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Lay summary

In recent years, the deployment of wireless communication systems has increased steadily.

Current and future multimedia services such as web browsing, music and video downloads,

video telephony and television on demand require higher data rates, and thus enlarged

transmission capacity. This increase in data traffic largely affects the wireless data transfer

in home and office environments as the major amount of wireless data traffic is generated in

indoor environments due to home-based Internet access for instance.

The major bottleneck in coping with this growth is the available radio frequency (RF) spectrum.

Nowadays, nearly the entire RF spectrum is allocated by diverse wirelessservices. As a

result, RF spectrum gets a precious commodity and becomes scarce. The available bandwidth

constitutes a limiting factor for achieving higher transmission rates and for providing wireless

services to more and more users. Therefore, the enhancement of spectral efficiency,i.e. the

usage of the available bandwidth in a more efficient way, and the utilisation of currently

unused frequency ranges for wireless communications are in the spotlightof ongoing research

activities.

Optical wireless communications (OWC) has the potential to become a remedy forthe shortage

of the RF spectrum. With the advent of high luminance light emitting diodes (LEDs), efficient

and inexpensive illumination devices are available which will progressivelyreplace existing

light bulbs and fluorescent lamps paving the way for OWC. LEDs, being electronic devices,

represent appropriate optical transmitters which can be used in home and office environments.

However, off-the-shelf LEDs have a limited modulation capability,i.e. they can only be

switched on/off up to a certain speed. Therefore, there is limited bandwidth for practical OWC

systems. Consequently, achieving large spectral efficiencies, and thushigh data rates, is of great

concern for OWC systems.

The aim of this thesis is the evaluation of spectrally efficient optical wireless transmission

techniques in indoor environments. The contribution of this research workis threefold: Firstly,

the potential of the parallel usage of several optical transmitters is analysed. It is found that the

usage of multiple optical transmitters and receivers can substantially improve the performance

of OWC. Secondly, a novel transmitter concept for OWC is proposed. This concept enables

a low-complex and power-efficient optical transmitter design compared to conventional optical

wireless transmitters which are subject to complex system implementations. Transmission

experiments prove the functionality of the implemented optical wireless transmitter.Finally,

a novel approach for wireless data transmission within an aircraft cabin ispresented. The

proposed application uses visual codes for data transmission. For proof of concept, the system

is evaluated in an aircraft cabin mock-up under realistic conditions.



Abstract

Optical wireless communications (OWC) has the potential to become a remedy forthe shortage

of the radio frequency (RF) spectrum. Especially in indoor environments,OWC could enable

wireless home networking systems which offload data traffic from existing RFsystems. In

OWC, data is transmitted by modulating the intensity of light sources, typically incoherent

light emitting diodes (LEDs). Thus, OWC systems employ intensity modulation (IM) and

direct detection (DD) of the optical carrier. Since off-the-shelf LEDs have a limited modulation

capability, the transmission bandwidth of practical OWC systems is restricted. Consequently,

the available bandwidth has to be used efficiently.

In this thesis, spectrally efficient optical wireless transmission techniques are evaluated. Firstly,

multiple transmitter-receiver techniques are investigated. These multiple-input-multiple-output

(MIMO) techniques provide high spectral efficiency, and therefore high data rates. Specifically,

the MIMO techniques repetition coding (RC), spatial multiplexing (SMP) and spatial modula-

tion (SM) are analysed for indoor OWC. The performance of these techniques is evaluated

analytically and by means of computer simulations. It is shown that inducing power imbal-

ance between the multiple optical transmitters can substantially improve the performance of

optical MIMO techniques as the power imbalance improves the differentiability of the multiple

channels. In addition, it is found that link blockage and the utilisation of transmitters having

different optical wavelengths enhance channel differentiability as well.These methods enable

the utilisation of optical MIMO techniques under conditions which typically disallow the ap-

plication of MIMO schemes due to little differences between the multiple links.

Secondly, a novel optical wireless transmitter concept is developed. Thisconcept uses dis-

crete power level stepping to generate intensity modulated optical signals, such as orthogonal

frequency division multiplexing (OFDM) waveforms. The transmitter consistsof several on-

off-switchable LED groups which are individually controlled to emit scaled optical intensities.

As a result, the digital-to-analogue conversion of the signals to be sent is done in the optical

domain. This method enables the implementation of low-complex and power-efficient optical

transmitter front-ends – the major shortcoming of conventional optical OFDM transmitters.

Thirdly, a novel approach for wireless data transmission within an aircraft cabin is presented.

The data is transferred by2-dimensional visual code sequences. These sequences are displayed

on the in-flight entertainment (IFE) screen and are captured by the built-incamera of a user

device which acts as receiver. Transmission experiments within an aircraft cabin mock-up

demonstrate the functionality of the implemented system under realistic conditions,such as

ambient illumination and geometric configuration.

Altogether, this thesis has analysed the potential of spectrally efficient optical wireless trans-

mission techniques. It is shown that OWC systems can greatly benefit from these techniques.
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Chapter 1
Introduction

In recent years, the deployment of wireless communication systems has increased steadily.

Current and future multimedia services such as web browsing, music and video downloads,

video telephony and television on demand require higher data rates, and thus enlarged

transmission capacity. Moreover, the demand for mobility, ubiquitous connectivity and

pervasive communications is tremendously increasing. Figure 1.1 illustrates the global mobile

data traffic growth for the years2009 to 2012 ascertained by Cisco [1, 2]. As shown, the
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Figure 1.1: Global mobile data traffic growth. Source: Cisco Visual Networking Index [1,2].

global mobile data traffic has more than doubled each year from2009 to 2011 with a slight

decrease in2012 due to the increasing offload of mobile traffic onto wireless local area

networks (WLANs). According to Cisco’sGlobal Mobile Data Traffic Forecast[2], this

growth is predicted to persist. For instance, the projections say that

• the number of mobile-connected devices will exceed the worlds population bythe end of

2013 and by2017 there will be1.4 mobile devices per capita.

• the average smartphone will generate2.7 GB of traffic per month in2017 which is an

eight-fold increase over the2012 average of342 MB per month.
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Figure 1.2: Global mobile data traffic forecast. Source: Cisco Visual Networking Index [2].

• the average mobile connection speed (526 kbit/s in 2012) will surpass1 Mbit/s in 2014

and will exceed3.9 Mbit/s in 2017.

Moreover, Cisco forecasts that the global mobile data traffic will increase13-fold between

2012 and2017 resulting in a compound annual growth rate of66 %. Figure 1.2 illustrates this

global mobile data traffic forecast. In2012, the global mobile data traffic was885 petabytes

per month. This amount of traffic was nearly twelve times larger than the total global Internet

traffic in 2000 which was75 petabytes per month. It is predicted that the monthly global mobile

data traffic will surpass10 exabytes in2017.

This increase in mobile data traffic also affects wireless data transfer in homeand office

environments. The major amount of wireless data traffic is generated in indoor environments

due to home-based mobile Internet access and telephony. For instance, more than50 % of all

voice calls and more than70 % of data traffic are generated indoors [3]. According to [2],

there were161 million laptops on the mobile network in2012, and each laptop generated seven

times more data traffic than an average smartphone. Within a user’s home, the data traffic

generated by mobile and portable devices can be offload from mobile networks to WLANs. In

2012, 33 % of the total mobile data traffic was offload,i.e. 429 petabytes each month. Without

offload, mobile data traffic would have grown by96% rather than by70% in 2012. This mobile

offload will increase to46 % (9.6 exabytes per month) in2017 [2]. Consequently, there is a

largely increasing demand for wireless data transmission in indoor environments.

2



Introduction

The major bottleneck in coping with this growth is the available radio frequency (RF) spectrum.

Nearly all of the RF spectrum in the range of3 kHz to300 GHz is allocated by diverse wireless

services and applications [4, 5]. As a result, RF spectrum gets a precious commodity and

becomes scarce. For instance, as more and more WLANs are being installedin home and

office environments, the unlicensed industrial, scientific and medical (ISM)frequency band gets

congested and spectral interference increases. If several RF communication systems operate

in the same frequency band (at the same time and within the same area), the overall system

performance is largely degraded due to mutual interference. In fact, theavailable bandwidth

constitutes a limiting factor for achieving higher transmission rates and for providing wireless

services to more and more users. Therefore, the enhancement of spectral efficiency,i.e. the

usage of the available bandwidth in a more efficient way, and the utilisation of unused frequency

ranges above300 GHz for wireless communications are in the spotlight of ongoing research

activities.

1.1 Multiple transmitter-receiver techniques for wireless

communications

Multiple transmitter-receiver techniques have gained much attention in the field of RF

communications as they enable large spectral efficiencies and improve the performance of

wireless systems [6–10]. Therefore, these techniques are an appropriate means to mitigate

the scarcity of available bandwidth. In addition to conventional data transmission in the time

and frequency domain, multiple transmitter-receiver techniques exploit the spatial domain

for data transmission. The benefits of these techniques rely on multipath signalpropagation

and on the fading effects of wireless channels caused by reflection, diffraction and scattering.

These effects induce characteristic “spatial signatures” of the multiple wireless links which are

exploited by the communication system to achieve better performance.

Due to their potential, multiple transmitter-receiver techniques are already widely used in

several RF communication systems. For instance, multiple transmitter-receivertechniques are

employed in WLAN standards such as Institute of Electrical and Electronics Engineers (IEEE)

802.11n to provide data rates of100 Mbit/s and higher [11] as well as in third-generation (3G)

and fourth-generation (4G) wireless communication systems [12–17]. As shown in Figure 1.3,

multiple transmitter-receiver techniques can be characterised by four basic configurations
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depending on the number of antennas at the transmitter (TX) and at the receiver (RX):

• single-input-single-output (SISO) systems employ only one transmit and onereceive

antenna. This configuration represents conventional single antenna transmission systems.

• single-input-multiple-output (SIMO) systems employ one transmit antenna and several

receive antennas.

• multiple-input-single-output (MISO) systems employ several transmit antennas and one

receive antenna.

• multiple-input-multiple-output (MIMO) systems employ several transmit and several

receive antennas.

TX RX

(a) single-input-single-output (SISO)

…TX RX

(b) single-input-multiple-output (SIMO)

…TX RX

(c) multiple-input-single-output (MISO)

… …TX RX

(d) multiple-input-multiple-output (MIMO)

Figure 1.3: Illustration of different multiple transmitter-receiver configurations.

Besides these four configurations, multiple transmitter-receiver systems can be categorised

in three types according to their implementation and functionality [18]. The firstcategory

comprises spatial multiplexing techniques. Spatial multiplexing techniques send independent

data sequences from several transmit antennas at the same time. This parallel data transmission

provides a multiplexing gain, and thus enhances transmission capacity by enabling higher

data rates. This gain is achieved without any increase in transmission poweror bandwidth.

The total transmission power is split between the several TX antennas whichsimultaneously

transmit in the same frequency band. Consequently, given a fixed transmission bandwidth,

the spectral efficiency is enhanced resulting in more bits per second per Hertz. The Bell

Laboratories layered space-time (BLAST) technique originally proposedby Foschini [7] is a

well-known spatial multiplexing scheme. By using the BLAST architecture, the data sequence

to be transmitted is demultiplexed into a number of parallel substreams (corresponding to the
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number of transmit antennas) which are modulated independently. These substreams, also

referred to as layers, are simultaneously emitted by the multiple transmit antennas. As the

substreams are transmitted in parallel in time and frequency, they superimposeat the receiver

leading to inter-channel interference (ICI). The performance of spatial multiplexing techniques

mostly relies on the separation of the parallel data streams. In order to correctly reconstruct

the transmitted data at the receiver, the multiple links must have different spatial signatures

which have to be known at the receiver. The propagation characteristics induce distinctive

differences between the multiple links which are evaluated by the receiver toseparate the

superimposed substreams. The separation is done by using specific decoding algorithms such as

zero-forcing (ZF) or successive interference cancellation (SIC).For these algorithms to work

properly, the number of receive antennas must be at least as large as the number of transmit

antennas. Depending on the actual configuration, the BLAST technique can achieve more than

40 bit/s/Hz [19], and thus outperforms conventional SISO systems to a large extent assuming a

single link.

The second category of multiple transmitter-receiver systems is based on spatial diversity.

These systems rely on the transmission and/or the reception of redundant signals which contain

the same information. This redundancy improves the reliability of the wireless transmission by

reducing the bit error ratio (BER). The BER is the ratio between the number of erroneously

received bits and the total number of transmitted bits. Typical BER values areabout10−3 for

voice transmission and about10−7 to 10−5 for data applications. If the receiver is equipped

with several antennas, like a SIMO system for instance, the receiver is able to capture multiple

replicas of the same transmitted signal. Hence, an enlarged portion of the emittedpower can be

collected. If the antenna spacing is large enough (typically in the range of the signal wavelength

or larger), the multiple wireless links can be considered as largely independent. Consequently,

the outage probability of the entire link is significantly reduced compared to a conventional

SISO system. As a result, the multiple receptions provide a diversity gain [20]. According

to Tse et al., a transmission system has a diversity gaing if its average error probability

decays for large signal-to-noise ratio (SNR) like SNR−g [21, 22]. In order to exploit diversity

reception, the receiver combines the multiple signal replicas. There are various combining

techniques such as selection combining (SC), where only the signal with the largest SNR is

processed. All other signals are neglected. Hence, SC can also be considered as an antenna

selection scheme. In contrast to SC, maximum ratio combining (MRC) weights the received

signals according to their individual SNR and combines all of them for further processing.
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As a result, MRC maximises the SNR at the combiner output [23, Ch. 7.2.4]. A simplified

version of MRC is equal gain combining (EGC) which weights all signals equally before they

are combined. Besides diversity reception, there are also techniques which provide transmit

diversity. These techniques perform a2-dimensional spatio-temporal coding of the data to be

transmitted,i.e. the data is coded in the time and the space domain [24,25]. These schemes are

called space-time codes (STCs). The Alamouti scheme [9] is the best knownspace-time coding

scheme. It is a simple transmit diversity technique which employs two transmit antennas and

one receive antenna. The scheme uses two symbol periods to transmit two symbols. In the

first symbol period, two independent symbolss1 and s2 are simultaneously sent from both

antennas. In the second symbol period,s∗1 and−s∗2 are transmitted which are the complex

conjugate copies of both symbols. Additionally, the assignment of the symbols tothe transmit

antennas is swapped for the second symbol period. Alamouti shows that this scheme provides

the same diversity order as a MRC scheme which uses one transmit antenna and two receive

antennas [9]. However compared to MRC, his transmit diversity scheme requires a3 dB

larger transmission power to provide the same BER performance. Additionally, his scheme

requires that the channel remains constant over the two symbol periods.The Alamouti scheme

can be generalised and extended to higher order STCs which use more than two transmit

antennas. For instance, orthogonal space-time block codes (OSTBCs)[26] and space-time

Trellis codes [10,27] are practical extensions. Altogether, STCs enhance only the reliability of

wireless links, whereas spectral efficiency is not increased. The maximum spectral efficiency

of full-diversity STCs is one symbol per symbol duration as the number of used time slots is

equal to the number of transmitted symbols. Consequently, STCs provide the same (or an even

lower) throughput as conventional SISO systems due to the introduced redundancy.

The third category of multiple transmitter-receiver systems employs beamformingtechniques.

These so-called smart antenna systems improve the quality of wireless communications by

shaping the antenna radiation pattern. The antenna beam is steered towards the desired target

(or source) by adaptively adjusting the antenna weight vector [28–31]. Simultaneously, the

radiation patterns for directions which cause interference are suppressed. As a result, the

received signal power is increased and ICI as well as fading effectsare mitigated. Consequently,

the SNR, respectively the signal-to-interference-plus-noise ratio (SINR) is improved. This

improvement is the so-called antenna gain. In [32] it is shown that smart antenna systems

can largely increase the capacity of wireless communication systems. A simple example of a

smart antenna system is the switched beam system. This system monitors the received signal
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strength and switches to another antenna if the receiver gets better coverage by this antenna

beam. If transmit beamforming is to be used, the transmitter requires knowledgeabout the

propagation channel [6,33]. This knowledge can be provided by feedback information from the

receiver. However, the transmission of this channel state information (CSI) requires a dedicated

feedback channel. Using the CSI, the signals to be transmitted are appropriately pre-coded by

the transmitter. For instance, the water-filling algorithm distributes the transmission power

across the multiple transmit antennas depending on the channel state. Links with a high SNR

are allocated more transmission power than links with a low SNR. As a result, this algorithm

induces an optimal allocation of the transmission power to optimise system performance.

The multiple transmit and receive antennas have not to be integrated into the same hardware

device but can also be distributed across several devices. For instance, several individual

transmitter and receiver devices can jointly cooperate within a wireless network and share their

antennas. This results in cooperative or virtual MIMO systems [34, 35].Typical shortcomings

of multiple transmitter-receiver techniques are their increased hardware costs because of the

multiple antennas and multiple transmitter/receiver chains. Moreover, as thesetechniques

couple several transmission symbols in time and space, they require sophisticated detection or

pre-coding algorithms as presented above. These signal processing algorithms lead to high

system intricacy and considerable computational complexity. A comprehensive literature

survey on multiple transmitter-receiver techniques for wireless communications is given

in [18] for instance. Section 2.2 introduces some selected MIMO techniquesin more detail.

Despite the fact that multiple transmitter-receiver techniques are already widely deployed in

RF implementations, it is clear that they are not sufficient to cope with the exponential increase

in mobile data traffic. Consequently, there is a demand for a new paradigm shift for wireless

communication technologies.

1.2 Optical wireless communications

As mentioned above, the entire electromagnetic spectrum up to300 GHz is almost completely

allocated. Consequently, to cope with the increasing demand for wireless communications, the

spectrum above300 GHz, the optical spectrum, has to be used. The optical spectrum is much

larger than the microwave spectrum as it covers the range from about300 GHz to790 THz. Up

to now, the optical spectrum is mostly unused for wireless data transmission.
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Figure 1.4: Classification of optical wireless communications.

In outdoor applications, optical wireless communications (OWC) can be usedto establish

point-to-point links between buildings for instance. The typical transmissiondistance of

these free-space optical (FSO) links is in the order of some km. Besides, FSO can also

be used for spacecraft communications in outer space [36]. In indoor environments, OWC

can provide flexible and efficient data transmission as shown by Gfeller and Bapst in the

1970s [37]. The authors have considered infra-red (IR) light transmission. IR systems use

wavelengths in the range of800 – 1500 nm [38] that are invisible to the human eye. Further

optical wireless IR systems are presented for instance in [39, 40]. In1993, the Infrared Data

Association (IrDA) was founded which promotes the development and proliferation of IR

enabled products, services and technology [41]. Since its foundation,IrDA has contributed

to the creation of more than30 technical specifications, mainly related to short-range wireless

IR communications in personal communication systems,e.g. for data transmission between

portable devices. For instance, the IrDA Giga-IR Special Interest Group has recently developed

specifications for1 Gbit/s IR communications [41]. Due to the advances in solid-state-lighting

technology, the visible optical spectrum in the range of about380 – 700 nm can now be used

for communication purposes as well [42–44]. Visible light communications (VLC) transmits

data using visible (e.g. white) light. Current research activities intend to use illumination

devices, such as ceiling lights or desk lamps, for data transmission [45–49].For instance,

the ceiling lights can be used to transmit data to a receiver which is placed on a desk within

a room. As illumination devices are installed almost everywhere, VLC might be applied to

various applications in order to establish pervasive communication networks. The Visible

Light Communications Consortium (VLCC) [50] in Japan pioneered the research on VLC and

supports the on-going standardisation [51, 52]. In addition, the IEEE802.15.7 Visible Light

Communication Task Group [53] issued a standard for VLC in2011 [54] which defines amongst
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others the physical layer for short-range VLC. Practical research work on VLC has been done

in the frame of the European Union (EU) project OMEGA [55] and the D-Light project at the

University of Edinburgh [56] for instance. In comparison to IR transmission, VLC does not

require the installation of additional emitters as it can make use of the existing illumination

installations. These lighting devices are designed to provide uniform illuminationwithin a

room, thus providing good signal coverage. Moreover, visible light sources can emit much

larger intensities, and consequently enable higher SNR compared to invisibleIR transmitters

which are subject to strict eye safety regulations. Altogether, VLC enables the installation of

visible communication cells, so called data hotspots. However, in order to enable VLC, the

light sources have to be switched on permanently. This prevents the application of VLC for

instance in aircraft cabins where the light has to be switched off during take-off and landing.

For these scenarios, IR transmission is preferred.

Since OWC is not subject to frequency regulations, it can be freely usedworldwide. OWC can

even be applied to sensitive environments which have stringent electromagnetic compatibility

(EMC) restrictions like hospitals and manufacturing plants. This is due to the fact that optical

signals do not interfere with existing electronic systems. Therefore, OWC provides better EMC

than RF communications. Optical signals do not pass through walls and can beeasily contained

by opaque boundaries. The signals can only be detected by a receiverwhich is placed within

the emitted light beam. Hence, the propagation and the transmission range of optical signals

can be restricted to specific spots or areas. This characteristic enables alarge spatial reuse of

optical wireless systems. For instance, it is possible to employ multiple optical WLANs in

the same building or even in the same room without mutual interference. Additionally, the

constriction of optical signals provides a security feature as fraudulentinterception of the data

transmission can be prevented. This is in contrast to RF signals which propagate through walls

and can be detected outside buildings they originate in. Moreover, compared to RF systems,

OWC systems do not require high-frequency circuit designs. As a result, OWC enables the

implementation of simple transceivers [57, 58]. OWC can also be used for vehicle-to-vehicle

and vehicle-to-infrastructure communication by using,e.g., the head and tail lamps of cars for

data transmission.

Altogether, OWC can evolve into an efficient low-cost transmission technique for wireless

indoor communications and can serve as a supplement to established RF technologies. This is

due to the fact that OWC has the potential to provide a significant RF spectrum relief. Chapter 2
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deals with OWC in more detail and introduces some common optical wireless transmission

techniques.

1.3 Contributions

The aim of this thesis is the evaluation of spectrally efficient optical wireless transmission

techniques in indoor environments. The first pioneering studies in optical wireless transmission

for indoor environments have been focused on IR light transmission [37]. These studies have

shown the potential of OWC to provide flexible and efficient data transmission. With the advent

of high luminance light emitting diodes (LEDs), efficient and inexpensive illumination devices

are available which will progressively replace existing light bulbs and fluorescent lamps paving

the way for VLC. LEDs, being electronic devices, represent appropriate optical transmitters

which can be used in home and office scenarios. However, off-the-shelf LEDs have a limited

modulation capability. For instance in the case of visible light, the achievable bandwidth of

common white-light phosphor-based LEDs is typically in the range of5 - 20 MHz. Therefore,

there is no abundance of bandwidth for practical OWC systems. Consequently, achieving large

spectral efficiencies, and thus high data rates, is of great concern for OWC systems.

The contribution of this research work is threefold: Firstly, the potential ofMIMO schemes for

indoor OWC shall be analysed. Suitable MIMO techniques have been investigated starting from

possible candidate techniques in RF communications. Particularly, these MIMOtechniques are

adapted for OWC and its specific characteristics. A framework is developed to analytically

approximate the BERs of these techniques. The theoretical bounds are verified by numerical

computer simulations. Moreover, the effect of induced power imbalance between the multiple

transmitters is investigated. In this context, the usage of different optical wavelengths is studied

as well. It is found that power imbalance and the application of different optical wavelengths

can substantially improve the performance of optical MIMO techniques. Therefore, one of

the main contributions of this work is the in-depth study of the specific characteristics and

the various trade-offs of optical MIMO techniques. These techniques are essential to enable

high-speed OWC in indoor environments.

Secondly, a novel transmitter concept for OWC is proposed. Conventional optical wireless

transmitters are subject to non-linearities, restricted dynamic range and complex system

designs. Therefore, intricate hardware implementations are required to build optical wireless
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transmitters that are able to provide high data rates in the region of ten to hundred Mbit/s. This

research provides a solution to these shortcomings by developing a low-complex and power

efficient optical transmitter design. Transmission experiments prove the functionality of the

implemented optical wireless transmitter.

Finally, a novel approach for wireless data transmission within an aircraftcabin is presented.

The proposed application constitutes a highly parallel optical MIMO system which uses visual

codes for data transmission. This transmission system can be easily applied toexisting aircraft

cabins without the need for additional hardware installations. For proof of concept, the system

is evaluated in an aircraft cabin mock-up under realistic conditions.

1.4 Thesis structure

This chapter has provided a brief motivation and introduction for OWC in general, and

spectrally efficient MIMO techniques in particular. The importance of spectrally efficient

transmission techniques for OWC is highlighted. This is the area of primary concern in this

thesis. The remainder of this thesis is structured as follows:

Chapter 2 overviews the concept and the fundamentals of optical wirelessdata transmission

in indoor environments. It reviews optical digital modulation techniques. Specifically, the

properties and the shortcomings of pulsed modulation schemes and of multi-carrier techniques

are discussed. In addition, optical MIMO techniques are reviewed and are investigated in more

detail. The final part of Chapter 2 introduces the optical wireless channel model considered

in this thesis. Measurement results are presented which substantiate the considered channel

model.

Chapter 3 is dedicated to an in-depth performance evaluation of MIMO techniques for

OWC. To this end, a generic indoor scenario is considered. The performance is evaluated

by numerical computer simulations and by analytical calculations. Moreover,the considered

MIMO techniques are compared with regard to their computational complexities toaccount for

practical system implementations. Altogether, the results show that optical MIMO techniques

can provide high spectral efficiencies. This translates into high data rates, even under static

line-of-sight (LOS) conditions.

Chapter 4 presents a novel optical wireless transmitter concept. This concept employs discrete
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power level stepping for optical wireless signal transmission. The transmitter design enables

the implementation of simple low-cost optical wireless transmitters which provide good power

efficiency and linearity characteristics. Experimental results stemming from aproof-of-concept

demonstrator are presented. Various experiments are conducted to evaluate the performance of

the new transmitter concept. The measurements show that the developed transmitter concept

enables high-speed optical wireless data transmission in indoor environments without the need

for complex or costly transmitter implementations.

Chapter 5 introduces a novel wireless data transmission method for in-flightapplications.

The proposed approach uses visual codes to transmit data. This method constitutes a highly

parallel optical MIMO system. Results of transmission experiments are presented which are

taken within an aircraft cabin mock-up. The experiments demonstrate the functionality of the

implemented system under realistic illumination conditions and geometric configurations. In

order to provide reliable data transfer, a sequence-wise forward error correction (FEC) coding

method is implemented.

Chapter 6 summarises and concludes the presented work. The main findingsare highlighted.

Moreover, the limitations of the presented work are discussed and potentialfuture work is

identified.
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Chapter 2
Optical wireless data transmission in

indoor environments

Since the last decade, there has been an exponentially increasing demandfor wireless

communications. More and more data is to be transmitted wireless and steadily enlarging

data rates are required. However, this growing demand causes a shortage of the available

radio frequency (RF) spectrum. In [59], optical wireless communications(OWC) is

highlighted as a potential solution to the global wireless spectrum shortage. Especially

in indoor networking systems, OWC can mature into an alternative or complementary

technology to RF communications which could provide supplementary capacity.In office

and home environments, OWC can offload data traffic from cellular and wireless local

area network (WLAN) systems as the latter are also becoming more and more congested.

Therefore, OWC is envisioned to be essential for wireless data transmission in indoor

environments for short-range and low-mobility applications [60].

Typical indoor light fixtures provide illumination levels of more than400 lux. The ceiling light

installations enable a line-of-sight (LOS) link to a potential receiver placedwithin a room.

This LOS characteristic enables bandwidths of at least88 MHz [47]. Consequently, practical

bandwidth limitations are not imposed by the channel but by the modulation capabilityof the

light sources. Moreover, these illumination levels yield high signal-to-noise ratios (SNRs) of

more than60 dB within the room [47,61,62]. Therefore, it is desirable to use these illumination

devices additionally for transmitting data. The data to be transmitted can be transferred to the

light fixtures via the existing electrical wiring using power line communications (PLC) for

instance.

Both infra-red (IR) and visible light communications (VLC) systems primarily use light

emitting diodes (LEDs) as transmitters and photo-diodes as receivers. These components

enable efficient and low-cost transceiver implementations. The data to be transmitted acts as

input to an electronic circuitry that modulates the light source. Specifically, the intensity of the

emitted light is modulated. As a result, the electrical signal is transferred into anoptical signal.
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As the modulation is done by using high-frequency pulsed light, it cannot beperceived by

the human eye. Consequently, the changes in brightness are imperceptible and the generated

illumination (in the case of VLC) appears constant to the human eye. The emitted optical

signal impinges on the photo-detector of the receiver and generates a photo-current which

is converted into digital signals. This means that the optical signal is reconverted into an

electrical signal. The digital signals are decoded using signal processing techniques. Typically,

the receiver comprises of an optical filter to mitigate optical noise, a concentrator (lens) to

focus the light on the detector and an amplifier to amplify the received signal.

In contrast to laser diodes, LEDs are low-cost optical devices providing high reliability.

Moreover, LEDs generally have widely divergent beams compared to laser diodes. The latter

can be regarded as optical point sources emitting high radiant power by collimated laser beams.

Therefore, laser diodes are subject to stringent eye safety regulations. Due to these reasons,

LEDs are typically favoured in indoor applications [60]. LEDs are incoherent light sources

which modulate the desired waveform onto the instantaneous power of the optical carrier. At the

receiver side, low-cost positive intrinsic negative (PIN) photo-diodes are commonly employed.

PIN photo-diodes are temperature-stable and can operate with a lower reverse bias voltage in

comparison to avalanche photo-diodes. The photo-diodes directly convert the received optical

power into electrical current. Consequently, intensity modulation (IM) techniques with direct

detection (DD) are typically employed in indoor OWC. IM and DD offer easy implementation,

and therefore promote simple optical modulation and demodulation equipment [57,58]. The up-

and down-conversion of the baseband signals to/from the optical transmission frequency can

be done by low-cost diodes without the need for sophisticated high-frequency circuit designs.

However, this simplicity is gained at the expense of losing the optical carrier’s frequency and

phase information as only the intensity of the optical carrier is detected. This means that

conventional RF modulation/demodulation techniques cannot be directly applied to IM/DD

based OWC, and thus specific new approaches have to be developed. Moreover, given the

restricted bandwidth of commercial LEDs and photo-diodes, spectrally efficient transmission

techniques are vitally important for indoor OWC in order to provide the envisaged data rates

of tens to hundreds of Mbit/s. This thesis investigates spectrally efficient OWC techniques in

indoor environments with an emphasis on multiple-input-multiple-output (MIMO) techniques.

Throughout this thesis, intensity modulated optical wireless links are considered.

This chapter provides background on optical wireless data transmission inindoor
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environments. It contains an overview of common optical digital modulation techniques.

Section 2.1 introduces conventional pulsed modulation techniques as well asoptical wireless

multi-carrier techniques. The specific characteristics and shortcomings of these techniques are

discussed. A survey of optical MIMO techniques is presented in Section 2.2. Furthermore,

an analytical framework is given to calculate the theoretical bit error bounds of three specific

MIMO techniques which are considered for indoor OWC. In Section 2.3, theoptical wireless

channel model is introduced. This model is substantiated by channel measurements which are

presented in Section 2.4. The chapter is summarised in Section 2.5.

2.1 Optical digital modulation techniques

This section overviews several modulation schemes which are widely used for OWC.

Specifically, pulsed modulation techniques and multi-carrier techniques are considered in

the following. All these techniques have to satisfy the non-negativity constraint of OWC:

the transmitted signal has to be non-negative since the emitted optical power cannot be

negative [57, 58]. Therefore, these techniques modulate the intensity ofthe optical carrier to

convey information. Modulation techniques which depend on coherent signal detection cannot

be applied to optical wireless systems that use IM and DD. This is due to the fact that coherent

detection requires knowledge about the frequency and the phase of thesignal. However,

in IM/DD based OWC which is considered throughout this thesis, this information is not

available at the receiver. Due to eye and skin safety regulations, the emittedoptical power is

commonly restricted [63–65]. In detail, the accessible emission limit (AEL) depends on the

optical wavelength, on the emitter’s geometry and on the emitted intensity.

In [58], Kahn and Barry provide a common baseband channel model for OWC:

y(t) = h(t)⊗ s(t) + n(t), (2.1)

wheres(t) is the transmitted waveform,y(t) is the received waveform andh(t) is the channel

impulse response. The symbol⊗ denotes the convolution operator. The noise is represented

by n(t). It is assumed to be the sum of thermal noise and shot noise due to intense ambient

light. These are the two main noise sources considered in DD based OWC systems. Shot

noise is caused by background light sources like the sun and additional illumination devices

which are not used for data transmission. This ambient light effects high intensity shot noise
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which is dominant compared to the signal generated noise. Such noise can be modelled as zero

mean additive white Gaussian noise (AWGN) which is independent ofs(t) [58, 66]. Thermal

noise is induced in the receiver electronics like the pre-amplifier of the receiver front-end. It

is independent ofs(t) and independent of the shot noise. Consequently,n(t) can be modelled

as real-valued AWGN with zero mean and a varianceσ2 = σ2shot+ σ2thermal, whereσ2shot is the

shot noise variance andσ2thermal is the thermal noise variance [58]. The noise power is given by

σ2 = N0B, whereN0 is the noise power spectral density andB is the bandwidth. As for IM/DD

based OWC the transmitted signal represents optical power,s(t) has to be non-negative, and

thuss(t) ≥ 0 holds. In contrast to RF communications where the average transmitted power

depends on|s(t)|2, the average transmitted power in OWC is given by

I = lim
T→∞

1

2 T

∫ T

−T
s(t) dt (2.2)

and the average received optical power can be written as

IRX = h I, (2.3)

whereh denotes the channel coefficient of the optical link [58]. As further discussed in

Section 2.3, intensity modulated optical links can be represented by the direct-current (DC)

channel gainh due to the flat frequency response of the optical wireless channel.

2.1.1 Pulsed modulation techniques

In the following, different pulsed modulation techniques are introduced which are commonly

used in intensity modulated OWC. These techniques provide different power and bandwidth

efficiencies. In this thesis, rectangular pulses are considered in conjunction with these pulsed

modulation techniques.

2.1.1.1 On-off-keying

On-off-keying (OOK) is the simplest optical modulation technique as it is a binary modulation

scheme. Depending on the data to be transmitted,i.e. a binary “1” or “ 0”, the optical signal is

switched on or off for a given symbol duration. This means that OOK employs two intensity
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Figure 2.1: Illustration of OOK modulation.

levels of the optical signal:

I
OOK

0 = 0 and I
OOK

1 = 2 I, (2.4)

whereI is the mean optical power emitted as introduced above. Figure 2.1 illustrates an OOK

modulated optical signal. The bit rate of OOK is1/Ts bit/s, whereTs denotes the symbol

(i.e. the pulse) duration in seconds. Consequently, only one bit can be transmitted per symbol

duration. This results in a first-null bandwidth of1/Ts Hz and in a bandwidth efficiency of

1 bit/s/Hz [57, Ch. 3.3.1]. Since OOK is a binary modulation scheme, its symbol error rate

corresponds to its bit error ratio (BER). According to [57, Ch. 3.3.1], the BER of OOK is given

by

BEROOK = Q

(√
ERX

N0

)
, (2.5)

whereQ(a) = 1√
2π

∫ +∞
a exp(−t2

2 ) dt is the Q-function. The mean received electrical energy

is given byERX = (ρ IRX)
2 Ts, whereρ is the optical-to-electrical conversion coefficient. The

optical-to-electrical conversion coefficient is defined asρ = qe
√
Rload

hPlanck f , whereqe is the electron

charge,Rload is the load resistance over which the received current is measured,hPlanck is the

Planck constant andf is the frequency of the optical signal. For the sake of simplicity,ρ is

assumed to be1 A
√
Ω/W in this thesis. In intensity modulated optical communications, the

electrical energy is proportional to the square of the optical power [58]. Due to its simplicity,

OOK enables low-complex and low-cost transceiver implementations. However, as OOK is a
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binary modulation scheme, it provides only low spectral efficiencies.

2.1.1.2 Pulse position modulation

Corresponding to OOK, pulse position modulation (PPM) employs also two intensity levels of

the optical signal. However, the symbol interval is subdivided intoM subintervals resulting in

M -PPM. Only during one subinterval within the symbol duration, the optical signal is switched

on. During all remaining subintervals, the optical signal is switched off. This means that the

data to be transmitted is represented by the position of the optical pulse within the symbol

interval, i.e. by the index of the subinterval which contains the pulse. The intensity levels

which are used forM -PPM are given by:

I
PPM

0 = 0 and I
PPM

1 =M I. (2.6)

Figure 2.2 illustrates a PPM modulated optical signal withM = 4. According to [57, Ch.

