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Abstract
This document contains the output of the Light Communications TIG, intended to describe the use cases, requirements, and technical feasibility of Light Communications in 802.11. 
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Introduction

We live in an increasingly connected world. The demand for mobile wireless communications is increasing at over 50% per year according to the Cisco Visual Networking Index. This demand is expected to continue to increase as the Internet of Things (IoT) becomes a reality, and the number of connected devices grows from 5 billion to over 20 billion by 2020. Unsurprisingly, in 2016, over 50% of all wireless data went through a Wi-Fi access point. This enormous utilisation results in a need for a continued increase in capacity of wireless networks, depending directly on the availability of additional unlicensed spectrum.

Undeniably, there are multiple solutions that can provide an increase in the available spectrum and increased confinement of the RF signal. As an example, WiGig solutions, defined in IEEE 802.11ad, .11mc, .11aj and being revised in 802.11ay. However, the continued deployment and growth of 802.11 technology relies on accessing unlicenses spectrum satisfying complementary use-cases.

The light spectrum, for the most part, has been underutilised. The visible light spectrum alone stretches from approximately 430 THz to 770 THz, which means that there is potentially more than 1000x the bandwidth of the entire RF spectrum of approx. 300 GHz. Both the visible light spectrum and the infrared spectrum are unlicensed. The TIG looks at the need and feasibility of expanding 802.11 protocols to efficiently access the light spectrum and satisfy various use-cases. 

LC use cases 

1. Enterprise
2. Home
a. Fast setup
3. Retail
a. Location-based connectivity and services
4. IoT
a. Home
b. Smart cities
c. Factories of the future - Industrial and manufacturing
i. Why is RF potentially not suitable for use in this environment?
ii. How is LC complementary?
d. Healthcare

LC Metrics

1. Data rate
2. SNR Link Margin (for PIN/APD detectors under illumination constraints)
a. Provide typical Transmission range examples
3. Latency – average range
a. PHY and MAC
4. Channel access fairness
5. Area capacity (area spectral density (bit/s/sqm))
6. Considerations for the MAC efficiency on the capacity – measured at the MAC SAP

LC requirements

1. Integration and backward compatibility with legacy 802.11
2. low-latency data delivery
3. Asymetric device capability support (power, directivity, wavelength, sensitivity, backhaul network latency timings, etc.)

