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Abstract 

The paper discusses on the effect that the growth in our energy consumption as a species is having upon the planet, and 

how the global lighting and telecommunications industries are major contributors.  We demonstrate that through the 

adoption of LED based lighting combined with visible light communications, substantial economical and power savings by 

orders of magnitude can be made over existing technologies, contributing towards a greener more sustainable future. The 

future of LED technology is also discussed with a focus on organic technology, promising increased savings.  
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1. Introduction

Estimates, published by the United Nations (UN) have 

stated that the global human population has increased 

over the past 100 years from 1.5 to 7.1 billion people [1]. 

The fastest rate of growth ever experienced in our history. 

In direct correlation with this, the global demand for 

energy use over this same period has followed a similar 

trend. The U.S. energy information administration (EIA) 

issued the ‘International Energy Outlook 2016 

(IEO2016)’, forecasting a growth in the global energy 

consumption of 48% between 2012 and 2040 [2]. 

Concerns over the rapid growth are raising issues over 

supply difficulties, the depletion of energy resources and 

the enormous environmental impacts (global warming, 

thinning of the ozone layer, climate change etc.). The 

reliance upon fossil fuels to meet the energy demands is 

set to continue, predicted to make up 78% of the energy 

production by 2040 [2]. The consequences from burning 

fossil fuels are well known and one of the main 

contributors of greenhouse gases, and in particular carbon 

dioxide (CO2). A measure of the CO2 emissions is the 

carbon footprint, or the total amount of greenhouse gases 

produced directly and indirectly supporting human 

activities, usually expressed in equivalent tons of CO2. A 

surprising 2% of the global carbon footprint is produced 

by the International Communications Technologies (ICT), 

of which 0.2% is due to the mobile networks [3]. This is 

the equivalent to the worldwide carbon emission of 

aeroplanes. And powering the lighting infrastructure 

produces an enormous 19% of the global carbon 

emissions (equivalent to almost 70% of the global carbon 

emissions through cars) [3]. Therefore, a global effort has 

begun to find cleaner more sustainable sources of energy 

and energy usage. 

Research and development into solid state devices has 

revolutionised the lighting industry, leading the way with 

light emitting diodes (LEDs). Over the past few decades 

LEDs have matured into brighter, longer lasting and more 

efficient appliances. In fact, they follow Haitz’s law 

(named after Dr Ronald Haitz, the man who first 

discovered the phenomenon), that for every decade the 

cost per lumen decreases by a factor of 10 and the light 

output generated per LED package increases by a factor 

of 20, for a given wavelength of light [4]. Modern high 

brightness LED lamps possess a greater light output per 

electrical energy input than their forerunners, the 
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incandescent and compact fluorescent light (CFL) bulbs. 

Not only this, but they also possess a longer lifetime 

further reducing the environmental and monetary impact. 

Comparisons of the three technologies conducted by 

USAI Lighting are given in table 1. 

Table 1 Comparison, LED vs. Incandescent vs. CFL 
[5]

Energy efficiency 

& energy costs 

LED Incandescent CFL 

Life time (average) 50,000 

hours 

1,200 

hours 

8,000 

hours 

Watts of electricity 

used* 

6-8 

Watts 

60 

Watts 

13-15 

Watts 

Kilo-Watts of 

electricity used** 

329 

KWh/yr 

3285 

KWh/yr 

767 

KWh/yr 

Annual operating 

cost** 

$32.85 

per yr 

$328.59 

per yr 

$76.65 

per yr 

Carbon dioxide 

emissions** 

451 

pounds/yr 

4,500 

pounds/yr 

1,051 

pounds/yr 
*60 Watt Incandescent bulb equivalent 
**30 Incandescent bulbs per year equivalent 

From Table 1, it soon becomes clear that if LEDs 

where to replace all the existing incandescent and CFL 

bulbs throughout the ubiquitous global lighting 

infrastructure there would be enormous savings in energy 

consumption and benefits to sustainability.  

The LED can also benefit the ICT industry, as unlike 

their counterparts, LEDs are able to be switched on and 

off many millions of times per second (known as intensity 

modulation (IM)). At this rate the persistence of the 

human eye is too slow to perceive any flickering. 