3.3.1], the BER ofM -PPM can be lower bounded by

BERPPM ≥ M

2
Q

(√
M ERX

2N0

)
. (2.7)

In comparison to OOK,M -PPM provides an enhanced bit rate oflog2(M)/Ts bit/s, i.e.

log2(M) bits can be transmitted per symbol duration. However, PPM operates with shorter

optical pulses. Specifically, the actual pulse duration is divided by factorM . Therefore, PPM
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Figure 2.2: Illustration of4-PPM.
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requires a larger bandwidth compared to OOK resulting in a lower bandwidth efficiency of

log2(M)/M bit/s/Hz. Moreover, PPM has a larger peak power emission and requires both

symbol interval and subinterval synchronisation.

2.1.1.3 Pulse amplitude modulation

In contrast to OOK, pulse amplitude modulation (PAM) is a higher order modulation scheme

which employs multiple intensity levels to convey data. In order to provide non-negative

optical signals, unipolarM -level PAM is used in OWC. Specifically,M denotes the signal

constellation size,i.e. the number of employed optical intensity levels. The intensity levels are

given by:

I
PAM

m = 2 I
M−1 m for m = 0, 1, . . . (M − 1). (2.8)

Figure 2.3 illustrates a4-PAM modulated optical signal.M -PAM provides a bit rate of

log2(M)/Ts bit/s and a bandwidth efficiency oflog2(M) bit/s/Hz. Consequently, PAM has

a higher bandwidth efficiency compared to OOK and PPM. As given in [57,Ch. 3.3.2], the

BER of unipolarM -PAM can be lower bounded by

BERPAM ≥ 2 (M − 1)

M log2(M)
Q

(
1

M − 1

√
ERX

N0

)
. (2.9)
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Figure 2.3: Illustration of4-PAM.
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2.1.2 Multi-carrier techniques

In [67], Ohtsuki shows that multi-carrier modulation techniques can be applied to OWC.

Especially, the multi-carrier technique orthogonal frequency division multiplexing (OFDM)

has attracted attention for OWC [42, 60, 68–73]. This is due to the fact thatOFDM is a

bandwidth efficient transmission technique. It can cope with inter-symbol interference (ISI)

caused by multipath propagation and with frequency selectivity caused by the LEDs frequency

response. OFDM conveys digital data on multiple orthogonal sub-carrierfrequencies [23, 74,

75]. Hence, a wideband channel is subdivided into several narrowband sub-channels. These

orthogonal sub-carrier channels are used to transmit independent data streams in parallel in

the frequency domain. The frequency division multiplexed channels are summed up and

transformed into a time domain waveform by using an inverse Fourier transformation. In

IM/DD based OWC, the time domain waveform modulates the intensity of the light. To this

end, the time domain waveform has to be unipolar to account for the non-negativity of the

optical signal. The utilisation of narrowband sub-channels enables a low-complex channel

equalisation: each sub-channel can be regarded as a non-frequency-selective channel which

is individually equalised in the frequency domain using a single-tap equaliser. Consequently,

OFDM enables efficient signal processing implementations.

The pulsed modulation techniques presented above suffer from ISI in thepresence of multipath

propagation. Multipath effects decrease the performance of OWC systemsto a large extent

by constraining both bandwidth and data rate. In contrast to pulsed modulation techniques,

OFDM provides high data rates even in severe multipath scenarios. In order to mitigate

multipath effects and to avoid ISI, OFDM uses a guard interval, the so-calledcyclic prefix,

which is placed between the OFDM symbols. Moreover, the actual OFDM symbol duration is

typically much longer than the delay spread caused by multipath propagation. This property

makes OFDM an ideal candidate for diffuse and scattered optical wirelesstransmission

scenarios. Moreover, due to the use of fast Fourier transformation (FFT) and inverse fast

Fourier transformation (IFFT), OFDM enables simple and efficient implementations. For

instance, compared toM -PAM, OFDM requires approximately three times less computational

complexity because PAM requires complex equalisation schemes like decision-feedback

equalisation [76]. However, OFDM suffers from high peak-to-average power ratios making it

sensitive to clipping effects. Additionally, the performance of OFDM is largely affected by

inter-channel interference (ICI) and non-linearities. A further shortcoming of OFDM is the
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fact that it requires sophisticated transceiver designs having good linearity characteristics and

large dynamic ranges.

Each OFDM sub-carrier is modulated using a conventional modulation scheme. Typically,

quadrature amplitude modulation (QAM) is applied. According to [77, Ch. 5.2.9] and [23, Ch.

6.1.4], rectangularM -QAM with square signal constellation sizeM = K2 can be derived from

twoK-PAM systems. OneK-PAM signal is transmitted on the in-phase signal component and

the other one on the quadrature signal component. The transmission poweris equally split

between the in-phase and quadrature component. Therefore, the BER of optical QAM with

square signal constellation sizeM = K2 can be approximated by

BERQAM ≥ 2 (
√
M − 1)√

M log2(
√
M)

Q

(
1√

M − 1

√
ERX

4N0

)
. (2.10)

M -QAM provides a bit rate oflog2(M)/Ts bit/s.

As IM/DD based OWC requires real-valued non-negative time domain signals, QAM cannot

be directly applied to optical OFDM. Therefore, the input vectorx to the transmitter IFFT is

constrained to have Hermitian symmetry. The input vector provides Hermitian symmetry if its

elements fulfilxL−l = x∗l (l = 1, 2, . . . L2 − 1), where∗ represents complex conjugation andL

is the IFFT size. The complex-valued data symbols are denoted byxl, with x0 = xL

2
= 0. The

zero sub-carrier is not modulated as it results in a DC bias. Due to the Hermitiansymmetry

constraint, only half of the sub-carriers contain independent data symbols. The Hermitian

symmetry of the input vector creates a real-valued time domain waveform by cancelling the

imaginary components of the IFFT output. This real-valued signal can be sent by incoherent

light sources. However, the time domain signal is still bipolar. In order to provide unipolar

signals which can modulate the intensity of the optical carrier, further processing is required.

In the following, three multi-carrier techniques are introduced which generate real-valued

non-negative time domain signals.

2.1.2.1 Direct-current-biased optical OFDM

As presented above, a real-valued time domain signal is generated by constraining the input

vector to the transmitter IFFT to have Hermitian symmetry. In order to provide unipolar

time domain signals, direct-current-biased optical orthogonal frequencydivision multiplexing

(DCO-OFDM) adds a fixed DC bias to the IFFT input. Alternatively, an analogue DC offset
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Figure 2.4: Illustration of input vector to the transmitter IFFT used by DCO-OFDM.

can be added to the bipolar time domain signal by adjusting the bias point of the transmitter

LED. Figure 2.4 shows the input vector to the transmitter IFFT used by DCO-OFDM. The DC

bias has to be chosen appropriately to provide non-negativity of the time domain signals, while

keeping upper and lower clipping effects to a minimum [72]. Finally, the real-valued unipolar

signal is intensity modulated onto the optical carrier. Figure 2.5 illustrates a DCO-OFDM time

domain signal. As shown, the signal contains a DC bias. Since OFDM signals have a high

peak-to-average power ratio, the required DC bias can be high. A high DC bias results in a low

power efficiency which is the main shortcoming of DCO-OFDM.
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Figure 2.5: Illustration of DCO-OFDM time domain signal. IFFT size is64 and 4-QAM is
used for signal modulation. Moreover, the added DC bias is illustrated.

2.1.2.2 Asymmetrically clipped optical OFDM

In [69], Armstrong and Lowery propose a power efficient optical OFDM technique. The

scheme is called asymmetrically clipped optical orthogonal frequency division multiplexing

(ACO-OFDM). ACO-OFDM is more power efficient than DCO-OFDM because it operates

without an additional DC bias. Figure 2.6 illustrates the input vector to the transmitter IFFT

used by ACO-OFDM. As shown, the DC bias is set to zero. In order to provide real-valued time
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Figure 2.6: Illustration of input vector to the transmitter IFFT used by ACO-OFDM.

domain signals, Hermitian symmetry is applied. However, only the odd-numberedsub-carriers

are modulated, whereas the even-numbered sub-carriers are set to zero. This composition of

the input vector to the transmitter IFFT generates a real-valued bipolar time domain signal. As

shown in Figure 2.7, the negative amplitude values are also contained in the positive signal

parts and vice versa. The second half of the ACO-OFDM time domain signal isidentical to

its inverted first half. Armstrong and Lowery show that a hard-clipping can be applied to the

entire negative signal amplitudes without affecting the data conveyed in the OFDM signal.

This clipping converts the bipolar signal into a unipolar waveform as all negative amplitude

values are set to zero. The clipped time domain signal is intensity modulated onto the optical

carrier. The noise resulting from clipping the negative parts of the waveform falls only onto

the even-numbered sub-carriers, which convey no data. As a consequence, the clipping noise

does not impair the data symbols on the odd-numbered sub-carriers. The asymmetric clipping

reduces the emitted average optical power. However, as only the odd-numbered sub-carriers

convey data symbols, ACO-OFDM provides only half the spectral efficiency of DCO-OFDM.

0 10 20 30 40 50 60
−1.0

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1.0

time samples

no
rm

al
is

ed
 s

ig
na

l a
m

pl
itu

de

Figure 2.7: Illustration of ACO-OFDM time domain signal. IFFT size is64 and 16-QAM is
used for signal modulation. Moreover, the hard-clipped negative amplitude values
are illustrated.
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2.1.2.3 Pulse-amplitude-modulated discrete multitone modulation

In [78], Lee et al. propose pulse-amplitude-modulated discrete multitone

modulation (PAM-DMT) for IM/DD based optical communication systems. In

contrast to DCO-OFDM and ACO-OFDM which employ complex-valued QAM symbols,

PAM-DMT uses real-valued PAM symbols to modulate the sub-carriers. Figure 2.8 illustrates

the input vector to the transmitter IFFT used by PAM-DMT. As shown, the real parts of the

input vectorx are set to zero and only the imaginary parts are pulse amplitude modulated.

As a result,xl = j IPAM
l (l = 1, 2, . . . L2 − 1) holds, wherej is the unit imaginary number.

Additionally, Hermitian symmetry is applied, and thusxL−l = x∗l = −j IPAM
l . Figure 2.9

shows the resulting real-valued time domain signal. It can be seen that the positive and negative

amplitudes of the PAM-DMT waveform are centrically symmetric,i.e. the same amplitude

values are conveyed in the positive and negative parts of the time domain signal. Therefore,

Figure 2.8: Illustration of input vector to the transmitter IFFT used by PAM-DMT.
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Figure 2.9: Illustration of PAM-DMT time domain signal. IFFT size is64 and4-PAM is used
for signal modulation. Moreover, the hard-clipped negative amplitude values are
illustrated.
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similar to ACO-OFDM, the negative amplitude values can be hard-clipped without affecting

the data symbols. Only the positive amplitude values are used to modulate the intensity of

the optical carrier. Leeet al. show in [78] that the clipping noise is orthogonal to the actual

PAM symbols. In contrast to ACO-OFDM, PAM-DMT uses all sub-carriers to convey data.

However, only the quadrature component is used to transmit information as the real-valued

PAM symbols are multiplied byj. As shown in [76,78], PAM-DMT and ACO-OFDM provide

similar performance at any spectral efficiency.

2.2 Optical MIMO techniques

MIMO techniques are well-established and widely implemented in many RF systems.The

parallel usage of multiple transmitters and receivers offers high data ratesby increasing the

spectral efficiency [6, 8]. For outdoor free-space optical (FSO) transmission, the effects of

MIMO have already been studied. The use of multiple optical emitters and receivers provides

several spatially separated optical wireless channels. These multiple channels increase the

system capacity and enable high data rates. It has been shown that spatial diversity can combat

the fading effects caused by scattering and scintillation due to atmospheric turbulence [79–81].

However, a precise alignment of the transmitter and detector array is required for outdoor

FSO transmission. For indoor OWC, it is still not clear to what extent MIMO techniques

can provide gains. This is because in indoor environments there are no fading effects caused by

turbulence. Potential spatial multipath interference effects are averagedby the integrating effect

of the photo-detector that has a diameter which is orders of magnitude largerthan the optical

wavelength [38]. Moreover, a strict transmitter-receiver alignment is undesirable for indoor

OWC. Imaging receivers, like the fly-eye receivers proposed by Yunand Kavehrad [82], are

well suited for optical MIMO as they increase link robustness by providingangular diversity

channels. The receivers consist of an imaging concentrator (a lens) which forms an image

of the received light on a collection of photo-detectors. This setup enables the separation of

signals which arrive from different directions without the need for a precise alignment. For

diffuse OWC scenarios, Jivkovaet al. propose a multispot diffusing configuration to improve

the link margin by using multiple transmitters and receivers [83, 84]. This concept utilises

a spot array generator to ensure a more uniform signal power distribution in comparison to

a pure diffuse configuration. In [85], multibeam transmitters and imaging diversity receivers

are considered. It is shown that these devices can reduce the required transmitter power by
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up to20 dB compared to single-input-single-output (SISO) systems. Additionally, multibeam

transmitters and imaging receivers enable space-division multiple access to provide channel

access for several users.

In order to increase link reliability and system performance, space-time codes (STCs) are

used. In [86], the performance of space-time block codes (STBCs) for diffuse OWC systems

is investigated. The authors consider a setup with two transmitters and show that STBCs

can increase the coverage of the optical wireless system. Garfieldet al. propose a system

in [87] which allows parallel communications in a diffuse environment employinga 2 × 2

Alamouti-type space-time coding. The RF Alamouti code [9] is adapted for OWCto apply only

real-valued non-negative signals resulting in on-off-keyed symbols. The coding is reported to

outperform SISO and multiple-input-single-output (MISO) configurations. In [88], the authors

also propose a modification of the RF Alamouti code to apply it to IM/DD based optical

scenarios. This approach is generalised in [89] where a design criterion for FSO STCs is

derived. The authors show that full diversity RF STCs also achieve full diversity in FSO.

However, these STCs provide a lower coding gain compared to repetition coding (RC). Safari

and Uysal show in [90] that for FSO links, RC can outperform single-input-multiple-output

(SIMO) setups and orthogonal space-time block codes (OSTBCs) like theAlamouti scheme.

RC works by the principle that the same information is simultaneously sent from multiple

transmitters. It is shown that OWC systems can achieve diversity gains fromRC due to the

use of IM and the resulting constructive superposition of the optical signals. Therefore, RC

is a more efficient technique for IM/DD based OWC compared to OSTBCs. Section 2.2.1

introduces RC in more detail.

Further research activities intend to enhance the channel capacity of indoor OWC systems by

spatial multiplexing approaches. To this end, multiple LEDs are used to transmit independent

data streams simultaneously [45,91]. A multiplexing MIMO system is consideredin [92]. The

system uses zero-forcing (ZF) detection to eliminate the channel interference. The authors

assume a directed LOS connection between the transmitters and the receivers. Furthermore,

they assume limited cross-talk between the multiple emitters as they consider a transmitter

spacing of up to3 m. This work is further extended in [93] where the authors analyse

the signal-to-interference-plus-noise ratio (SINR) and the BER of an optical wireless MIMO

scheme employing simple OOK modulation. It is shown that optical beat interference can cause

error floors. Zenget al. study non-imaging and imaging spatial multiplexing MIMO approaches
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in [94]. The authors show that symmetries in the geometry of the non-imaging system limit the

transmission capacity. The limited capacity is caused by the fact that the channel matrix might

not have full rank at some receiver positions. However, the imaging MIMO system is reported

to operate properly at all receiver positions. All these spatial multiplexing schemes cause ICI

which requires complex and computationally intensive interference cancellation techniques.

Section 2.2.2 deals with optical spatial multiplexing (SMP) in more detail. A power and

bandwidth efficient pulsed modulation technique called spatial modulation (SM)is investigated

by Meslehet al. in [62] for indoor OWC. This technique provides increased spectral efficiency

by utilizing multiple transmitters to convey data, while completely avoiding ICI. Section2.2.3

introduces SM in detail.

Preliminary experimental work on optical wireless MIMO transmission is undertaken for

instance in [91]. The authors report experiments for a simple2 × 9 LOS system. Two

independent non-return-to-zero sequences are transmitted from two lasers over a short distance

of 20 cm. In [95], O’Brien describes a four channel MIMO system that useswhite light LEDs

for data transmission at a channel data rate of2 Mbit/s. Moreover, MIMO experiments over a

short distance in a diffuse environment are reported. In [96], an experimental demonstration

of a 4× 9 MIMO system is reported. The system employs imaging receivers and achieves

2 Mbit/s/channel with a BER of less than10−9 at certain positions of the receiver array. This

work is extended in [97] where an experimental demonstration of a4 channel MIMO-OFDM

system is reported which achieves1 Gbit/s with a BER of10−3 over a distance of1 m.

Although all this work shows that MIMO techniques might be applied to indoor OWC, there

are still many unanswered research questions in this area. Indoor optical wireless links are

highly correlated [91]. Provided that MIMO techniques mostly rely on spatially uncorrelated

channels, it is unclear whether the optical propagation channel in indoorenvironments can

offer practical link differentiability. Moreover, a detailed performance comparison of different

MIMO schemes to analyse which one is the most suitable for OWC is still an open research

issue. To the best of the author’s knowledge, an extensive comparisonof RC, SMP and SM for

indoor OWC has not been done so far.

In the following, the optical MIMO techniques RC, SMP and SM are investigated in detail.

These MIMO techniques have specific and distinct characteristics, and thus fundamentally

differ from each other. Particularly, a framework is developed to analytically approximate

the BERs of these schemes. An optical wireless MIMO transmission system is considered
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Figure 2.10: Illustration of optical wireless MIMO transmission system.

which employs IM and DD of the optical carrier. The system is equipped withNt optical

transmitters andNr photo-detectors at the receiver side. Figure 2.10 illustrates the considered

optical wireless MIMO transmission system. Using the baseband channel model for OWC

given in (2.1) and the definition of the received optical power given in (2.3), the received signal

vector can be defined as

y = Hs+ n with y ∈ R
Nr , (2.11)

wheren is theNr-dimensional real-valued AWGN vector. The noise is modelled as zero

mean and independent of the transmitted signal. The transmitted signal vector isdenoted by

s = [s1 . . . sNt
]T , where[·]T is the transpose operator. The elements ofs indicate which signal

is emitted by each optical transmitter,i.e. snt
denotes the signal emitted by transmitternt. The

Nr ×Nt channel matrixH is given by

H =




h11 · · · h1Nt

...
. . .

...

hNr1 · · · hNrNt


 , (2.12)

wherehnrnt
represents the transfer factor of the optical wireless link between transmitternt

and receivernr. As for indoor OWC the multiple optical transmitters are typically in close

proximity, they can be jointly driven by exactly the same baseband hardwareand electronic

driver. Hence, a perfectly synchronised transmission can be considered. As the multiple

receivers are commonly integrated into the same receiving device, they arealso in close

proximity. Consequently, there is only a very small path difference betweenthe multiple

transmitter-receiver links, especially if LOS propagation is considered. Therefore, there is

negligible temporal delay between the multiple links. Consequently, the system model given

in (2.11) is considered without time dispersion.

Practical optical wireless links in indoor environments provide high SNR butlow bandwidth
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due to the limited modulation capability of off-the-shelf LEDs. Therefore, the available

bandwidth has to be used in the most efficient way. This characteristic necessitates spectrally

efficient transmission techniques. The usage of multiple transmitters and receivers can perfectly

fulfil this need. For this reason, MIMO techniques are considered in this thesis which enhance

spectral efficiency and provide multiplexing gains.

2.2.1 Repetition coding

The simplest MIMO transmission technique is RC which simultaneously emits the same signal

from allNt transmitters. Therefore, for RCs1 = s2 = . . . = sNt
holds. RC is known to achieve

good performance in free-space OWC because of transmit diversity [80]. Safari and Uysal show

in [90] that RC can outperform OSTBCs like the Alamouti scheme [9] and SIMO setups. This

is due to the fact that for IM/DD based links the intensities coming from several transmitters

constructively add up at the receiver. In this thesis, unipolarM -level PAM is considered as

modulation scheme for RC. Consequently, RC in combination withM -PAM achieves a spectral

efficiency of log2(M) bit/s/Hz. PAM is considered because it is more bandwidth efficient

compared to the other pulsed modulation techniques OOK and PPM. Moreover, PAM has

shown to have similar optical power efficiency compared to DCO-OFDM [71]. In [73,76], the

authors show that PAM outperforms DCO-OFDM because the latter requires a high constant

DC bias. This DC bias power affects the effective SNR of DCO-OFDM in contrast to unipolar

PAM which operates without an additional DC bias.

In the following,Es = (ρ I)2 Ts denotes the meanemittedelectrical energy of the intensity

modulated optical signals. In order to ensure comparability of different setups and transmission

techniques, the mean optical power emitted has to be fixed. As RC simultaneouslyemits the

same signal from several transmitters, the optical transmission power is equally distributed

across all emitters. This means that the intensities given in (2.8) have to be divided by factor

Nt. As a result, the mean optical power emitted is constant, irrespective of the number of

employed transmitters. The BER ofM -PAM given in (2.9) can be generalised for an arbitrary

Nr ×Nt scenario which employs RC:

BERRC ≥ 2 (M − 1)

M log2(M)
Q




1

M − 1

√√√√ Es

N0 N2
t

Nr∑

nr=1

(
Nt∑

nt=1

hnrnt

)2

 . (2.13)
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The intensities emitted by the multiple transmitters constructively add up at the receiver leading

to a mean received optical power ofIRXnr
=

Nt∑
nt=1

I
Nt
hnrnt

at receivernr. Consequently, the

single channel gainshnrnt
∈ [0; 1] induce a distinctive attenuation of the transmitted signals

(path loss) depending on the specific link characteristic. TheNr received signals are combined

by maximum ratio combining (MRC) [23, Ch. 7.2.4]. Thus by applying MRC, the received

signals with a high SNR are weighted more than signals with a low SNR. Consequently, the

electrical SNR after the combiner becomes:

ERX

N0
=
Ts
N0

Nr∑

nr=1

(
ρ IRXnr

)2
=
Ts
N0

Nr∑

nr=1

(
Nt∑

nt=1

ρ I

Nt
hnrnt

)2

=
Es

N0 N2
t

Nr∑

nr=1

(
Nt∑

nt=1

hnrnt

)2

,

(2.14)

which corresponds to the SNR given in the argument of the Q-function in (2.13). Moreover,

(2.14) comprises the meanreceivedelectrical energy of the MIMO system given by

ERX =

Nr∑

nr=1

(
ρ IRXnr

)2
Ts

=

Nr∑

nr=1

(
ρ I

Nt

Nt∑

nt=1

hnrnt

)2

Ts

= Es

Nr∑

nr=1

(
1

Nt

Nt∑

nt=1

hnrnt

)2

.

(2.15)

Consequently, the BER of RC given in (2.13) is only affected by the transfer factors of the

wireless optical links, respectively by the received optical power. Therefore, RC can be

represented by a simple SISO scheme which provides the same received electrical energy. For

this reason, RC is considered in this thesis as a benchmark scheme for the MIMO techniques

presented in the following sections.

2.2.2 Spatial multiplexing

Another well-known MIMO technique is SMP. By applying SMP, independent data streams

are simultaneously emitted from all optical transmitters. Therefore, SMP provides an enhanced

spectral efficiency ofNt log2(M) bit/s/Hz. Like for RC, PAM is used as signal modulation

scheme for SMP in the following. The optical power is equally distributed across all emitters

to ensure that both techniques use the same mean transmission power. For SMP, the signal

vectors hasNt elements which are independentM -PAM modulated signals according to (2.8),
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whereas their respective emitted intensities are divided byNt. Provided that the SMP receiver

performs a maximum-likelihood (ML) detection, the pairwise error probability (PEP) is the

probability that the receiver mistakes the transmitted signal vectorsm(1) for another vector

sm(2) , given knowledge of the channel matrixH [24, Ch. 6.3.2]. Therefore, the PEP of SMP

can be calculated by

PEPSMP(sm(1) → sm(2) |H) = Q



√
ρ2 Ts
4N0

‖H (sm(1) − sm(2))‖2F


 , (2.16)

where‖·‖F denotes the Frobenius norm. Using this PEP and considering allMNt possible

combinations of the transmitted signal vector, the BER of SMP can be approximated by

union bound methods. The upper bound is given in (2.17), withdH(bm(1) , bm(2)) denoting

the Hamming distance of the two bit assignmentsbm(1) andbm(2) of the signal vectorssm(1)

andsm(2) :

BERSMP ≤ 1

MNt log2(M
Nt)

MNt∑

m(1)=1

MNt∑

m(2)=1

dH(bm(1) , bm(2))·

Q



√
ρ2 Ts
4N0

‖H (sm(1) − sm(2))‖2F


 .

(2.17)

For instance, ifNt = 4 andM = 2 are assumed, the bit sequence “1 0 0 1” is assigned to

s10 =
[
I
2 0 0 I

2

]T
and “1 0 0 0” is assigned tos9 =

[
I
2 0 0 0

]T
. These two bit assignments

result in a Hamming distance ofdH(b10, b9) = 1. Therefore,dH(·, ·) states the number of bit

errors when erroneously detectingsm(2) at the receiver instead of the actually transmitted signal

vectorsm(1) .

2.2.3 Spatial modulation

SM is a combined MIMO and digital modulation technique proposed in [98] and further

investigated in [99–105]. As considered above, PAM is used for the digital signal modulation

of SM in the following. In SM, the conventional signal constellation diagram isextended

to an additional dimension, namely the spatial dimension. The spatial dimension is used to

transmit additional bits. Each transmitter in the transmitting array is assigned a unique binary

sequence, the spatial symbol. A transmitter is only activated when the randomspatial symbol to

be transmitted matches the pre-allocated spatial symbol. This means that only onetransmitter
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Figure 2.11: Illustration of SM operation withNt = 4 and M = 4 providing a spectral
efficiency of4 bit/s/Hz. The first two bits in the block of four bits determine the
PAM symbol and the second two bits determine the active LED.

is activated at any PAM symbol duration. Therefore, only one element ofthe signal vectors

to be transmitted is non-zero. The element is the digitally modulated signal to be sent, i.e. the

PAM symbol. The index of the non-zero element is the spatial symbol. SM simultaneously

transmits data in the signal domain and the spatial domain. Consequently, SM provides an

enhanced spectral efficiency oflog2(Nt) + log2(M) = log2(MNt) bit/s/Hz. Moreover, as only

one transmitter is activated at any symbol duration, SM completely avoids ICI.As a result, SM

has a lower decoding complexity compared to other MIMO schemes [104–106]. Due to the

distinct channel transfer factor between a particular transmitter and the receiver, the receiver

is able to detect which transmitter is activated, and hence is able to detect the spatial symbol.

Figure 2.11 illustrates the functionality of SM for a setup withNt = 4 optical emitters and a

signal constellation size ofM = 4. This setup provides a spectral efficiency of4 bit/s/Hz. The

bits to be transmitted are passed to the SM encoder, which maps them to the respective signal

and transmitter index. In this example, the last two bits denote the index of the transmitter

which emits the signal, whereas the first two bits represent the actual signalto be sent. For

instance, the bit sequence “1 1 1 0” is represented by transmitter number4 emitting signalI3,

i.e. an optical pulse with intensityI3. In contrast to RC and SMP, signals with intensityIm = 0

cannot be used for the signal modulation of SM. In this case, no transmitter would be active

and the spatial information would be lost. Therefore, the intensities of conventional PAM given

32



Optical wireless data transmission in indoor environments

in (2.8) have to be modified to be suitable for SM leading to:

I
SM

m = 2 I
M+1 m for m = 1, 2, . . .M. (2.18)

Consequently, the minimum distance between two SM signals is2 I
M+1 , whereas the minimum

distance for conventional PAM is2 I
M−1 . The smaller signal distance of SM might induce a

worse BER performance because the error probability depends on the Euclidean distance of

the signals. However, as SM additionally encodes data bits in the spatial domain, it provides

the same spectral efficiency as conventionalM -PAM with a lower signal constellation size.

Hence, the distance of the signal points is effectively enlarged. The SM receiver has to perform

a twofold detection task: Firstly, it has to detect the transmitted PAM symbol. Secondly, the

SM receiver has to detect which transmitter has sent the signal. Only if both the symbol and

the transmitter index are detected correctly, the bit sequence can be reconstructed properly.

Both estimation tasks are jointly done by applying ML detection for instance. Therefore, the

performance of SM depends on the differentiability of the multiple channels and is affected by

the channel correlation [107,108]. The PEP of SM for IM/DD based OWC is

PEPSM(sm(1) → sm(2) |H) = Q



√
ρ2 Ts
4N0

‖H (sm(1) − sm(2))‖2F




= Q




√√√√ρ2 Ts
4N0

Nr∑

nr=1

∣∣∣ISM

m(2) hnrn
(2)
t

− I
SM

m(1) hnrn
(1)
t

∣∣∣
2


 ,

(2.19)

where |·| represents the absolute value. This PEP denotes the probability that the receiver

decides for intensityI
SM

m(2) being emitted by transmittern(2)t , whereas actually transmitter

n
(1)
t has emitted intensityI

SM

m(1) . Using this PEP and considering all possibleMNt signal

combinations, the BER of SM can be approximated by union bound methods. The upper

bound of its BER is given in (2.20), whereb
m(1)n

(1)
t

is the bit assignment which is conveyed

when intensityI
SM

m(1) is emitted by transmittern(1)t andb
m(2)n

(2)
t

is the bit assignment which is

encoded when intensityI
SM

m(2) is emitted by transmittern(2)t :

BERSM ≤ 1

MNt log2 (MNt)

M∑

m(1)=1

Nt∑

n
(1)
t

=1

M∑

m(2)=1

Nt∑

n
(2)
t

=1

dH

(
b
m(1)n

(1)
t

, b
m(2)n

(2)
t

)
·

Q




√√√√ρ2 Ts
4N0

Nr∑

nr=1

∣∣∣ISM

m(2) hnrn
(2)
t

− I
SM

m(1) hnrn
(1)
t

∣∣∣
2


 .

(2.20)
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Consequently,dH
(
b
m(1)n

(1)
t

, b
m(2)n

(2)
t

)
states the number of bit errors when erroneously

decoding the bit sequenceb
m(2)n

(2)
t

at the receiver instead of the actually transmitted sequence

b
m(1)n

(1)
t

.

A special mode of SM is the so-called space shift keying (SSK) technique [109]. SSK conveys

data bits only in the spatial domain. Digital signal modulation is not applied in SSK, and

consequentlyM = 1 holds. This means that each activated LED emits the same optical

intensityI. Given independent identically distributed (iid) ones and zeros as data bits, each

transmitter is activated with equal probability. In order to decode the transmittedbit sequence,

the SSK receiver has to estimate only the index of the activated optical transmitter, i.e. the

actual signal is not demodulated. Therefore, SSK is a low-complex implementation of SM and

its PEP reduces to:

PEPSSK(sm(1) → sm(2) |H) = Q



√
ρ2 Ts
4N0

‖H (sm(1) − sm(2))‖2F




= Q




√√√√ρ2 Ts
4N0

Nr∑

nr=1

∣∣∣I h
nrn

(2)
t

− I h
nrn

(1)
t

∣∣∣
2




= Q




√√√√ Es

4N0

Nr∑

nr=1

∣∣∣h
nrn

(2)
t

− h
nrn

(1)
t

∣∣∣
2


 .

(2.21)

Using this PEP and considering allNt transmitters which can be activated, the BER of SSK

can be approximated by union bound methods. The upper bound of its BER isgiven by:

BERSSK ≤ 1

Nt log2 (Nt)

Nt∑

n
(1)
t

=1

Nt∑

n
(2)
t

=1

dH

(
b
n
(1)
t

, b
n
(2)
t

)
·

Q




√√√√ Es

4N0

Nr∑

nr=1

∣∣∣h
nrn

(2)
t

− h
nrn

(1)
t

∣∣∣
2


 ,

(2.22)

whereb
n
(1)
t

is the bit assignment which is conveyed when transmittern
(1)
t is activated andb

n
(2)
t

is the bit assignment which is encoded when transmittern
(2)
t is activated. Consequently, the

Hamming distancedH
(
b
n
(1)
t

, b
n
(2)
t

)
states the number of bit errors when erroneously decoding

the bit sequenceb
n
(2)
t

at the receiver instead of the actually transmitted sequenceb
n
(1)
t

. As SSK

is a pulsed modulation technique and requires only power-signals, it is an ideal candidate for

low-complex IM/DD based OWC. However, SSK provides a reduced spectral efficiency of
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Figure 2.12: Illustration of SSK in combination with OFDM.

log2(Nt) bit/s/Hz.

In [110, 111], the authors show that SM, respectively SSK can also becombined with OFDM

transmission to cope with multipath propagation and frequency-selective fading for instance.

Figure 2.12 illustrates this combination for a setup usingNt = 4 transmitters. As shown,

the SSK technique is individually applied to each sub-carrier in the frequency domain. Each

sub-carrier is mapped to one of the optical transmitters and all other transmitters emit zero

power on this particular frequency bin. As a result, the SSK encoder generates a specific set

of allocated and unassigned sub-carriers for each transmitter. TheseNt sub-carrier sets are

separately processed by a conventional OFDM modulator implementing an IFFT. In order to

generate real-valued time domain signals at the OFDM modulator output, Hermitian symmetry

of the modulator input has to be applied (see Section 2.1.2). The OFDM modulators generate

Nt intensity modulated time domain waveforms which contain the SSK modulated data bits.

This method accomplishes several parallel SSK transmissions in the frequency domain. As

each sub-carrier is allocated to only one optical transmitter, theNt signals superimpose without

ICI. At the receiver side, the superimposed signal is processed by anOFDM demodulator. The

SSK modulated data bits are separately decoded for each sub-carrier using the conventional

SSK decoding algorithm.

2.3 Optical wireless channel model

In [58], Kahn and Barry derive models to analytically calculate the channel coefficients of

optical wireless links. The authors state that the DC channel gain is the most distinctive

parameter describing an intensity modulated optical link. This is due to the fact that the
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(a) LOS link.

(b) Directed NLOS link.

(c) Diffuse NLOS link.

Figure 2.13: Geometric scenario used for calculation of channel coefficients.

frequency response of the channel is flat near DC and due to the low-pass characteristic of

the optical wireless channel because of DD. From this follows that the channel gainh affects

the received optical power by inducing a specific path loss as given by (2.3). The optical path

loss is given by−10 log10 h, whereas the electrical path loss is given by−10 log10 h
2. Kahn

and Barry differentiate between three link models depending on the geometricconstellation:

LOS links, directed non-line-of-sight (NLOS) links and diffuse NLOS links.

Figure 2.13(a) illustrates a directed LOS link. As shown,φ is the angle of emergence with

respect to the transmitter (TX) axis andψ is the angle of incidence with respect to the receiver

(RX) axis. Furthermore,d depicts the distance between transmitter and receiver. According
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to [58], the channel coefficient of this LOS link can be calculated as follows:

h =





(k+1)Ar
2π d2

cosk (φ) cos (ψ) 0 ≤ ψ ≤ Ψ 1
2

0 ψ > Ψ 1
2

(2.23)

with the orderk = − ln(2)

ln
(
cos(Φ 1

2
)
) and the transmitter semiangleΦ 1

2
(at half power). The

field-of-view (FOV) semiangle of the receiver is denoted byΨ 1
2
. The detector area of the

receiver is represented byA andr is the detector responsivity, which is related to the optical

wavelength. Clearly, the channel coefficienth depends on the specific position of the transmitter

and the receiver. If a receiver and a transmitter are not in each othersFOV,h = 0 holds.

