized every 10ms, supporting the 
tracking functionality. A pointing error <0.05° is achieved. By taking advantage of the optical camera 
communication, the upstream signaling is provided at 1.2kbps using the 8-ary intensity modulation transformed to 
pulse width modulation. Our solution is scalable to handle more than thousands of users simultaneously. 

This work has been carried out in the framework of the TU/e-KPN flagship Smart-One program. Funding from the European 
Research Council in the Proof-of-concept project BROWSE+ is also gratefully acknowledged. 
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Fig. 3. a) Cumulative distribution function of localization error; b) Pixel-area received by the different transmitted duty cycles; c) Eye diagram of 
4-ary intensity modulation; d) Eye diagram of 4-ary intensity modulation. 


