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Abstract—Recent developments in solid-state light-emitting diddel) materials and devices is
driving a resurgence into the use of free-space optics (F8OWireless broadband communi-
cation. This technology uses the visible spectrum proviggtwhite” LEDs that are becoming
ubiquitous in lighting and has some desirable propertiespaditive with existing radio frequency
(RF) communications. By leveraging the low-cost nature of kaDd lighting units there are many
opportunities to exploit this medium for widespread ogtmanmunication deployment. The op-
tical medium, however, has particular characteristiaduiting directionality and susceptibility to
noise sources in the visible spectrum that must be managed.

In this paper we present a new indoor FSO system, also knoanwiagble light communication
(VLC) system that addresses achieving satisfactory da¢a thtough diffuse link while support-
ing mobility under line of sight (LOS) constraints. The grstmodel is presented with theoretical
performance analysis indicating a promising rate for indsenarios. The new VLC prototype
that can deliver in excess of 1 Mbps while providing bothrilination and communication at sev-
eral meters is also introduced with technical details.

Keywords: Visible light communications, optical wireless commuricas, free-space optical,
mobility, line of sight.

*In Proc. 16th European Conference on Networks and Optical Communications (NOC 2011), part of the 16th
European Conference on Networks and Optical Communicaofith Conference on Optical Cabling and Infras-
tructure, July 2011. This material is based upon work suppdry the National Science Foundation under Grant No.
EEC-0812056. Any opinions, findings, and conclusions comamendations expressed in this material are those of
the author(s) and do not necessarily reflect the views of #it@Nal Science Foundation.

1



1 Introduction

RF communication is an incumbent and evolving technologihl&have high utility for the in-
definite future. However, there are both opportunities whih use of free space optical spectrum
and some limitations on the use of RF. RF suffers from severadtcaints that prevent it from
being used in certain scenarios. For next generation ofegisecommunication technologies, with
the development of new laser diodes (LD) and LED materigsearchers [6] believe that FSO
presents a viable and promising supplemental technolothet®F system by enabling the use for
short range indoor applications in addition to previousloot long range cases. Nowadays, due
to the development of new energy-efficient LED materials@d@dces, replacing old incandescent
and fluorescent lights with “white” LED lights will undoulatly happen in the future [1]. These
small and power-efficient devices give rise to more intémgsivireless communication applica-
tions for both indoor and outdoor scenarios as a medium fatutlaed FSO communications.
Researchers are attracted by the opportunities here beafahedow-cost and volume production
of LED devices for lighting [2—6].

Pang et al. constructed a system with visible LEDs for trdifjut-based communications in
1999 [7]. The group set up the system with 441 red ultra-lbriidtDs in the lab over 20 meters.
The system can achieve a rate at 128 kbps.

The prototype developed by Douseki et al. [8] is a indoor i@ptibn for communication within
a range of 40 cm deployed as a desktop lamp without batté?mser is derived from a solar cell
which also acts as a photon detector for receiving data. gifoiotype can support transmission
up to 100 kbps under illumination at the distance 40 cm.

The prototype described by Wada et al. [9] is an extensionpptelated system [10] in a long-
range outdoor application. It uses a LED array for traffibligs a transmitter and a high speed
camera as a receiver. The authors claim it can achieve a gffeed8 kbps within 4 m under
laboratory conditions.

At the University of Oxford, Minh et al. have developed a pigpe [11] that can achieve 100
Mbps. However, currently it only works for a very short dista (10 cm).

Little et al. at Boston University demonstrated a short raf@ga) duplex point-to-point white-
LED system with the rate of 56 kbps [12] developed with readiailable electronics and LEDs,
demonstrating the viability, simplicity, and low cost of Zlsolutions rather than their upper bound
in terms of achievable data rates.

Recently, the same team created a prototype that deliversese of 1 Mbps while providing
both illumination and communication at several meters asldeen demonstrated as an array of
seven luminaries in the form of overhead spot lighting.

The paper is organized as follows. In Section 2, fundamémialvledge of the LED character-
istics and the setup of the indoor scenario are introduce8ecttion 3, the communication channel
and path loss model for indoor VLC are discussed. The dethisir new prototype are provided
in Section 4. Section 5 concludes the paper.