Figure 2.13(b) illustrates a directed NLOS link. As shown, both transmitter andreceiver are

directed towards the ceiling. For this scenario, Kahn and Barry assume that the transmitter

illuminates only a spot at the ceiling. The diameter of this spot is assumed to be smaller than

the horizontal distanced between the spot and the receiver. The ceiling has a diffuse reflectivity

Γ ∈ [0; 1] and is located at heightz (relative to the position of the receiver). Using these

geometries, the channel coefficient of a directed NLOS link can be calculated as follows:

h =





ΓAr z

π(z2+d2)
3
2
cos (ψ) 0 ≤ ψ ≤ Ψ 1

2

0 ψ > Ψ 1
2

(2.24)

Finally, Kahn and Barry consider a diffuse NLOS link. Figure 2.13(c) illustrates the geometries

used for calculating the channel coefficient of this link. As shown, both transmitter and

receiver are oriented upwards to point straight up at the ceiling. For simplification, Kahn

and Barry consider only the first order reflections on the ceiling. Moreover, they assume

that the transmitter emits a Lambertian radiation pattern (60◦ semiangle). In this scenario,

the transmitter is located at positionx1 = 0 andy1 = 0 on thex- andy-axis, whereas the

receiver is located at positionx2 andy2. The distance between the ceiling and the transmitter is

z1 andz2 is the distance between the ceiling and the receiver. The optical power reflected from

the ceiling is integrated at the receiver position resulting in:

h =
ΓAr z21 z

2
2

π2

∫ ∫

ceiling

1
(
z21 + x2 + y2

)2 [
z22 + (x− x2)

2 + (y − y2)
2
]2 dx dy. (2.25)
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2.4 Optical wireless channel measurements

Figure 2.14 illustrates an optical wireless setup which is used for channel measurements. A

basic MISO setup withNt = 2 optical transmitters and one receiver (Nr = 1) is employed. The

setup consists of two identical transmitters TX1 and TX2 which have a directed LOS connection

towards the receiver. Both transmitters use the same optical transmission power. The spacing of

the two transmitters is fixed to be30 cm while their distance to the receiverd1, respectivelyd2,

is varied. Both transmitters are oriented towards the receiver so thatφ1 = φ2 = 0◦ holds. As

TX1 is directly placed on the receiver axis,ψ1 = 0◦ holds. TX2 has an angular misalignmentψ2

with respect to the receiver axis. The practical parameters of the employed optical devices are as

follows: at the transmitter side, off-the-shelf DL-6147-040 diodes [112] are used. These diodes

have a transmitter semiangle ofΦ 1
2
≈ 8◦ and a wavelength of658 nm. The optical receiver

consists of a circuitry applying a BPX61 silicon PIN photo-diode [113]. This photo-diode

has a responsivity (spectral sensitivity) ofr ≈ 0.434 at658 nm, a detector area ofA ≈ 7 mm2

and a FOV semiangle ofΨ 1
2
≈ 55◦. The−3 dB cut-off frequency of the photo-diode is about

17 MHz.

Figure 2.15 shows the measured channel gains for two scenarios. The gains are plotted for a

frequency range of1− 10 MHz. For scenario 2.15(a),d1 = 50 cm,d2 ≈ 58 cm andψ2 ≈ 31◦.

For scenario 2.15(b),d1 = 70 cm,d2 ≈ 76 cm andψ2 ≈ 23◦. The measurements show that the

links are highly correlated and differ only by their absolute gain. This difference is caused by

the larger distance and angular misalignment of TX2. The different channel gains result in an

imbalance of the received optical power between both links. In order to verify the high channel

TX
1

TX
2

RX

d
1

30 cm

d
2

Figure 2.14: Illustration of optical wireless channel measurement setup.
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Figure 2.15: Measured gains of the optical wireless channels obtained from measurement
setup. The shape of the measured gains is affected by the frequency response
of the diodes.
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scenario 2.15(a) scenario 2.15(b)

theoretical gain
h1 ≈ 139.01 10−6 h1 ≈ 70.93 10−6

h2 ≈ 87.65 10−6 h2 ≈ 55.07 10−6

measured gain
h1 ≈ 141.59 10−6 h1 ≈ 73.05 10−6

h2 ≈ 93.34 10−6 h2 ≈ 57.17 10−6

relative difference
∆1 ≈ 1.86 % ∆1 ≈ 2.99 %

∆2 ≈ 6.49 % ∆2 ≈ 3.81 %

Table 2.1: Comparison of measured and theoretical channel gains.

correlation, the time averaged correlation coefficient of the gains is calculated:

ζ(h1, h2) =
E{(h1 − E{h1})(h2 − E{h2})}√

VAR {h1}VAR {h2}
≈ 0.97, (2.26)

where E{·} denotes the expectation operator and VAR{·} is the variance operator. Moreover,

the measured optical channels show only little variations within the considered frequency

range as their maximum coefficient of variation,vnt
=
√

VAR {hnt
}/E{hnt

}, is only about

0.07. Therefore, the links can be represented by flat, non-frequency-selective AWGN channels

with constant attenuation. Table 2.1 displays the mean measured channel gains hnt
and the

theoretical channel gainshnt
for scenario 2.15(a) and 2.15(b). The theoretical gains are

calculated using (2.23). Furthermore, the relative difference,∆nt
=
∣∣hnt

− hnt

∣∣ / hnt
, between

the measured gains and the theoretical gains is also given in Table 2.1. As themaximum

difference is only about6.49 %, the measured channel gains and the calculated channel gains

closely match. Therefore, the analytical channel model given in (2.23) isused in this thesis to

derive the channel coefficients of different indoor OWC scenarios (see Chapter 3).

2.5 Summary

This chapter has given a brief review of optical wireless transmission techniques for indoor

applications. The key concepts and models that will be considered within the remainder of this

thesis have been introduced. Strengths and weaknesses of optical modulation techniques which

employ IM and DD have been presented and discussed. To summarise, PAMprovides larger

spectral efficiency compared to OOK and PPM. However, these pulsed modulation techniques
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are sensitive to multipath propagation due to ISI. Especially in diffuse propagation scenarios,

the performance of pulsed modulation schemes is degraded. Multi-carrier techniques, such as

OFDM, mitigate ISI by long symbol durations and the usage of guard intervals. However,

these techniques are affected by the non-negativity constraint of the optical carrier. For

instance, DCO-OFDM requires a high constant DC bias to make the bipolar OFDM waveform

non-negative. This DC bias power affects the effective SNR of DCO-OFDM in contrast to

unipolar PAM which operates without an additional DC bias. ACO-OFDM operates also

without a DC bias, however at the expense of providing only half of the spectral efficiency

of DCO-OFDM. In contrast to pulsed modulation techniques which enable low-complex

and low-cost transceiver implementations, OFDM transmission requires sophisticated optical

transceivers having good linearity characteristics and high dynamic ranges.

MIMO techniques provide high spectral efficiencies. Therefore, these techniques enable high

data rates for indoor OWC. However, indoor optical wireless links are highly correlated

as shown by the channel measurements presented in this chapter. Consequently, indoor

scenarios represent challenging environments for MIMO techniques which commonly rely on

uncorrelated links. Furthermore, the channel measurements substantiate the analytical channel

model presented in Section 2.3. For this reason, this model is chosen in the following chapter

to calculate the channel coefficients of indoor optical wireless links.

These highlighted aspects set the foundation for the work presented in thefollowing chapters.

Chapter 3 and Chapter 5 deal with optical MIMO techniques in order to provide high spectral

efficiencies in indoor environments. Moreover in Chapter 3, the analyticalerror bounds of RC,

SMP and SM derived above are substantiated by computer simulations. In Chapter 4, an optical

wireless transmitter concept is presented which addresses the complexity issue of conventional

optical transceiver designs entailed by OFDM transmission.
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Chapter 3
Performance evaluation of MIMO

techniques for optical wireless
communications

In order to provide sufficient illumination, recent light fixtures are typicallyequipped with

multiple light emitting diodes (LEDs). This property can readily be exploited to create

optical multiple-input-multiple-output (MIMO) communication systems. Off-the-shelf

incoherent-light-producing LEDs are characterised by achieving only alimited bandwidth of

about30− 50 MHz in the case of infra-red (IR) light and even less for visible light. Therefore,

the available bandwidth of practical optical wireless communications (OWC) systems is

restricted. Consequently, achieving high spectral efficiencies is of great concern for OWC

systems. For free-space optical (FSO) transmission the effects of MIMOhave already been

studied. It has been shown that spatial diversity can combat the fading effects due to scattering

and scintillation caused by atmospheric turbulence [79, 80]. However, for indoor OWC it

is still not clear to what extent MIMO techniques can provide gains. This is because in

indoor environments there are no fading effects, especially if line-of-sight (LOS) scenarios

are considered. As a result, indoor optical wireless links are highly correlated. Provided

that MIMO techniques mostly rely on spatially uncorrelated channels, it is unclear whether

the optical propagation channel in indoor environments can offer sufficiently low channel

correlation and adequate channel differentiability.

This chapter aims to evaluate the performance of MIMO techniques for OWC in an indoor

environment with LOS characteristics. Three different transmission schemes are considered,

namely repetition coding (RC), spatial multiplexing (SMP) and spatial modulation (SM).

Throughout this chapter, pulse amplitude modulation (PAM) is considered for signal

modulation due to its simple implementation and its high bandwidth efficiency.

Firstly, in Section 3.1, RC, SMP and SM are compared with regard to their computational

complexity and their bit error ratio (BER) performance for different spectral efficiencies.
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The error ratios are determined by numerical computer simulations as well as by analytical

calculations using union bound approximations. Moreover, the effect ofinduced power

imbalance between the multiple transmitters is studied. Link blockage is investigated as

a means to enhance the performance of optical MIMO techniques. It is found that link

blockage improves the channel characteristics by easing the differentiability of the links. The

enhanced channel differentiability outweighs the loss in received energy, thus improving BER

performance. Additionally, the performance of SM and RC is evaluated forvarying numbers

of optical transmitters and receivers.

Secondly, in Section 3.2, the performance of optical SM using colour LEDsis studied. To

this end, the BER performance of SM is analysed i) for scenarios which use transmitters having

thesameoptical wavelength and ii) for scenarios which use transmitters havingdifferentoptical

wavelengths. It is found that the utilisation of different optical wavelengths in combination with

intensity modulation (IM) and direct detection (DD) enhances the differentiability of multiple

optical channels.

Finally, based on the results of both preceding sections, Section 3.3 evaluates the performance

of optical SM in combination with forward error correction (FEC). Specifically, an enhanced

coded SM scheme is proposed. This scheme jointly encodes the bits conveyed in the spatial

domain as well as in the signal domain. It is found that the jointly FEC coding achieves

higher coding gains than the originally proposed Trellis coded spatial modulation (TCSM)

scheme [101,114] if applied to OWC.

3.1 Performance comparison of RC, SMP and SM

In this section, the performance of three different MIMO techniques applied to indoor OWC is

compared, namely of RC, SMP and SM. The computational complexity of these schemes

is determined and their BER performance is evaluated. Particularly, the analytical BER

approximations of these schemes derived in Section 2.2 are verified by computer simulations.

To this end, several LOS setups with different transmitter spacings and different positions of

the receiver array are considered. In this context, the effect of bothinduced power imbalance

and link blockage in investigated.
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3.1.1 System model and setup scenario

In this chapter, an IM/DD based optical MIMO transmission system is considered. This MIMO

system employsNt optical transmitters (LEDs) andNr receivers (photo-diodes). It is assumed

that the multiple LEDs as well as the multiple photo-diodes are in close proximity. In addition,

there is only a small path difference between the multiple transmitter-receiver links of some

cm (as shown in Section 3.1.3). Consequently, the system model given in (2.11) is considered

without time dispersion. Moreover, optical wireless links with LOS characteristics are assumed.

Figure 3.1 illustrates the indoor setup scenario used for calculation of the channel coefficients.

On the basis of this scenario, the channel coefficients of the optical wireless links are derived

using (2.23). The channel measurements presented in Section 2.4 substantiate this optical

wireless channel model. In this section, both the transmitter semiangleΦ 1
2

(at half power)

and the field-of-view (FOV) semiangle of the receiver are assumed to be15◦. These semiangles

have been chosen with regard to a practical LOS indoor OWC system whichhas been developed

and implemented within the European Union (EU) project OMEGA [115, 116].The detector

areaA of the receiver is assumed to be1 cm2 and the detector responsivityr is assumed to be

1. The angle of emergence with respect to the transmitter axisφ and the angle of incidence

with respect to the receiver axisψ as well as the distanced between transmitter and receiver

are derived from the actual positions of the transmitters and receivers within the considered

scenario.

In the following, a4 × 4 indoor scenario (Nr = 4 andNt = 4) is considered which is

located within a4.0m× 4.0m× 3.0m room. It is assumed that the transmitters are placed

Figure 3.1: Indoor setup scenario used for calculation of channel coefficients. Downwards
pointing LEDs (transmitters) are placed at ceiling height of2.50 m, and upwards
pointing photo-diodes (receivers) are placed at table height of0.75 m.
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at a height ofz = 2.50 m and are oriented downwards to point straight down from the ceiling.

The receivers are located at a height ofz = 0.75 m (e.g. height of a table) and are oriented

upwards to point straight up at the ceiling. Both transmitters and receiversare aligned in a

square2 × 2 array which is centred in the middle of the room. On the basis of this scenario,

different static setups are investigated which have varying spacings of the single transmitters on

thex- andy-axis, depicted bydTX. The spacing of the receivers is assumed to be0.1 m on the

x- andy-axis for all considered setups. This receiver spacing would enable the integration of

the receiver array into typical laptop computers. Figure 3.1 shows the positioning of the4 × 4

setup. The receivers are displayed as dots and the transmitters as triangles. The plotted cones

represent the orientation of the transmit beams and the orientation of the FOVsof the receivers,

respectively. The cone angles are related to the semiangles of the transmittingLEDs and the

receiving photo-diodes.

3.1.2 Computational complexity

For means of comparison, it is assumed in the following that all considered MIMO techniques

use maximum-likelihood (ML) detection at the receiver side with perfect knowledge of the

channel and ideal time synchronisation. Therefore, the decoder decides for the signal vector

ŝ which minimises the Euclidean distance between the actual received signal vectory and all

potential received signals leading to

ŝ = argmax
s

py(y|s,H) = argmin
s

‖y −Hs‖2F , (3.1)

wherepy is the probability density function ofy conditioned ons andH with py(y|s,H) ∝
exp (−‖y −Hs‖2F /σ2). The symbol∝ represents proportionality.

On the basis of this detection algorithm, the computational complexity of the considered optical

MIMO techniques is analysed. The computational complexity is defined as the total number

of mathematical operations,i.e. multiplications, additions and subtractions, that are required

for ML detection. The numbers are listed in Table 3.1. It can be seen that RCand SMP need

the same number of operations to provide equal spectral efficiencyR, whereas the detection

of SM is less computationally expensive. This is due to the fact that SM avoidsinter-channel

interference (ICI) as only one transmitter is active at any symbol durationin contrast to SMP.

Moreover, as SM conveys additional bits in the spatial domain, it can achieve the same spectral

efficiency as RC but with a reduced signal constellation size. Thus for SM, there are less signal
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MIMO
technique

Spectral efficiencyR
in bit/s/Hz

Number of mathematical
operations at receiver

RC log2(M) 2R (2NtNr +Nr − 1)

=M (2NtNr +Nr − 1)

SMP Nt log2(M) 2R (2NtNr +Nr − 1)

=MNt (2NtNr +Nr − 1)

SM log2(MNt) 2R (3Nr − 1)

=MNt (3Nr − 1)

Table 3.1: Comparison of spectral efficiency and computational complexity at receiver of
different optical MIMO techniques.

constellation points to be considered when performing the ML detection. For instance, if a setup

with Nt = 4 andNr = 4 is assumed which provides a spectral efficiency ofR = 4 bit/s/Hz,

RC and SMP both require560 operations, whereas SM requires only176 operations. Figure 3.2

displays the computational complexity of RC, SMP and SM for different setups and spectral

efficiencies. Consequently, as SM requires a much lower computational complexity compared

to the other MIMO techniques, it enables the implementation of efficient and simpleoptical

MIMO receivers.

Figure 3.2: Computational complexity at receiver of RC, SMP and SM for different setups and

spectral efficiencies.
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3.1.3 Results on bit error ratio performance

In the following, the BER performance of RC, SMP and SM is analysed by considering several

setup scenarios which are based on the model presented in Section 3.1.1. In order to ensure

comparability, the mean emitted optical power is the same for each scenario as well as for all

MIMO techniques. The error ratios at the receiver side are evaluated with regard totransmit

energy against power spectral density of the additive white Gaussian noise (AWGN). Hence,

the specific path loss of each setup caused by the particular distance and angular alignment

of the single transmitters and receivers is taken into account. Consequently, the signal-to-noise

ratio (SNR) is defined asEs

N0
. This is because considering received energy to noise energy would

disregard the individual path loss of the different setups, thus disallowing a fair performance

comparison. The AWGN is independent of the transmitted signals and has zero mean.

The4 × 4 setup with transmitter spacings on thex- andy-axis ofdTX = 0.2, 0.4 and0.6 m is

considered. Applying (2.23) to these scenarios gives the following channel matrices (without

noise):

Hd
TX

=0.2 ≈ 10−4




1.0708 0.9937 0.9937 0.9226

0.9937 1.0708 0.9226 0.9937

0.9937 0.9226 1.0708 0.9937

0.9226 0.9937 0.9937 1.0708



,

Hd
TX

=0.4 ≈ 10−4




0.9226 0.7964 0.7964 0.6888

0.7964 0.9226 0.6888 0.7964

0.7964 0.6888 0.9226 0.7964

0.6888 0.7964 0.7964 0.9226



,

Hd
TX

=0.6 ≈ 10−4




0.6888 0.5559 0.5559 0.0000

0.5559 0.6888 0.0000 0.5559

0.5559 0.0000 0.6888 0.5559

0.0000 0.5559 0.5559 0.6888



.

(3.2)

The symmetrical arrangement of the transmitters and receivers leads to equal channel

gains for links having the same geometrical alignment. Note that due to the high

precision of the simulation software (MATLAB represents floating-point numbers in64 bit

double-precision [117]), these gains are identical. However, in an actual application

scenario, there will be larger differences between the gains due to device and implementation

imperfections. Therefore, the considered simulation scenario constitutes aworst case scenario
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with regard to channel differentiability. As shown in (3.2), if the spacing between the

transmitters is small, the gains are quite similar, whereas ifdTX gets larger, the differences

between the links increase. IfdTX = 0.6 m, some transmitters and receivers are not in each

others FOV resulting inhnrnt
= 0. As the channel coefficients are in the region of10−4,

the electrical path loss at the receiver side is about−80 dB. Because the SNR is defined

as the ratio oftransmittedsignal energy to noise energy, the BER curves displayed in the

following figures have an approximate SNR offset of about80 dB with respect to thereceived

energy to noise ratio. Therefore, in the following, a normalised SNR is considered given by
Es

N0
− 80 dB. Furthermore, if the diffuse transmission portion induced by first order reflections

on the surfaces (walls) is considered, the reflected optical intensity impinging on the receivers

is in the range of10−10 I (assuming ideal conditions such as Lambertian reflectors and a

reflectivity of Γ = 1). This results in an electrical path loss which is about110− 120 dB

larger than the path loss of the LOS transmission. As the path loss of higher order reflections

is even larger, reflections can be neglected in the following and only the LOSgains given in

(3.2) are considered without any diffuse transmission portions. However, additional multipath

reflections would enhance the differentiability of the MIMO channels and would reduce

channel correlation. Hence, as there are no reflections, the considered LOS scenario is

subject to highly correlated links and constitutes a worst case scenario withregard to channel

correlation.

EnlargingdTX increases the path loss. Therefore, the impairment in received energy can be

denoted for different transmitter spacings:

∆ERX
dTX=x = 10 log10

(
ERXdTX=x

ERXdTX=0.2

)
, (3.3)

whereERXdTX=x
denotes the received electrical energy fordTX = x m. The impairment is

related to thedTX = 0.2 m setup which provides the lowest path loss yielding to

∆ERX
d
TX

=0.2 = 0.00 dB,

∆ERX
d
TX

=0.4 ≈ −1.88 dB,

∆ERX
d
TX

=0.6 ≈ −6.89 dB.

(3.4)

The maximum difference in path length of the multiple transmitter-receiver links is about

33.30 mm. This difference results in a maximum delay variation of111.06 ps. A delay
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variation of several ps only has an effect for switching speeds in the region of several GHz.

As off-the-shelf LEDs are considered which provide a bandwidth of about 30− 50 MHz, this

delay variation can be neglected and ideal synchronisation of all links is assumed without time

dispersion.

Figure 3.3(a) shows the BER performance of RC, SMP and SM for the three setup scenarios

for a spectral efficiency ofR = 4 bit/s/Hz. FordTX = 0.2 m and0.4 m, RC gives the best

performance, whereas SMP performs worst with a low slope of the BER curve within the

depicted SNR range. This is due to the fact that for both scenarios the channel gains are

quite similar providing low channel differentiability. Although the performanceof SM also

depends on the differences between the links, SM is more robust to these channel conditions.

SM provides a lower error ratio and a steeper slope of the BER curve compared to SMP. If

dTX = 0.6 m, SMP and SM outperform RC at a BER of10−5 by about10 dB, respectively

by 9 dB. RC performs about7 dB worse compared to thedTX = 0.2m case because of less

received energy as∆ERX
d
TX

=0.6 ≈ −6.89 dB. Despite this larger path loss fordTX = 0.6 m, SMP

and SM even outperform RC for the two other scenarios, which provide alower path loss. SMP

outperforms SM by about1 dB for high SNRs. Because of its multiplexing gain, SMP can

operate with a reduced signal constellation size ofM = 2 as opposed to SM which has to

operate withM = 4 to provide the same data rate. But at low SNR regions, SM provides the

best BER performance. This implies that SM profits from conveying information in the spatial

domain especially at low SNRs. Whereas at high SNR regions, SM suffersfrom the fact that

it has to use a larger signal constellation size to provide the same spectral efficiency as SMP.

Accordingly, SMP requires a high SNR to separate the single signal streamsat the receiver

side and to benefit from its multiplexing gain. Moreover, the theoretical lowerand upper error

bounds (shown by markers) given in (2.13), (2.17) and (2.20) closelymatch the simulation

results (shown by lines). As a result, the error bounds provide an accurate approximation of the

BERs at high SNRs.

Figure 3.3(b) shows the BER performance of the three schemes for the same setup scenarios but

with an enhanced spectral efficiency ofR = 8 bit/s/Hz. RC requires an SNR increase of about

24 dB to achieve the same BER of10−5 compared to theR = 4 bit/s/Hz case. FordTX = 0.2 m

anddTX = 0.4 m, SMP still performs worst. However, SM outperforms RC up to an SNR of

about50 dB for dTX = 0.2 m, respectively54 dB for dTX = 0.4 m. If dTX = 0.6 m, SMP

provides the best performance as it achieves an SNR benefit of about25 dB compared to RC
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Figure 3.3: Comparison of RC, SMP and SM for spectral efficiency of
R = 4 andR = 8 bit/s/Hz in 4× 4 setup scenario with varying distance
dTX of transmitters on thex- and y-axis (lines show simulation results and
markers analytical error bounds).

50



Performance evaluation of MIMO techniques for optical wireless communications

 0 10  20  30  40  50  60

10
−4

10
−3

10
−2

10
−1

10
0

(
Es

N0

− 80

)
/ dB

B
E

R

 

 

RC (R = 4)
SMP (R = 4)
SM (R = 4)
RC (R = 8)
SMP (R = 8)
SM (R = 8)

Figure 3.4: Comparison of RC, SMP and SM for spectral efficiency of
R = 4 andR = 8 bit/s/Hz in 4× 4 setup scenario withdTX = 0.7 m (lines
show simulation results and markers analytical error bounds).

and of about12 dB compared to SM. Hence, due to its multiplexing gain, SMP requires an

SNR improvement of only10 dB to provide the same BER performance when doubling the

spectral efficiency from4 to 8 bit/s/Hz, whereas SM needs additional21 dB.

AssumingdTX = 0.7m results in

Hd
TX

=0.7 ≈ 10−4




0.5658 0 0 0

0 0.5658 0 0

0 0 0.5658 0

0 0 0 0.5658



, (3.5)

which corresponds to an aligned system where only one transmitter and onereceiver are in each

others FOV. This leads to a direct alignment with four completely independentlinks. Figure 3.4

displays the BER results for a spectral efficiency ofR = 4 andR = 8 bit/s/Hz for this scenario.

In comparison to thedTX = 0.6 m scenario, all MIMO schemes perform worse because there

is less energy received. This is due to the missing cross-connects between transmitternt and

receivernr for nt 6= nr leading to∆ERX
d
TX

=0.7 ≈ −16.95 dB. Whereas SM and SMP undergo a

minor performance decrease of only about3 dB, the performance of RC is degraded by about

10 dB. Consequently, RC suffers much more from the direct alignment, whereas SMP and
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Figure 3.5: BER of SM segmented into bit errors caused by transmitter misdetection and
signal misdetection for spectral efficiency of4 bit/s/Hz in4× 4 setup scenario with
varying distancedTX of transmitters on thex- andy-axis.

SM can compensate for the less received energy by improved channel differentiability. For

R = 4 bit/s/Hz, SM again outperforms SMP at low SNR regions. At higher SNRs, SMP

outperforms SM due to its larger multiplexing gain. This issue is even more evident for the

R = 8 bit/s/Hz case, where SMP achieves major performance gains as it providesthis spectral

efficiency withM = 4 compared to SM which has to operate with a signal constellation size

of M = 64.

In the following, it is evaluated why SM achieves performance gains especially in the low

SNR region. Therefore, the BER of SM is segmented into errors arising from transmitter

misdetection and from signal misdetection. IfR = 4 bit/s/Hz, SM conveys the same number

of bits in the spatial domain and in the signal domain. Figure 3.5 shows that fordTX = 0.2 m,

the errors caused by inaccurate detection of the transmitter mainly affect theBER, whereas

the mere signal detection provides much lower error ratios. IfdTX = 0.6 m, the transmitter

detection provides a lower error ratio up to an SNR of about19 dB, thus improving the overall

BER of SM. At higher SNRs the signal detection can be performed more reliably and the

errors caused by an erroneous detection of the transmitter get decisiveagain. In the aligned

system (dTX = 0.7 m), the signal misdetection is the dominating source of errors due to less

energy received. In contrast, the detection of the active transmitter can be performed more

reliably because the direct alignment provides the best channel differentiability. Therefore,
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the inherent nature of SM, which is conveying information in the spatial domain, can be

exploited most distinctively by direct alignment of the optical transmitters and receivers. Thus,

despite less energy received, independent links enable the most reliabledetection of the active

transmitter. Summing up, these results highlight the impact of the trade-off between SNR

and differentiability of the multiple links. The performance of the optical MIMO techniques

depends on both parameters. Consequently, both SNR and channel differentiability have to be

considered to achieve good error performance.

3.1.3.1 Varying position of receiver array

In the following, the situation is considered when the position of the receiverarray is varied.

To this end,xRX andyRX are defined as the position offsets of the receiver array on thex-

and y-axis relative to the centre of the room. These offsets increase both the distance and

the misalignment between the transmitter array and the receivers. In order tostill be able to

detect the TX beams, a larger FOV semiangle of the receivers ofΨ 1
2
= 45◦ is assumed. The

considered position offsets are:xRX = 0.5 m, yRX = 0 m; xRX = 0.25 m, yRX = 0.75 m and

xRX = 0.5 m,yRX = 1.0 m. Applying (2.23) to these scenarios results in the following channel

matrices:

HxRX=0.5, yRX=0 ≈ 10−4




0.2293 0.2013 0.1462 0.1290

0.2013 0.2293 0.1290 0.1462

0.7964 0.6888 0.6410 0.5559

0.6888 0.7964 0.5559 0.6410



,

HxRX=0.25, yRX=0.75 ≈ 10−4




0.0461 0.0272 0.0358 0.0213

0.2573 0.1798 0.1917 0.1352

0.0735 0.0424 0.0713 0.0412

0.4426 0.3040 0.4275 0.2940



,

HxRX=0.5, yRX=1.0 ≈ 10−4




0.0061 0.0035 0.0044 0.0025

0.0442 0.0283 0.0299 0.0194

0.0150 0.0082 0.0128 0.0071

0.1290 0.0792 0.1071 0.0663



.

(3.6)

Figure 3.6 shows the BER of RC, SMP and SM for a spectral efficiency of8 bit/s/Hz in the
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Figure 3.6: Comparison of RC, SMP and SM for spectral efficiency of8 bit/s/Hz in4× 4 setup
scenario withdTX = 0.4 m and varying position offsets of receiver array on thex-
andy-axis (lines show simulation results and markers analytical error bounds).

4× 4 setup scenario withdTX = 0.4 m using these position offsets. The increased distance

between the transmitters and the receivers leads to a larger path loss and anincreasedEs

N0

offset compared to the scenario withxRX = yRX = 0 m. However, the larger distance also

increases the differences between the channels. This improves the performance of SMP. While

SMP performs worst when thex-axis andy-axis offsets are zero (due to channel similarities),

it performs better than RC and SM when position offsets are applied. This is because of

favourable channel conditions and the fact that the spatial multiplexing gainof SMP grows

linearly with the number of transmitters. In contrast, the spatial multiplexing gain grows only

logarithmically in the case of SM, and there is no spatial multiplexing gain in the caseof RC.

3.1.3.2 Power imbalance between transmitters

In the following, the effect of induced power imbalance between the multiple transmitters is

analysed. This means that the transmission power is not uniformly distributed across allNt

transmitters but imbalanced. The optical power imbalance factor in dB is defined asδ and

α = 10
δ

10 is the imbalance factor on a linear scale. Therefore,α denotes the optical power

surplus factor assigned to one transmitter in comparison to another one. Notethat the mean

optical power emitted by all transmitters,I, is still the same as before. Consequently, the
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total transmission power is not increased by driving individual LEDs in thearray with different

powers. Moreover, the power distribution is done without any channel state information (CSI)

at the transmitter side.

The induced power imbalance factors for each transmitter can be calculatedby

γ1 =
Nt

Nt−1∑
i=0

αi

,

γj+1 = αγj for j = 1, 2, . . . (Nt − 1).

(3.7)

For instance, assumingδ = 3 dB andNt = 4 results inγ1 ≈ 4
15 , γ2 ≈ 8

15 , γ3 ≈ 16
15 and

γ4 ≈ 32
15 . Using these factors, the optical transmission power assigned to emitternt applying

RC or SMP isĨnt
= I

Nt
γnt

and for SM it isĨnt
= I γnt

. Note that the signal modulation

technique is still PAM according to (2.8) and (2.18), whereas nowĨnt
is the mean optical

power used for modulation by transmitternt.

Figure 3.7 depicts the BER of RC, SMP and SM for a spectral efficiency of4 bit/s/Hz in

the 4× 4 setup scenario withdTX = 0.2 m anddTX = 0.6 m for varying power imbalances.

As shown, adding an imbalance to the transmission powers can enhance the performance

of both SMP and SM, whereas it has no influence on RC. By imbalancing the power,

the differentiability of the single links is improved making them more distinguishable at the

receiver side. The receiver does not need any knowledge about the induced power imbalance

because it implicitly gets this information by channel estimation which it needs to perform in

any case. Therefore to the receiver, the power imbalance appears to be due to the actual channel

propagation. Consequently, imbalancing transmit powers does not increase the receiver’s

detection complexity. The performance of RC is not related to link differencesbut only to

the absolute channel gains. Therefore, power imbalance has no effect on the performance of

RC given the symmetrical arrangement of the channel gains denoted in (3.2). The results for

the dTX = 0.2 m scenario shown in Figure 3.7(a) indicate that a power imbalance of about

δ = 1 dB results in the best BER performance for SM, whereas for SMPδ = 3 dB gives

the lowest BER. More pronounced power imbalances lead to worse errorratios. While the

differentiability of the links may be enhanced, the transmission power for someof the links

is largely decreased in this case. This leads to a low SNR on these links, and consequently

to a worse BER performance. Therefore, a compromise between channel differentiability

and appropriate signal detection is required. This is also the reason why SMP can operate
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Figure 3.7: Comparison of RC, SMP and SM for spectral efficiency of4 bit/s/Hz in 4× 4
setup scenario for varying power imbalancesδ (lines show simulation results and
markers analytical error bounds).
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with higher power imbalances compared to SM. SM has to operate with a larger signal

constellation size to provide the same data rate, thus making it more susceptible to low SNRs.

Consequently, SMP can profit to a larger extent by power imbalancing andis able to achieve the

same performance as RC. Note that the channel conditions without power imbalancing caused

SMP to perform significantly worse than RC and SM in this scenario (see Figure 3.3(a)). For

dTX = 0.6 m, power imbalance has a negative effect on SMP and SM as their performance

decreases with risingδ as shown in Figure 3.7(b). Therefore, no further benefits can be achieved

andδ = 0 dB gives the best performance for both SMP and SM. The optimal power imbalance

factors for each specific scenario can be calculated using the BER equations given in (2.17) and

(2.20). However, this calculation requires CSI at the transmitter and consequently a dedicated

feedback channel which increases system complexity.

3.1.3.3 Link blockage

In the following, thedTX = 0.2 m and0.4 m setups with an induced link blockage between

some transmitters and receivers are considered. This can be achieved by installing opaque

boundaries in the receiver device or by smaller FOVs of the optical receivers. The channel

coefficients are assumed as given in (3.2) and the same links of the4 × 4 setup are blocked as

in thedTX = 0.6 m scenario: the links between TX1 and RX4; TX2 and RX3; TX3 and RX2;

TX4 and RX1. This results in the following channel matrices for the two setups with induced

link blockage:

Ĥd
TX

=0.2 ≈ 10−4




1.0708 0.9937 0.9937 0.0000

0.9937 1.0708 0.0000 0.9937

0.9937 0.0000 1.0708 0.9937

0.0000 0.9937 0.9937 1.0708




(3.8)

resulting in∆̂ERX
d
TX

=0.2 ≈ −2.29 dB and

Ĥd
TX

=0.4 ≈ 10−4




0.9226 0.7964 0.7964 0.0000

0.7964 0.9226 0.0000 0.7964

0.7964 0.0000 0.9226 0.7964

0.0000 0.7964 0.7964 0.9226




(3.9)
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Figure 3.8: Comparison of RC, SMP and SM for spectral efficiency of4 bit/s/Hz in 4× 4
setup scenario withdTX = 0.2 m and0.4 m with induced link blockage (lines show
simulation results and markers analytical error bounds).

resulting in∆̂ERX
d
TX

=0.4 ≈ −3.99 dB.

Figure 3.8 depicts the BER of RC, SMP and SM for a spectral efficiency of4 bit/s/Hz

in these two setups. Relative to the results without link blockage (see Figure 3.3(a)), RC

performs about2 dB worse. This is because the induced link blockage leads to a lower

SNR at the receiver. However, the performance of SM and SMP is significantly enhanced.

Although there is less energy received, both MIMO schemes profit fromthe enhanced channel

differentiability. Especially SMP, which performs worst without link blockage, benefits from

the improved channel differentiability and provides the lowest error ratio inthis scenario.

The dTX = 0.2 m setup with induced link blockage provides the best compromise between

channel differentiability and received energy. As shown, both SM andSMP perform about

2 dB better compared to the setup withdTX = 0.4 m and induced link blockage. Relative to the

dTX = 0.6 m setup (see Figure 3.3(a)), SM and SMP achieve an even larger SNR performance

gain of about5 dB.

3.1.3.4 Comparison of RC and SM for varying numbers of transmittersand receivers

In the following, the BER performance of RC and SM is evaluated for varying numbers of

optical transmitters and receivers. Due to its high computational complexity forlarge numbers
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Figure 3.9: Comparison of RC and SM for spectral efficiency of2, 4 and 6 bit/s/Hz in
4× 4 setup scenario (lines show simulation results and markers analytical error
bounds).

of transmitters and receivers, SMP is not taken into account for these evaluations. The basic

wireless indoor scenario as presented in Section 3.1.1 is considered. However, the number of

optical transmitters and receivers is increased resulting in differentNr ×Nt setup scenarios.

The spacing of the single transmitters on thex- andy-axis is set todTX = 0.2 m. The spacing

of the optical receivers is kept as considered above,i.e. 0.1 m. Both transmitters and receivers

are aligned in rectangular arrays, which are centred within the room.

First of all, the standard4×4 setup scenario is considered. For this scenario, Figure 3.9 depicts

the BER of SM and RC assuming a spectral efficiency of2, 4 and6 bit/s/Hz. As shown, for

a spectral efficiency of2 and4 bit/s/Hz, RC applying4-PAM, respectively16-PAM, achieves

a better performance than SM. However, if an increased spectral efficiency of 6 bit/s/Hz is

considered, SM outperforms RC up to an SNR of about36 dB. This is because SM operates

with a reduced signal constellation size ofM = 16 compared to64-PAM RC transmission. At

SNRs above36 dB, RC gets superior because of the constructive superposition of the multiple

optical signals.

As SM uses only one transmitter at any symbol duration, there is no superposition of the optical

signals. However, compared to RC, SM offers higher SNR gains with increasing number of

receivers. This finding is shown in Figure 3.10, where the performanceof SM and RC is studied
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Figure 3.10: Comparison of RC and SM for spectral efficiency of5 bit/s/Hz withNt = 8
and varying number of optical receiversNr (lines show simulation results and
markers analytical error bounds).
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Figure 3.11: Comparison of RC and SM for spectral efficiency of4, 5 and 6 bit/s/Hz in
16× 16 setup scenario (lines show simulation results and markers analytical
error bounds).

for 5 bit/s/Hz for a scenario withNt = 8 and varying number of optical receivers. It can be

seen that when consecutively doublingNr from 2 up to16, RC achieves an SNR performance

gain of about3 dB in each step. In contrast, SM achieves larger improvements as it provides an

SNR performance gain of about5 dB by moving fromNr = 4 toNr = 8 and of about9 dB by

moving fromNr = 8 toNr = 16. Consequently, in the16× 8 scenario SM even outperforms

RC by about2 dB.

