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ABSTRACT

Indoor visible light communication (VLC), using white-LED lighting,ngeally assumes lights are ON during
communications. In this paper, we propose a new Hybrid diffisaréad transmitter (HDIrT) coupled with an
imaging receiver to support VLC system when the light is dimmasd tmtally turned off. Infrared (IR) optical
communications boasts similar advantages as VLC systems. It canr@stdephigh transmission rates. The
ultimate goal of our proposed system is to increase the signal ® nadis (SNR), mitigate the channel delay
spread and the effect of inter-symbol-interference (1SI) when thersysperates at a high data transmission
rate. The delay spread is reduced from 1.55 ns to about 0.1ams avharrow filel-of-view (FOV) imaging
receiver replaces a wide FOV non-imaging receiver. At a higher data rate 8b&,5the simulation results
show that the imaging HDI'T system achieves about 17 dB SNR in #sermme of multipath dispersion,
receiver noise and mobility.

Keywords. Hybrid diffuse transmitter, mobile optical wireless, sigtmhoise ratio, imaging receiver.

1. INTRODUCTION

Over the last decade, visible light communication (VLC) has gained seriouseratisid in various research
circles [1]-[6]. The concept of VLC systems revolves around theofiight emitting diodes (LEDs) for both
lighting and communications. The main drives for this new techndlogyde the recent development of solid
state lighting, longer lifetime of high brightness LEDs compared to dadhificial light sources such as
florescent and incandescent light bulbs, data security at the physical layaptitad signals are typically
contained in the room in which they originate), high data rate, lowepowensumption and green
communications 4]-[3]. The first VLC system was introduced in 2003 at Nakagawa Laboratotgeio
University, Japan [2]. This generated a lot of interest worldwide and ladtter research and development.
The dual functionality of VLC system (i.e., lighting and communicat&ingiltaneously from LEDs) has led to
a number of significant and variable applications that include indoor posili¢ad and 3D) and navigation
systems, vehiclés-vehicle communication, under water communication, aircraft and hospital cdoatiom
[1]-[3].

Recently, many researchers have studied and demonstrated high-speagsik@ Gvhite-LEDs for indoor
communications [3]-[7]. However, the accomplishment of high trangmisates is a demanding task. This is
due to the slow response of phosphor, which limits the modulagiodwidth of white LEDs to a few MHz [1]-
[2]. There are however, some approaches that aim to improve theatima bandwidth of white LEDs. This is
achieved for example by employing different equalization schemes incltltingse of simple on-off keying
(OOK) together with simple first order RC equalization circuits [4] ortqegsialization at the receiver [5].
Another method has also been proposed to achieve high speed tramsmipsio 513 Mb/s, uses Discrete
Multi-tone Modulation (DMT) in combination with Quadrature Amplitude Modulati®AM) [6]. In [7]
researchers proposed a 3 Gb/s VLC system that employs orthogamagricy division multiplexing (OFDM
and a Gallium Nitride uLED. OFDM is employed as a modulation scheme, in addiéioangl post-equalization
techniques are used, as well as adaptive data loading in order to achievelBi&tsrth noting here although
the state of the art VLC Gb/s system is able to achieve 3 Gb/s, it requirefexaigmal processing and
advanced modulation formats. Additionally, there is an issue witlg W4.C systems when the user dims the
light or totally switches it off. Radio frequency RF can be used as lkupacHowever, achieving a high
transmission rate (up to Gb/s) and security are the most challenging parts.

In this paper, we propose a new Hybrid diffuse Infrared transn(iieirT) that utilizes a Laser diode (LD)
source to support VLC systems when the light is dimmed or isytaaitched off. IR optical communications
has the same advantages as VLC systems. It can also provide highids#ors rates similar to VLC systems
and potentially higher data rates (data rate up to 10 Gb/s employing OOHKatiwduan be achieved) [8]-[12].
This is mainly because of the wider modulation bandwidth of LDcesuused in IR optical wireless instead of
white LEDs. Despite these advantages, wireless IR systems encounter twoimpagoments. The first is
concerned with sensitivity to additive shot noise owing to sunlighttificial background lighting. The second
is the multipath dispersion associated with reflections from walls, ceilingommd surfaces and the non-liné-
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sight (non-LOS) transmission of optical wirele€8X) signals. Variousechniques have recently been proposed
to combat the impairments of IR systems, and higher bit rates kameabhieved [9]-[18]. Adaptive multi-beam
OW links can provide high-speed communication with the potential fogoly data rates well beyond 10 Gb/
[9]-[12], with full mobility. However, such high data rates have t@tbe experimentally demonstrated.
Experimental multi-gigabits IR systems with limited mobility havenbsaccessfully demonstrated in [13]-[18].
Our goal in this paper is to achieve high data rates when the VLC sibtgmting is switched off, by employing