However, with the suitable electronics high speed changes 

in light intensity can be detected (direct detection (DD)). 

Digital information can be encoded onto the light with 

optical wireless communication (OWC) links being 

formed through the IM/DD. This next generation of OWC 

links are known as visible light communications (VLC), 

providing both illumination and communications 

simultaneously from the same source. VLC has the 

capability of complementing Wi-Fi systems, alleviating 

the already congested radio frequency (RF) spectrum and 

reducing the relatively high power requirements [6, 7]. 

Other comparisons of VLC with RF communications are 

that worldwide, the optical spectrum is license free and 

unregulated. Also, with the light being unable to penetrate 

walls, VLC has an inherent high level of security and 

furthermore this allows for frequency reuse in adjacent 

rooms without the RF problems of interference. In 

addition, VLC can offer wireless connectivity in areas that 

are sensitive to RF radiation such as hospitals [8, 9], 

chemical plant refineries and aeroplanes [10, 11]. As the 

lighting infrastructure is ubiquitous, there are numerous 

applications for VLC and are constantly growing in 

number, some of which are discussed in the next section. 

The rest of this paper has been organised as follows: 

Section 2 discusses VLC applications and its possible 

uses in the modern world, Section 3 analyses the 

communications power required and makes comparisons 

with standard Wi-Fi, Section 4 looks to the future of this 

technology and the adoption of organic LEDs (OLEDs), 

and finally the conclusions are drawn in Section 5. 

2. VLC Applications

2.1. Smart homes and offices 

A smart home or office is defined as a place “that has 

appliances, lighting, heating, air conditioning, TVs, 

computers, entertainment audio & video systems, 

security, and camera systems that are capable of 

communicating with one another and can be controlled 

remotely by a time schedule, from any room in the home, 

as well as remotely from any location in the world by 

phone or internet” [12]. Smart homes offer increased 

comfort, safety and security. VLC is an ideal candidate to 

be integrated into such environments controlling and 

communicating with the appliances [13]. Dimming 

control and support is also essential for the smart 

homes/offices to create moods, increasing the aesthetic 

value but most importantly to conserve energy. This has 

attracted numerous researchers with possible solutions 

ranging from hybrid pulse width modulation (HPWM) 

techniques [7, 14, 15], multiple input multiple output 

(MIMO) systems [16] and variable rate modulation and 

coding [17]. 

2.2. RF sensitive areas 

Hospitals, aeroplanes, chemical refinement plants and 

underground mines are a few of the areas sensitive to RF 

radiation, where interference with equipment or the 

generation of sparks could prove catastrophic. Hence 

VLC is the ideal technology to employ; the lighting 

already exists in these environments and produces no 

adverse effects or intrusion [8-11, 18]. 

2.3. Vehicular networks & intelligent 
transport systems 

The clear majority of modern vehicles use LEDs as their 

primary source of illumination due to the substantial 

energy savings and increased lifetimes; as are the road 

side street lamps and traffic signalling lights. The 

integration of VLC into these systems is the next natural 

and logical progression. Vehicle to Vehicle 

communications (V2V) for road safety and ad-hoc 

networks using the headlights are being developed [19-

23], alongside intelligent transport systems linking the 

vehicles to the transportation infrastructure [24, 25]. 

2.4. Underwater communication 
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Wireless underwater communications have always been a 

challenge because RF cannot propagate in this 

environment; however light beams can. Research is 

currently underway to bring VLC into this location for 

deep sea diver safety and communication [26, 27], 

communication and localisation of robotically operated 

vehicles [28], sensor networks [29] and long distance 

single photon detection communication systems [30]. 

2.5. Location based systems (Indoor & 
outdoor) 

Location estimation and positioning systems both indoor 

and outdoor are important both to guide you where you 

are or going to, and even autonomous robot control. With 

many techniques postulated [31-33], VLC can offer 

accurate positional data without the need to deploy an 

additional sensor network infrastructure, and use the 

lighting that already exists. 