2 Preliminary Framework

2.1 Room geometry

The prototype we built is for indoor applications. Therefowe consider a typical2z12x3m?
office room. In this model, the receiver is assumed to be dlatd m desktop level. There are
four transmitters locating at the ceiling level with the izon coordinates, (3,3), (3,9), (9,3) and
(9,9). Each transmitter is equipped with eight LEDs to haweugh brightness for both high speed
communication and illumination functionalities. The mbdan be illustrated in Fig. 1.
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Figure 1: Proposed FSO system model for indoor applications

2.2 Optical power analysis of LED transmitter

Even though white light can be a proper mixing of red, greed blne light, at present most
devices for illumination use a blue LED which illuminatesagér of yellow phosphor, with these
two colors mixing to create a white emission. The optical ow, of such LED is normally
obtained from radiation spectruf(\) by

AH
P= 1 S(\d\
AL

However, typically most of manufacturers only give the nalimed radiation spectruisi(\) as
in [13]. If we denote a scaling facter = S;(\)/S;()), it can be found from [15]
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whereF; is total luminous flux and’ (), the eye sensitivity function, can be approximated by the
following Gaussian curve fitting [16]

V()\) ~ 1.0196—285.4()\—0.559)2 .

In this way, we are able to have the actual optical transmitguanstead of the power consumed
by the whole transmitter, and in our system, it is 0.18 mW.

Currently, most LEDs have low modulation bandwidth of MHz daghe long response time
of the yellow phosphor. By suppressing the slow portion ingpectrum with the method of blue
filtering, the modulation bandwidth can be enhanced to 2042& [17]. Therefore, only about
50% of the total optical power is broadcasted. In the next sacti@ will discuss the performance
with and without blue filtering.

2.3 LED and photodiode parameters

Since our system needs to also support illumination, thed B&¥e to be bright enough and wide
radiation angle. After investigating several LED and pldatde chips, with the consideration
of complexity and cost, we chose LXML-PWC1-0040 [13] and SFE P14] respectively for
transmitter and receiver. Table 1 shows the parameterbdaaralysis.

Table 1: Summary of chip parameters and room setup [13, 14]
LED Parameters

Half radiation angleqx) 90°

Optical transmit power#;) | 0.18 mW (without blue filtering)

0.09 mW (with blue filtering)

Modulation bandwidth B) 2 MHz (without blue filtering)

20 MHz (with blue filtering)

Photodiode Parameters

Photodiode responsivity 0.62 A/W (870 nm)
Receiver area 1 mn?
Other Parameters
Room size 12x12x3 n?
Device height 1m
Chips on transmitter 8
Locations of transmitters (3,3),(3,9),(9,3),(9,9)

3 Channel Model with Performance Analysis

3.1 Path Loss

The channel model we adopt is from [18]. It only consider L@®d. The diffuse link model is
shown as Fig. 2. For simplicity, we consider the angle betweeeiver center line and source-
receiver line,«, as zero. That means the receiver is always pointing véytita the ceiling.
Therefore, the path loss performance can be calculated by
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Figure 2: LOS diffuse link model for path loss [18]
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in which A, donates receiver areg,) andé,,..,. are given in [13].
The difference here is the received optical power is the satimm of optical power from all
LED chips in the room.

3.2 Signal-to-Noise Ratio (SNR)

In FSO, the noise could consist of several types of noisecepwuch as unique fluorescent light
interference, thermal noise and photon-generated she¢n&hot noise, stemming from ambient
light, is a major noise source in the wireless optical comications. From [2], Conservatively,
the noise power spectral density is

No 2 Ngpor = 2¢7P, ~ 10722A? /Hz,

whereq is the electronic charge,is the responsivity ané, is the average power of ambient light.
Therefore, for certain bit rate d®, we can have the receiver electrical SNR defined in [2] for
any spot in the room,

72 P2
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3.3 Upper Bound of the Rate

The high intensity shot noise is the result of the summatiomany independent, Poisson dis-
tributed random variables. In the limit, the cumulativetidigition approaches a Gaussian distri-
bution. Therefore, currently, for most of the researchek@8 link models, the noise is modeled
as Additive White Gaussian Noise (AWGN).