a hybrid system (HDIrT) coupled with a custom design imaging receier reminder of this paper is divided
into sections as follows: Section 2 explains the system design aael wf our proposed system. Link budget
and simulation results are given in Section 3. Finally, conclusions ave éh&ection 4.

2. SYSTEM DESCRIPTION AND M ODEL

2.1 System Design

Fig.1 shows the IR communication architecture of our proposednsy3tee transmitter consists of a hybrid
diffuse IR source (HDIrT) located at the centre of the ceiling, whictpoavide a direct LOS link at the receiver
on the communication plane (CP). In this case, the majority ofdivemis collected from the direct link and
lower power is collected through reflections. Our proposed transmitter{jDdes a single-wide beam source,
typically with a Lambertian pattern where the transmitted optical signal fullyséi$f over the environment. The
IR transmitter is connected to all visible light sources viarfilmks (to link to main network in the building) and
simple control circuits. When the light is dimmed or the received optical plallebelow a certain threshold,
the receiver sends a feedback signal at low rate to the VLC transmitteden tor switch the link to the
supporting HDIrT system.

The receiver consists of VLC and IR detectors connected througtieatronic switch to control their
functions. In this study we examine the conventional wide fitediew (FOV) non-imaging receiver and also a
custom design imaging receiver proposed in [9], [12]. The imagiogiver offers two main advantages over the
traditional non-imaging receivers. Firstly, all detectors share a common t@toefe.g. a lens). Hence, it can
be fabricated in a smaller size and costs less. Secondly, all photodetentdms pkaced on a single plane.
Therefore, the designer can opt to use a larger number of detectommaithdetector area and narrow FOV.
This reduces the impact of multipath dispersion and reduces thecdupgititance associated with large area
detectors, consequently improving the receiver bandwidth.

IR source
D (HDIT)
A LED

3 Receiver

Communication Plane (CP)

4 -
+ >
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Figure 1. IR communication architecture for our proposed HDIrrgyste

2.2 System Model

In indoor IR communication links, intensity modulation and direct detediiiDD) is a suitable simple
approach that is widely used. The indoor OW IM/DD channel can be fullytifiddnby its impulse
responseh(t) and this can be modelled as a baseband linear system given by [8]-[10]

1(t,Az,El) = ¥ _ Rx(t) ® h,,,(t, Az, El) + X _, Rn(t, Az, El) (1)
where I(t, Az, El) is the received instantaneous current in the photodetector at certain podit®ris m
refelcting elementg; is the absolute timelz andEl are the directions of arrival in the azimuth and elevation

angles,M is the total number of receiving element§t) is the transmitted instantaneous optical poer,
denotes convolutior® is the photodetector responsivity. Finalh(t, Az, El) is the background noise which is
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independent of the received signal and is modelled as white and Gaussias stndy, we do not consider the
background noise from other artificial lights, since the light is offwthe IR communication link is use@ue

to the nature of diffuse transmission and the fact that the optical raystheaateiver through multiple paths
eadt with different length and delay, IR links are affected by multipathedssgn. Multipath dispersion in turn
results in the introduction of inter-symbol-interference (ISI). The noedn square delay spredelS is a good
measure of signal spread due to temporal dispersion. The delagl spraa impulse response is given by [8],
[18]:

DS = J (Swilti— )?P2) / SwiP?  where =S t;P2 / S P2, @

wheret is the time delay associated with the received optical pewandy is the mean delay. To examine the
effects of multipath dispersion on indoor OW systems, a propagsitiiator was set up for the case of an
empty room with dimensions of 4m (width) x 8m (length)mm @eight). Prior findings have established that
plaster walls tend to reflect light rays in a form close to a Lambertiastidan[2], [8]. Therefore the walls
(including the ceiling) and floor are modelled as diffuse elements reftéctivity coefficients of 0.8 and 0.3
respectively. To simulate the behaviour of the rays upon reflecting thhe surrounding surfaces, the reflecting
surfaces of the room are sub-divided into a small number of equally, sefltting elements with aredA.
These reflecting elements retransmit the received signal from their centres fonnthof a diffuse pattern. The
rays that were reflected up to a maximum of second order reflection wesiele@d [10], [19]. More details
about the model of the room (total number of reflecting elements, seacbfelement and the time bin used) are
explained in our previous works [L10[L1], which can be adapted and extended to our new hybrid system
(HDIrT).

The Hybrid transmitter is positioned at the centre of the room at4@m3m) and is pointed downwards and
emitted 1 W with an ideal diffuse pattern. Exposure to optical radiatiorclatmwer levels can be hazardous to
the skin and eyes. Nevertheless, different techniques can be uselilice the impact of the high laser power
such as extending the source size, destroying its spatial coherenckalagrgms mounted on the transmitter or
the use of arrays of transmitters. Pohl et al. have shown thatssmirce may use an integrating sphere as a
diffuser to emit optical powers in the range 100mWW [20]. Therefore, a transmitter power of 1 W will be
assumed. Furthermore, the SNR improvement of our imagingnsysoposed in Section 3 is used to reduce the
transmit power to 100 mW, reducing the power density on the diffusehelping with eye safety.

To help understanding the characterization of the received data, the réesiveren placed in various locations
over the CP, a planem above the floor, as shown in Fig.1. A wide FOY¥ non-imaging receiver is coupled

with our proposed system. Moreover, a custom design imaging ee¢eivsed to reduce the impact of multipath
dispersion. In this work, we employed the imaging receiver desigpoped in [9], [12]. It is comprised of a

single imaging lens and detector array that is subdivided into 200 pixels.eGhieer detector array has a
photosensitive area @fcm? and each pixel has an individual arealahim?. The reception zone of each pixel

(on the ceiling) is varied as the receiver terminal moves around theawer the CP. The calculation of the new
reception zone associated with each pixel is discussed in detail in [Etaldulation of the received optical

power is discussed in [8], [10]. The Simulation results were obtainedriaus receiver positions within the

indoor environment.

3. LINK BUDGET AND SIMULATION RESULTS

3.1 Link Budget

In IM/DD the received optical power at the detector is converted to electrical current. OOK d8niplest
modulation technique for IR systems. It uses a rectangular pulse wétioduequal to the bit period. Takimiy,
andP, , the power levels associated with logic 1 and logic O, respectively, ictoraic(hence ISI), the SNR is
given by [19]:

SNR = (M)Z ®3)

opt+0q

whereR is the responsivity of the photodetector which in our cas® is 0.6 A/W. 5, ando; are the noises
associated with the signal and can be calculated from [19]:

0y = /agr + oZ, + 0% ando; = ’agr + o, + 04 (4)

where g7, represents the receiver noise which is a function of the design usedef@retamplifier. g,
represents the background shot noise component. Since the HDIrT systate®mwhen the VLC system is off



(dark area), we ignore the background noise component. The compdriee noise that is a direct result of the
received signal power consists of two elements. The first eleisiéine shot noise componeng, which is the
noise associate with,, and the second elemenii§, associated witl?,;. These components can be calculated
from:

050 =+/2 X q X Psg X R x BW andoy; = /2 X q X Ps; X R X BW (5)

whereq andBW are the electron charge and the receiver bandwidth, respectively. Higtaed of 1.25 Gb/s
and 2.5 Gb/s are evaluated in our proposed HDIrT system. We useédhapjifier design proposed in [21].