3. Investigation into VLC transmit Power
requirements 

The communications power requirements for a typical 

VLC system can be calculated through the power link 

budget. The link budget is defined by:  

𝑃𝑟𝑥dBm = 𝑃𝑡𝑥𝑑𝐵𝑚 + 𝐻(0)dB − 𝐿𝑚dB, (1) 

where PrxdBm is the received power in dBm, PtxdBm is the 

transmit power in dBm, H(0)dB is the line of sight (LOS) 

DC gain in dB, and finally LmdB is the link margin also in 

dB. The link margin is designed to take care of any 

miscellaneous losses such as slight angular misalignment 

or fading losses. The channel gain H(0)dB is given by [34]: 

𝐻(0) = {

(𝑚+1)𝐴𝑑𝑒𝑡

2𝜋𝑑0
2 cos𝑚(𝜙)𝑔(𝜓)cos(𝜓)

for 𝜓 ≤ Ψ𝑐 ,
0,  otherwise

 ,         (2) 

𝐻(0)dB = 10log10(𝐻(0)),        (3) 

where m is the LED Lambertian order and is related to the 

LEDs semi angle at half illuminance LED (m = -

1/log2(cos(LED))), Adet is the detectors active area (m
2
),

d0 is the distance between the transmitter and receiver 

(m),   is the angle of irradiance, g(𝜓) is the concentrating 

lens gain related to the materials refractive index n and 

the field of view Ψc (g(𝜓) = n
2
/sin

2
(Ψc)), and finally ψ is

the angle of incidence. All parameters of the DC gain are 

depicted in Figure 1. Through substitution of the received 

power PrxdBm, with the receiver sensitivity (or the 

required received power) PDsdBm, and rearranging (1), it 

is possible to find the minimum required transmit power, 

i.e.:

𝑃𝑡𝑥𝑑𝐵𝑚 = 𝑃𝐷𝑠dBm − 𝐻(0)dB + 𝐿𝑚dB.  (4) 

Figure 1 VLC LOS DC gain model parameters. 

The simulation parameters are outlined in Table 2. 

Table 2 Simulation parameters 

Simulation parameter Value 

LED semi angle at half illuminance,LED 60 deg 

Detector area, Adet 1 cm2 

Concentrator refractive index (glass), n 1.5 
Receiver FOV, Ψc 15 deg 

Distance between LED and receiving plane 2 m 

Receiver sensitivity, PDsdBm PIN   =  -30 dBm 

APD =  -40 dBm 

3.1. Simulation results and discussion 

The first set of results in figure 2 show the channel DC 

gain over a receiving plane (RP) with an area of 9 m
2
 (3 x 

3 m
2
) using the parameters outlined in Table 2. The 

transmitting LED is placed at the centre of the 

transmitting plane (coordinates 0, 0). It is assumed that 

the receiving PD is pointing with the normal directed at 

the transmitting plane as shown in Figure 1. The channel 

DC gain ranges between -35.73 and -36.33 dB, equivalent 

to 267 and 233 μW/W.  It also shows that the 

communications foot print covers an area approximately 

0.79 m
2
 stretching 0.5 m symmetrically around the centre 

point.  

ΨC

y

  LED 



d

LED

PD/APD + 

concentrator
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Figure 2 (a) surface plot and (b) contour plot of the 
LOS DC gain along the receiving plane 

It must be noted that it may not always possible to have 

the receiving PD normal to be pointing directly at the 

transmitting plane. For comfort reasons and ease of 

access, it may be necessary to tilt the receiver (through 

angle α) if it is fixed to a device such as a laptop or a 

tablet. This is demonstrated in Figure 3 where the PDs are 

situated on (a) the laptop lid (the normal shown in the 

dotted line), and (b) the front of the tablet (shown in 

black)). This angular misalignment has an effect on Eq (2) 

and altering the DC gain of the channel. 

Figure 3 the angular misalignment α of the PD on (a) 
Laptop and (b) Tablet 

The misalignment angle has been simulated for α ∈ {5, 

20} degrees.  The results are shown in Figure 4. 