Besides these improvements, SM has another essential advantage over RCtransmission. If

more bits are to be transmitted per channel use, RC needs a higher increase inSNR to be

able to provide the same BER performance. This observation is taken from Figure 3.11,

which shows the error ratios for a16× 16 transmission system providing different spectral

efficiencies (4, 5 and6 bit/s/Hz). It can be seen that RC needs an SNR improvement of about

6 dB to achieve the same BER when providing5 instead of4 bit/s/Hz, whereas SM requires

an increase of only3 dB. Consequently, SM withM = 2 outperforms32-PAM RC by about

8 dB and even16-PAM RC by about2 dB. If the spectral efficiency is increased by1 bit to

6 bit/s/Hz, RC requires additional6 dB, in contrast to SM which needs only an increase of

about4 dB. In summary, for a spectral efficiency of6 bit/s/Hz SM outperforms RC by about

10 dB and even outperforms the less efficient32-PAM RC transmission by about4 dB. Hence,

the benefits of SM over RC largely increase with greater spectral efficiencies as well as with
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increased numbers of optical transmitters and receivers. Additionally, SMeven provides less

computational complexity. Consequently, SM is a suitable modulation technique for OWC to

provide high data rates at good BER performance.

3.2 Optical spatial modulation using colour LEDs

As shown in the previous section, SM is an ideal candidate for IM/DD basedsystems due

to its low complexity. However, the performance of SM largely depends on thechannel

characteristics. As a consequence, its performance is degraded in scenarios with high link

correlation and low differentiability of the multiple channels. Therefore in this section, further

investigations are carried out in order to improve the performance of optical SM. To this end,

optical SM in combination with colour LEDs is analysed. The BER performanceof SM is

analysed i) for scenarios which use transmitters having thesameoptical wavelength and ii) for

scenarios which use transmitters havingdifferentoptical wavelengths.

3.2.1 System model and setup scenario

In the following, the basicNr ×Nt indoor scenario introduced in Section 3.1.1 is maintained.

However, different numbers of optical transmitters (LEDs) are considered, whereas the number

of receivers (photo-diodes) is kept by settingNr = 4 for each setup. This means that4 × Nt

scenarios are considered. TheNt transmitters are equidistantly arranged in a circle. This circle

is centred in the middle of the room and has a diameter of0.5 m. A circular arrangement

is chosen because it provides smaller distances between the transmitters, and consequently

lower intrinsic channel differentiability compared to the square arrangement considered in

Section 3.1.1. The4 receivers are aligned in a square2 × 2 array which is centred in the

middle of the room. The spacing of the receivers is assumed to be0.1 m on thex- andy-axis as

considered above. Figure 3.12 shows the positioning of the simulation setup within the room

for the case ofNt = 16. The receivers are displayed as dots and the transmitters as triangles.

Off-the-shelf SD445-14-21-305 silicon photo-diodes [118], which have a detector area of

about1 cm2, are considered as photo-detectors. The FOV semiangle of the photo-diodes is

assumed to be60◦. Figure 3.13 shows the responsivity of the photo-diodes for differentoptical

wavelengths. The optical transmitters are assumed to be off-the-shelf LEDs from OSRAM’s

Golden Dragon Plus product family [119]. These light sources have a transmitter semiangle of
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85◦ and are available in different colours. Table 3.2 shows the wavelengths of the considered

LEDs and the corresponding responsivity of the photo-diodes according to Figure 3.13.
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Figure 3.12: Indoor setup scenario for the case ofNt = 16. Downwards pointing LEDs
(transmitters) are placed at ceiling height of2.50 m, and upwards pointing
photo-diodes (receivers) are placed at table height of0.75 m.

Figure 3.13: Responsivity of photo-diode SD445-14-21-305. The figure is taken from the data
sheet [118] of the photo-diode.
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Wavelength of
LED

Responsivity of
photo-diode

462 nm (deep blue) 0.1963

467 nm (blue) 0.2019

505 nm (verde green) 0.2407

528 nm (true green) 0.2565

590 nm (yellow) 0.3343

617 nm (amber) 0.3611

625 nm (red) 0.3713

656 nm (hyper red) 0.4102

Table 3.2: Wavelengths of LEDs and corresponding responsivity of photo-diodes.

3.2.2 Results on bit error ratio performance

As shown in (2.23), the responsivity of the photo-detector affects the transfer factor of

optical links. Since the responsivity is related to the optical wavelength, using LEDs with

different wavelengths affects the differentiability of multiple optical links. Asspace shift

keying (SSK) conveys only bits in the spatial domain, its performance is highlydependent

on the differentiability of the multiple links, respectively of the multiple optical transmitters.

Therefore, in the following, SM’s low-complex implementation SSK is considered as

transmission technique. The BER performance of SSK is analysed for two different scenarios:

i) all optical transmitters have the same wavelength and ii) the optical transmitters have

different wavelengths. Both scenarios are based on the4×Nt setup presented in Section 3.2.1.

For scenario ii), Table 3.3 shows the assignment of the different wavelengths to the individual

transmitters. Four specific setups which haveNt = 4, 8, 16 and32 optical transmitters are

considered. For scenario i), all optical transmitters have a wavelength of656 nm as this

wavelength provides the highest responsivity. Therefore, this scenario provides the largest

mean received electrical energy. The SNR is again defined asEs

N0
. This is because considering

received energy to noise energy would disregard the difference in path loss caused by the

specific responsivities. As the channel coefficients are in the region of10−6, the electrical path

loss is about−120 dB. As a consequence, the BER curves displayed in the following figures

have an approximate SNR offset of about120 dB. Therefore, in the following, a normalised

SNR is considered given byEs

N0
− 120 dB.
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Wavelength of
LED

Transmitter using wavelength

Nt = 4 Nt = 8 Nt = 16 Nt = 32

462 nm 1 1, 9 1, 9, 17, 25

467 nm 3 3, 11 3, 11, 19, 27

505 nm 5 5, 13 5, 13, 21, 29

528 nm 7 7, 15 7, 15, 23, 31

590 nm 2 2 2, 10 2, 10, 18, 26

617 nm 4 4 4, 12 4, 12, 20, 28

625 nm 3 6 6, 14 6, 14, 22, 30

656 nm 1 8 8, 16 8, 16, 24, 32

Table 3.3: Wavelengths of LEDs used in setup scenarios.

Figure 3.14 shows the BER performance of SSK for a4 × 4 and4 × 8 setup. It can be seen

that the scenario that employs different transmitter wavelengths achieves an SNR performance

gain of about5 dB. Although using the same transmitter wavelength provides a larger received

electrical energy, this results in a higher BER. This is due to the fact that using different

wavelengths improves the differentiability of the multiple channels. As the performance of SSK

is affected by the differentiability of the multiple channels, the use of colour LEDs enhances its

performance. Figure 3.15 shows the BER performance of SSK for a4 × 16 and4 × 32 setup.

For these two setups, using different transmitter wavelengths achieves aneven larger SNR

performance gain of about10 dB. Note that the receiver does not need any knowledge about the

different wavelengths because it implicitly gets this information by channel estimation which

it needs to perform in any case. The wavelengths are distinguished on thebasis of the specific

power levels which they induce at the detector without the need for specialoptical filters. This

is in contrast to the colour-shift-keying (CSK) transmission scheme proposed by the Institute

of Electrical and Electronics Engineers (IEEE)802.15.7 Visible Light Communication Task

Group [53] in the IEEE standard [54]. CSK uses red, green and blue (RGB) type LEDs to

transmit data. The data is conveyed by the combination of the three differentcolours,i.e. each

CSK constellation point is defined by a specific combination of the three colours. In order

to decode the data, the combined colour has to be separated into the three individual RGB

channels. To this end, the receiver employs three separate photo-diodes each with a special red,

green and blue optical filter. This setup results in a complex receiver design. In contrast, the
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proposed SSK scheme enables low-complex system implementations as shown above.
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Figure 3.14: BER of SSK for4× 4 and4× 8 setup using i) same transmitter wavelengthλ and

ii) different transmitter wavelengthsλ (lines show simulation results and markers

analytical error bounds).
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Figure 3.15: BER of SSK for4 × 16 and 4 × 32 setup using i) same transmitter wavelength

λ and ii) different transmitter wavelengthsλ (lines show simulation results and

markers analytical error bounds).
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3.3 Coded optical spatial modulation

In order to improve the performance of SM over correlated channels, TCSM has been

proposed [101, 114]. TCSM encodes the bits conveyed in the spatial domain to assist the

detection of the active transmitter. In this section, the performance of codedoptical SM is

evaluated. An enhanced coded SM technique is proposed which jointly encodes the bits

conveyed in the signal and spatial domains. It is found that this enhancedcoded SM technique

can achieve gains in SNR compared to the originally proposed TCSM scheme.

3.3.1 System model and setup scenario

TCSM applies FEC coding to the bits conveyed in the transmitter index in order to increase the

free distance between sequences of spatial constellation points. Consequently, the transmitter

detection is made more robust and the error ratio is reduced. As shown in Figure 3.16 (b),

TCSM works by the principle that it splits the data bits into two subsets. The firstsubset
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Figure 3.16: Illustration of uncoded SM, TCSM and enhanced coded SM withNt = 4 and
M = 4.

directly specifies the digitally modulated signal to be emitted, whereas the secondsubset is

first passed to an FEC encoder and then used to determine the emitter (LED) tobe activated.

Despite this additional FEC encoding, the general SM principle is maintained,i.e. only one

transmitter is active during any symbol duration. As shown, TCSM differentiates between

the bits represented by digital signal modulation and the bits conveyed in the spatial domain,

thus disallowing a joint decoding at the receiver side. Consequently, the basic SM principle of

67



Performance evaluation of MIMO techniques for optical wireless communications

simultaneously encoding bits in the spatial and signal domains is not fully exploited. Therefore,

in the following, the TCSM technique is extended to an enhanced coded SM scheme which

jointly encodes the bits conveyed in the spatial domain as well as in the signal domain.

For FEC encoding at the transmitter side, a convolutional encoder with an octal representation

of (161, 133), a coding rate ofc = 1
2 , a constraint length ofl = 7 and a free distance of

dfree = 10 is assumed. Furthermore, the encoded bits are additionally interleaved by a random

block interleaver. As proposed in [101,114], by applying TCSM, only the bits which determine

the transmitter index are passed to the convolutional encoder, while the bits denoting the

digitally modulated signal to be transmitted remain uncoded and are directly passed to the

SM mapper (see Figure 3.16 (b)). The encoded and interleaved bits are then used to determine

the emitter (LED) which is activated according to the standard SM transmission scheme. In

contrast, the proposed enhanced coded SM scheme passesall data bits to the convolutional

encoder,i.e. the FEC encoding is applied to all data bitsbefore they are split into the two

subsets which determine the digitally modulated signal and the active transmitter. The FEC

encoded bits are also interleaved and then passed to the standard SM mapper which maps them

to the signal constellation points and transmitter indices as depicted in Figure 3.16(c). Note

that for the sake of comparison, both coded SM schemes use the same(161, 133) convolutional

encoder in the following.

At the receiver side, the FEC encoded bits of both coded SM schemes aredeinterleaved. The

actual detection is based on the ML principle given in (3.1). Consequently,the ML detector

jointly estimates the emitter index and the transmitted signal by a common operation. If FEC

coding is applied, the ML detection principle can be used to realise a soft decision ML detector

for SM by employing log-likelihood ratios (LLRs). According to [111], thea posterioriLLR

for thei th bit conveyed in the transmitted signal vectors is

L(si) = log

∑
s∈Si

1

exp
(
−‖y−Hs‖2F

σ2

)

∑
s∈Si

0

exp
(
−‖y−Hs‖2F

σ2

) , (3.10)

whereSi
1 andSi

0 represent the set of signal vectors which have “1” and “0” at thei th bit position,

respectively. The calculated LLRs can be processed by a soft decision Viterbi decoder in order

to retrieve the transmitted data bits. It is assumed that the receiver has perfect knowledge of

the channel, whereasH is not known at the transmitter side. Moreover, a soft decision Viterbi
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Figure 3.17: Positioning of4 × 4 simulation setup withdTX = 0.5 m. Downwards pointing
LEDs (transmitters) are placed at ceiling height of3.00 m, and upwards pointing
photo-diodes (receivers) are placed at table height of0.75 m.

decoder is considered which has a traceback length of five times the constraint length.

In the following, the generic4×4 indoor scenario and system model presented in Section 3.1.1

are considered. However, in this section, it is assumed that the transmitters are placed at

a height ofz = 3.00 m. The performance of the optical SM schemes is studied using the

optical devices and parameters given in Section 2.4: The optical transmittersemploy the

DL-6147-040 diode [112] which has a transmitter semiangle ofΦ 1
2
≈ 8◦. The optical receivers

employ the BPX61 photo-diode [113] which has a responsivity ofr ≈ 0.434, a detector area

of A ≈ 7 mm2 and a FOV semiangle ofΨ 1
2
≈ 55◦. Using these parameters, the channel

coefficients are calculated according to (2.23). The values ofd, φ andψ are again derived from

the geometric alignment within the considered setup. Figure 3.17 shows the positioning of the

4 × 4 simulation setup. Transmitter spacings ofdTX = 0.3 m, 0.5 m and0.7 m are assumed,

which yield the following channel matrices:

Hd
TX

=0.3 ≈ 10−5




0.5934 0.4775 0.4775 0.3847

0.4775 0.5934 0.3847 0.4775

0.4775 0.3847 0.5934 0.4775

0.3847 0.4775 0.4775 0.5934



,

Hd
TX

=0.5 ≈ 10−5




0.3847 0.2691 0.2691 0.1889

0.2691 0.3847 0.1889 0.2691

0.2691 0.1889 0.3847 0.2691

0.1889 0.2691 0.2691 0.3847



,

(3.11)
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Hd
TX

=0.7 ≈ 10−5




0.1889 0.1157 0.1157 0.0713

0.1157 0.1889 0.0713 0.1157

0.1157 0.0713 0.1889 0.1157

0.0713 0.1157 0.1157 0.1889



.

3.3.2 Results on bit error ratio performance

In the following, the BER performance of the proposed enhanced codedoptical SM scheme is

evaluated and compared to the original TCSM scheme as well as to uncoded SM. Figure 3.18

shows the BER performance of the enhanced coded SM scheme, TCSM and uncoded SM

for a spectral efficiency of2 bit/s/Hz using the channel coefficients given in (3.11). In order
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Figure 3.18: BER of coded and uncoded SM for spectral efficiency of2 bit/s/Hz in4× 4 setup
scenario with varying distancedTX of transmitters on thex- andy-axis.

to provide this spectral efficiency, uncoded SM operates with a signal constellation size of

M = 1, i.e. all bits to be transmitted are conveyed in the spatial domain. In contrast,

TCSM has to operate withM = 2 to compensate for the redundancy induced by the FEC

encoder. Moreover, the enhanced coded SM scheme has to operate withan even larger signal

constellation size ofM = 4 to provide the same data rate. As shown, despite this enlarged
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Figure 3.19: BER of coded and uncoded SM for spectral efficiency of3 bit/s/Hz in4× 4 setup
scenario with varying distancedTX of transmitters on thex- andy-axis.

signal constellation size, the enhanced coded SM scheme can achieve gains in SNR of about

2− 3 dB compared to TCSM and outperforms uncoded SM by about6− 10 dB. Moreover, it

can be seen that an enlargement of the transmitter spacing increases the channel differentiability

and improves the BER performance of both coded and uncoded SM. Figure 3.19 displays the

BER of the considered schemes for a spectral efficiency of3 bit/s/Hz. In this scenario, uncoded

SM operates with a signal constellation size ofM = 2 and TCSM withM = 4. The enhanced

coded SM scheme has to operate withM = 16. As depicted, the new enhanced coded SM

scheme can also outperform both other schemes for a spectral efficiency of 3 bit/s/Hz and

achieves SNR gains of about1− 2 dB compared to TCSM, respectively of about4− 8 dB

compared to uncoded SM. These SNR performance gains are achieved even though the

proposed scheme has to use a much larger signal constellation size to compensate for the

induced FEC coding and to provide the same spectral efficiency.
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3.4 Summary

In this chapter, the performance of MIMO techniques applied to OWC in indoor environments

has been studied. SeveralNr × Nt setups with different spacings of the transmitters and

different positions of the receiver array have been considered. Ithas been shown that for OWC,

MIMO schemes can provide gains even under static LOS conditions – channel conditions which

commonly disallow the use of MIMO techniques in the radio frequency (RF) domain.

In detail, the contribution of this chapter is threefold: Firstly, the performance of the MIMO

techniques RC, SMP and SM has been compared. It has been shown thatSMP improves

the spectrum efficiency in IM/DD based transmission systems by exploiting multiplexing

gains. In order to achieve these improvements, adequate channel differentiability is required.

Similarly, SM achieves improved spectral efficiencies and it is more robust to low channel

differentiability. SM enjoys additional implementation advantages as it only requires

low complexity detection algorithms. Since SM prevents ICI, it requires a much lower

computational complexity compared to SMP. Additionally, SM is also less computationally

expensive than RC. This is due to the fact that SM conveys data bits in the spatial domain

which enables high spectral efficiencies with lower signal constellation sizes compared to

RC. RC is insensitive to different transmitter-receiver alignments becauseof the constructive

superposition of the optical signals. However, as RC does not provide spatial multiplexing

gains, it requires large signal constellation sizes to provide high data rates. This drawback

degrades the BER performance of RC at high spectral efficiencies. Ithas been found that

induced power imbalance between the transmitters is an effective technique toimprove

the BER performance. Under conditions which cause low channel differentiability, power

imbalance can substantially improve the performance of both SMP and SM. Consequently,

if the transmission power is imbalanced, SMP and SM can even be used in scenarios which

typically disallow the application of MIMO schemes. As shown, the best performance for the

considered4 × 4 indoor scenario can be achieved by blocking some of the16 links between

the transmitters and receivers. This induced blocking reduces the SNR atthe receiver side.

However, the blocking improves the BER of both SMP and SM since it outweighs the loss

in SNR by enhancing the channel differentiability. These two MIMO techniques capitalise

on both SNR and channel differences. For instance, blocking4 of the 16 links of the4 × 4

setup improves the BER performance of SMP by more than20 dB, while the effective SNR is

reduced by about2 dB due to the blocking. Therefore, the induced link blockage represents
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the most suitable compromise between channel differentiability and receivedenergy for the

considered4 × 4 scenarios. However, it requires the implementation of opaque boundariesat

the receiver device, respectively small FOVs of the optical receivers. It has been further found

that SM provides larger SNR improvements with increasing number of optical transmitters

and receivers compared to RC. Additionally, SM can achieve better errorratios particularly

at low SNRs because the superposition gain of RC prevails only at higher SNRs. SM is a

low-complex transmission scheme that can be adopted to the channel characteristics of OWC

by interchanging signal constellation size and number of optical transmitters.Consequently,

SM is a suitable modulation technique for OWC to provide high data rates at goodBER

performance. Furthermore, the analytical error bounds of the three schemes derived in

Section 2.2 have been substantiated by computer simulations. It has been shown that these

error bounds provide accurate BER approximations.

Secondly, on the basis of the previous findings, the performance of optical SM has been

further analysed. It has been found that using colour LEDs with different optical wavelengths

can significantly improve the performance of SM, precisely by more than10 dB. This

finding shows that the utilisation of different optical wavelengths in combination with IM

and DD enhances the differentiability of the multiple channels. This is due to the fact that

the responsivity of common photo-diodes is a function of the optical wavelength. This

means that different wavelengths induce specific optical power levels atthe receiver. These

distinctive power levels directly affect the channel characteristic as theyenhance the channel

differentiability. Consequently, the SM receiver can detect the activatedtransmitter more

reliably which improves the BER performance.

Finally, the performance of coded optical SM has been studied. It has been shown that FEC

coding can significantly improve the performance of SM under conditions withhigh link

correlation and low channel differentiability. Particularly, an enhanced coded SM scheme has

been proposed which jointly encodes the bits conveyed in the spatial and signal domains. It

has been found that this approach can achieve gains in SNR of about1 – 3 dB compared

to the originally proposed TCSM scheme [101, 114]. This is because the jointly encoding

conveys the coded bits in the spatial domain as well as in the signal domain. Consequently,

the enhanced coded SM scheme can make better use of the basic SM detectionprinciple which

jointly detects the emitter index and the transmitted signal by a common operation. As aresult,

the enhanced coded SM scheme utilises the output of the ML detector more efficiently than
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the originally proposed TCSM scheme, thus providing larger coding gains.Summing up, the

MIMO techniques considered in this chapter can actually provide high data rates and enhance

the performance of OWC in indoor environments even under mere LOS conditions.
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Chapter 4
Optical wireless transmitter employing

discrete power level stepping

Orthogonal frequency division multiplexing (OFDM) is widely used in modernradio

frequency (RF) standards as well as in optical wireless communications (OWC) [42,60,68–73].

This is due to the fact that OFDM is a bandwidth efficient transmission technique which

can cope with inter-symbol interference (ISI). In contrast to pulsed modulation techniques,

OFDM provides high data rates even in severe multipath scenarios which mostlyoccur in

diffuse and scattered propagation scenarios [37, 120]. Moreover,OFDM enables low-complex

signal processing implementations by the use of fast Fourier transformation(FFT) and inverse

fast Fourier transformation (IFFT). However, a major drawback of OFDM is the fact that

it requires sophisticated transceiver designs which must have good linearity characteristics

and large dynamic ranges. Non-linear distortions,e.g. caused by amplifiers, largely decrease

the system performance [121–124]. Compared to RF communications, OWC does not

require high-frequency circuit designs because the signals are transmitted in the baseband

representation and directly modulate the intensity of the light sources,e.g. light emitting

diodes (LEDs). However, LEDs are highly non-linear due to their optical-power-versus-current

characteristic. This non-linearity largely restricts the dynamic range and thetransmission

power of common optical wireless transmitters [125–129]. Moreover, the non-linearity of

LEDs necessitates the implementation of complex pre-distortion and/or complex equalisation

techniques [130, 131]. Consequently, conventional optical wireless transmitter front-ends

cannot provide the required linearity in a power- and cost-efficient way.

In this chapter, a novel optical wireless transmitter concept is presented which addresses

the shortcomings of conventional optical transmitters. In particular, the concept addresses:

non-linearities, restricted dynamic range and complex system designs. Theproposed

transmitter employs discrete power level stepping which enables simple and power-efficient

front-end designs. Sophisticated pre-distortion or intricate equalisation techniques to mitigate

transmitter induced non-linearities are not required. As a result, a conventional low-complex
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single-tap equalisation is sufficient. The concept can be used to implement transmitters for

visible and infra-red (IR) light transmission as well as for line-of-sight (LOS) and diffuse

propagation scenarios.

The remainder of this chapter is organised as follows: In Section 4.1, the considered system

model is introduced. Section 4.2 reviews conventional transmitter front-enddesigns and

discusses implementation issues. In Section 4.3, the effects of quantization onthe bit error

ratio (BER) performance are shown. Based on this analysis, appropriate bit resolutions are

determined which provide sufficient precision. In Section 4.4, the proposed transmitter concept

is introduced which employs discrete power level stepping. Moreover, thefocus is set on several

realisation aspects and the developed optical wireless transmitter is described. In Section 4.5,

the results of several transmission experiments are presented. The transmitter performance

is evaluated in terms of error vector magnitude (EVM) and BER. Measurements prove the

functionality of the developed transmitter. Finally, Section 4.6 concludes the chapter.

4.1 System model

Figure 4.1 illustrates an OWC system which consists of an optical transmitter (TX) and

receiver (RX). The optical transmitter comprises a modulator that transforms the incoming

data stream into a signal that is to be transmitted by the light source. The outputof the

modulator is a digital signal. For higher order modulation techniques, such asM -pulse

amplitude modulation (PAM) or OFDM, the modulator output is a bit vector representing an

analogue signal value. The TX front-end transforms the bit vector into ananalogue optical

waveform by adequately controlling the light source. As a result, the front-end performs

intensity modulation (IM) by changing the intensity of the emitted light according to the

Figure 4.1: Optical wireless transmission system.
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signal (data) to be sent. At the receiver side, a light detector retransforms the impinging

optical waveform into an electrical signal. Commonly, this component is a photo-diode which

transforms optical power into current by direct detection (DD). Additionally, the RX front-end

contains an anti-aliasing filter,i.e. a low-pass filter to restrict the signal bandwidth in order

to satisfy the sampling theorem, and an amplifier. After the received signal has been filtered

and amplified, it is converted into a digital signal by an analogue-to-digital converter (ADC).

The demodulator processes the digital signal and reconstructs the transmitted data. The

remainder of this chapter focuses on the TX front-end and the generationof the optical

waveform. In the following, direct-current-biased optical orthogonal frequency division

multiplexing (DCO-OFDM) is considered as transmission technique. However, the transmitter

concept proposed in this work is not restricted to DCO-OFDM but can alsobe used with any

other multi-carrier transmission scheme, such as asymmetrically clipped optical orthogonal

frequency division multiplexing (ACO-OFDM) or pulse-amplitude-modulated discrete

multitone modulation (PAM-DMT). Moreover, single-carrier transmission schemes like

on-off-keying (OOK),M -PAM orM -pulse position modulation (PPM) can be used as well.

4.2 Conventional transmitter front-end designs

A transmitter front-end for OWC transforms the electrical signal generatedby the modulator

into an optical signal which has sufficient power to enable its detection at thereceiver. The

block diagram of such a transmitter front-end is displayed in Figure 4.2. Themodulator

output of common transmission techniques, such as OFDM, is a bit vector of sizeN . This bit

vector is a binary digital representation of the signal to be transmitted. Conventional optical

transmitter front-ends transform this bit vector into an analogue voltage signal by using a

Figure 4.2: Conventional optical wireless transmitter front-end.
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digital-to-analogue converter (DAC). The generated voltage signal is converted into a current

signal using a transconductance amplifier (TCA). The TCA finally drivesthe light source.

Commonly, the optical light source is a LED, either in the visible or IR light range. Only LEDs

are fast enough to transform a modulated current signal into an optical signal of several MHz

bandwidth. Therefore, sufficiently low rise and fall times of the LEDs are required. Moreover,

arrays of several LEDs are commonly used to increase the emitted optical power. To this end,

the LEDs are connected in series and are modulated by the same current signal. Laser diodes

are an alternative light source. However, laser diodes are not considered as illumination devices

because of their high costs and issues regarding eye safety.

The main drawback of LEDs is their optical-power-versus-current characteristic which is highly

non-linear. Particularly in combination with OFDM transmission, non-linearities are a critical

issue. Non-linearities result in a degraded signal-to-interference-plus-noise ratio (SINR), and

consequently in a degraded system performance [121–124]. Therefore, OWC requires elaborate

pre-distortion techniques at the transmitter or complex equalisation techniquesat the receiver

to compensate for the non-linear characteristic of LEDs. Without these techniques, LEDs can

only be modulated in a narrow, quasi-linear operational area. Consequently, the operating point

of LEDs has to be carefully chosen. However, this limited operational arealargely restricts the

dynamic range and the transmission power of OWC systems. Moreover, in order to enable high

data rate transmission, the whole transmitter chain has to operate at several tens to hundreds

of MHz. For instance in [115], a visible light transmitter system is reported which employs a

DAC operating at a sampling rate of275 mega-samples per second (Msps) to provide a data rate

of about100 Mbit/s. In order to provide the required bandwidth, broadband amplifier circuits

have to be used as well. However, these circuit designs result in a high parasitic electrical power

consumption, which is not transformed into optical power and is therefore wasted. Additionally,

these circuit designs have to provide a good linearity characteristic. Therefore, conventional

optical wireless transmitters are subject to complex and elaborate front-enddesigns.

4.3 Quantization

In the following, the effect of transmitter induced quantization on the BER performance is

analysed. Figure 4.3 illustrates a continuous OFDM symbol which is not quantized (dashed

line) and a quantized OFDM symbol with a resolution of5 bits (solid line). Due to the

considered resolution of5 bits, the quantized symbol can take only32 discrete amplitude
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Figure 4.3: Continuous OFDM symbol and quantized OFDM symbol.

levels, whereas the continuous OFDM symbol has a (nearly) unlimited precision (depending

on the precision of the computer system, which is commonly32 or 64 bits). As DCO-OFDM is

considered within this work, the illustrated symbols have a direct-current (DC) offset to provide

non-negative amplitude values.

Figure 4.4 shows the BER performance of16- and64-quadrature amplitude modulation (QAM)

for different bit resolutions. Note that any effects caused by channel estimation or

synchronisation are not considered in these simulations to highlight the effect of bit resolution

on the BER performance. Table 4.1 shows the considered OFDM system parameters. An

FFT/IFFT size ofL = 256 and a cyclic prefix length ofLcp = 5 samples is applied. Due to

Hermitian symmetry, the amount of data sub-carriers isL
2 − 1 = 127. The signal-to-noise

ratio (SNR) is defined asERX
N0

. The BER curves in Figure 4.4 show that a low resolution of

only 2 or 3 bits leads to an error floor due to insufficient precision and low SINR. For16-QAM

a resolution of5 bits is sufficient as it provides only a minor SNR performance degradation

(less than1 dB) compared to16-QAM without quantization. For64-QAM a resolution of at

least7 bits is required to provide sufficient precision. Consequently, the simulationresults

show thatM -level QAM transmission can operate with a reduced bit resolution without major

performance degradation.
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Figure 4.4: Effect of quantization on BER performance.
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OFDM system parameters

FFT/IFFT sizeL 256

amount of data sub-carriers1 L
2 − 1 = 127

cyclic prefix lengthLcp 5 samples

sampling frequencyfs 25 Msps

modulation technique 2-, 4-, 16-QAM

data rate 12, 24, 48 Mbit/s

Table 4.1: System parameters used for DCO-OFDM transmission.

4.4 Proposed transmitter concept

The proposed transmitter concept addresses the shortcomings of conventional optical wireless

transmitter front-ends like complex circuit designs, non-linearities and low power efficiency

due to the required high-speed DACs and high-bandwidth/high-currentTCAs. The architecture

of the proposed optical wireless transmitter front-end is shown in Figure 4.5. The basic idea

Figure 4.5: Proposed optical wireless transmitter front-end architecture.

of this transmitter concept is to omit both the DAC and the analogue current control circuit

which powers the LEDs. Instead of this analogue signal shaping, an array of LEDs is used

which applies discrete power scaling. The LEDs are arranged in several groups which can be

switched on and off individually. Each LED group emits a specific optical intensity resulting

in a discrete power level stepping. Equal to conventional optical transmitterfront-ends, the

1Hermitian symmetry is considered.
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waveform to be sent is represented by a digital bit vector whose elements are binary values,

i.e. ones and zeros. These binary values determine which LED groups are switched on or off.

Consequently, the baseband modulator switches a specific combination of LED groups on or

off according to the signal to be sent. This means that each signal sample is represented by a

specific optical power level which is generated by a particular combination of activated LED

groups.

As shown in Figure 4.5, the transmitter circuit consists ofN + 1 groups of LEDs,D0 toDN .

Each groupDi is set to emit a constant optical power level (intensity)Pi using a series resistor

Ri. The value ofRi determines the electrical currentIi which powers the LED groupDi.

Consequently,Ii determines the optical power levelPi which is emitted byDi. Assuming

Pmax is the maximum power level that the LEDs can emit, the currentI0 driving the first group

of LEDs D0 is set accordingly to result in an emitted power level ofPmax. The remaining

LED groups are driven with scaled currents to result in:P0 = Pmax, P1 = Pmax/2, P2 =

Pmax/4, . . . andPN = Pmax/2
N . The LED groupD0 is modulated (switched on/off) by the

most significant bit of the digital bit vector generated by the baseband modulator. GroupD1 is

modulated by the second most significant bit, down to groupDN which is controlled by the least

significant bit of the vector. Consequently, each bit of the signal vectorto be sent is assigned to a

specific emitter group radiating a defined optical intensity. As the discrete power levels emitted

by the single LED groups constructively add up at the receiver, the proposed transmitter concept

performs a digital-to-analogue conversion in the optical domain. Consequently, the circuit can

be considered as a direct digital input to analogue optical output converter with a resolution of

N + 1 bits. The bit resolution can be chosen with regard to the required precisionas analysed

in Section 4.3. If a resolution of5 bits is considered, the quantized signal waveform can take

32 discrete intensity levels. For instance, the intensity level “12” is represented by the binary

sequence “0 1 1 0 0”. If this intensity level is to be emitted, the LED groupsD1 andD2 are

activated, whereas the groupsD0, D3 andD4 are switched off. If DCO-OFDM is considered,

the LED groupD0 represents the DC bias offset which has an optical power level ofP0. For

L ≥ 64, the OFDM time domain signal samples have approximately Gaussian distribution [71].

In order to increase the maximum transmission power and range, it is additionally proposed

to combine two or more LED groups to one common group. For instance, two groups can be

jointly switched on and off to commonly build groupD0. If both groups emit the maximum

power levelPmax, the overall transmission power is doubled. This results in:P0 = 2 Pmax,
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Figure 4.6: Proposed LED arrangements for optical wireless transmitter front-end employing
6 LED groups with6 LEDs per group.

P1 = Pmax, P2 = Pmax/2, . . . andPN = Pmax/2
N−1. This implementation constitutes

a compromise between signal precision and transmission power, respectively SNR. The

combination of two LED groups provides a reduced resolution of onlyN bits if the same

number of groups is used as above. Alternatively, the amount of LEDs per emitter groupDi

can also be varied in order to create different power levelsPi.

The power levels of the individual LED groups can be adjusted using an optical power meter for

instance. This adjustment guarantees that the optical signal generated bythe superposition of all

groups has best linearity. Hence, the appropriate values of the series resistorsRi, respectively

the currentsIi, can be determined using an optical power meter. Moreover, it is beneficial

to align the LEDs in an arrangement which generates a light beam with most homogeneous

emitted optical power. First transmission experiments using a line-by-line arrangement of the

LED groups (with a simple serial arrangement of the LEDs within each group) provided an

inhomogeneous light beam. Therefore, more elaborate LED arrangementsare proposed. Two

possible LED arrangements are illustrated in Figure 4.6. The figures show ahexagonal (left

hand side) and a diagonal (right hand side) arrangement for an implementation with 6 LED

groups and6 LEDs per group. As shown, the single LEDs belonging to a specific group, and

thus emitting a specific optical power levelPi, are distributed across the LED array. For the

hexagonal arrangement, the groups form inner and outer circles. Forthe diagonal arrangement,

the single LEDs are diagonally arranged within the emitter square. It is also advisable to use

LEDs with wide beam angles to ensure a broad coverage and a homogeneous illumination

of the emitted light beam. The switching stagesSi (see Figure 4.5) that digitally control the

different LED groups are realised by fast solid state switching devices,such as transistors or

gate drivers for metal-oxide-semiconductor field-effect transistors (MOSFETs). The switching
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Figure 4.7: Developed optical wireless transmitter front-end.

speed of the stagesSi affects the achievable bandwidth of the optical transmitter. Only by fast

switching speeds, a bandwidth in the range of5 – 50 MHz or higher can be achieved. However,

the bandwidth also depends on the typical rise and fall time of the LEDs. Sincesimple low-cost

transistors are used as switching components, the proposed design enables the implementation

of low-complex optical transmitters. A DAC and linear power amplifiers are notrequired. The

OFDM signal processing can be done by an off-the-shelf field programmable gate array (FPGA)

for instance, which enables flexible transceiver designs.