LC Technical Feasibility
1. General Questions
a. How does LC work?
i. Any baseband electrical signal that is supplied to a light-emitting diode (LD) generates a light output with intensity proportional to the amplitude of the electrical signal. As a diode only works for positive current/voltage, the electrical signal needs to be positive only. Bipolar communication signals are typically realized around a positive bias (operating) point for which the LED/LD is active and has a linear input-output characteristic. The relationship between voltage and current is somewhat linear, but the current-to-light relationship of the device is typically more linear. As a result, the information is typically encoded into the current of the electrical signal used to drive the LED/LD. The LED/LD diode effectively serves the purpose of an upconverter that generates light-frequency waves with intensity proportional to the electrical current that flows through the device. The spectrum of the electromagnetic radiation is not correlated with the information signal and is dependent on the material/physical implementation of the LED/LD. For LEDs, this spectrum is typically very wide, while for LDs it is typically much narrower, yet still quite wider than the bandwidth of the baseband information signal itself. [1,2]
ii. Any light that is incident on a photodetector such as a photodiode leads to current flowing through the device, which is proportional to the light intensity. As a result, a photodiode converts light variations into current variations or a light information signal into a current information signal. The current information signal is then treated as any other electrical baseband information signal in a communication system. [1,2]
b. How does LC work in a bright room with sunlight?
i. The information signal is encoded in the light intensity variations. For high speed communication, these intensity variations are quite fast as the bandwidth of the information signal is in the order of tens to hundreds of MHz. Variations in sunlight and ambient light from light sources are quite constant relative to the light used for communication. As a result, they lead to low-frequency signal interference that is easily avoided/filtered out. This is especially easy when an OFDM based communication protocol is used. 
ii. The only possible detrimental effects due to ambient light can occur when the ambient light is strong enough to saturate the receiver. This is very hard to achieve in practice for any reasonable communication scenario. Further issue caused by background light is additional shot noise (modelled as Gaussian noise) in the receiver circuitry. In typical short-distance scenarios, this noise component is not strong enough to significantly compromise the system performance. A typical communication system can function even under very high sunlight illumination levels. [1,11]
c. How does LC work when you turn off the lights?
i. Visible light communication would typically not work, when you turn off the lights, ie., there is no power transmitted in the visible light spectrum. In certain scenarios, one could resort to very low light illumination (lights are dimmed down to the point when they appear to be completely off) using extremely sensitive light detectors such as photomultipliers or avalanche photodiodes (APDs). However, for typical visible light communication systems that are currently being envisioned, communication would not be possible when the lights are off. In such a scenario, one would resort to infrared light for communication and/or radio frequency communication. [1,4,8,12]
d. Can we see LC lights flicker?
i. 
e. Is the flicker created by modulation safe?
i. No extensive studies have been done on this effect. However, one would assume that it is no more harmful than is the flickering of a TV screen, computer screen or a mobile phone screen. [3]
f. Is LC a line of sight technology?
g. If LC is a non-line-of-sight technology then how is it more secure than other wireless technologies?
i. Light radiation (especially visible light radiation) is significantly easier to constrain and police compared to RF radiation. In addition, the extremely short light wavelengths lead to significant attenuation effects even over moderate distances. This leads to more confined operating environments where secrecy rates become relevant. [6,7] In addition, jamming light communication signals is harder to achieve than other RF solutions.
h. Will LC work in my pocket?
i. No, it is expected that when a LC enabled device is placed in one’s pocket, the communication protocol that is used will rely on RF communication. Light communication is envisioned as a technology adjunct to RF communication for devices that have multi-radio capabilities. [8]
i. Can we enable LC to be Full-Duplex in 802.11?
i. Yes, it could theoretically be achieved. Full-duplexing in light communication can be achieved using the same or different wavelengths (colors) for the uplink and downlink. The uplink could use infrared radiation at a certain wavelength, whereas the downlink could use visible light or infrared radiation depending on the illumination scenario. [9]
j. Are LC systems subject to multipath fading? 
i. 
k. How does the backhaul work?
i. The backhaul in light communication systems is expected to work as the backhaul for any wireless access network. The information signal at the two ends of the backhaul network (transmitting and receiving) is equivalent for an RF and for a light communication system. In terms of networking, the light communication systems are expected to provide much denser deployment of access points, which would lead to better frequency reuse from the point of view of the wireless access network, however, it would lead to denser and potentially more complicated backhaul networks. The tendency in wireless communications, however, has always been towards smaller and more densely deployed cells. Light communication is a natural extension of the existing communication paradigm stemming from this tendency. As an example, power over Ethernet (PoE) could be used to provide both data and power to the LED lighting. This has been done very effectively in the Edge Building in Amsterdam where over 6500 LED lights have been connected using PoE to provide saving in both installation costs and time [13]. For retrofitting of light communications into building environments where modern communication infrastructure does not exist, however, power line communication (PLC) could also be used for retrofitting purposes. [9]
l. 
2. System Architecture
a. Stand alone?
b. Sub-strandard (802.11.3) or amendment (802.11xx)?
3. Reuse of 802.11 MAC – which MAC (ah/ad?)?
a. Assumptions that are potentially not valid in the LC context
4. Compatibility with other 802 wireless protocols
5. Difference with on-going 802 light communication standards (eg., 802.15.7m) and ITU-T G.vlc
6. Demonstrated Systems

LC Economic Feasibility
1. Balanced costs
2. Known cost factors
3. Consideration of installation costs
4. Consideration of operation costs
5. Market size/opportunity

LC Regulatory perspective (spectrum and health)

Recommendations
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