Figure 4 (a - b) surface and contour plot for α = 5
o
,

and (c – d) surface and contour plot for α = 20
o

Figure 4 demonstrates how the angle α not only effects 

the maximum DC gain of the channel but also the 

distance and area through which the OWC link is 

achievable. For the case of α = 20
o
 the link distance has 

increased to around 1.3 m over the 0.5 m of the case in 

Figure 1 where α = 0
o
. However, the DC gain has dropped 

by 2 dB. Thus allowing for a link margin of 2 dB in Eq 

(4), it is possible to take the case for α = 0
o
 (the best 

condition), and ensure that the link is available for all 

eventualities of α up to 20
o
. Hence, a transmit power of 

8.2 and -1.8 dBm would be required by the PIN and APD 

links respectively (equivalent to 6.8 mW and 680 μW).  

3.2 Comparing VLC and Wi-Fi transmit 
power 

Table 3 outlines the transmission power of 

conventional and low power 802.11 Wi-Fi standards [35], 

and the equivalent transmission power required through 

VLC. The numbers of OWC links needed to reach the 

same power of the Wi-Fi links are also outlined.  

Table 3 Comparison of the transmit power required 
by VLC and Wi-Fi 

Wi-Fi PIN APD 

conventional low power 

Power (mW) 820 350 6.8 0.68 

Conventional* ~ ~ 117 1,200 

Low Power* ~ ~ 50 514 
*
Number of PDs required in comparison to 

(a) (b)

α

α

(a) (b)

(a) (b)

(c) (d)
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From Table 3, it once again becomes clear that through 

the adoption of VLC for high speed wireless 

communications considerable savings can be made. Even 

for the case of the low power Wi-Fi standard the 

equivalent number of PDs required (both PIN and APD) 

would far exceed those needed to cover the same 

footprint. 

4. Future possibilities

The applications for VLC are continuously growing in 

number with new uses being discovered on a regular 

basis. The LED technology is also advancing, incessantly 

producing brighter and more energy efficient devices. 

Although they may soon be superseded by the cheaper to 

manufacture, more efficient, large area organic LED 

(OLED) that can be made into any shape, and dependent 

upon the substrate they are fabricated on can also be made 

to be flexible. OLEDs have already penetrated the 

commercial market in televisions, mobile phones, media 

players, watches, advertisement signage, panel lighting 

and have even been incorporated into safety clothing. 

Large companies, such as Phillips, Samsung, Motorola 

and Sony Ericsson are currently investing millions of 

dollars into their OLED research and development 

programs. This has also spurred on the communications 

industry and academics to incorporate OLED technology 

into VLC [36]. However, it must be noted that OLEDs 

and especially large area panel OLEDs cannot be 

modulated at the high speeds achievable by their non-

organic counterparts, and a lot of effort is being spent 

investigating equalisation techniques overcome this [37, 

38]. But it must also be noted that not all VLC 

applications require high speed data transmission. There 

have also been studies conducted on the suitability of 

OLED panelling as a lighting and communications device 

within the home. It was found that with the optimal layout 

and positioning of the OLED panels, and with the suitable 

driving electronics, high speed data broadcasts (>10 

Mbps) at standard illumination levels (>500 Lux) can be 

achieved [39]. 

5. Conclusions

Carbon emissions are one of the biggest issues of the 21
st
 

century and the devastation it is causing to our planet. 

And with the current population growth rate, the problem 

is only set to get worse. Therefore, it is our duty as a 

collective species to increase our efforts towards reducing 

CO2 emissions. We can achieve this on an individual 

basis through the adoption of LED technology and the 

abstainment from incandescent and CFL bulb use in our 

homes and offices. This paper has shown that with LED 

and OLED technology further advancements in the 

reduction of our carbon footprint can be made in almost 

every aspect of our modern lives and that VLC can 

dramatically reduce the power drain by an order of 

magnitude that is currently produced by the ICT. 

Employing LED spotlights for the data communications 

would require more than 117 and 50 PIN links; or, 1,200 

and 514 APD links to surpass both Wi-Fi standards. 

Hence VLC is a viable, future proof method for a greener 

more sustainable future. 
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