Figure 4.7 shows the developed optical wireless transmitter front-end. Thetransmitter front-end

has the proposed hexagonal LED arrangement. It consists of6 LED groups. Two of these

groups are combined to be jointly switched on and off in order to increase thetransmission

power and the SNR at the receiver. Consequently, the implemented transmitterprovides a

resolution of5 bits. The emitting diodes are off-the-shelf SFH4502 IR LEDs [132] which

have a wavelength of950 nm. These diodes have a rise and fall time of about10 ns and a

typical radiant power of40 mW. The semiangle of the LEDs is18◦. The overall value of raw

materials of the transmitter is less than $25. As neither heat sinks nor fans are required for

cooling, the implemented transmitter has a good power efficiency. The used receiver employs

a SD445-14-21-305 silicon positive intrinsic negative (PIN) photo-diode [118] with a detector

area of1 cm2. The response time of the photo-diode is about13 ns and the responsivity at

950 nm is about0.65. Elaborate optical components like lenses or concentrators are not used.
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4.5 Transmission experiments

In this section, the results of some transmission experiments using the implemented optical

wireless transmitter front-end are presented. Table 4.1 shows the considered OFDM system

parameters. The transmitter front-end has a resolution of5 bits which is sufficient to perform a

16-QAM transmission with appropriate precision as shown in Section 4.3. The switching speed

fs of the LED groups is set to25 Msps. The achievable bit rate of DCO-OFDM employing

M -QAM can be approximated by:

b ≈ log2(M) fs

L
2 − 1

L+ Lcp
. (4.1)

Note that this calculation does not take additional symbols into account which are required

for frame synchronisation and channel estimation. These parameters depend on the specific

OFDM system implementation. Considering the system parameters given in Table4.1, the

implemented optical wireless transmitter provides a data rate of about12, 24 or 48 Mbit/s if 2-,

4- or 16-QAM is used. The data rate can be increased by employing higher orderM -QAM.

For instance,64-QAM provides a data rate of about72 Mbit/s. However, the application of

64-QAM requires an increased resolution of at least7 bits as shown in Figure 4.4(b). In order

to further increase the data rate, higher switching speeds can also be applied if the LEDs provide

sufficiently low rise and fall times. For instance, applying64-QAM with a switching speed of

fs = 50 Msps provides a data rate of more than144 Mbit/s.

The maximum optical output power (all6 LED groups with6 LEDs per group are switched

on) emitted by the transmitter isPopt =
5∑

i=0
6Pi ≈ 930 mW. The overall electrical

power consumption of all LED groups isPLED ≈ 3.218 W, which results in a total power

dissipation ofPLED − Popt ≈ 2.288 W. Consequently, the LEDs have a power efficiency

of Popt/PLED ≈ 28.90 %. The total electrical power consumption of the transmitter

front-end isPelec≈ 4.956 W if all LED groups are switched on. Therefore, the major

portion of power is consumed by the LEDs resulting in a percentage of consumed power of

PLED/Pelec≈ 64.93 %. Therefore, the implemented optical transmitter has a low parasitic

electrical power consumption and has an overall power efficiency ofPopt/Pelec≈ 18.77 %.

For a continous DCO-OFDM transmission, the mean electrical power consumed is

P elec≈ 2.760 W and the mean emitted optical power isP opt ≈ 441 mW.

Table 4.2(a) shows the electrical SNR at the receiver for different distances between the
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(a) LOS transmission

distance SNR

1.0 m 35.81 dB

2.0 m 25.77 dB

3.0 m 19.21 dB

4.0 m 14.31 dB

5.0 m 10.69 dB

6.0 m 7.86 dB

7.0 m 6.35 dB

(b) NLOS transmission

distance SNR

1.0 m 30.75 dB

1.5 m 23.98 dB

2.0 m 20.14 dB

2.5 m 17.31 dB

3.0 m 13.78 dB

3.5 m 10.58 dB

4.0 m 8.29 dB

Table 4.2: SNR over distance for LOS and NLOS transmission.

transmitter and the receiver. The transmitter and the receiver are aligned towards each other to

provide a directed LOS link. The SNR is ascertained by measuring the mean electrical signal

energy of the received OFDM symbols and by measuring the mean noise energy. The noise

energy is measured in the interframe gaps between the OFDM frames since in these gaps no

optical signal is emitted. Table 4.2(b) shows the electrical SNR for a non-line-of-sight (NLOS)

transmission. Figure 4.8 illustrates the measurement setup for the NLOS transmission. As

shown, the transmitter and the receiver are straightly directed towards a wall. The wall is a

typical office wall with white paint and non-glossy surface. This setup provides a merely diffuse

transmission scenario as an opaque obstacle between the transmitter and the receiver blocks the

LOS link. The distance of the transmitter, respectively of the receiver towards the wall isd2 . This

means that the entire optical path length is aboutd. Since uncoded wireless data transmission

requires an SNR of at least10 dB to provide reasonable BER (less than10−5) in additive white

Figure 4.8: NLOS transmission setup.
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Figure 4.9: Received sine wave transmitted by optical wireless transmitter front-end employing
discrete power level stepping.

Gaussian noise (AWGN) channels [23], the implemented transmitter enables a transmission of

up to5.0 m in LOS scenarios and up to3.5 m in NLOS scenarios. The achievable transmission

distance can be increased if more powerful LEDs are used. Additionally,the amount of LEDs

per emitter group can be enlarged to further increase the optical transmission power. The

comparison of Table 4.2(a) and 4.2(b) shows that for the same transmissiondistance, the SNRs

of the LOS and NLOS link differ by about5.5 dB. This difference is induced by the higher

transmission loss of the NLOS link due to the wall reflections.

Figure 4.9 displays a received sine wave (with transmission induced noise)transmitted by the

optical wireless front-end. The transmission distance is1 m and a LOS link is considered.

As shown, the discrete power level stepping generates a quantized sine wave with discrete

amplitude values. Moreover, the sine wave has a DC offset of about0.2 V due to the

non-negativity constraint of the emitted optical signal. The displayed wave closely matches

an ideal sine wave. Figure 4.10(a) shows the spectrum of a quantized sine wave which is

transmitted by the optical wireless front-end. For means of comparison, Figure 4.10(b) shows

the spectrum of a sine wave which is generated by a conventional signal generator. This sine

wave is electrically generated without quantization effects and is transmitted viacable. Since

a conventional signal generator is applied which provides ideal linearity characteristics, this

electrical setup corresponds to an ideal conventional optical transceiver as shown in Figure 4.1
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(a) Optical wireless transmission using implemented transmitter front-end.
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(b) Electrical transmission via cable using signal generator.

Figure 4.10: Spectrum of sine wave.
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and Figure 4.2. Therefore, the implemented optical transmitter is compared in thefollowing to

an electrical transmission using a conventional signal generator. The electrical signal generator

represents the reference performance for the implemented optical wireless transmitter. As

shown in Figure 4.10, the spectra of the optically and electrically generated sine waves closely

match. Besides the actual frequency of the emitted sine wave, the harmonic frequencies can

also be seen. Note that both transmission methods use a similar power level to enable a

fair comparison. Moreover, it can be seen that the noise level of the electrical transmission

is lower. This is due to the fact that the electrical transmission uses a cable connection in

comparison to the optical wireless transmission which undergoes ambient lightshot noise.

Since both spectra closely match, the implemented optical wireless transmitter shows good

linearity characteristics. Additionally, Figure 4.11 shows the spectrum of a DCO-OFDM signal.

An IFFT size ofL = 256 is used and16-QAM is applied. The spectrum of the optical

wireless transmission (1 m LOS) and the spectrum electrically generated by the signal generator

(transmitted via cable) closely match. Again, the optical wireless transmission undergoes a

higher noise level. Figure 4.12 displays the measured frequency gain of the optical wireless

transceiver (transmitterandreceiver). A directed1 m LOS link between the transmitter and the

receiver is established. The optical wireless transceiver has a−3 dB cut-off frequency of about

18 MHz and a−6 dB cut-off frequency of about25 MHz.

In the following, aM -QAM DCO-OFDM transmission is considered. Each transmitted OFDM

frame contains a symbol used for frame detection and synchronisation. Furthermore, each

frame comprises several data symbols and a dedicated symbol used for channel estimation.

The estimation of the channel coefficienthl of each OFDM sub-carrier is done by using this

pilot symbol. The estimated channel coefficientsĥl are used for maximum-likelihood (ML)

detection at the receiver. Therefore, for thel th OFDM sub-carrier, the decoder decides for the

symbolŝl which minimises the Euclidean distance between the actual received symbolyl and

all potential symbols leading to

ŝl = argmin
sl

∣∣∣yl − ĥl sl

∣∣∣
2
. (4.2)

The QAM symbol transmitted on thel th OFDM sub-carrier is given bysl. Figure 4.13(a)

shows the signal constellation diagram for a simulated16-QAM DCO-OFDM transmission

with 5 bit resolution. This simulation result is obtained for an ideal transmission in a mere

AWGN channel without any fading and hardware effects,i.e. the received symbol on thel th
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(a) Optical wireless transmission using implemented transmitter front-end.
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(b) Electrical transmission via cable using signal generator.

Figure 4.11: Spectrum of DCO-OFDM signal. IFFT size is256 and16-QAM is applied.
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Figure 4.12: Frequency gain of optical wireless transceiver.

OFDM sub-carrier is given byyl = hl sl + nl with hl = 1. The AWGN is denoted bynl. The

crosses plotted in Figure 4.13 illustrate the transmitted signal constellation pointssl. The dots

represent the equalised received symbols. As a single-tap zero-forcing (ZF) channel equaliser

is considered, the equalised received symbols are given byyl/ĥl. The simulated SNR is38 dB

which leads to an EVM of about7.63%. The EVM is definded as follows:

EVM =

√√√√√√√√

K∑
k=1

∣∣∣sk − yk
ĥk

∣∣∣
2

K∑
k=1

|sk|2

=

√√√√√√√√

K∑
k=1

(
ℑk − ℑ̂k

)2
+
(
ℜk − ℜ̂k

)2

K∑
k=1

(
ℑ2
k + ℜ2

k

) ,

(4.3)

whereℑk andℜk are the imaginary and the real part of thek th transmitted symbol. The

imaginary and the real part of thek th equalised QAM symbolyk/ĥk are represented bŷℑk

andℜ̂k. The number of transmitted symbols is given byK. Figure 4.13(b) shows the signal

constellation diagram for an actual16-QAM DCO-OFDM transmission using the implemented

optical wireless transmitter. The measured SNR is about38 dB for a LOS transmission over
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(a) Results for AWGN channel (simulated).
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(b) Results using optical wireless transmitter front-end (measured).

Figure 4.13: 16-QAM signal constellation diagram for DCO-OFDM transmission with5 bit
quantization and an SNR of38 dB.
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Figure 4.14: Comparison of simulated BER performance and measured BER performance of
DCO-OFDM transmission experiments.

a distance of0.75 m. The measured EVM is about8.42%. Consequently, the transmission

experiments fairly comply with the simulation results.

Figure 4.14 shows the BER performance of a simulated DCO-OFDM transmission using2-,

4- and16-QAM. For these simulations, an ideal AWGN channel is assumed as considered

above. Moreover, the measured BERs of an actual optical wireless transmission using the

implemented transmitter front-end are displayed. A relation between SNR and transmission

distance for the optical wireless transmission is given in Table 4.2. Additionally, the results

of an electrical DCO-OFDM transmission are shown as well. The electrical transmission is

done using the same (de)modulating hardware (waveform generator andoscilloscope) and

signal processing as for the optical wireless transmission. However, theoptical transmitter and

receiver front-ends are replaced by a DAC generating analogue electrical signals. Moreover,

the optical wireless link is replaced by a cable which directly connects the transmitter and

the receiver. Since the electrical signal generator has ideal linearity characteristics, it can

be regarded as an ideal conventional optical transceiver. As shown, the BER performance

of the three scenarios is identical for low SNR values. This is due to the factthat at low

SNRs, the noise is the most predominant impairment affecting the link performance. However

for higher SNR values, the electrical transmission has a performance lossof about 1 dB

compared to the simulation results. This is due to practical realisation issues andhardware

effects like frequency offsets between the transmitter and the receiver.These effects are not
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considered in the AWGN simulations. Because of these hardware limitations, theperformance

of the electrical transmission represents the practical performance bound of the transmission

experiments. This bound cannot be exceeded with the used setup and devices. Consequently,

the performance of the wired electrical transmission system can be considered as the target

performance for the optical wireless transmission. As illustrated, the performance of the

implemented optical wireless transmitter closely matches the performance of the wired

electrical transmission. The minor performance loss is due to the actual transmitter and

receiver implementations. The receiver implementation is not within the scope of this work

but it might be optimised separately. Moreover, the optical transmission is wireless compared

to the electrical transmission which is wired. This results in an additional performance

degradation due to the nature of wireless transmission. Therefore, the proposed optical wireless

transmitter concept shows good performance as its BER closely matches the theoretical and

practical error bounds.

4.6 Summary

An optical wireless transmitter which employs discrete power level stepping has been

developed. The transmitter consists of several LED groups which can beswitched on and off

individually. The LED groups emit specific stepped optical intensities which constructively

add up at the receiver. Therefore, the optical wireless transmitter can be used for intensity

modulated signal transmission using techniques like PAM or OFDM. The proposed

transmitter concept has good linearity characteristics and is not subject to the non-linear

optical-power-versus-current characteristic of LEDs compared to conventional optical wireless

transmitter front-ends. Complex pre-distortion techniques are not required. The transmitter

is controlled by simple digital signal modulation,i.e. on-off-switching of the LED groups.

Therefore, the implemented transmitter provides a larger dynamic range and higher optical

output power compared to conventional optical transmitter front-ends which have to carefully

adjust the bias point and operating area of the LEDs. Moreover, the proposed solution enables

a very simple and cost-effective transmitter design without the need for DACs or complex

amplifier circuits. The digital-to-analogue conversion is done in the optical domain by the

superposition of the emitted discrete intensities. Additionally, the proposed transmitter concept

has a better power efficiency as it does not require high-bandwidth/high-current TCAs which

waste power. Transmission experiments prove the functionality of the implemented optical
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wireless transmitter as its performance closely matches the theoretical and practical error

bounds. The performance of the implemented optical wireless transmitter is nearly similar

to an electrical transmission. The latter provides ideal linearity characteristics, and therefore

corresponds to an ideal conventional optical transceiver.
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Chapter 5
Wireless data transmission for in-flight

applications using visual codes

As shown in Chapter 3, multiple-input-multiple-output (MIMO) techniques improve the

spectral efficiency of intensity modulation (IM) and direct detection (DD) based optical

wireless transmission systems. The parallel transmission of data on multiple links provides

spatial multiplexing gains which enable increased data rates. Consequently,these gains can

compensate for the limited modulation capability of off-the-shelf optical devices. In this

chapter, a novel approach for wireless data transmission within an aircraft cabin is presented

which makes practical use of spatial multiplexing gains. The proposed transmission system

constitutes a highly parallel optical MIMO system which applies spatial multiplexing (SMP)

to compensate for the low bandwidth of the employed optical transmitter (display)and

receiver (camera). The line-of-sight (LOS) characteristic of the considered setup and the

employed optical devices provide a large number of separate optical wireless channels. In

contrast to the work presented in Chapter 3.2, different optical wavelengths (colours) are

not used to improve the differentiability of the multiple channels, but to increasethe data

rate. Forward error correction (FEC) schemes are used to improve the reliability of the data

transmission. In accordance with Chapter 4, where the importance and benefits of a simple

and cost-effective transceiver design are discussed, the approach presented in the following

represents a low-complex and low-cost optical wireless transmission system.

The increasing demand for pervasive connectivity also affects the aviation sector. More and

more users want to use wireless services also during flights. In order to increase passenger

comfort during flights, airlines intend to provide,e.g., information about on-board shopping,

in-flight magazines, news or information about the destination such as airport maps, hotels,

rental cars and public transportation. Besides this general information, passenger specific data

and services, like direction information for connecting gates, departure timeof connecting

flights and travel plan updates, are to be provided as well. This information isoften not fully

known before the passenger boards the aircraft, especially if the current flight is delayed. It
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is desirable that the passengers can download the information on their own mobile devices for

easy and ubiquitous access. In order to provide a reasonable amount of information, several

kB of data have to be transferred. Typical file sizes are about300 – 400 kB. As passenger

specific data is to be transmitted, aspects like security and privacy have to beconsidered.

Interception and fraudulent access of the passengers’ data have to be prevented. Even more

important, the transmission system has to comply with high safety requirements as potential

access to the sensitive on-board systems has to be prevented. Additionally, the data transmission

must not interfere with the on-board systems. Within the aircraft cabin, the data transmission

service has to be provided to all passengers. This results in several hundreds of users which

might simultaneously use the service to download passenger specific data. Consequently, the

bandwidth has to be shared between all passengers if common wireless transmission techniques

are applied. Conventional radio frequency (RF) communications cannotbe easily employed

in sensitive environments like aircraft cabins. Firstly, RF signals can interfere with the

electronic on-board systems. Secondly, as aeroplanes are operated globally, wireless in-flight

RF communications is subject to stringent frequency regulation of local authorities.

A few airlines already provide wireless services to their passengers on some selective

flights [133, 134]. However, the airlines have to make large investments to provide the

necessary infrastructure within the aircraft cabin and to upgrade existing aeroplanes. This is

due to the fact that wireless communications requires the installation of complex and costly

hardware equipment such as access points and transceivers. Moreover, these installations

cause maintenance effort and increase the weight, and consequently thefuel consumption of

the aircraft. A large number of existing aeroplanes is still not equipped with wireless in-flight

services.

Instead of using dedicated RF based data transmission, optical wireless communications

(OWC) can be applied within the aircraft cabin. Optical signals are neither subject to frequency

regulation nor do they interfere with electronic devices. The application of OWC for aircraft

intra-cabin communication has already been studied in [135–138] for instance. However, all

these systems require additional complex hardware equipment,i.e. special optical transmitters

and receivers which have to be installed into the aircraft cabin. This hardware equipment is

not commercially available up to now. Moreover, the studies presented in [135–138] imply

the division of the aircraft cabin into several individual communication cells. The available

bandwidth has to be shared between all users (passengers) and elaborate medium access
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control schemes have to be implemented. Due to these reasons, a simple wireless transmission

system is favoured which is cost-efficient, safe and easy to maintain. Moreover, a software

based solution which reuses available hardware is largely preferred asit can be readily

integrated into existing aeroplanes.

In the following, a simple optical wireless data transmission method for in-flight applications

is proposed. The developed solution addresses the shortcomings of conventional wireless

systems such as complex system implementations and required hardware installations. In

detail, the proposed application uses visual codes to transmit data. The datato be transmitted,

e.g. text documents or images, is encoded into a sequence of several visual codes. This

“visual code video” is displayed on the screen of the in-flight entertainment (IFE) system.

The visual code sequence is captured and decoded by a user device which acts as receiver.

Conventional visual codes are only black-and-white. In this work, the black-and-white visual

codes are extended to coloured visual codes in order to increase data rate. The contributions of

this chapter are as follows: Firstly, a novel approach for wireless in-flight data transmission

is presented. The functionality of the proposed approach is demonstratedunder realistic

conditions within an aircraft cabin mock-up. Secondly, a sequence-wiseFEC encoding scheme

is implemented. This FEC encoding scheme is evaluated and compared to the existing FEC

schemes of conventional visual codes. Typically, visual codes employ aframe-wise FEC

encoding. Finally, a synchronisation approach is developed which enables the reconstruction

of the transmitted data and the detection of frame transition artefacts.

The remainder of this chapter is organised as follows: In Section 5.1, the concept of using visual

codes for data transmission is shown and related work is reviewed. Section5.2 introduces the

in-flight application scenario and overviews the proposed transmission system. It is shown

how passenger specific data can be transferred to a user device via theIFE system of an

aircraft. Section 5.3 presents the visual encoding and decoding approach developed within

this work. In Section 5.4, the FEC techniques of conventional visual codes, specifically of

quick response (QR)-codes, are introduced. The limitations of these techniques are analysed

and a sequence-wise FEC encoding approach is developed which overcomes these limitations.

Section 5.5 shows the results of transmission experiments which have been conducted within

an aircraft cabin mock-up under realistic application conditions. Finally, Section 5.6 concludes

this chapter.
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5.1 Visual codes for data transmission

Visual codes are optical machine-readable representations of data which can be decoded by

appropriate code readers. These so-called scanners are equippedwith photo-sensors to capture

the visual code. Visual codes have become popular due to their fast readability and data

storage capacity. The encoded information can be made up of any kind of data,e.g. binary

or alphanumeric data. There exist several different codes like1-dimensional barcodes [139] or

more sophisticated2-dimensional codes such as Data-Matrix-codes [140], Maxi-codes [141],

Aztec-codes [142] and QR-codes [143]. For instance, QR-codes consist of black modules

arranged in a square pattern on a white background as shown in Figure 5.1. The upper

Figure 5.1: Structure of a QR-code.

left, upper right and lower left corners of these visual codes contain three identical position

detection patterns. These patterns comprise three superimposed concentric squares. The

capturing receiver identifies the location and the orientation of the visual code by detecting

these patterns. The inner part of the QR-code contains various sections. Besides some meta

information about size and encoding format, the code contains additional alignment patterns

to assist the reading process in determining the module grid and maintaining its accuracy.

A horizontal and a vertical line pattern enable the detection of the module density. These

patterns consist of a row, respectively of a column of alternating black-and-white modules. The

complete visual code is surrounded by a white “quite zone”. The data section contains the

actual payload and additional error correction codewords. These error correction codewords

enable the QR-code reader to compensate for module errors without loss of data. This induced
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redundancy allows the recovery of the encoded data even if some parts of the QR-code cannot

be fully recovered,e.g. due to damage or erroneous capturing of the visual code. According

to [143], 4 different redundancy levels and40 different sizes of QR-codes, referred to as

version1 . . . 40, are defined. Due to their specific shape, these2-dimensional visual codes

are robust to visual distortion and enable fast readability. Typically, visual codes comprise

only black-and-white elements as they are mainly designed for print media andhave to be

robust to abrasion. However, there also exist special coloured codes like Microsoft’s Tag [144].

Commonly, visual codes encode only simple information like uniform resourcelocators (URLs)

or the name of a product. As visual codes provide only low data density [145,146], extensions

are required that mitigate the limitations in data capacity if these codes are to be applied to

wireless communications.

In order to enable practical wireless data transmission by visual codes for the envisaged

scenario, the following requirements have to be fulfilled:

• A data rate of at least several kbit/s has to be provided.

• The application has to be independent of the viewpoint,i.e. there is no fixed alignment.

• The application has to be able to recover frame loss.

• Low-cost user devices and existing displays have to be employed.

• The camera and the display are not synchronised and work independently.

• The system has to be simple and has to be easily operated by the user.

• The system has to operate under realistic conditions with regard to ambient illumination

and transmission distance.

There has been some work on using visual codes for wireless data transmission. For instance,

in [147], unsynchronised4-dimensional visual codes are used for wireless data transfer. The

authors combine three different2-dimensional Data-Matrix-codes in the complementary colour

channels red, green and blue to one common frame. Several of these frames are displayed in

a temporal sequence resulting in a coloured visual code video. The authors count time and

colour as third and fourth dimensions. The goal of their work is to provide high robustness of

the transmission system by adding redundancy instead of providing high data rates. To this end,

the authors propose a redundancy concept which uses frame-duplication to restore lost frames
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and to address synchronisation issues. Due to the high redundancy caused by frame-duplication,

the reported system achieves a low throughput of only23 characters per second with a success

rate of82%. The total size of the transmitted text is700 characters. This amount of data can

be encoded into a single visual code by the application presented in this work. As shown in

Section 5.5, the developed application provides a data capacity of up to1158 bytes per frame.

In [148], another transmission system using coloured visual codes is presented. The setup

uses a current high-end smartphone (Samsung Galaxy SII [149]) forcapturing the visual codes.

The system is reported to achieve a theoretical throughput of only430 byte/s. Consequently, the

transfer of1 MB takes more than20 minutes which disallows a practical application. In [57, Ch.

8] and [150] a LOS image transfer system is described, which uses a pixelated display (a liquid

crystal display (LCD)) as transmitter and a digital camera as receiver. Inorder to transfer

data, a sequence of2-dimensional intensity images is displayed on the LCD. The intensity

images are generated by applying a2-dimensional orthogonal frequency division multiplexing

(OFDM) transmission scheme. The authors investigate the capacity of this2-dimensional

OFDM approach and report a low speed point-to-point transmission experiment. The authors

consider a static setup and employ a high-end camera in their experiments. Frame loss is not

taken into account by the authors. In [151], a similar system calledPixNet is proposed. The

encoding of the images is also based on an OFDM scheme, whereas the corner detection uses

the Data-Matrix detection algorithm [140]. The authors report to achieve adata rate of up

to 12 Mbit/s at a distance of10 m. However, this performance is achieved by using static

setups. Additionally, sophisticated high-definition cameras and a large30 inch display are

employed within the setup. A low-complex implementation which can be applied to simple

mobile devices is not within the scope of the authors. Moreover, effects caused by frame loss

are not taken into account by the authors.

A detailed comparison of different visual codes and visual encoding techniques is beyond

the scope of this thesis. A simple encoding technique is envisaged which can be efficiently

implemented on common mobile devices. Therefore, the widely used QR-codes are employed

in the following, whereas other visual codes might be used as well. Specifically, the corner

detection, rectification and binarization techniques of these codes are used as shown in

Section 5.3. Since QR-codes are well-established, they can be reliably received and decoded

by nearly all current mobile devices. To the best of the author’s knowledge, all work done

so far does not specifically handle the aspect of encoding redundancy into the visual code

sequence to compensate for frame loss while providing practical data rate.
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5.2 System overview: in-flight transmission of passenger specific

data

In order to address the requirements of wireless in-flight applications presented above and to

overcome the shortcomings of conventional wireless techniques, a new approach for wireless

data transmission within the aircraft cabin is proposed. This approach enables the download

of passenger specific data,e.g. files, from the on-board IFE system onto a user device.

The data is transferred by a sequence of visual codes. Figure 5.2 illustrates the proposed

transmission system. The central IFE server transfers the visual code sequence to the IFE

display at the passenger’s seat. The detailed procedure of the data transmission via visual codes

is displayed in Figure 5.3. Firstly, the file,e.g. text documents or images, is compressed to

reduce the amount of data which is to be transmitted. In addition, the file can be encrypted

to provide security and privacy of the passenger specific information. Secondly, the encrypted

and compressed file is FEC encoded to compensate for potential transmissionerrors. In a third

step, the FEC encoded data is segmented into several packets. Each of these packets is visually

encoded by a visual code resulting in a sequence of several visual codes. Fourthly, this visual

code sequence is displayed in a continuous loop on the IFE screen like a common video film.

The intended receiver,i.e. the user device, can start the capturing at any time without the need

for an initial synchronisation. This asynchronous transmission enables asimple handling as the

passenger has only to record a video of the IFE display using the built-in camera of the user

device. In a fifth step, the captured visual codes are visually decoded.The visually decoded data

packets are reassembled in the correct order by means of additionally encoded meta information

which provides the packet number. The reassembling reconstructs the originally FEC encoded

Figure 5.2: Setup for transmission of passenger specific data.
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Figure 5.3: Data transmission using visual codes.

data stream. In a sixth step, the FEC encoded data is decoded. Due to the induced FEC, errors

which arise during the transmission and capturing process can be corrected. Finally, the FEC

decoded data is decrypted and uncompressed, and the reconstructed file is stored on the user

device. As a result, the users can access the data on their own devices atany time, can edit the

data (e.g.fill out documents) or zoom into maps for instance. The passengers interact with the

transmission system via the touch-screen of the IFE system [152–154]. For instance, they can

choose the desired data and apply settings for the data transfer via the touch-screen.

As the IFE system can display the desired content on-demand [155], the wireless data transfer

can be individually and simultaneously used by each passenger via the respective IFE display.

The bandwidth has not to be shared between several passengers. Moreover, the proposed
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application enables only the transmission of data to the passenger’s mobile device. This

uni-directional communication provides a fundamental safety feature as there is no uplink

connection from the user device to the sensitive on-board systems,i.e. the user device cannot

send data to the aircraft system. The major benefit of the proposed transmission system is that

it reuses the existing IFE equipment without the need for any additional hardware installations.

The system requires only a software update of the existing IFE system andan application to be

installed on the user device. This software comprises the visual coding algorithms and a simple

communication protocol to provide some meta information for the data transfer. Therefore,

the proposed transmission system is a low-complex and low-cost solution which is especially

suitable for so-called retro-fits as it can be easily applied to existing aeroplanes.

5.3 Visual encoding and decoding

As the application is to be used within the aircraft cabin, specific conditions likeillumination

constraints or motion of the hand-held camera have to be considered. Moreover, the visual

transmission is largely affected by the employed hardware equipment. The intended transmitter

and receiver devices have specific characteristics. On the one hand,displays usually build up

images line-wise. This means that the display is not completely refreshed at once. On the other

hand, cameras typically have a so-called rolling-shutter. The rolling-shuttercauses a vertical

or horizontal scanning of the camera across an image. Additionally, low-cost built-in cameras

have a small aperture. Therefore, these cameras require long exposure times, especially in

lowly illuminated environments.

Since there is no synchronisation between the IFE display and the built-in camera of the

user device, these hardware characteristics cause distortions if the displayed image changes

during the capturing process. As a consequence, transition artefacts between two consecutive

frames arise. A potential transition effect which may occur is frame splitting. The effect

of frame splitting is illustrated in Figure 5.4(a). As shown, two consecutive frames partially

overlap. Both frames form the top and the bottom part of the captured image.This transition

artefact is caused by the line-wise rendering of the display and by the rolling-shutter of the

camera. Another potential transition effect is frame shadowing. Frame shadowing is caused

by the superposition of two consecutive frames. Cameras capture images by integrating the

impinging light over a period of time (exposure time). If the displayed frame changes during

this period of time, two consecutive frames are superimposed by the camera.As illustrated in
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(a) Effect of frame splitting: complete frame (left) and split frame (right).

(b) Effect of frame shadowing. (c) Effect of motion blur.

Figure 5.4: Illustration of distortions and transition artefacts caused by visual transmission
(images captured with Apple iPhone4 smartphone).

Figure 5.4(b), this interference causes a grey-scale image which impedesthe correct detection

of the black-and-white modules of the visual code. Finally, if the hand-heldcamera is moved

during the capturing process, motion blur occurs. The effect of motion blur is shown in

Figure 5.4(c). Due to the movement of the camera, the captured image represents an integration

of the impinging light along the direction of movement causing a blurred image.

If coloured visual codes are considered, additional distortions occurand further effects have

to be taken into account. In Figure 5.5, a captured coloured visual code isdecomposed into

the three colour channels red, green and blue (RGB). Compared to black-and-white visual

codes, coloured visual codes have a reduced optical contrast. The reduced contrast corresponds

105



Wireless data transmission for in-flight applications using visual codes

(a) Captured coloured image. (b) Red channel.

(c) Green channel. (d) Blue channel.

Figure 5.5: Captured coloured image and decomposed colour channels red, green and blue.

to a reduced distance of the signal constellation points which are encoded inthe RGB colour

space. For instance, the colour red has a value of(255, 0, 0) in the RGB colour space and the

colour blue has a value of(0, 0, 255). The colour white has a value of(255, 255, 255) and the

colour black has a value of(0, 0, 0). As a result, the Euclidean distance between the colours red

and blue is smaller than the distance between the colours white and black. Moreover, colour

channels suffer from cross-talk causing “colour mixing”, especially if low-cost image sensors

are used. Cross-talk occurs when photons impinging on one pixel are additionally sensed by

other pixels of the image sensor. For instance, green coloured light pointing to a green pixel

can additionally hit an adjacent blue pixel. As a consequence, the blue pixel shows a response

and registers more blue coloured light than is actually present in the captured image. This
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Figure 5.6: Frame setup of visual codes. The proposed visual codes consist ofthree parts:
payload code, meta code and frame synchronisation pattern.

optical cross-talk between the pixels reduces the colour resolution and creates noisy images. As

shown in Figure 5.5, the red and blue channel undergo higher noise, and thus higher distortions

compared to the green channel. Nonetheless, the green channel suffers also from higher noise

compared to pure black-and-white visual codes which provide the highest optical contrast (see

Figure 5.4(a) left hand side). All these effects and the resulting distortions have to be taken into

account to enable a reliable data transfer via visual codes.

In the following, the employed visual encoding and decoding techniques are described which

address these effects. Figure 5.6 illustrates the proposed frame setup ofthe visual codes. As

shown, the frames are composed of two individual visual codes: a meta code and a payload

code. The payload code comprises the actual data to be transmitted. This code is displayed

on the right hand side of the IFE screen. The payload code contains the conventional QR-code

detection patterns (concentric squares) used by the receiver for detection and rectification of

the visual code. The implemented visual encoding application uses code of the libqrencode

library [156] which generates conventional black-and-white QR-codes for agiven input data.

In order to generate the payload code, this open source code has beenmodified by removing

the conventional frame-wise FEC coding scheme. Instead of the conventional FEC coding,

the payload data is encoded using the proposed sequence-wise FEC scheme to compensate

for detection errors and frame loss caused by motion blur for instance. Details about the

FEC scheme are given in Section 5.4. The FEC encoded data bits are visuallyencoded by
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black-and-white modules using the modifiedlibqrencode librarycode, respectively by coloured

modules using an additionally implemented merging scheme (see Figure 5.8). Sincethe data

to be transmitted is encoded into a sequence of multiple visual codes, the receiver has to

reassemble the captured frames in the correct order. To this end, the receiver has to know the

frame number,i.e. the index of each visual code within the sequence. This meta information

is crucial for the reconstruction of the transmitted data as the receiver andthe transmitter are

not synchronised and since frame loss may occur. Therefore, this information is separated from

the actual payload. For a first implementation approach, the frame number is encoded into an

additional meta code. A conventional QR-code is used as meta code which is displayed on

the left hand side of the IFE screen (see Figure 5.6). As there is only a small amount of meta

information to be transmitted, a small QR-code having a low version number (e.g. version

1 – 2) is sufficient. Moreover, the meta code has the highest QR-code redundancy level to

guarantee its correct detection. As the IFE screen has a rectangular shape, there is enough space

to enlarge the square payload code to maximum size while still having space forsimultaneously

displaying the meta code on the left hand side. In order to detect frame transitions and transition

artefacts, an additional frame synchronisation pattern is included into the visual code. As

shown in Figure 5.6, a black-and-white pattern is added on the left hand side of each visual

code. Specifically, two black-and-white patterns (called even- and odd-pattern) are used which

alternate frame by frame. The patterns differ only in colour: The even-pattern is a sequence

of black-and-white modules and the odd-pattern is the inverted sequence of white-and-black

modules.

For visual decoding, the receiver localises the payload code and rectifies it. To this end, the

QR-code detection patterns are used. In detail, the localisation and rectification procedure uses

the pattern detector algorithm of the open source image processing implementation ZXing[157]

which is designed for conventional black-and-white visual codes. Figure 5.7 illustrates the

visual decoding procedure. In this figure, the grey marked text boxesindicate operations that are

done by the image processing implementationZXing [157], i.e. corner detection, rectification

and binarization, whereas the white marked text boxes indicate additionally implemented

operations,i.e. colour separation, reassembling of the data packets and FEC decoding. Firstly,

the receiver identifies the location and the orientation of the visual code by detecting the

concentric squares. Once the corners of the visual code are found,a projective transformation,

a so-called homography, is applied. Perspective distortions are rectifiedby aligning the patterns

of the captured image with the known square structure of the visual code. After rectification,
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Figure 5.7: Visual decoding procedure. Grey boxes indicate operations done by image
processing implementation ZXing [157] and white boxes indicate additionally
implemented operations.

the rectified visual code is binarized. To this end, a histogram of the intensityvalues of the

captured image is generated. The two maximum peaks of this histogram are considered as

the white reference point and the black reference point. The intensity valuethat optimally

separates this two points in the histogram is considered as threshold for the binarization. Using

this threshold, the decoder decides if a pixel is black or white, respectively if it is a binary one

or zero.

In order to enhance the data rate, coloured payload codes are used. As illustrated in Figure 5.8,

three independent single-coloured payload codes, which correspond to three consecutive data

packets, are combined to one common coloured payload code. The first payload code is

coloured red, the second code is coloured green and the third code is coloured blue. Each

colour corresponds to the red, green and blue photo-receptors on thecamera chip. Therefore,

these colours represent three complementary colour channels. The three colour channels,

and thus the three payload codes, are simultaneously displayed on the screen of the IFE

Figure 5.8: Merging of three single-coloured payload codes into a coloured payloadcode.
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system. Consequently, the throughput is increased by a factor of three compared to simple

black-and-white payload codes. Depending on the data to be transmitted, thecombination of

the three visual codes results in one coloured visual code which can have 8 different colours:

white, black, red, green, blue, yellow, cyan and magenta. As the three visual codes have the

same basic shape, their detection patterns are identical. Therefore, the detection patterns of

the three payload codes superimpose to the conventional black-and-whitepatterns as shown in

Figure 5.8. As a result, the receiver can employ the conventional localisation and rectification

algorithm as presented above. However, each colour channel is binarized individually. The

captured coloured payload code is decomposed into three separate black-and-white visual codes

as shown in Figure 5.7. These three visual codes are separately binarized using three individual

binarization thresholds. As a result, colour distortions caused by ambient light as well as by

display and camera effects can be compensated. The binarized data packets are reassembled

to reconstruct the entire data stream. Finally, the FEC encoded data stream isdecoded to

compensate for transmission errors and to reconstruct the original data.