Considering all possible multi-level and multi-phase emegdechniques, the Shannon theorem
states that the channel capacitymeaning the theoretical tightest upper bound on the irdtion
rate (excluding error correcting codes) that can be sehtavgiven SNR, is

C' = Blogs(1 + SNR).

Although the actual achievable rate depends on severaingdess, this rate upper bound from
Shannon theorem can still give certain evaluation of paréorce.

3.4 Bit Error Rate (BER)

The performance of BER is related to the coding and modulaionniques. In this prototype we
adopt On-Off Keying (OOK) for its simplicity and power effegicy. It is a binary level modulation
scheme consisting of two symbols. Assuming that ones arus zee equally likely, therefore, the
BER can be determined from [4] as

3.5 Performance Analysis

We first calculate four parameters without any blue filteriagd have the modulation bandwidth
2 MHz. The results show in Fig. 3. The path loss and SNR are gili2&(dB), maximum rate is
in Mbps and BER is in power of 10.

If blue filtering is adopted, the optical transmit power vk reduced to approximately half,
which is 0.09 mW. By only having the fast response portion agttkb signal shape, it is possible
to enhance the modulation bandwidth to 20 MHz. The resutis/sh Fig. 4.

From the results, even for short range LOS link, VLC stillfets from high path loss. This
situation could be even worse for outdoor applications waenospheric effects exist, such as
absorption, scattering and shimmer. However, if we comsitoor scenario as free space with
low Gaussian noise, the SNR and BER (without error correataming) of OOK modulation are
acceptable for low data rate:Mbps) communications.

At the other hand, by adopting blue filtering, it is possilmeenhance the chip’s modulation
bandwidth to as high as 10 times of the previous performaBatthe improvement of the data rate
also increases the shot noise variance, which eventuallisl® the degradation of SNR and BER.
So, simply increasing the modulation bandwidth with blufihg cannot significantly improve
the whole performance. Better modulation and coding tecles@re required with it.
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Figure 3: Path Loss (a), SNR (b), Max Rate (c) and BER of the prpéosystem without blue
filtering

4 New VLC Prototype

Many types of optical transceivers exist; some are desigmeend light through waveguides, such
as fiber-optics, and others, like the transceiver demaestrare FSO transceivers that are able to
transmit and receive data without the aid of a waveguide.ikdnmhost FSO transceiver though,
the demonstrated transceiver generates and modulatege™Wght in the visible spectrum. This
feature allows the transceiver to be used in lieu of regiggating devices, allowing this versatile
and controllable lighting to replace conventional ligigtin

The most important component of the transceivers is cugeaniED driver. The first part of
it was designed to switch current toward and away from the L&Ben the LED should be off,
current is switched away from it to discharge any capacéawross the LED. The other part was
designed to maintain the desired current through the LEDnithis supposed to be on.

The typical performance of the transceiver at 2Mbps is shimwRig. 5, with the transmitter
input as the yellow signal and the receiver output as thengsegnal. The left half shows the
operation when the transceiver is idle with the LEDs on aedigiht half shows data transmission.

Recently, as shown in Fig. 6, a new improved design whicleeslia current-mirror to regulate
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Figure 4: Path Loss (a), SNR (b), Max Rate (c) and BER of the prpéosystem with blue filtering

the current through the LEDs is available. Basically, we adogifferent configuration of tran-
sistors to eliminate the risk of a short between the +5V nad ground, which is resulted from
potential shoot-through across transistors.

Furthermore, this newer design offers many benefits oveexfsting one:

* more data sent per cycle by multi-level signaling;

» faster switch by pre-biasing the LEDs;

* reduced cost by supporting more LEDs on each driver;

* Its design is simpler, which reduces costs, improveslgiiy and facilitates modeling;

» LEDs can remain on without signal.

5 Conclusion

In this paper we propose a next generation FSO system ussiigevlight. We introduce a new
prototype that can deliver in excess of 1 Mbps and has paldnti transmitting in 10’s of Mbps.

Furthermore, we theoretically analyze the path loss, SN&, upper bound and BER of OOK
modulation for two different scenarios, without or with eliiltering. The results show that the
current system is able to support Mbps communications veiteptable SNR and BER, and with-
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Figure 5: Waveforms of transmit and receive signals

out better modulation and coding technique, blue filteriachhique alone cannot significantly
improve the system.
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