3.2 Simulation Results

This section explores the performance of our proposed system (HDhder the influence of multipath
dispersion, receiver noise and mobility. The proposed system watatdth to generate power distribution,
delay spread and SNR. Spatial distribution of the signal power at various Igcg@or a useful visualisation of
the power variation in the room, where the received optical power decreaasedstthe room corners, as shown
in Fig. 2. The received optical power of our proposed HDIr'T wigingle wide FOV receiver has its maximum
value at the room centre where our transmitter is located. This enhandégmhes to the short distance between
the transmitter and the receiver. Comparison of the channel delay spfeadgproposed system using different
reception techniques, imaging and non-imaging receivers, is giveig. 3. The receiver moves along the x=1
m line. The delay spread result of our imaging system is quoted e system employs selection combining
(SC) to select the imaging receiver pixel with the best SNR [10]. Thénmaging receiver system shows much
more signal delay spread due to the wide receiver FOV (POY-=which accepts a wide range of rays with
different path lengths from the transmitter to the receiver. The delaydspfeaur proposed configuration is
reduced from almost 1.55 ns to 0.1 ns when an imaging reaeipkces the non-imaging receiver. This is
attributed to the narrow FOV associated with each pixel, which limits thereagéved by using 200 small
FOVs (11.3°) pixels and selecting the best imaging receiver pixel result. Note that mavdtimicombining
(MRC) can be used to combine the signals from all the pixels of thggrigneeceiver [9], [12], which will result
in higher SNR.
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Figure 2. The received optical power of our proposed system usladg-@V receiver with total
transmission power equal to 1 W.
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The SNR evaluation of the Hybrid HDIrT configuration, employing imggand non-imaging receivers, is
performed under the effect of receiver noise, mobility and multipatragetipn. The proposed system is set to
operate at 1.25 Gb/s and 2.5 Gb/s with photodetector areasidf (hon-imaging receiver) andrim? (imaging
and non-imaging receivers). A small detector area is needed to redudgtittapacitance, hence improving the
receiver bandwidth. The SNR result of our imaging receiver is givem e system employs maximum ratio
combining (MRC). SNR calculations associated with the MRC technique ciutd in our previous work in
[9]. The SNR results of the proposed systems are shown in4-{@3$ and (b), when the receiver moves near to
the wall, at 1m steps along the x = 1 m line. Our proposed HDIrT wié riéceiver withl cm? detector area
achieves around 24 dB SNR when the system operates at 1.25 Gbkverothe detector capacitance is
proportional to its active area. This means that if the active area of théodésetarge, such a$ cm?, the
detector capacitance will be large, which results in a restriction on the achievableadband herefore the
detector active area has to be reduced at higher data rates. Reducing the alet@dto inm? will lead to a
reduction in SNR to about 40 dB, see Fig 4 (a). Our imaging exceith HDIrT performs better than the non-
imaging wide FOV receiver. This is due to the ability of the imaging receoscombine the signals from the
optimum pixels that observe the best received signal during mobiligyifiaging receiver uses a large number
of detectors with a narrow FOV and small detector area. Our proposethsy4DIrT) coupled with 200 pixels
imaging receiver provides around 29 dB and 17 dB SNR at 1.25aGt/2.5 Gb/s, respectively, under the effect
of multipath dispersion, receiver noise and mobility. The SNR improveotgained in our imaging system
allows us to reduce the total diffuse transmission powdl0tomW level. The SNR achieved in this case was
about 9.8 dB at 1.25 Gb/s. Forward error correction (FEC) can baaseduce the BER form0~3 to 1072 in

our proposed imaging system.
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Figure 4. The SNR results of our proposed system with (a) nonfighagceiver and (b) imaging receiver, when
the transmitter transmits Pt=1W and 100 mW and operates at 1.2&r@k2s5 Gb/s and while the receiver
(with A=1 cm?and1 mm?) moves along x=1m line.

4. CONCLUSIONS

In this paper, a new hybrid IR (HDIfT) system to support Mdnmunications is introduced. The proposed
system is coupled with non-imaging and imaging receiver iardadimprove the received optical signal SNR in
the presence of multipath dispersion, receiver noise and mobility. Tlgngmeceiver is shown to be efficient
in reducing the channel delay spread from 1.55 ns (non-imagaegver) to about 0.1 ns. Simulation results
show that the proposed system coupled with imaging receiver actaemaadd 29 dB and 17 dB SNR at 1.25
Gb/s and 2.5 Gb/s, respectivellfurther improvement of our new proposed system can be achiey
employing more than one IR source and by distributing thasees® on the ceiling (for example, attached to
white-LED sources).
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