As discussed above, the display and the camera are not synchronised.In order to ensure that

the camera captures all displayed frames, the displaying rate of the visual codes is set to half

the capturing rate of the camera. The capturing rate of the camera is about30 frames per

second (fps). Therefore, the displaying rate of the visual codes is set to 10 – 15 fps. The screen

has an image build-up time of about17 ms, i.e. a response rate of about60 Hz. The relation

between displaying and capturing is shown in Figure 5.9. As illustrated, the receiver performs

an oversampling and captures a displayed frame several times. This oversampling ensures that

each displayed frame is at least once captured correctly without transitioneffects. The other

captured frame copies might undergo transition effects. For optimal processing, the transition

artefacts (illustrated by “X” in Figure 5.9) have to be filtered out by the receiver because they

are highly distorted. This means that the receiver has to select the best captured images for

the decoding process. The functionality of the developed selection process is as follows: For

each captured frame, the frame synchronisation pattern (see Figure 5.6)is correlated with the

original even- and odd-pattern. The captured frame is classified according to the pattern version

which provides the highest correlation score, and thus is classified as even- or odd-frame. As

long as the detected pattern version does not change compared to the previous one, the frame

is added to a buffer. As soon as a new pattern version is detected, the frame with the highest

correlation score is taken from the buffer and passed to the decoder. Consequently, the frame

with the highest correlation score, and thus the frame with least transition effects is chosen for
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Figure 5.9: Timing of displaying and capturing process. The upper time line shows howthe
screen displays the visual code sequence. The displaying is affected bythe response
rate of the screen and the time each visual code is shown. The lower time lineshows
the capturing times of the camera.

further processing to reconstruct the transmitted data.

5.4 FEC coding techniques

Visual codes are primarily designed for print media. The codes have to berobust to abrasion

and have to enable reliable decoding. Therefore, visual codes have inherent FEC capabilities

to withstand damage without loss of data. In the following, the FEC coding techniques

of conventional visual codes are introduced using the example of QR-codes. Commonly,

QR-codes employ a frame-wise FEC encoding,i.e. error correction codewords are added

to the actual data words contained in the visual code. According to [143],four different

error correction levels can be employed. Table 5.1 shows these error correction levels and

their particular recovery capacity. The recovery capacity depicts the percentage of damaged

codewords that can be recovered. The error correction codewords are able to correct two types

of erroneous codewords: i) erasures,i.e. erroneous codewords at known locations within the
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Error Correction Level Recovery Capacity

L ≈ 7%

M ≈ 15%

Q ≈ 25%

H ≈ 30%

Table 5.1: QR-code error correction levels.

QR-code
Version

Total
Number of

Words

Error
Correction

Level

Number of Error
Correction
Codewords

Error
Correction

Code

6 172 L 36 (86, 68, 9)

6 172 H 112 (43, 15, 14)

Table 5.2: FEC coding of QR-codes.

QR-code, and ii) errors,i.e. erroneous codewords at unknown locations. An erasure is caused

by an unscanned or undecodable symbol character within the visual code. An error is caused

by a misdecoded symbol character. For instance, erroneously converting a module from black

to white or vice versa results in a misdecoding of the affected symbol character. In this case, the

decoder decides for an apparently valid but different codeword thanwas actually transmitted.

QR-codes use Reed-Solomon FEC coding under a Galois field of GF(28) as they operate on

byte characters. The number of erasures and errors which can be corrected by Reed-Solomon

block-codes is given by [143]:

e+ 2t ≤ q − p, (5.1)

wheree is the number of erasures andt is the number of errors. The number of error correction

codewords is denoted byq. Consequently, at least two error correction codewords are required

to correct an error. The number of codewords for error detection is denoted byp. These

codewords can detect (but not correct) additional errors. If the number of errors exceeds the

error correction capacity, the data cannot be reconstructed correctly. Table 5.2 shows two error

correction schemes as specified in [143]. The notation of the shown error correction code is
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(u, v,m), whereu is the total number of words used by the FEC code,v is the number of data

words andm denotes the error correction capacity. For instance, a version6 QR-code contains a

total number of172 words (see Table 5.2). If the error correction level H is used, only172 v
u =

172 15
43 = 60 of the words are actual data words, and thus112 of the words are error correction

codewords. The112 error correction codewords are able to correct172 m
u = 172 14

43 = 56

misdecoded words. This is56172 ≈ 32.6% of the total symbol capacity of the version6 QR-code.

The actual data capacity of this QR-code is60
172 ≈ 34.9% which corresponds tovu = 15

43 .

As shown above, the FEC coding of conventional visual codes is done on a per frame basis,

i.e. the data and the error correction codewords are contained in the same visual code. If a

large amount of data,e.g. a text-file, is distributed across several visual codes, multiple visual

codes have to be decoded individually in order to reconstruct the transmitted data. However, if

just one or even several of the visual codes are corrupted and cannot be reconstructed correctly,

the complete information is lost. As shown in Section 5.5, frame loss can occur during the

capturing process, even though the highest FEC level is employed. Therefore, a sequence-wise

FEC encoding of the complete visual code sequence is developed. In the following, this

sequence-wise FEC encoding technique is presented.

The developed application is based on the conventional QR-code generation algorithm

according to [143]. However, only the corner detection, the rectificationand the binarization

schemes of these codes (see Section 5.3) are employed. The inherent frame-wise FEC

encoding scheme is completely removed. Instead of the frame-wise FEC encoding, the

complete data to be transmitted is encoded resulting in a sequence-wise FEC encoding. This

encoding approach is illustrated in Figure 5.10. As shown, the data,e.g. a text-file, to be

transmitted is passed to the encoder. The FEC encoder uses a(127, 67, 30) Reed-Solomon

block-code. A Reed-Solomon block-code is chosen to be consistent to theconventional

QR-code FEC encoding/decoding. More powerful FEC coding techniques like Turbo codes or

soft-decision Viterbi decoding schemes can also be employed. However,these sophisticated

coding techniques cannot be efficiently implemented on current mobile devices and may

cause large processing delay, high power consumption and low battery lifetime. The chosen

Reed-Solomon code has a data capacity ofv
u = 67

127 ≈ 52.8% and a recovery capacity

of m
u = 30

127 ≈ 23.6% which is similar to the QR-code error correction level Q. Higher,

respectively lower error correction levels can also be employed if higherrobustness or higher

throughput is required. During a flight, higher robustness may be beneficial due to the swaying
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Figure 5.10: Illustration of sequence-wise FEC encoding.

motion of the aircraft. For instance, turbulences might cause increased motion blur. During

taxiing at the ground, a higher throughput may be required due to time constraints when

reaching a connecting flight. The information about the currently employed error correction

level can be incorporated into the meta code which contains information to reconstruct the

transmitted data,e.g. the frame number (see Section 5.3). In order to increase the robustness,

the FEC encoded data is interleaved. This means that the FEC encoded data is“randomly”

distributed across all frames within the visual code sequence. As a result,burst errors which

arise from the loss of complete frames can be compensated by the receiver. Due to the chosen

Reed-Solomon code, the data can be correctly reconstructed if up to about a quarter of the

visual code sequence is completely missing. Consequently, the developed sequence-wise FEC

encoding is able to compensate for frame losses. The encoded and interleaved data stream is

segmented into several packets of fixed size. Each packet is processed by the visual encoding

method presented in Section 5.3.
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5.5 Transmission experiments

In the following, the results of some transmission experiments are presented.The aim of

these experiments is threefold: Firstly, the performance of the frame-wise FEC encoding of

conventional visual codes is evaluated. To this end, conventional black-and-white QR-codes

are used. For this experiment, a low-cost user device is employed as receiver in order to

perform a practical evaluation. Secondly, the performance of the developed sequence-wise

FEC encoding approach is evaluated. For means of comparison, black-and-white visual codes

as well as the same low-cost user device are employed. Finally, the achievable data rate is

maximised. To this end, a high-end user device and coloured visual codesare employed

to derive an upper performance bound. In order to evaluate the implemented transmission

system under realistic conditions, the experiments have been conducted within an Airbus A330

aircraft cabin mock-up. This means that the measurements have been takenwithin the aspired

application scenario under realistic ambient light conditions and transmitter-receiver spacings.

The aircraft cabin environment is shown in Figure 5.11. The cabin mock-up is equipped with

an IFE system. The screens of the IFE system are installed in the rear side of the passengers’

seats. Therefore, each passenger can individually employ the respective IFE display in front of

him/her. As the display is a touch-screen, the passenger can interact with the IFE system and

can individually choose the content to be displayed on the screen. The IFE screen has a size

of about17 cm× 13 cm (8.4 inch display) with a resolution of1024× 768 pixels. Figure 5.12

shows the setup of the transmission experiments within the considered application scenario.

The passenger records the visual code sequence, which is displayedon the IFE screen, with the

built-in camera of the user device,e.g.a smartphone. The distance between the transmitter (IFE

screen) and the receiver (user device) is about20 – 30 cm. As the passenger manually aligns

the user device towards the IFE screen, there is no fixed alignment between the transmitter and

the receiver. Moreover, as the passengers move their hands during the capturing process,e.g.

due to turbulences during the flight, the alignment might change for each frame of the visual

code sequence. Therefore, the receiver has to individually detect the transmitted visual code

within each captured image.

5.5.1 Performance of conventional visual codes with frame-wise FEC coding

In the following, the transmission performance of conventional black-and-white QR-codes with

frame-wise FEC coding is evaluated. The data to be transmitted is split into several segments.
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Figure 5.11: Aircraft cabin environment used for transmission experiments. Figuresshow
different ambient illumination conditions which can be applied.
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Figure 5.12: Setup of transmission experiments.

Each segment is encoded into one QR-code. These QR-codes are sequentially displayed on

the IFE screen and are captured by the user device. The user device isa low-cost Samsung

Galaxy Ace smartphone [158]. The built-in camera of this smartphone has a resolution of

640 × 480 pixels in video mode. Further details about the built-in camera,e.g. information

about the employed lens and sensor, are not available from the technicalspecification. In order

to compensate for transition artefacts caused by frame shadowing and splitting, the frame rate

of the IFE display has to be downsampled to at least10 fps. The transmission experiments

have shown that this is the largest frame rate which ensures that each frame is captured by the

employed smartphone at least once without transition effects. Several transmission experiments

using different QR-code versions and error correction levels have been conducted. For the
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QR-code
Version

Error
Correction

Level

Total Rate
(bytes/
frame)

Data Rate
(bytes/
frame)

Mean
Symbol

Error Rate

Data
received
correctly

9 L 292 230 0 yes

9 H 292 98 0 yes

10 L 346 271 ≈ 0.0392 no

10 H 346 119 0 yes

11 L 404 321 ≈ 0.0465 no

11 H 404 137 0 yes

12 L 466 367 ≈ 0.1060 no

12 H 466 155 0 yes

13 L 532 425 ≈ 0.1643 no

13 H 532 177 ≈ 0.1561 no

Table 5.3: Performance of conventional black-and-white QR-codes with frame-wise FEC
coding using Samsung Galaxy Ace smartphone.

experiments, the smartphone is manually aligned in front of the IFE screen resulting in realistic

motion effects. After a complete visual code sequence has been displayedon the IFE screen,

the captured frames are decoded. For performance evaluation, it is checked if the transmitted

data is received correctly and the symbol error rate is calculated.

Table 5.3 shows the data rate (throughput) which can be achieved per frame as a function of the

QR-code version and the error correction level. The total rate is the sum of the data words and

the error correction codewords per frame. As shown, level H codes have a lower data capacity

compared to the level L codes due to the higher redundancy and enhanced error correction

capability. Moreover, the measured mean symbol error rate for a transmittedQR-code sequence

is shown. It can be seen that due to the lower error correction capability,the level L codes

provide a higher symbol error rate compared to the level H codes. The level L codes enable

a reliable data transmission,i.e. the transmitted data is received correctly, up to version9. A

larger QR-code version disallows the correct reconstruction of the transmitted data, and thus

the whole data is lost. Compared to this, level H codes enable a reliable data transmission

up to version12. Using larger QR-codes causes increasing misdetections and erroneously

received data. Summing up, version9 L codes achieve the highest data rate provided that
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QR-code
Version

Total Rate
(bytes/ frame)

Data Rate
(bytes/ frame)

Mean Symbol
Error Rate

Data received
correctly

11 404 213 0 yes

12 466 245 0 yes

13 532 280 0 yes

14 581 306 ≈ 0.3107 no

Table 5.4: Performance of black-and-white visual codes with sequence-wise FECcoding using
Samsung Galaxy Ace smartphone.

the data is received without any errors. The achievable symbol rate of this scenario is about

230 data words/frame· 10 fps = 2300 data words/second. This symbol rate results in a bit

rate of 18.4 kbit/s as one data word comprises8 bits. Note however, that this data rate

is achieved without distinct motion effects which might occur during an actualflight given

intermittent turbulences. This data rate represents a best case result as additional motion effects

induce increased frame loss which cannot be compensated by the frame-wise FEC coding of

conventional visual codes. Consequently, this frame-wise FEC coding scheme is not suitable

for the proposed application which relies on the transmission of a sequenceof several visual

codes.

5.5.2 Performance of visual codes with sequence-wise FEC coding

In the following, the transmission performance of the developed sequence-wise FEC coding

is analysed. Table 5.4 shows the performance of black-and-white visualcodes using the

developed FEC coding approach presented in Section 5.4. For means of comparison, the

same setup scenario and user device are used as presented above. The results show that the

sequence-wise FEC coding approach provides a more reliable data transmission in comparison

to the frame-wise FEC coding technique. This is due to the fact that the sequence-wise

FEC coding can compensate for the loss of complete frames. As a result, frames which are

lost or misdetected can be reconstructed by the receiver if the error/loss rate is smaller than

23.6% (depending on the chosen coding rate as shown in Section 5.4). Consequently, the

sequence-wise FEC coding technique provides a reliable data transmission, i.e. the transmitted

data is correctly received, up to visual code version13. Given the chosen coding rate,

this visual code version enables a symbol rate of280 data words/frame· 10 fps = 2800 data
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QR-code
Version

Total Rate
(bytes/ frame)

Data Rate
(bytes/ frame)

Mean Symbol
Error Rate

Data received
correctly

18 901 475 0 yes

19 991 522 0 yes

20 1085 572 ≈ 0.4703 no

Table 5.5: Performance of black-and-white visual codes with sequence-wise FECcoding using
Apple iPhone4 smartphone.

words/second. This symbol rate results in a bit rate of22.4 kbit/s. Consequently, the achievable

data rate is increased by about21.7% compared to the conventional frame-wise FEC coding

scheme.

5.5.3 Enhancement of data rate using coloured visual codes

In the following, the transmission performance of the developed application isanalysed

for the case of using a high-end user device instead of a low-cost device. Therefore, an

Apple iPhone4 smartphone [159] is used as receiver device. The built-in camera of this

smartphone has a higher resolution of1280 × 720 pixels in video mode. Moreover, for this

user device, the frame rate of the IFE display can be increased to13 fps. This transmission

rate ensures that each frame is captured by this smartphone at least oncewithout transition

effects. Furthermore, the built-in camera has a lens focal length of3.85 mm, a f/2.8 lens

aperture and a1/3.2 inch back-illuminated CMOS sensor. Table 5.5 shows the transmission

performance using black-and-white visual codes with sequence-wise FEC coding for this user

device. It can be seen that due to the superior built-in camera and the higher resolution, this

smartphone provides an enhanced performance as it enables a reliable data transmission up to

visual code version19. As a result, a symbol rate of522 data words/frame· 13 fps = 6786

data words/second can be achieved. This symbol rate results in a bit rate of 54.29 kbit/s. This

data rate exceeds the achievable data rate of the low-cost smartphone by afactor of about2.42.

The data rate can be additionally increased by using coloured visual codes. Figure 5.13 shows

a captured coloured visual code. As shown, the captured image containsthe coloured payload

code and the black-and-white meta code which comprises the frame number. For decoding, the

coloured payload code is decomposed into the complementary colour channels red, green and

blue. This splitting generates three independent visual codes which are separately processed
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QR-code
Version

Total Rate
(bytes/ frame)

Data Rate
(bytes/ frame)

Mean Symbol
Error Rate

Data received
correctly

13 1596 840 0 yes

14 1743 918 0 yes

15 1965 1035 0 yes

16 2199 1158 0 yes

17 2445 1287 ≈ 0.4713 no

Table 5.6: Performance of coloured visual codes with sequence-wise FEC codingusing Apple
iPhone4 smartphone.

Figure 5.13: Captured coloured visual code (image captured with Apple iPhone4
smartphone).

and decoded (see Figure 5.5). By using these three independent colour channels, the data

rate can be increased by a factor of three. However, as shown in Section 5.3, coloured visual

codes suffer from optical cross-talk and colour mixing. Therefore, coloured visual codes are

subject to increased error rates. Table 5.6 shows the transmission performance of coloured

visual codes with sequence-wise FEC coding using an Apple iPhone4 smartphone as receiving

device. It can be seen that the visual code version has to be reduced ifcoloured visual

codes are applied. As shown, the transmitted data can be correctly received up to visual code

version16. Nonetheless, a higher symbol rate of1158 data words/frame· 13 fps = 15054

data words/second can be achieved by using coloured visual codes. This symbol rate results

in a bit rate of120.43 kbit/s which is an increase by a factor of about2.22 compared to the
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User Device FEC Coding
Technique

Colour of
Visual Code

Frame
Rate (fps)

Bit Rate
(kbit/s)

Samsung Galaxy Ace conventional
frame-wise
encoding

black-and-white 10 18.40

Samsung Galaxy Ace developed
sequence-wise

encoding

black-and-white 10 22.40

Apple iPhone4 developed
sequence-wise

encoding

black-and-white 13 54.29

Apple iPhone4 developed
sequence-wise

encoding

coloured 13 120.43

Table 5.7: Performance bounds derived from transmission experiments.

black-and-white visual codes.

Table 5.7 summarises all performance bounds derived from the conducted transmission

experiments.

5.6 Summary

A novel approach for wireless data transmission within an aircraft cabin has been identified.

An in-flight optical wireless transmission system has been proposed and developed to transfer

passenger specific data to a user device. By displaying visual code sequences on the IFE

screen within an aircraft cabin, data can be securely and safely transmitted to a user device.

As the application uses existing hardware equipment, no additional hardware installations are

required. The proposed approach enables a low-cost transmission system which requires only a

software application to be installed on the user device and a software updateof the IFE system.

Therefore, the application is especially suitable for aircraft retro-fits.

The transmitted frames consist of a meta code, which contains supplementary information

like the frame number, and the payload code, which contains the actual information to be

transmitted. In a future implementation, these two codes might be combined to one common

visual code. The meta information might be included into the payload code by inserting a
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meta data field for instance. Furthermore, a selection algorithm has been implemented which

uses a synchronisation pattern to detect frame transitions. By applying this algorithm, the

receiver is able to choose the captured frames with least transition effectsfor the decoding

process. Transmission experiments within an aircraft cabin mock-up havedemonstrated the

functionality of the proposed application under realistic conditions. The performance of the

uni-directional transmission system has been evaluated. The application provides a throughput

of up to 120 kbit/s with current smartphones. This data rate corresponds to the data rate

of general packet radio service (GPRS) or integrated services digitalnetwork (ISDN) with

channel bundling for instance. Tests have shown that30 seconds are a tolerable time which is

accepted by a user (passenger) to capture the IFE screen with a mobile device. This duration

is merely derived from subjective perception. Longer capturing runs can also be employed.

Considering a capturing time of30 seconds, a data volume of up to450 kB can be transmitted

by a single visual code sequence which is sufficient to transfer the required amount of data for

the proposed application. As the bandwidth has not to be shared between several users, this

data rate is available for each individual passenger. For instance in an Airbus A330, 300 – 350

passengers can simultaneously download their passenger specific flightinformation without

any interference.

Transmission experiments have shown that complete frames can be misdetectedor lost due to

occlusion and movement of the receiver. In order to compensate for misdetections and frame

loss, a sequence-wise FEC coding method has been developed. It has been shown that this

sequence-wise encoding outperforms the frame-wise FEC coding of conventional visual codes

as it provides higher reliability and larger throughput. The transmission performance of the

developed application has been evaluated for current low-cost and high-end smartphones. In

order to increase data rate, the black-and-white visual codes have been enhanced to coloured

visual codes by using the three complementary colour channels red, green and blue for

simultaneously transmitting three individual visual codes. These coloured visual codes provide

a data rate which is more than two times larger than the data rate of black-and-white visual

codes, even though the coloured visual codes suffer from increased noise and cross-talk.
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Chapter 6
Conclusions

This chapter summarises and concludes the research work presented in this thesis. The main

findings are highlighted and conclusions are drawn. Finally, limitations of this work are

outlined and scope for future work is presented.

6.1 Summary and main findings

The ever increasing amount of wireless data traffic provokes alternative transmission

techniques to supplement existing radio frequency (RF) communications. Optical wireless

communications (OWC) can provide a remedy for the scarcity of available RF spectrum and

can evolve into a complementary technology for wireless indoor communications. Chapter 1

has highlighted the motivation and the need for spectrally efficient transmission techniques for

OWC. The limited modulation capability of off-the-shelf light emitting diodes (LEDs)restricts

the bandwidth of practical intensity modulation (IM) and direct detection (DD)based OWC

systems. Therefore, the available bandwidth has to be used in the most efficient way, and

consequently spectral efficiency is of great concern for OWC. Chapter 2 has introduced several

optical wireless transmission techniques which are typically used in indoor environments.

Conventional pulsed modulation techniques as well as multi-carrier transmission techniques

and optical multiple-input-multiple-output (MIMO) schemes have been presented. The latter

enable large spectral efficiency by spatial multiplexing gains.

Based on this background, the contribution of this research work is threefold: Firstly, in

Chapter 3, the applicability and the potential of different MIMO techniques for indoor OWC

have been analysed. Specifically, the transmission techniques repetition coding (RC), spatial

multiplexing (SMP) and spatial modulation (SM) have been transferred to the optical domain

and their performance has been evaluated. The bit error ratios (BERs)of these three MIMO

techniques have been derived analytically. To this end, a general framework has been developed

which provides analytical error bounds. The derived bounds have been verified by numerical

computer simulations. The results show that the considered optical MIMO techniques provide
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enhanced spectral efficiency even under static line-of-sight (LOS) conditions which cause

high channel correlation. One of the main contributions of this work is the investigation

of the various trade-offs of MIMO techniques for indoor OWC systems. The author has

shown that the performance of optical MIMO techniques depends on boththe signal-to-noise

ratio (SNR) and the differentiability of the multiple links. Consequently, both parameters

have to be considered to achieve good error performance. It has been found that inducing

power imbalance between the multiple optical transmitters is an advisable approach to enhance

channel differentiability. Imbalanced transmission power enables the utilisation of optical

MIMO techniques under channel conditions which provide only little differences between

the multiple links. Without induced power imbalance, these channel conditions typically

disallow the application of MIMO schemes. Besides, the power imbalance approach does not

affect the decoding process of the receiver. The receiver implicitly detects the induced power

imbalance by conventional channel estimation. Moreover, it has been found that blocking

some of the links between the transmitter array and the receiver array can also improve the

error performance of optical MIMO techniques. Although the blocking reduces the received

optical power, and thus affects the SNR, it improves the channel characteristics by easing

the differentiability of the multiple links. Consequently, the loss in SNR is outweighed

by improved channel differentiability. However, link blockage requires the implementation

of opaque boundaries at the receiver device, respectively small field-of-views (FOVs) of

the optical receivers. Furthermore, the utilisation of optical transmitters having different

wavelengths also improves the differentiability of multiple links. Different optical wavelengths

(colours) induce specific power levels at the photo-diode as the responsivity of photo-diodes is a

function of the optical wavelength. Consequently, the received power level is directly related to

the optical wavelength. The utilisation of different optical wavelengths may be considered

as “indirect” frequency multiplexing. This is due to the fact that in DD based OWC the

information about the frequency of the optical carrier is commonly lost as only the intensity

of the optical signal is detected. Therefore, multiple optical signals superimpose constructively

although they have different wavelengths. As a result, the signals cannot be separated in the

frequency domain unless specific optical filters are employed. However,it has been shown by

the author that the signals can be distinguished according to the specific power levels which

they induce at the detector without the need for optical filters. This characteristic is especially

suitable for SM which relies on the detection of the activated optical transmitter within the

emitter array. The comparison of RC, SMP and SM has revealed that RC is insensitive
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to different transmitter-receiver alignments. However, RC requires large signal constellation

sizes to achieve high data rates as it does not provide multiplexing gains. In contrast, SMP

provides multiplexing gains, but requires high channel differentiability to achieve good error

performance. SM is more robust to low channel differentiability and achieves improved

spectral efficiency especially at low SNRs. Moreover, it has been demonstrated that SM

achieves significant gains if several receivers are employed. Compared to RC, SM offers

higher SNR gains with increasing number of receivers. Additionally, SM has the lowest

computational complexity. Its simplicity is gained by the fact that SM completely avoids

inter-channel interference (ICI) in time and space, in contrast to SMP, while providing an

additional multiplexing gain, in contrast to RC. In order to further improve the performance

of SM, an enhanced forward error correction (FEC) coded SM scheme has been proposed and

evaluated. This scheme jointly encodes the bits conveyed in the spatial domain and the signal

domain. It has been found that, compared to the originally proposed Trellis coded spatial

modulation (TCSM) scheme [101,114], this jointly encoding makes better use of the basic SM

detection principle: the combined detection of the emitter index and the actually transmitted

signal. As a result, the enhanced coded SM scheme provides larger coding gains. To sum up,

this work has demonstrated that transmission of data across parallel opticalchannels is possible

and that practical OWC systems could greatly benefit from adaptive MIMOtechniques.

Secondly, in Chapter 4, a novel optical wireless transmitter concept has been developed. The

basic principle of this concept is that the digital-to-analogue conversion ofthe signals is done

in the optical domain. To this end, the transmitter consists of several on-off-switchable LED

groups which emit scaled optical intensities. The emitted optical intensities constructively

superimpose at the receiver. As a result, several intensity levels can begenerated which

enables the transmission of intensity modulated signals, such as orthogonal frequency division

multiplexing (OFDM) waveforms. Transmission experiments have demonstratedthat the

proposed transmitter concept enables data rates of tens of Mbit/s depending on the switching

speed of the LED groups. The benefits of the transmitter concept are its simple implementation

and its cost-effectiveness. The evaluation of the developed transmitter has revealed its good

linearity characteristics and its power efficiency – the key weaknesses ofconventional optical

wireless OFDM transmitter front-ends. Since OFDM is an effective technique to compensate

for inter-symbol interference (ISI) caused by multipath propagation, the proposed transmitter

concept is especially suitable to enable high-speed data transfer in diffuse transmission

scenarios.
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Finally, in Chapter 5, a novel approach for wireless data transmission within an aircraft cabin

has been demonstrated. Black-and-white and coloured2-dimensional visual codes are used for

data transmission. The screen of the in-flight entertainment (IFE) system acts as transmitter

by displaying a sequence of visual codes. This sequence is captured by the built-in camera of

a user device which acts as receiver. The proposed transmission system has several benefits:

Firstly, it reuses the hardware equipment which is already available within theaircraft cabin

without the need for additional hardware installations. Secondly, the transmission system does

not interfere with the sensitive aircraft systems since it is based on OWC. In addition, the

transmission is intrinsically safe as the user device has no physical uplink connection to the

on-board system. Thirdly, the application can be simultaneously used by all passengers without

mutual interference and without sharing the transmission capacity. Since several pixels of the

transmitting display are simultaneously captured by the image sensor of the camera, this setup

represents a highly parallel optical MIMO system. In order to compensate for frame loss and

misdetections caused by occlusion or motion blur, a sequence-wise FEC coding scheme has

been developed. Due to the induced redundancy, this scheme is able to correct misdetected

pixels and can even reconstruct entire frames. Experiments have shownthat the developed

sequence-wise FEC coding provides higher reliability and larger throughput compared to the

frame-wise FEC coding of conventional visual codes. In addition, a selection algorithm for the

frame capturing has been implemented. This algorithm can detect frame transitions which cause

frame splitting and frame shadowing. To this end, a synchronisation pattern isincluded into the

visual code sequence. This pattern is evaluated by the receiver by means of simple correlation.

As a result, the receiver is able to select the captured visual codes whichundergo least frame

transition effects. Transmission experiments within an aircraft cabin mock-up have evaluated

the transmission system under realistic illumination conditions and geometric alignments. It has

been found that coloured visual codes achieve a more than two times largerdata rate compared

to black-and-white visual codes, even though coloured visual codes undergo increased noise

and cross-talk. The tests have shown that the system achieves a throughput of more than

120 kbit/s per individual passenger seat with current smartphones.

6.2 Limitations and scope for future work

It should be noted that all analyses in this thesis are primarily based on indoor propagation

environments assuming IM and DD based OWC. In addition, the computer simulations were
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performed using a series of system models. Therefore, the results are subject to certain

limitations with regard to the considered models and the assumptions made.

The simulations presented in Chapter 3 use realistic system parameters like transmitter-receiver

separation distances as well as practical transmitter and receiver FOVs.As a result, the

simulations provide a good insight into the performance of optical MIMO techniques. However,

this work is based on static system and channel simulations which disregard effects such

as dispersion and multipath propagation. Moreover, several specific indoor scenarios are

considered. The author recognises that these assumptions constitute a simplification of the

channel characteristics. Although the considered geometric channel model fairly complies

with practical channel measurements, it may oversimplify actual optical wireless propagation

channels. Future work may evaluate the performance of optical MIMO techniques using

statistical channel models derived by ray-tracing simulations for instance.The effects of

dispersion and induced ISI may be further analysed. Besides, optical MIMO techniques in

diffuse non-line-of-sight (NLOS) scenarios may be subject of further investigation. These

effects and propagation conditions might provide lower channel correlation, and thus larger

intrinsic link differentiability. As a result, they could enable even higher gainscompared to the

static and highly correlated LOS channels considered in this thesis. As shown, the considered

LOS scenario constitutes a worst case scenario with regard to channel correlation. In the context

of link differentiability, the application of imaging receivers for optical MIMOtransmission

deserves further investigation as well. For instance, the “fly-eye receivers” proposed by Yun

and Kavehrad [82] enable the separation of signals which arrive fromdifferent directions.

It is anticipated that such imaging receivers are perfectly suitable for SM which is based on

the capability of the receiver to detect the single active transmitter from an emitter array. It

has been shown in this thesis that inducing power imbalance between the optical transmitters

improves link differentiability. In this work, the imbalancing is done without any channel state

information (CSI) at the transmitter side to enable simple practical system implementations.

However, the utilisation of CSI for power imbalance might provide an optimal power allocation,

and thus improved performance. A shortcoming of this extension is that the provision of

CSI requires a dedicated feedback channel which increases system complexity. In the case

of diffuse transmission, the combination of optical MIMO techniques with OFDMmay be an

interesting scope for further study since in this work only pulse amplitude modulation (PAM)

has been considered. Moreover, the aspect of mobility has not been investigated in this work.

Further research may consider a mobile receiver which is moving within the room. Altogether,
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the simulations performed have investigated only the downlink from the ceiling lights to the

receiver array. The uplink connection has not been investigated. In apractical transmission

system, the uplink connection might use an optical link as well. Alternatively, anRF based

uplink might be used resulting in hybrid optical and RF transmission systems.

With regard to practical realisation aspects, the effects of inaccurate channel estimates

and non-perfect time synchronisation on the decoder performance may be investigated in

future work. For means of simplification, perfect knowledge of the channel and ideal time

synchronisation at the receiver have been assumed in this thesis. Theseassumptions may

not be valid for practical OWC systems. Moreover, the computational complexity of the

optical MIMO techniques has been analysed with regard to number of required mathematical

operations. Practical implementation aspects have not been taken into account. For instance,

the considered maximum-likelihood (ML) detection might not be suitable for realtime

implementations. Therefore, it might be necessary to implement less complex, but suboptimal

schemes, like sphere decoding [160, 161]. Nonetheless, it has been shown that SM is

significantly less computationally expensive than SMP and RC making it an idealcandidate

for optical wireless indoor communications.

The optical wireless transmitter presented in Chapter 4 might be optimised in future work to

provide higher data rates. For instance, the bit resolution can be increased to enable higher

order quadrature amplitude modulation (QAM) transmission. Additionally, faster switching

speeds can be applied if LEDs with lower rise and fall times are employed. In order to

increase the transmission distance, the emitted optical power can be enhanced. To this end,

the number of LEDs per group and/or the number of groups can be enlarged. Alternatively,

more powerful LEDs can be used. This provides scope for further research to investigate

which of these options provides the best performance and efficiency. In this work, a uniform

quantization of the OFDM samples is applied. Future work might optimise the quantization

intervals by considering statistics of the signal amplitudes. For instance, a non-uniform

quantization of the OFDM samples might provide reduced quantization effects, and thus

improved performance. A shortcoming of the proposed transmitter conceptis the fact that a

broken LED within the transmitter array directly affects the emitted optical waveform. This

is in contrast to conventional transmitter front-ends where broken LEDs result only in less

transmission power and lower SNR. The effect of broken LEDs on the signal waveform and on

the error performance might be further investigated. However, given the high life time of LEDs
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of about35000 – 50000 hours, this defect is unlikely to happen.

The visual code transmission system presented in Chapter 5 might be further optimised as

well. Currently, the application uses code of the open source implementationZXing [157]

for decoding the visual codes. This code was designed to ease practical implementation and

utilisation, however it is not optimised. Consequently, if the visual decoding implementation

is further optimised, it might be possible to reliably decode larger visual codeversions and

to increase data rate. In addition, the intensity of the pixels might also be variedto encode

more data into the visual codes. It is anticipated that using more than eight colours (different

intensity levels) increases the data rate, even though it also increases cross-talk and noise

effects. Moreover, it might be possible to use higher order PAM on the green channel

and on-off-keying (OOK) on the red and blue channel as the transmission experiments have

shown that the green channel is less distorted by noise. A limitation of this workis the

underlying consideration of a simple receiver device with low-cost optics.More sophisticated

hardware equipment, especially better optics, enables the utilisation of higherframe rates

and larger visual code versions. Additionally, more powerful FEC schemes, such as Turbo

codes for instance, and visual calibration techniques might be evaluated tofurther enhance the

performance of the developed application. Currently, the transmitted framesconsist of a meta

code, which contains supplementary information like the frame number, and thepayload code,

which contains the actual information to be transmitted. In a future implementation, these two

codes might be combined to one common visual code. The meta information might beincluded

into the actual payload code by inserting a dedicated meta data field for instance. Furthermore,

it might be possible to implement an adaptive turbulence aware synchronisation scheme to

provide improved turbulence compensation. However, such a scheme cannot make use of the

actual data of the flight control system of the aircraft as a connection ofboth systems is not

permitted due to safety reasons.
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Abstract—In this paper, we study the performance of Space
Shift Keying (SSK) modulation applied to optical wireless chan-
nels. The optical Multiple-Input-Single-Output (MISO) channel
used here is obtained through measurements. The experimental
setup consists of two lasers and an optical receiver. Using the
channel measurements, the performance of SSK is compared
to the Single-Input-Single-Output (SISO) transmission case. We
build upon a recent finding, obtained for a two-transmitter
case, that power imbalance at the transmitters can enhance the
performance of SSK, especially in highly correlated channels [1].
It is found in this paper that SSK applied to real optical wireless
channels outperforms SISO and Single-Input-Multiple-Output
(SIMO) transmission if more than four optical transmitters are
used. Furthermore, we show that Space Shift Keying can also
exceed Multiple-Input-Multiple-Output (MIMO) setups which
apply repetition coding as SSK exploits receive-diversity in a
better way.

I. I NTRODUCTION

The ever increasing demand for higher data rates in wireless
systems makes radio frequency (RF) spectrum a precious
commodity. In fact, the available bandwidth constitutes a
limiting factor for achieving higher transmission rates. In sharp
contrast, the spectrum in the range of visible or infra-red
light offers almost limitless bandwidth and with the advent
of high power light emitting diodes (LEDs) powerful and,
at the same time, cheap transmitters exist. Therefore, optical
wireless communications (OWC) can mature into a promising
complement to RF based systems since it could potentially
offload a significant amount of traffic in indoor environments
from the RF domain to the optical wireless domain resulting
in a noticeable RF spectrum relief.

The parallel usage of multiple transmitters and receivers in
wireless RF communications can enhance the overall system
performance [2], [3]. These so called Multiple-Input-Multiple-
Output (MIMO) methods increase the spectral efficiency and
can reduce the bit error ratio (BER) of a communication
system. For instance, the Bell Laboratories layered space-time
(BLAST) architecture [4] and the Alamouti scheme [5] are
two well-known MIMO techniques. But as these techniques
couple multiple transmission symbols in time and space by
simultaneously sending them from all transmit antennas, they
cause inter-channel interference (ICI). Therefore, theseMIMO

implementations require sophisticated detection or pre-coding
algorithms which lead to high receiver or transmitter intricacy
and considerable system complexity.

Recently, Spatial Modulation (SM) [6] and particularly its
low complexity implementation Space Shift Keying (SSK) [7]
have been proposed as promising solutions to reduce the high
intricacy of MIMO systems. This is due to the fact that SM
and SSK completely avoid ICI in time and space. Furthermore,
these two techniques can operate with any number of receive
antennas in comparison to e.g. BLAST, which requires at
least as many receive antennas as transmit antennas. The basic
principle of SSK is that it considers the transmitter array as a
spatial constellation diagram leading to spatially encoded bits.
Thus, information to be transmitted resides in the physical
location of the transmitter (the transmitter index). As only
one transmit antenna is active at any time instant and all
others emit zero power at that time, ICI is completely avoided.
The SSK receiver employs a specific detection process which
identifies the transmitter that has emitted power. Results
presented in [6]-[8] have demonstrated the potential and the
reduced computational complexity of SM and of SSK. It has
been shown that SSK can work properly even in correlated
channels with power imbalance and that it exploits receive-
diversity in a better way compared to common Single-Input-
Multiple-Output (SIMO) setups. Besides, [9] and [10] show
that SM and SSK can also be combined with Orthogonal
Frequency Division Multiplexing (OFDM) transmission to
enhance spectral efficiency and to cope with severe channel
conditions like frequency-selective fading.

Because of its simplicity and its characteristics, Space Shift
Keying seems to be a proper modulation technique for low-
complex optical wireless communications. This is due to the
fact that SSK is based on mere signal pulses i.e. the phase of
the transmission signal is not used for conveying information.
Therefore, it is especially appropriate for OWC which employs
incoherent light sources and uses intensity modulation at the
transmitter and direct detection at the receiver side [11].
Intensity modulation and direct detection offer easy implemen-
tation and therefore promote low-cost optical modulation and
demodulation equipment [12]. But this simplicity is gainedat
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the expense of losing the optical carrier’s frequency and phase
information. Thus, common RF modulation techniques cannot
be directly applied to optical communications and specific new
approaches have to be developed.

Due to its appropriateness and its promising potential for
OWC [13], we will study in this paper the performance of SSK
modulation in an actual optical wireless propagation environ-
ment. In order to evaluate its performance, we will compare
SSK to Single-Input-Single-Output (SISO) and SIMO trans-
mission which employ the same power and spectral efficiency.
Additionally, SSK is compared to MIMO scenarios which
apply repetition coding as these achieve very good perfor-
mance in optical wireless communications [14]. Furthermore,
we will study the effect of transmit power imbalance, which
is analysed in [1], where it is found that power imbalance can
enhance the performance of SSK in highly correlated channels.

The remainder of this paper is organised as follows: In
Section II, we introduce the basic Space Shift Keying system
model. Section III describes the optical wireless test setup
which is used for real time measurements to derive the
optical wireless channel used in this paper. In Section IV, the
performance of SSK is studied. Finally, Section V concludes
the paper.

II. SPACE SHIFT KEYING SYSTEM MODEL

Notation: The following notations are used throughout the
entire paper: bold symbols denote vectors. We use(·)T for the
transpose operator and|·| for the absolute value of a scalar.
E{·} stands for the expectation operator and VAR{·} for the
standard deviation.

Generally, aNt×Nr MIMO system consists ofNt transmit
and Nr receive devices. In the following, we consider a
basic Multiple-Input-Single-Output (MISO) setup withNt = 2
transmit devices and one receiver (Nr = 1). Channel coding
is not taken into account within this paper.

By using Space Shift Keying modulation, a random bit
sequence is passed to the SSK encoder. The encoder maps
the input bits to a constellation vectorx = [x1 x2]

T , where
the index specifies the respective transmitter. At any given
time instance, only one of the two transmitters radiates optical
power. Which one is exactly active depends on the random bit
sequence at the encoder input. The received signal is given by

y = hx + ni, (1)

where h = [h1 h2] represents the transfer factors of the
wireless2 × 1 channel. Besides,ni is the noise, which we
assume as additive white Gaussian noise (AWGN) with zero
mean and of powerN0, affecting the average signal to noise
ratio (SNR) at the receiver. The indexi is related to the
transmitter being active. At the receiver, perfect knowledge
of the channel and ideal time synchronisation is assumed. The
detection is based on the Maximum-Likelihood (ML) principle
meaning that the detector decides for the constellation vector
x̂ which minimises the Euclidean distance between the actual
received signaly and all potential received signals leading to

x̂ = argmax
x
py(y|x,h) = argmin

x
|y − hx|2, (2)
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Fig. 1. Illustration of SSK in combination with OFDM.

wherepy is the probability density function ofy conditioned
on x and h. Therefore, by applying SSK demodulation, the
receiver has to estimate the index of the respective transmit
device (e.g. laser or LED) which is active in order to decode
the bit sequence generated at the transmitter side.

As shown in [9], Space Shift Keying can also be com-
bined with OFDM. Fig. 1 illustrates this combination for an
exemplary setup usingNt = 4 transmitters. Hence, SSK is
individually applied to each single subcarrier in the frequency
domain. Therefore, each subcarrier is mapped to one of the
optical transmitters and the respective other transmitters emit
zero power on this frequency. By doing so, the output of the
SSK encoder delivers a specific set of subcarriers for each
transmit device to which a OFDM modulator (Inverse Fast
Fourier Transformation) is separately applied. In order togen-
erate real valued signals after the OFDM modulator, Hermitian
symmetry of the modulator input is enforced. This generates
specific intensity modulated signals which are emitted by
each optical transmitter and which contain the distinctiveSSK
modulated data bits. Through this we achieve several parallel
SSK transmissions in the frequency domain. Because of the
narrow bandwidth of the single OFDM subcarriers, each one
of them can be regarded as a self-contained fading channel
with its own characteristicsh. At the receiver side, the sum
signaly is processed by an OFDM demodulator and the SSK
modulated data bits are separately decoded for each subcarrier
by using the Maximum-Likelihood principle in (2).

III. O PTICAL WIRELESSTEST SETUP

In the following, we describe the test setup which is
employed to measure the optical wireless channel and to
obtain the transfer factorsh, which are used in the simulations
presented in Section IV-A. The setup comprises two optical
transmit devices (TX1 and TX2), which are two identical
laser installations using a red laser diode with a wavelength
of 658 nm. The optical receiver (RX) consists of a circuitry
applying a BPX65 Silicon PIN (Positive Intrinsic Negative)
photo diode. As Fig. 2 illustrates, both transmitters have a
direct line of sight link to the optical receiver at which the
distance of TX2 to RX (displayed as d2) is 60 cm and TX1 is
about 70 cm away from the receiver. The distance d1 between
TX1 and TX2 is 30 cm. As illustrated, the angle of incidence
of the laser beam from TX1 on the optical receiver is 45◦,
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Fig. 2. Illustration of the optical wireless test setup.

whereas the beam of TX2 directly reaches the photo detector
without an angular misalignment.

Fig. 3 displays the average measured gains of the optical
wireless links between both transmitters and the receiver.
Within this setup, we use Space Shift Keying modulation
in combination with OFDM. Thus, the gains are plotted
over a frequency range of 8 MHz consisting of 80 measured
subcarriers with a spacing of 100 kHz. The displayed gains
are averaged over 50 independent series of measurements. It
can be seen that the transmission link between TX1 and RX
undergoes a channel attenuation which is about 2.7 dB higher
in comparison to the transmission between TX2 and the optical
receiver. As both lasers use the same transmission power, this
deficit is caused by the misaligned angle of incidence of TX1

leading to less received power at the photo diode and a power
imbalance between both links. Furthermore, it can be seen that
both transmission links are highly correlated leading to a time
averaged correlation coefficient of about

ρ(h1, h2) =
E{(h1 − E{h1})(h2 − E{h2})}√

VAR {h1}VAR {h2}
= 0.93.

IV. RESULTS

In this section, we analyse the performance of Space Shift
Keying modulation for the measured optical channel samples
and for an enhancedNt×Nr setup. SSK is compared to SISO,
SIMO and MIMO transmissions which use simple on-off-
keying (OOK) or pulse amplitude modulation (PAM).M -PAM
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Fig. 3. Measured gains of the optical wireless channels.

is an extension of OOK by using a set ofM scaling factors
for intensity modulation of the optical carrier instead of using
only two factors (on and off). In order to ensure comparability,
all considered schemes (SSK, SISO, SIMO and MIMO) use
the same overall transmission powerEs and provide equal
spectral efficiency by transmitting the same number of bits
per channel use. Furthermore,Ωi is the power imbalance in
dB between the transmit devices, where the indexi displays
which transmitter utilises the power surplus (note that in this
scenario the overall transmission power is stillEs).

A. SSK in measured optical wireless channels

First of all, we examine the performance of SSK for the
measured optical wireless channels with power balance of both
optical transmitters i.e.Ω1 = Ω2 = 0. As displayed in Fig. 4,
there is a close matching between our ascertained bit error
ratio performance of SSK and the analytical average bit error
probability (ABEP) for two transmitters reported in [1] which
is ABEP = E{PE(h1,h2)}, where

E{PE(h1,h2)} = E



Q




√√√√γ

Nr∑

n=1

|h2,n − h1,n|2




 . (3)

PE(·, ·) is the probability of detecting the wrong transmitter
index at the receiver, when conditioning upon the chan-
nel transfer factorsh1 = [h1,1 h1,2 . . . h1,Nr

] and h2 =
[h2,1 h2,2 . . . h2,Nr

] of the links between the two trans-
mitters and theNr receivers. In our experimental setup
Nr = 1. Q(x) = 1√

2π

∫ +∞
x

exp(−t2

2 ) dt is the Q-function and

γ = Es

4N0
. In comparison to the OOK transmission for TX1 and

TX2, SSK exhibits a larger BER in this scenario because of
the high correlation of both channels.

Fig. 5 presents the effect of power imbalance on the optical
wireless test setup. It can be seen that ifΩ1 = 3, the
performance of SSK decreases. This is due to the fact that the
attenuation of both channels differs of about 3 dB. Thus, by
granting TX1 a power surplus of 3 dB, the difference between
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Fig. 4. BER againstEs/N0 for the measured optical wireless channels with
power balance (Ω1 = Ω2 = 0) for 1 bit transmission.
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both channels gets even less and their unique characteristic
is balanced. If applying other scenarios forΩ1 and Ω2, the
performance of SSK steadily enhances with risingΩi as
the difference between both channels increases making them
more distinguishable, while the overall transmitted powerEs

remains constant. The upper bound of the performance of SSK
is the OOK scenario, where the power imbalance is maximum.

B. SSK in AWGN scenario

The measurement results of the optical channel obtained by
the experimental test setup show only little variations across
the single subcarriers and across time. Therefore, the channel
can be assumed as a flat AWGN channel with constant attenu-
ation. In order to evaluate this assumption, we consider in the
following an AWGN channel with constant attenuation for our
2×1 optical wireless test setup. By doing so, the attenuations
of the two links are set to the mean of the measured channel
gains displayed in Fig. 3. Thus, the transmission link between
TX1 and RX undergoes a channel attenuation ofh1 ≈ 0.48,
whereas the transmission link between TX2 and the optical
receiver has a channel attenuation ofh2 ≈ 0.65. This leads
to a power imbalance between both links. Fig. 6 displays the
comparison of the measured optical wireless channels and of
the mere AWGN case with the constant channel attenuations
h1 and h2. As both results show a good match, the AWGN
scenario with constant channel gain is a good approximation
for the analysed2× 1 setup with direct line of sight between
the two transmitters and the optical receiver.

C. SSK in an enhancedNt ×Nr setup

As shown, SSK cannot achieve gains in a simple2 × 1
setup. Thus, in the following we analyse its performance in
an enhancedNt × Nr setup with several optical transmitters
and receivers. By doing so, we compare SSK to SIMO
and MIMO transmissions, which use the same number of
optical transmitters/ receivers and equal mean transmission
powerEs. Due to comparability regarding the amount of bits
sent, we compare SSK toM -PAM transmission. Since Space
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Fig. 6. Comparison of BER againstEs/N0 for the measured optical
wireless channels and for the AWGN case with constant channelattenuations
h1 = 0.48 andh2 = 0.65 (1 bit transmission).

Shift Keying conveysm = log2(Nt) bits per channel use and
for M -PAM m = log2(M), both techniques have the same
spectral efficiency ifM = Nt. For the followingM -PAM
MIMO scenarios, repetition coding is used where the same
PAM-signal is simultaneously emitted from theNt optical
transmitters. In [14] it is shown that for OWC, repetition cod-
ing outperforms SIMO setups because of transmit-diversity.
This is due to the fact that the optical intensities coming from
sufficiently separated transmitters are orthogonally detected by
the receivers. Therefore, the repetition coding scheme com-
bines the faded signals before any noise accumulation unlike
a SIMO scheme which combines the noisy faded signals. Thus,
we compare SSK to these MIMO setups which apply repetition
coding whereas ideal time synchronisation between the single
MIMO paths is assumed.

Based on the results of Section IV-B, we use in the
following AWGN channels with different gains for the wireless
links between the transmitters and receivers. The channel
gains are assumed to be independent values drawn from a
uniform distribution on the unit interval. By doing so, the
single channel links experience power imbalances between
each other due to different attenuations like in the opticaltest
setup. Fig. 7 presents the simulation results of a system setup
with Nt = 4 transmitters and several receivers. All schemes
transmit 2 bits in this scenario. Although SIMO and MIMO
still perform better, it can be seen that SSK benefits from the
enhanced number of transmit and receive devices. Especially
with rising number of optical receivers, SSK can exploit the
receive-diversity in a better way than SIMO and MIMO as the
performance gap decreases. Fig. 8 and Fig. 9 show that SSK
outperforms SIMO transmission in a setup employingNt = 8
and Nt = 16 transmitters even ifNr < Nt. In comparison
to repetition coding, SSK can outperform the MIMO scheme
within a SNR range of about 10 - 27 dB ifNt = 8. At higher
SNRs, the gain of repetition coding comes into play and makes
it superior. In aNt = 16 setup, SSK performs best and it can
be seen that repetition coding has no benefits even compared
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Fig. 7. BER againstEs/N0 for AWGN scenario (2 bits transmission).

to SIMO transmission. The results show that more than four
transmit devices have to be used in order to profit from
SSKs potential and to achieve gains compared to SIMO and
MIMO transmission. These gains increase with rising number
of employed transmitters and receivers.

V. SUMMARY AND CONCLUSION

In this paper, we have studied the performance of Space
Shift Keying modulation under optical wireless channel con-
ditions, which have been obtained by actual channel mea-
surements. SSK has been compared to SISO, SIMO and
MIMO transmission scenarios. The results show that the
performance of SSK modulation is strongly affected by the
channel conditions and that simple2 × 1 SSK cannot make
use of transmit-diversity gains. Nevertheless, power imbalance
on the different transmitters can enhance its performance,
especially for highly correlated optical wireless channels with
direct line of sight. Furthermore, we have shown that SSK can
deploy its transmit-diversity potential and achieves benefits
over SIMO and MIMO setups if more than four transmit
devices are used. We have also illustrated that SSK can exploit
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Fig. 8. BER againstEs/N0 for AWGN scenario (3 bits transmission).
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Fig. 9. BER againstEs/N0 for AWGN scenario (4 bits transmission).

receive-diversity in a better way. Future work will deal with
further performance measurements of Space Shift Keying in
an extended test setup using more than two optical transmitters
and several receivers under real channel conditions.
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Abstract—In this paper, we study the performance of Spatial
Modulation (SM) applied to optical wireless communications
(OWC) in indoor environments with line-of-sight (LOS) charac-
teristics. To this end, we consider setup scenarios with different
numbers of optical transmitters and receivers which are arranged
within a room. SM is compared to Repetition Coding (RC).
Because RC is known to achieve very good performance in OWC
systems due to the use of intensity modulation and the resulting
constructive superposition of the power signals. The results show
that SM can outperform RC when high spectral efficiencies are
desirable, e.g.4 bit/s/Hz and greater, since it can operate with
reduced signal modulation orders by conveying additional data
bits in the spatial domain. We also demonstrate that SM benefits
from receive-diversity to a larger extent while at the same time
requiring less computational complexity. Furthermore, we give a
general framework to numerically approximate the average bit
error probability of both SM and RC.

Index Terms—diversity, MIMO, optical wireless communica-
tions, repetition coding, spatial modulation.

I. I NTRODUCTION

The first pioneering studies in optical free-space transmis-
sions for indoor environments [1] have shown the potential of
optical wireless communications (OWC) to provide flexible
and efficient indoor data transmission. With the advent of
cheap and powerful light emitting diodes (LEDs), appropri-
ate optical transmitters are available which can be used for
instance in home and office scenarios. As OWC transmission
does not interfere with delicate electronic systems, it caneven
be applied to sensitive environments like hospitals and aircraft
cabins. However, like all wireless communication systems,
OWC also has to cope with the ever increasing demand for
higher data rates. Therefore, it is important to provide high
spectral efficiencies at low error ratios.

Commonly, OWC transmission schemes employ intensity
modulation of the optical carrier and direct detection at the
receiver side [2], [3]. To this end, up- and down-conversionof
the signals can be done by low-cost diodes without the need
for sophisticated high-frequency circuit designs. Most optical
wireless links use simple modulation techniques like on-off-
keying (OOK) or pulse amplitude modulation (PAM) because
they offer easy implementation. PAM provides an enhanced

spectral efficiency by using several intensity levels of theop-
tical signal in contrast to OOK which encodes information by
simply switching the device on and off. However, the provision
of enhanced spectral efficiencies by using larger constellation
sizes leads to worse bit error ratio (BER) performance. Thus,
the main drawback of simple single-input-single-output (SISO)
systems is that the achievable data rate at reasonable BER
performance is low since a high order modulation scheme is
needed. A known solution to improve the error performance
of wireless communication systems is by exploitation of
diversity. The reliability can be enhanced by using several
receiving devices, which enables receive-diversity. These so
called single-input-multiple-output (SIMO) methods receive
several replicas of the same transmitted signal. Hence, an
enlarged portion of the emitted power can be collected and
the multiple signal receptions can be combined to improve
the quality of the wireless link. Besides, it is possible to use
several transmit devices as well. In order to provide transmit-
diversity, Repetition Coding (RC) can be used which works by
the principle that the same information is sent from multiple
transmitters simultaneously. RC is known to achieve very good
performance in free-space optical communications with line-
of-sight (LOS) as the intensities coming from the multiple
transmitters constructively add up at the receiver side [4], [5].
Because of this, RC can outperform orthogonal space-time
block codes (OSTBCs) and even SIMO transmission [4].

In [6], [7] a new and promising modulation technique called
Spatial Modulation (SM) has been proposed. It has been
shown that SM can achieve high data rates while providing
good BER performance and low system complexity. Like RC,
SM employs several emitters for transmitting data. But, as
opposed to common modulation techniques where information
is conveyed by modulating the signal, SM additionally conveys
data bits in the spatial domain. In order to accomplish this,
SM considers the transmitter array as an additional (spatial)
constellation diagram. Unlike RC, SM works by the principle
that only one transmitter is active at any time instance. In
addition to modulating the signal, e.g. modulation of the signal
amplitude, information is also encoded in the index of the
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transmitter which emits the signal. Therefore, high spectral ef-
ficiencies can be achieved which depend not only on the signal
constellation size, but also on the number of transmitters.This
leads to a degree of freedom as both parameters can be traded
off against each other. Furthermore, SM can deal with high
channel correlation and power imbalances of wireless links[8].
As these are characteristics of optical wireless links [9],[10],
SM seems to be especially suitable for OWC.

Hence, in this paper, we apply SM to OWC in indoor
LOS environments. We compare SM and RC transmission
with regard to their BER performance for different spectral
efficiencies. Setup scenarios with different numbers of optical
transmitters and receivers are considered. Furthermore, we
give a numerical framework to calculate the respective average
bit error probability (ABEP) of both schemes.

The remainder of the paper is organized as follows: In
Section II we introduce the system model and the notations.
Section III presents the optical wireless setup from which
we derive the channel coefficients for the considered indoor
scenarios. The BER performance of SM and RC is studied in
Section IV, where numerical and simulation results are shown.
Finally, Section V concludes the paper.

II. SYSTEM MODEL

The following notations are used throughout the paper:
lower case bold symbols denote vectors and upper case
bold symbols denote matrices. We use[·]T for the transpose
operator,|·| for the absolute value and‖·‖F for the Frobe-
nius norm. The signal constellation size is given byM and
dH(·, ·) denotes the Hamming distance of two bit assignments.
Q(a) = 1√

2π

∫ +∞
a

exp(−t2

2 ) dt is the Q-function.Nt is the
number of transmitters andNr is the number of receivers,
wherent is the transmitter index andnr is the receiver index.
We assume perfect knowledge of the channel and ideal time
synchronisation at the receiver side. Channel coding is not
taken into account.

The received signal vector is given by:

y = H s+ n, (1)

wheres = [s1 . . . sNt
]
T is the signal vector to be transmitted.

Consequently, the elements ofs indicate which signal is emit-
ted by each single optical transmitter.H is theNr×Nt channel
matrix. Its single elementshnrnt

represent the respective chan-
nel coefficient of the wireless link between transmitternt and
receivernr. Furthermore,n is the noise, which we assume as
real valued additive white Gaussian noise (AWGN) with zero
mean and a double-sided power spectral density ofEn. The
detection at the receiver is based on the maximum-likelihood
(ML) principle. The ML detector decides for the signal vector
ŝ which minimises the Euclidean distance between the actual
received signaly and all potential received signals leading to

ŝ = argmax
s
py(y|s,H) = argmin

s
‖y −H s‖2F , (2)

wherepy is the probability density function ofy conditioned
on s andH.

The intensitiesI
PAM

m which can be used for signal modula-
tion applyingM−PAM are given by

I
PAM

m = 2 I
M−1 m for m = 0, 1, . . . , (M − 1), (3)

with I being the mean optical intensity emitted. Hence,
M−PAM provides a spectral efficiency oflog2(M) bit/s/Hz.
As RC works by the principle that all transmitters emit the
same signal,s1 = s2 = . . . = sNt

holds. In order to ensure
comparability, the mean optical power transmitted has to be
fixed, irrespective of the number of transmitters. Thus, forRC
transmission, the optical power is equally distributed across
all Nt emitters and the intensities given in (3) have to be
divided by factorNt. In (4) we denote the ABEP of RC
employingM−PAM for an arbitraryNt × Nr scenario. It
is a generalisation of the commonM−PAM ABEP, which
is e.g. given in [2]. At this end,Es = (r I)2 is the mean
electrical energy of the intensity modulated optical signal, with
r being the optical-to-electrical conversion coefficient (which
we assume being1 A/W). Because in intensity modulated
optical communications the electrical energy is proportional
to the square of the optical power [3].

By using SM, the bit sequence to be transmitted is passed
to the SM encoder. As illustrated in Fig. 1, the encoder maps
the bits to the signal vectors. At any given time instance,
only one transmitter radiates optical power. This means that
only one element ofs is non-zero. The index of this respective
element states the index of the transmitter (e.g. LED) which
is activated. Therefore, the emitter index depends on the bit
sequence at the encoder input. In this way, one part of the
data is transmitted. The other part of the data is conveyed
in a conventional way via PAM. This means that the non-
zero element ofs is a specific signal constellation point with
intensityIm representing additional information bits.bmnt

is
the bit assignment of the signal when intensityIm is emitted
from transmitternt. However, classical PAM must be modified
because a signal withIm = 0 cannot be used for conveying
information as in this case all elements ofs would be zero
and the spatial information would be lost. As a consequence,
the intensitiesI

SM

m which can be used for SM are

I
SM

m = 2 I
M+1 m for m = 1, 2, . . . ,M. (5)
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Fig. 1. Illustration of SM operation providing4 bit/s/Hz withNt = 4.
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ABEPRC ≈ 2 (M − 1)

M log2(M)
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In the example displayed in Fig. 1, the data bits are arranged
in blocks of4 bits leading to a spectral efficiency of4 bit/s/Hz.
The last two bits define the transmitter index and the first
two ones the signal intensity assumingM = 4. As shown,
for instance the bit sequence “1 1 1 0” corresponds to LED
number4 emitting an optical pulse with intensityI3. At the
receiver side, the detector has to perform two detection tasks.
First, it has to estimate the index of the respective LED which
is active and second it has to decode the information encoded
in the signal from the received intensity level. Only if boththe
index and the signal constellation point are detected correctly,
the bit sequence can be decoded error free. As ML detection
is assumed, both estimation tasks are jointly done by the
decoding algorithm given in (2).

According to (5), the minimum distance between two pos-
sible SM intensities is 2 I

M+1 , whereas the minimum distance
for PAM is 2 I

M−1 . The lower signal distance of SM might
lead to a worse BER performance as the error probability
depends on the Euclidean distance of the transmitted signals.
But, as SM conveys additional information bits in the spatial
domain, it provides a higher spectral efficiency which is
log2(M) + log2(Nt) = log2(MNt) bit/s/Hz. In other words:
SM can achieve the same efficiency asM−PAM, but with a
reduced signal constellation size of̃M = M

Nt
, hence effectively

enlarging the distance of the signal points. In [8] and [11] it
is shown that the error performance of SM depends on the
differences between radio frequency channels. Moreover, it
is demonstrated that the ABEP of SM can be approximated
by union bound methods. Using these basics, we can derive
the ABEP of SM employing intensity modulation for OWC.
Due to space constraints, we omit the detailed calculation
and report only the final result which is given in (6). Here,
b
m(1)n

(1)
t

is the bit assignment which is conveyed when inten-

sity I
SM

m(1) is emitted by transmittern(1)t andb
m(2)n

(2)
t

is the bit

assignment which is conveyed when intensityI
SM

m(2) is emitted

by transmittern(2)t . Consequently,dH
(
b
m(1)n

(1)
t

, b
m(2)n

(2)
t

)

states the number of bit errors when erroneously decoding
the assignmentb

m(2)n
(2)
t

at the receiver instead of the actually
transmitted assignmentb

m(1)n
(1)
t

.
If we consider the computational complexity at the re-

ceiver side, it can be seen that the detection of SM trans-
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Fig. 2. Positioning of a4× 4 setup within room.

mission requires fewer mathematical operations compared to
RC. For RC, a total ofM (2NtNr +Nr − 1) multiplica-
tions, additions and subtractions are needed. In contrast,SM
merely requires̃M Nt (3Nr − 1) =M (3Nr − 1) operations
and, therefore, is less computationally expensive. For instance,
if M = 16, Nt = 4 andNr = 4, RC requires560 operations,
whereas SM requires only176 operations.

III. O PTICAL WIRELESSSETUP SCENARIO

In the following, we consider an indoor LOS environment
with different Nt ×Nr setup scenarios. We assume that the
transmitters are placed at a height ofz = 2.5 m and are
oriented downwards to point straight down from the ceiling.
The receivers are located at a height ofz = 0.75 m (e.g. height
of a table) and are oriented upwards to point straight up at
the ceiling. Both transmitters and receivers are aligned in
rectangular arrays, which are centred within the room. The
element spacing of the single transmitters on thex- and y-
axis is 0.2 m and 0.1 m for the receivers. These spacings
are chosen with regard to a practical implementation of the
transmitters within an illumination installation and of the
receivers within a potential user device. Fig. 2 exemplarily
shows the positioning of a4×4 setup, at which the transmitters
are displayed as triangulars and the receivers as dots. The
plotted cones illustrate the orientation of the transmit beams
and the orientation of the receiver field-of-view (FOV). The
cone angles are related to the TX and RX semiangles.
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Fig. 3. Geometric scenario used for calculation of channel coefficients.

On the basis of this setup scenario, we derive the channel
coefficients of the optical wireless links. Fig. 3 illustrates the
geometries used to calculate the single coefficientshnrnt

.
As shown,φ is the angle of emergence with respect to the
transmitter axis andψ is the angle of incidence with respect to
the receiver axis. Furthermore,d depicts the distance between
transmitter and receiver. According to [3], the DC channel gain
is the most distinctive parameter describing an optical wireless
link. Therefore, the channel coefficient of a directed LOS link
can be calculated as follows:

h =

{
(k+1) A
2 π d2 cosk φ cosψ 0 ≤ ψ ≤ Ψ 1

2

0 ψ > Ψ 1
2

(7)

with the orderk = − ln(2)
ln(cosΦ 1

2
) and the transmitter semiangle

Φ 1
2
, which we assume being15◦. Furthermore,Ψ 1

2
denotes

the FOV semiangle of the receiver, assumed being15◦, and
A is the detector area of the receiver, assumed being1 cm2.
Hence, the channel coefficients depend on the specific position
of each transmitter and receiver within the setup scenario.

IV. RESULTS ONBIT ERRORRATIO PERFORMANCE

In this section, we analyse the BER performance of SM
and RC using the scenario introduced in Section III. We
consider setups with different numbers of optical transmitters
and receivers as well as varying spectral efficiencies. In order
to ensure comparability, the mean emitted power is the same in
each scenario and for both transmission techniques. Therefore,
we evaluate the error ratios at the receiver side with regardto
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Fig. 4. Comparison of SM and RC for spectral efficiency of2, 4 and
6 bit/s/Hz in4× 4 setup scenario (lines show simulation results and markers
numerical ABEP results).

transmit power against noise power, while taking into account
the specific path loss of the setups caused by the alignment
of the transmitters and receivers within the room. Thus, we
define the signal to noise ratio (SNR) beingEs

En
. As the channel

coefficients of the considered setups are in the range of10−4,
the electrical path loss is about−80 dB.

First of all, we consider the4×4 setup scenario illustrated in
Fig. 2. For this scenario, Fig. 4 depicts the BER of SM and RC
assuming a spectral efficiency of2, 4 and6 bit/s/Hz. It can be
seen that the numerical ABEPs (markers) given in (4) and (6)
very closely match the simulation results (lines). Consequently,
the given ABEPs provide a good means to evaluate the BER
performance of SM and RC. As shown in Fig. 4, for a
spectral efficiency of2 and 4 bit/s/Hz, RC applying4-PAM,
respectively16-PAM, achieves a better performance than SM.
But, if we consider improved spectral efficiency of6 bit/s/Hz,
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(a) 32-PAM RC
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Fig. 5. Comparison of SM and RC for5 bit/s/Hz withNt = 8 and varying
number of optical receiversNr (lines show simulation results and markers
numerical ABEP results).
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SM outperforms RC up to a SNR of about116 dB. This
is because SM operates with a reduced signal constellation
size ofM = 16 compared to64-PAM RC transmission. At
SNRs above116 dB RC gets superior because of its transmit-
diversity gain.

As SM only uses one transmitter at any time instance,
it cannot provide transmit-diversity. However, it can utilize
receive-diversity to a larger extent than RC by offering higher
SNR gains with increasingNr. This finding is shown in
Fig. 5, where we study the performance of SM and RC for
5 bit/s/Hz for a scenario withNt = 8 and a varying number
of optical receivers. It can be seen that when consecutively
doublingNr from 2 up to16, RC achieves a performance gain
of about3 dB in each step. In contrast, SM achieves larger
improvements as it provides a performance gain of about5 dB
by moving fromNr = 4 to Nr = 8 and of about9 dB by
moving fromNr = 8 toNr = 16. Consequently, in the8× 16
scenario SM even outperforms RC by about2 dB.

Besides these improvements, SM has another essential
advantage over RC transmission. If more bits are to be
transmitted per channel use, RC needs a higher increase in
SNR to be able to provide the same BER performance. This
observation is taken from Fig. 6, which shows the error ratios
for a 16× 16 transmission system providing different spectral
efficiencies (4, 5 and6 bit/s/Hz). It can be seen that RC needs
an SNR improvement of about6 dB to achieve the same BER
when providing5 instead of4 bit/s/Hz, whereas SM requires
an increase of only3 dB. Consequently, SM withM = 2
outperforms32-PAM RC by about8 dB and even16-PAM
by about2 dB. If the spectral efficiency is increased by1 bit
to 6 bit/s/Hz, RC requires additional6 dB, in contrast to SM
which needs only an increase of about4 dB. In summary, for a
spectral efficiency of6 bit/s/Hz SM outperforms RC by about
10 dB and even outperforms the less efficient32-PAM RC
transmission by about4 dB. Hence, the benefits of SM over
RC largely increase with greater spectral efficiencies.
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Fig. 6. Comparison of SM and RC for spectral efficiency of4, 5 and
6 bit/s/Hz in16×16 setup scenario (lines show simulation results and markers
numerical ABEP results).

V. SUMMARY & CONCLUSION

We have studied the performance of Spatial Modulation
applied to OWC in indoor environments and compared it to
Repetition Coding. The simulation results were substantiated
by numerical ABEP calculations. We have demonstrated that
SM achieves significant gains if several receivers are employed
because it provides large SNR improvements with increasing
number of receivers. Especially for higher spectral efficiencies,
SM provides a better error performance as it can operate with
a reduced signal constellation size by conveying data bits in
the spatial domain. Furthermore, SM can achieve better error
ratios particularly at low SNR regions because the transmit-
diversity gain of RC prevails only at higher SNRs. Moreover,
SM even provides less computational complexity. Thus, SM is
a suitable modulation technique for OWC to provide high data
rates at good BER performance. Future work will deal with
the adaptation of SM in order to achieve benefits by transmit-
diversity as this will enhance its performance, especiallyfor
low spectral efficiencies and at high SNR regions.
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Abstract—Spatial Modulation (SM) is a combined multiple-
input-multiple-output (MIMO) and digital modulation technique
which besides common signal modulation conveys additional
information bits in the spatial domain. To this end, only one
transmitter is active at any time instance. The actual index of each
emitter represents a unique spatial constellation point and thus
conveys additional information. As a consequence, SM completely
avoids inter-channel interference (ICI) and provides low detection
complexity. Like for any MIMO scheme, the performance of
SM is degraded in the presence of high channel correlation.
Therefore, Trellis Coded Spatial Modulation (TCSM) applies
coding techniques to the bits conveyed in the spatial domain to
assist the detection of the active transmitter. As optical wireless
communications (OWC) in indoor environments is subject to
high spatial correlation and low channel distinctness, we evaluate
the performance of coded SM applied to indoor OWC. For
this purpose, we propose an enhanced coded SM technique
which jointly encodes the bits conveyed in the signal and spatial
domains. It is found in this paper that our enhanced coded SM
technique can achieve gains in signal to noise ratio (SNR) of about
1− 3 dB compared to the originally proposed TCSM scheme.

Index Terms—coding, MIMO, optical wireless communica-
tions, spatial modulation.

I. I NTRODUCTION

Due to recent advances in solid-state lighting and the
associated availability of frequency spectrum of hundreds
of THz, optical wireless communications (OWC) has at-
tracted attention for indoor data transmission as a promising
complement to existing radio frequency (RF) systems [1].
Commonly for OWC, incoherent light sources are used as
they enable the use of simple low cost optical devices. As
a consequence, optical systems are mostly based on intensity
modulation (IM) and direct detection (DD) by employing
light emitting diodes (LEDs) as emitters and photo diodes as
receivers, thus not providing phase information in the received
signals [2]. Since there is an increasing adoption of LED
lighting in homes and offices, this has fueled research that
aims at using these devices not only for illumination but also
for wireless communications [3]. Moreover, as there typically
are several LEDs in an entire LED cluster, these multiple
emitters can be used for data transmission. This inherently
provides the essential prerequisite for the use of multiple-
input-multiple-output (MIMO) techniques in conjunction with

OWC [4]. MIMO techniques are already widely used in RF
communications to enhance the system performance as they
increase the link reliability and provide high data rates [5].

Recently, Spatial Modulation (SM) has been proposed as
a combined MIMO and digital modulation technique [6]. In
addition to applying basic signal modulation, SM transmits
additional bits in the spatial domain by considering the trans-
mitter array as an extended constellation diagram. As only one
transmitter is emitting a digitally modulated signal at anytime
instance, the index of this transmitter represents additional
data bits. It has been shown that SM can outperform other
MIMO schemes like Repetition Coding (RC) [7] and spatial
multiplexing [6], while even providing lower computational
complexity.

Like for any MIMO technique, the performance of SM is
related to the channel characteristics. As a consequence, its
performance is degraded in scenarios with high link corre-
lation and low channel distinctness. Therefore, Trellis Coded
Spatial Modulation (TCSM) has been proposed to improve the
performance of SM over correlated channels [8], [9]. TCSM
applies coding to the bits conveyed in the transmitter indexin
order to increase the free distance between sequences of spatial
constellation points. Consequently, the transmitter detection is
made more robust and the error ratio is reduced. In order to
achieve these gains, TCSM splits the data bits into two subsets.
The first subset directly specifies the digitally modulated signal
to be emitted, whereas the second subset is first passed to
an encoder and then used to determine the emitter to be
activated. Consequently, TCSM differentiates between thebits
represented by digital signal modulation and the bits conveyed
in the spatial domain. However, this approach disallows a
joint decoding at the receiver side, thus not allowing the full
exploitation of the SM principle.

Therefore, in this paper we extend the TCSM technique to
an enhanced coded SM scheme which jointly encodes the bits
conveyed in the spatial as well as in the signal domain. To
this end, a convolutional encoder is applied to all data bits
beforethey are split into the two subsets which determine the
digitally modulated signal and the active transmitter. It is found
that our jointly encoding achieves higher coding gains thanthe
originally proposed TCSM scheme if applied to OWC.
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The remainder of this paper is organised as follows: in Sec-
tion II the basic system model is given. Section III introduces
the setup which is used to model the optical wireless indoor
scenario. Actual channel measurements substantiate the chosen
model. In Section IV the bit error ratio (BER) performance of
our proposed enhanced coded SM scheme is evaluated and
compared to the original TCSM scheme [8], [9] as well as to
uncoded SM. Finally, Section V concludes the paper.

II. SYSTEM MODEL

The considered system model comprisesNt optical trans-
mitters andNr receivers. TheNr-dimensional received signal
vector is expressed as follows:

y = Hs+ n with y ∈ R
Nr , (1)

where the transmitted signal vector is denoted by
s = [s1 . . . sNt

]
T with [·]T being the transpose operator

and snt
depicting the signal emitted by transmitternt. The

Nr ×Nt channel matrix

H =



h11 · · · h1Nt

...
. ..

...
hNr1 · · · hNrNt


 (2)

denotes the respective channel gain of the link between trans-
mitter nt and receivernr. Moreover,n is the noise vector
with Nr elements, assumed to be real valued additive white
Gaussian noise (AWGN) with zero mean, double-sided power
spectral densityEn and varianceσ2.

The basic principle of SM is that besides transmitting data
by common signal modulation,e.g. amplitude modulation, it
uses the transmitter index to convey additional bits. To this
end, only one transmitter is emitting a signal at any time
instance. Consequently, only one element of the signal vector
s is non-zero and the index of this element represents the
emitter to be activated. Fig. 1 illustrates the functionality of
SM for a setup withNt = 4 optical emitters and a signal
constellation size ofM = 4. As the spectral efficiency of
SM is log2(M Nt) bit/s/Hz, 4 bits can be transmitted per
channel use in this example. The bits are passed to the SM
mapper, which maps them to a signal constellation point and
a transmitter index. As shown, the last two bits denote the
index of the transmitter, whereas the first two bits represent
the actual signal to be sent. For instance, the bit sequence
“1 1 1 0” is represented by LED number4 emitting signalI3.

In the following, pulse amplitude modulation (PAM) is
considered for signal modulation as it is widely used in OWC
because of its simple implementation. The intensities which
are used for the signal modulation of SM are given by

Im =
2 I

M + 1
m for m = 1 . . .M, (3)

with I denoting the mean optical intensity being emitted. Note
that these intensities differ from common PAM as SM cannot
operate with a signal intensity ofIm = 0. This is due to the
fact that forIm = 0, no emitter would be activated and the
information conveyed in the spatial domain would be lost.
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Fig. 1. Illustration of SM operation withNt = 4 andM = 4.

The detection at the receiver side is based on the maximum-
likelihood (ML) principle. Therefore, the detector decides
for the constellation vector̂s which minimises the Euclidean
distance between the actual received signal vectory and all
potential received signals leading to

ŝ = argmax
s
py(y|s,H) = argmin

s
‖y −Hs‖2F , (4)

where ‖·‖F denotes the Frobenius norm andpy is the
probability density function ofy conditioned ons and H

with py(y|s,H) ∝ exp (−‖y −Hs‖2F /σ2). Consequently,
the ML detector jointly estimates the emitter index and the
transmitted signal by a common operation. In the following
it is assumed that the receiver has perfect knowledge of the
channel, whereasH is not known at the transmitter side. If
forward error correction (FEC) coding is applied, the ML
detection principle given in (4) can be used to realise a soft
decision ML detector for SM by employing log-likelihood
ratios (LLRs). According to [10], the a posteriori LLR for
the i th bit conveyed in the transmitted signal vectors is

L(si) = log

∑
s∈Si

1

exp
(
−‖y−Hs‖2

F

σ2

)

∑
s∈Si

0

exp
(
−‖y−Hs‖2

F

σ2

) , (5)

whereSi
1 andSi

0 represent the set of signal vectors which have
“1” and “0” at the i th bit position, respectively. The calculated
LLRs can be processed by a soft decision Viterbi decoder in
order to retrieve the transmitted data bits.

III. O PTICAL WIRELESSSETUP

In this paper, intensity modulated optical wireless links with
line-of-sight (LOS) characteristics are considered. According
to [2], the channel gain of a directed LOS link can be
determined using its geometric alignment yielding to

h =

{
(k+1)Ar

2π d2 cosk (φ) cos (ψ) 0 ≤ ψ ≤ Ψ 1
2

0 ψ > Ψ 1
2

(6)

whereΨ 1
2

is the field-of-view (FOV) semiangle of the receiver,

k = − ln(2)

ln
(
cos(Φ 1

2
)
) andΦ 1

2
is the transmitter semiangle (at half
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Fig. 2. Geometric scenario used for calculation of channel coefficients.

power). Moreover,r denotes the optical-to-electrical conver-
sion coefficient andA is the detector area of the receiver.
The distance between transmitter and receiver is depicted by
d. As illustrated in Fig. 2,φ is the angle of emergence with
respect to the transmitter (TX) axis andψ is the angle of
incidence with respect to the receiver (RX) axis. Consequently,
the channel gainhnrnt

depends on the position of both
transmitternt and receivernr, i.e. their distance and angular
alignment. Due to the use of SM, only one transmitter is
emitting at any time instance and given independent identically
distributed (i.i.d.) ones and zeros as data bits, each transmitter
is activated with equal probability. Therefore, the average
electrical power collected at each receiver is donated by

ERX =

(
1
Nr

1
Nt

Nr∑
nr=1

Nt∑
nt=1

hnrnt
I

)2

.

Without loss of generality, the performance of the evaluated
SM schemes is studied using practical system parameters
as follows: we analyse the channel gains of a setup which
employs an off-the-shelf DL-6147-040 diode [11] at the trans-
mitter side withΦ 1

2
≈ 8◦ and a wavelength of658 nm. The

optical receiver consists of a circuitry applying a BPX61 Sil-
icon PIN (positive intrinsic negative) photo diode [12] with an
optical-to-electrical conversion coefficient ofr ≈ 0.434 A/W
at 658 nm, a detector area ofA ≈ 7 mm2 andΨ 1

2
≈ 55◦. The

3 dB cut-off frequency of the photo diode is about17 MHz.
Fig. 3 displays an arbitrary optical wireless test setup which

is used for channel measurements employing the diodes given
above. As illustrated, the setup consists of two identical trans-
mitters TX1 and TX2 which have a directed LOS connection
towards the receiver. The spacing of the two transmitters
is fixed to be 30 cm while their distance to the receiver
d1, respectivelyd2, is varied. Both transmitters are oriented
towards the receiver so thatφ1 = φ2 = 0. As TX1 is directly
placed on the receiver axis,ψ1 = 0 holds. However, TX2 has
an angular misalignmentψ2 with respect to the receiver axis.
Fig. 4 shows the measured channel gains for two scenarios,

TX1

TX2

RX

d1

30 cm

d
2

Fig. 3. Illustration of the optical wireless test setup.
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Fig. 4. Measured gains of the optical wireless channels within the test setup.

similar to the setup presented in [13]. The gains are plotted
for a frequency range of1− 10 MHz. For scenario 4(a),
d1 = 50 cm, d2 ≈ 58 cm andψ2 ≈ 31◦. For scenario 4(b),
d1 = 70 cm, d2 ≈ 76 cm andψ2 ≈ 23◦. The measurements
show that the links are highly correlated and differ only by
their absolute gain, due to the larger distance and angular
misalignment of TX2. Consequently, the gains have a time
averaged correlation coefficient of

ρ(h1, h2) =
E{(h1 − E{h1})(h2 − E{h2})}√

VAR {h1}VAR {h2}
≈ 0.97,

with E{·} denoting the expectation operator and VAR{·}
being the variance operator. Moreover, the measured optical
channels show only little variations within the considered
frequency range as their maximum coefficient of variation,
vn =

√
VAR {hn}/E{hn}, is only about 0.07. Therefore,

the links can be represented by flat AWGN channels with
constant attenuation. Table I displays the mean measured
channel gainshn and the theoretical channel gainshn for
scenario 4(a) and 4(b). Moreover, the relative difference,
∆n = 100

∣∣hn − hn
∣∣ / hn, between the measured gains and

the theoretical values is given. As the maximum difference is
only about6.49 %, the measured channel gains and the gains
calculated using the geometrical model closely match.
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TABLE I
COMPARISON OF MEASURED AND THEORETICAL CHANNEL GAINS.

scenario 4(a) scenario 4(b)

theoretical gain
h1 ≈ 139.01 10−6 h1 ≈ 70.93 10−6

h2 ≈ 87.65 10−6 h2 ≈ 55.07 10−6

measured gain
h1 ≈ 141.59 10−6 h1 ≈ 73.05 10−6

h2 ≈ 93.34 10−6 h2 ≈ 57.17 10−6

relative difference
∆1 ≈ 1.86 % ∆1 ≈ 2.99 %

∆2 ≈ 6.49 % ∆2 ≈ 3.81 %

Therefore, we use this model in the following to derive the
channel gains of different indoor setup scenarios. To this end,
we consider a generic4 × 4 indoor scenario (Nr = 4 and
Nt = 4), which is located within a4.0m× 4.0m× 3.0m
room. We assume that the transmitters are placed at a height
of z = 3.00 m and are oriented downwards to point straight
down from the ceiling. The receivers are located at a height of
z = 0.75 m (e.g.height of a table) and are oriented upwards to
point straight up at the ceiling. Both transmitters and receivers
are aligned in a quadratically2× 2 array which is centered in
the middle of the room. On the basis of this scenario, we in-
vestigate different static setups with varying element spacings
of the single transmitters on thex- and y-axis, depicted by
dTX, while the element spacing of the receivers is assumed
to be 0.1 m on thex- and y-axis for all considered setups.
This receiver spacing is chosen with regard to a practical
implementation within a potential (hand-held) user device.
Fig. 5 exemplarily shows the positioning of the4×4 setup, at
which the receivers are displayed as dots and the transmitters
as triangulars. The plotted cones illustrate the orientation of
the transmit beams and the orientation of the receiver FOV.
Applying (6) to this setup withdTX = 0.3 m, 0.5 m and
0.7 m, results in the following channel matrices:

Hd
TX

=0.3 ≈ 10−5




0.5934 0.4775 0.4775 0.3847
0.4775 0.5934 0.3847 0.4775
0.4775 0.3847 0.5934 0.4775
0.3847 0.4775 0.4775 0.5934


 ,

Hd
TX

=0.5 ≈ 10−5




0.3847 0.2691 0.2691 0.1889
0.2691 0.3847 0.1889 0.2691
0.2691 0.1889 0.3847 0.2691
0.1889 0.2691 0.2691 0.3847


 ,

(7)

Hd
TX

=0.7 ≈ 10−5




0.1889 0.1157 0.1157 0.0713
0.1157 0.1889 0.0713 0.1157
0.1157 0.0713 0.1889 0.1157
0.0713 0.1157 0.1157 0.1889


 .

It can be seen that the symmetrical arrangement of the
transmitters and receivers leads to equal channel gains forthe
wireless links with the same alignment,e.g. hnrnt

= hntnr
.

Moreover, if the spacingdTX between the transmitters is small,
the gains are quite similar, whereas ifdTX gets larger, the
differences between the links increase due to the geometry of
the setup scenario,i.e. the enlarged angular misalignment.

1.0
1.5

2.0
2.5

3.0 1.0
1.5

2.0
2.5

3.0

0.0

1.0

2.0

3.0

y/m
x/m

z
/
m

Fig. 5. Positioning of4× 4 setup withdTX = 0.5 m within room.

IV. B IT ERRORRATIO PERFORMANCE OFCODED SPATIAL

MODULATION

In the following, we evaluate the BER performance of coded
SM applied to the optical wireless setup presented above. For
encoding at the transmitter side, we assume a convolutional
encoder with an octal presentation of(161, 133), a coding rate
of c = 1

2 , a constraint length ofl = 7 and a free distance
of dfree = 10. Furthermore, the encoded bits are addition-
ally interleaved by a random block interleaver. As proposed
in [8], [9], by applying TCSM, only the bits which determine
the transmitter index are passed to the convolutional encoder,
while the bits denoting the digitally modulated signal to be
transmitted remain uncoded and are directly passed to the SM
mapper (see Fig. 1 (b)). The encoded and interleaved bits are
then used to determine the emitter which is activated according
to the standard SM transmission scheme. In contrast, our
proposed enhanced coded SM scheme passesall information
bits to the convolutional encoder. The encoded bits are also
interleaved and then passed to the standard SM mapper which
maps them to the signal constellation points and transmitter
indices as depicted in Fig. 1 (c). Note that for the sake of
comparison, both coded SM schemes use the same(161, 133)
convolutional encoder. At the receiver side, the encoded bits
of both coded SM schemes are deinterleaved and processed by
a soft decision Viterbi decoder which has a traceback length
of five times the constraint length.

Fig. 6 shows the BER performance of our enhanced coded
SM scheme, TCSM and uncoded SM for a spectral efficiency
of R = 2 bit/s/Hz in the considered4× 4 setup with different
transmitter spacings ofdTX = 0.3 m, 0.5 m and 0.7 m. In
order to provide this spectral efficiency, uncoded SM operates
with a signal constellation size ofM = 1, i.e. all bits to
be transmitted are conveyed in the spatial domain because
R = log2(Nt). In contrast, TCSM has to operate withM = 2
to compensate for the redundancy induced by the encoder.
Moreover, the enhanced coded SM scheme has to operate with
an even larger constellation size ofM = 4 to provide the same
data rate. As shown, despite this enlarged signal constellation
size, our enhanced coded SM scheme can achieve gains in sig-
nal to noise ratio (SNR) of about2− 3 dB compared to TCSM
and outperforms uncoded SM by about6− 10 dB. Moreover,
it can be seen that an enlargement of the transmitter spacing,
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Fig. 6. BER of coded and uncoded SM for spectral efficiency of
R = 2 bit/s/Hz in 4× 4 setup scenario with varying distancedTX of trans-
mitters on thex− andy−axis.

dTX, increases the channel distinctness and improves the BER
performance of both coded and uncoded SM. Fig. 7 displays
the BER of the considered schemes forR = 3 bit/s/Hz. In this
scenario, uncoded SM operates with a signal constellation size
of M = 2 and TCSM withM = 4. The enhanced coded SM
scheme has to operate withM = 16. As depicted, the new
enhanced coded SM scheme can also outperform both other
schemes forR = 3 bit/s/Hz and achieves SNR gains of about
1− 2 dB compared to TCSM, respectively of about4− 8 dB
compared to uncoded SM, despite the fact that it has to use
a much larger signal constellation size to compensate for the
induced FEC coding.

V. SUMMARY AND CONCLUSION

In this paper, we have studied the performance of coded SM
applied to OWC in indoor environments. It has been shown
that FEC coding can significantly improve the performance
of SM under conditions with high link correlation and low
channel distinctness. Moreover, we have proposed an enhanced
coded SM scheme which jointly encodes the bits conveyed in
the spatial and signal domains. It has been found in this paper
that our approach can outperform the originally proposed
TCSM scheme by several dB. This is because the jointly
encoding conveys the coded bits in the spatial as well as in
the signal domain. As a consequence, our enhanced coded SM
scheme can make better use of the basic SM detection princi-
ple which jointly detects the emitter index and the transmitted
signal by a common operation. Consequently, our enhanced
coded SM scheme utilises the output of the ML detector more
efficiently than the originally proposed TCSM scheme, thus
providing larger coding gains. Future work might deal with the
performance of coded SM for higher spectral efficiencies and
different coding rates as well as its evaluation for outdoorfree
space optical (FSO) communications employing laser diodes.
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Performance Comparison of MIMO Techniques for
Optical Wireless Communications in Indoor

Environments
Thilo Fath and Harald Haas,Member, IEEE

Abstract—In this paper, we compare the performance of
multiple-input-multiple-output (MIMO) techniques applied to
indoor optical wireless communications (OWC) assuming line-of-
sight (LOS) channel conditions. Specifically, several4× 4 setups
with different transmitter spacings and different positions of the
receiver array are considered. The following MIMO algorithms
are considered: Repetition Coding (RC), Spatial Multiplexing
(SMP) and Spatial Modulation (SM). Particularly, we develop
a framework to analytically approximate the bit error ratios
(BERs) of these schemes and verify the theoretical bounds by
simulations. The results show that due to diversity gains, RC is
robust to various transmitter-receiver alignments. However, as
RC does not provide spatial multiplexing gains, it requires large
signal constellation sizes to enable high spectral efficiencies. In
contrast, SMP enables high data rates by exploiting multiplexing
gains. In order to provide these gains, SMP needs sufficiently
low channel correlation. SM is a combined MIMO and digital
modulation technique. We show that SM is more robust to high
channel correlation compared to SMP, while enabling larger
spectral efficiency compared to RC. Moreover, we investigate
the effect of induced power imbalance between the multiple
transmitters. It is found that power imbalance can substantially
improve the performance of both SMP and SM as it reduces
channel correlation. In this context, we also show that blocking
some of the links is an acceptable method to reduce channel
correlation. Even though the blocking diminishes the received
energy, it outweighs this degradation by providing improved
channel conditions for SMP and SM. For example, blocking4 of
the 16 links of the 4× 4 setup improves the BER performance of
SMP by more than20 dB, while the effective signal to noise ratio
(SNR) is reduced by about2 dB due to the blocking. Therefore,
MIMO techniques can provide gains even under LOS conditions
which provide only little channel differences.

Index Terms—MIMO, optical wireless communications, repe-
tition coding, spatial modulation, spatial multiplexing.

I. I NTRODUCTION

RECENTLY, there has been increasing interest in optical
wireless communications (OWC) because of the tremen-

dous advancements in solid-state-lighting technology. Itis now
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possible to harnesses vast, free and largely unused wireless
transmission resources in the infra-red (IR) and visible light
spectrum for communication purposes. Especially for indoor
scenarios, like office and home environments, OWC can pro-
vide significant spectrum relief for the crowed radio frequency
(RF) spectrum used by traditional wireless communications
systems such as wireless local area networks (WLANs). As
more and more wireless home networks are being installed,
the public ISM (Industrial, Scientific and Medical) band
gets increasingly crowded leading to a shortage of available
bandwidth, increased interference and compromised system
throughput. In addition, RF communications can interfere with
electrical equipment preventing its application in sensitive
environments like hospitals or aircraft cabins.

With the advent of high luminance light-emitting diodes
(LEDs), efficient and inexpensive illumination devices are
available which will progressively replace existing lightbulbs
and fluorescent lamps. In contrast to the latter, LEDs, being
electronic devices, can be switched must faster. Therefore, an
additional benefit can be generated if LEDs are not only used
for illumination, but also for high data rate wireless commu-
nications to establish flexible and ubiquitous communication
networks [1]-[3]. For instance, the ceiling lights in an office
can be used to transmit data to a receiver placed on a desk
within a room. Apart from the visible light spectrum, the near-
IR band between about780 nm and950 nm is also a potential
transmission medium for indoor communications [4], [5].
Commonly, OWC transfers data by modulating the intensity
of the optical signal [6]. Typical light fixtures achieve more
than 400 lux to provide sufficient indoor illumination. Those
illumination levels are enough to transmit data at high signal
to noise ratios (SNRs). At the receiver side, a photo-detector
converts the optical signals into electrical signals whichare
used to decode the information. This direct detection enables
the implementation of simple low-cost transceiver devices
without the need for complex high-frequency circuit designs.
As the information can only be received by a photo-detector
which is within the emitted light beam and the signals do not
penetrate opaque boundaries, the propagation can be restricted
to specific spots or areas (rooms). This prevents interception
and creates less interference compared to RF devices whose
signals propagate through walls. Moreover, the line-of-sight
(LOS) characteristic between transmitter and receiver can
provide high SNRs of more than60 dB at the receiver [7], [8].

In order to provide sufficient illumination, light installations
are typically equipped with multiple LEDs. This property can
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2

readily be exploited to create optical multiple-input-multiple-
output (MIMO) communication systems. MIMO techniques
are well-established and widely implemented in many RF
systems as they offer high data rates by increasing the
spectral efficiency [9], [10]. Off-the-shelf LEDs provide only
a limited bandwidth of about30− 50 MHz for incoherent
IR light and even less for visible light. Consequently, these
incoherent light sources restrict the available bandwidthof
practical OWC systems. Therefore, it is equally important
to achieve high spectral efficiencies in OWC. For free-space
optical transmission the effects of MIMO have already been
studied. It has been shown that spatial diversity can combat
the fading effects due to scattering and scintillation caused by
atmospheric turbulences [11], [12]. Ongoing research activities
intend to increase the capacity of OWC indoor systems by
MIMO techniques [13], [14]. However, for indoor OWC it is
still not clear to what extent MIMO techniques can provide
gains. This is because in indoor environments there are no
fading effects caused by turbulence etc., especially if LOS
scenarios are considered. Therefore, indoor optical wireless
links are envisaged to be highly correlated enabling only minor
diversity gains. Provided that MIMO techniques mostly rely
on spatially uncorrelated channels, it is unclear whether the
optical propagation channel in indoor environments can offer
sufficiently low channel correlation.

In this paper, we study the performance of MIMO tech-
niques for OWC in an indoor environment with LOS charac-
teristic. A simple4×4 setup with different transmitter spacings
is assumed. We consider three different transmission schemes,
namely Repetition Coding (RC), Spatial Multiplexing (SMP)
and Spatial Modulation (SM). These techniques are compared
with regard to their bit error ratio (BER) performance for
different spectral efficiencies. The error ratios are determined
by computer simulations as well as by analytical approxima-
tions. For the latter, we give a framework to determine the
theoretical BERs of the considered techniques using union
bound methods. Moreover, we study the effect of induced
power imbalance between the multiple transmitters. It has
been shown in [15] that for a two-transmitter OWC scenario
with highly correlated channels, power imbalance can improve
the performance of MIMO. In addition, we investigate link
blockage as a means to reduce channel correlation.

The remainder of this paper is organised as follows: In
Section II we define the basic system model and the con-
sidered indoor system setup. The different MIMO techniques
are introduced in Section III and their theoretical bit error
bounds are determined. In Section IV we analyse the BER
performance of the MIMO techniques for different scenarios.
In this context, we investigate the effect of both induced power
imbalance and link blockage. Finally, Section V concludes the
paper.

II. SYSTEM MODEL

We consider an optical wireless MIMO transmission sys-
tem employing intensity modulation (IM) and direct detec-
tion (DD) of the optical carrier using incoherent light sources,
e.g. LEDs. The system is equipped withNt transmitters and
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Fig. 1. Geometric scenario used for calculation of channel coefficients.

Nr photo-detectors at the receiver side. The received signal
vector is

y = Hs+ n, (1)

wheren is the sum of ambient shot light noise and thermal
noise. It is independent of the transmitted signals and the
main noise impairment as commonly assumed in OWC [5].
Consequently,n is real valued additive white Gaussian noise
(AWGN) with zero mean and a varianceσ2 = σ2

shot+ σ2
thermal,

where σ2
shot is the shot noise variance andσ2

thermal is the
thermal noise variance [5]. Thus, the noise power is given by
σ2 = N0 B, whereN0 is the noise power spectral density
and B is the bandwidth. The transmitted signal vector is
denoted bys = [s1 . . . sNt

]
T , with [·]T being the transpose

operator. The elements ofs indicate which signal is emitted
by each optical transmitter,i.e. snt

denotes the signal emitted
by transmitternt. TheNr ×Nt channel matrixH is given by

H =



h11 · · · h1Nt

...
. ..

...
hNr1 · · · hNrNt


 , (2)

wherehnrnt
represents the transfer factor of the wireless link

between transmitternt and receivernr. As the LEDs are in
close proximity, they can be jointly driven by exactly the
same baseband hardware and electronic driver. We, therefore,
assume that the transmission is perfectly synchronised. In
addition, there is only a very small path difference between
the multiple transmitter-receiver links of some cm (as shown
in Section IV). Therefore, there is negligible temporal delay
between the multiple links and consequently, we consider the
system model given in (1) without time dispersion.

In this paper, we assume optical wireless links with LOS
characteristics. Fig. 1 (right hand side) illustrates a directed
LOS link. As shown,φ is the angle of emergence with respect
to the transmitter (TX) axis andψ is the angle of incidence
with respect to the receiver (RX) axis. Furthermore,d depicts
the distance between transmitter and receiver. Using this
geometric scenario, the channel gain of an optical propagation
link can be calculated according to [5] as follows:

h =

{
(k+1)A
2π d2 cosk (φ) cos (ψ) 0 ≤ ψ ≤ Ψ 1

2

0 ψ > Ψ 1
2

(3)

with the orderk = − ln(2)

ln
(
cos(Φ 1

2
)
) and the transmitter semiangle

Φ 1
2

(at half power), which is assumed to be15◦. Furthermore,
Ψ 1

2
denotes the field-of-view (FOV) semiangle of the receiver,
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BERRC ≥ 2 (M − 1)

M log2(M)
Q




1

M − 1

√√√√ Es

N0 N2
t

Nr∑

nr=1

(
Nt∑

nt=1

hnrnt

)2

 (7)

which is assumed to be15◦. These semiangles have been
chosen with regard to a practical LOS indoor OWC system
which has been developed and implemented within the Euro-
pean Union (EU) project OMEGA [16], [17].A is the detector
area of the receiver. In this paper, we assumeA to be1 cm2.
Clearly, the channel coefficienthnrnt

depends on the specific
position of transmitternt and receivernr. If a receiver and a
transmitter are not in each others FOV,hnrnt

= 0.
In the following, we consider a4 × 4 indoor scenario

(Nr = 4 and Nt = 4) which is located within a
4.0m× 4.0m× 3.0m room. We assume that the transmitters
are placed at a height ofz = 2.50 m and are oriented down-
wards to point straight down from the ceiling. The receivers
are located at a height ofz = 0.75 m (e.g. height of a table)
and are oriented upwards to point straight up at the ceiling.
Both transmitters and receivers are aligned in a quadratically
2×2 array which is centered in the middle of the room. On the
basis of this scenario, we investigate different static setups with
varying spacings of the single transmitters on thex- and y-
axis, depicted bydTX. The spacing of the receivers is assumed
to be 0.1 m on thex- and y-axis for all considered setups.
This receiver spacing would enable the implementation of the
receiver array into typical laptop computers. Fig. 1 (left hand
side) shows the positioning of the4× 4 setup. The receivers
are displayed as dots and the transmitters as triangles. The
plotted cones represent the orientation of the transmit beams
and the orientation of the FOVs of the receivers, respectively.
The cone angles are related to the semiangles of the transmitter
and receiver devices.

III. MIMO T ECHNIQUES

In the following, we introduce the different MIMO tech-
niques which we study for indoor OWC. We assume that all
considered MIMO techniques use maximum-likelihood (ML)
detection at the receiver side with perfect knowledge of the
channel and ideal time synchronisation. Therefore, the decoder
decides for the constellation vectorŝ which minimises the
Euclidean distance between the actual received signal vector
y and all potential received signals leading to

ŝ = argmax
s
py(y|s,H) = argmin

s
‖y −Hs‖2F , (4)

wherepy is the probability density function ofy conditioned
on s andH. ‖·‖F denotes the Frobenius norm.

The simplest MIMO transmission technique is RC which
simultaneously emits the same signal from all transmitters.
Therefore, for RCs1 = s2 = . . . = sNt

holds. RC is known
to achieve good performance in free-space OWC because
of transmit-diversity [12]. In [18] it is shown that RC can
outperform orthogonal space-time block codes (OSTBCs) like
the Alamouti scheme [19] and single-input-multiple-output
(SIMO) setups. This is due to the fact that the intensities

coming from the several transmitters constructively add up
at the receiver side. In this paper, unipolarM -level pulse am-
plitude modulation (M -PAM) is considered together with RC,
whereM denotes the signal constellation size. Consequently,
M -PAM achieves a spectral efficiency oflog2(M) bit/s/Hz.
We consider PAM because it is more bandwidth efficient
compared to other pulse modulation techniques such as on-
off-keying (OOK), pulse width modulation (PWM) and pulse
position modulation (PPM). Moreover, PAM has shown to
have similar optical power efficiency compared to direct-
current-biased optical orthogonal frequency division multi-
plexing (DCO-OFDM) [20]. For instance, in [21] and [22] the
authors show that PAM outperforms DCO-OFDM because the
latter requires a high constant DC bias to make the bipolar
OFDM waveform non-negative. This DC bias power affects
the effective SNR of DCO-OFDM in contrast to unipolar PAM
which operates without an additional DC bias. Without loss of
generality, we employ rectangular pulses in conjunction with
M -PAM. The intensity levels are given by:

I
PAM

m = 2 I
M−1 m for m = 0, 1, . . . , (M − 1), (5)

where I is the mean optical power emitted. According to,
for instance, [6], the BER of unipolarM -PAM can be lower
bounded by

BERPAM ≥ 2 (M − 1)

M log2(M)
Q

(
1

M − 1

√
ERX

N0

)
, (6)

where Q(a) = 1√
2π

∫ +∞
a

exp(−t2

2 ) dt is the Q-function and
ERX is the receivedelectrical energy. In the following,Es =
(r I)2 Ts denotes the meanemitted electrical energy of the
intensity modulated optical signals.r represents the optical-
to-electrical conversion coefficient. Without loss of generality,
we assumer to be1 A

√
Ω/W. Ts denotes the symbol duration

in seconds. As RC simultaneously emits the same signal from
several transmitters, the optical transmission power is equally
distributed across all emitters. Thus, the intensities given in
(5) have to be divided by factorNt. By doing so, the mean
optical power emitted is constant, irrespective of the number
of employed transmitters. This ensures the comparability of
different setups and transmission techniques. The BER ofM -
PAM given in (6) can be generalised for an arbitraryNr ×Nt

scenario which employs RC. The BER of RC is shown in (7)
on top of this page. The intensities emitted by the multiple
transmitters constructively add up at the receiver leadingto

an optical power ofIRXnr
=

Nt∑
nt=1

I
Nt
hnrnt

at receivernr.

Consequently, the single channel gainshnrnt
∈ [0; 1] induce

a distinctive attenuation of the transmitted signals (pathloss)
depending on the specific link characteristic. TheNr received
signals are combined by maximum ratio combining (MRC)
[23, Ch. 7.2.4]. Thus by applying MRC, the received signals
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BERSMP ≤ 1

MNt log2(M
Nt)

MNt∑

m(1)=1

MNt∑

m(2)=1

dH(bm(1) , bm(2)) Q



√
r2 Ts
4N0

‖H (sm(1) − sm(2))‖2F


 (10)

with a high SNR are weighted more than signals with a low
SNR. Consequently, the electrical SNR after the combiner
becomes:

ERX

N0
=
Ts
N0

Nr∑

nr=1

(
r IRXnr

)2

=
Ts
N0

Nr∑

nr=1

(
Nt∑

nt=1

r I

Nt

hnrnt

)2

=
Es

N0 N2
t

Nr∑

nr=1

(
Nt∑

nt=1

hnrnt

)2

,

(8)

which corresponds to the SNR given in the argument of the Q-
function in (7). Moreover, (8) comprises the received electrical

energy given byERX =
Nr∑

nr=1

(
r IRXnr

)2
Ts. Consequently,

the given BER of RC is only affected by the transfer factors of
the wireless optical links, respectively by the received optical
power. Thus, RC can be represented by a simple single-
input-single-output (SISO) scheme which provides the same
received electrical energy.

Another well-known MIMO technique is SMP. By applying
SMP, independent data streams are simultaneously emitted
from all transmitters. Therefore, SMP provides an enhanced
spectral efficiency ofNt log2(M) bit/s/Hz. Like for RC, we
use PAM for SMP and equally distribute the optical power
across all emitters to ensure that both schemes use the same
mean transmission power. For SMP, the signal vectors hasNt

elements which are independentM -PAM modulated signals
according to (5), whereas their respective emitted intensities
are divided byNt. Provided that the SMP receiver performs
a ML detection, the pairwise error probability (PEP) is the
probability that the receiver mistakes the transmitted signal
vectorsm(1) for another vectorsm(2) , given knowledge of the
channel matrixH. Thus, the PEP of SMP can be calculated
by

PEPSMP = PEP(sm(1) → sm(2) |H)

= Q



√
r2 Ts
4N0

‖H (sm(1) − sm(2))‖2F


 .

(9)

Using this PEP and considering allMNt possible combina-
tions of the transmitted signal vector, the BER of SMP can
be approximated by union bound methods. The upper bound
is given in (10) on top of this page, withdH(bm(1) , bm(2))
denoting the Hamming distance of the two bit assignments
bm(1) and bm(2) of the signal vectorssm(1) and sm(2) . For
instance, if we assumeNt = 4 andM = 2, the bit sequence
“1 0 0 1” is assigned tos10 =

[
I
2 0 0 I

2

]T
and “1 0 0 0” is

assigned tos9 =
[
I
2 0 0 0

]T
, resulting indH(b10, b9) = 1.

Therefore,dH(·, ·) states the number of bit errors when erro-
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Fig. 2. Illustration of SM operation withNt = 4 andM = 4. The first two
bits in the block of four bits determine the PAM symbol and the second two
bits determine the active LED.

neously detectingsm(2) at the receiver instead of the actually
transmitted signal vectorsm(1) .

Finally, we also consider SM, which is a combined MIMO
and digital modulation technique, proposed in [24] and further
investigated in [25]-[27]. In SM, the conventional signal
constellation diagram is extended to an additional dimension,
namely the spatial dimension. The spatial dimension is used
to transmit additional bits. Each transmitter in the transmitting
array is assigned a unique binary sequence – the spatial
symbol. A transmitter is only activated when the random
spatial symbol to be transmitted matches the pre-allocated
spatial symbol. Thus, only one transmitter is activated at any
PAM symbol duration. Therefore, only one element of the
signal vectors to be transmitted is non-zero. The element is
the digitally modulated signal to be sent. The index of the
non-zero element is the spatial symbol. SM simultaneously
transmits data in the signal domain and the spatial domain.
Consequently, SM provides an enhanced spectral efficiency of
log2(Nt) + log2(M) bit/s/Hz. Moreover, as only one trans-
mitter is activated at any symbol duration, SM completely
avoids inter-channel interference (ICI). Thus, SM has a lower
decoding complexity compared to other MIMO schemes [28]-
[30]. Due to the distinct channel transfer factors between a
particular transmitter and the receiver, the receiver is able
to detect which transmitter is activated and hence is able to
detect the spatial symbol. Fig. 2 illustrates the functionality
of SM for a setup withNt = 4 optical emitters and a signal
constellation size ofM = 4. The bits to be transmitted are
passed to the SM encoder, which maps them to the respective
signal and transmitter index. In this example, the last two bits
denote the index of the transmitter which emits the signal,
whereas the first two bits represent the actual signal to be
sent. For instance, the bit sequence “1 1 1 0” is represented by
transmitter number4 emitting signalI3. In contrast to RC and
SMP, signals with intensityIm = 0 cannot be used for the
signal modulation of SM. Because in this case, no transmitter
would be active and the spatial information would be lost.
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BERSM ≤ 1

MNt log2 (MNt)

M∑

m(1)=1

Nt∑

n
(1)
t

=1

M∑

m(2)=1

Nt∑

n
(2)
t

=1

dH

(
b
m(1)n

(1)
t

, b
m(2)n

(2)
t

)
·

Q




√√√√r2 Ts
4N0

Nr∑

nr=1

∣∣∣ISM

m(2) hnrn
(2)
t

− I
SM

m(1) hnrn
(1)
t

∣∣∣
2




(13)

Therefore, the intensities of common PAM given in (5) have
to be modified to be suitable for SM leading to:

ISMm = 2 I
M+1 m for m = 1 . . .M. (11)

Consequently, the minimum distance between two SM signals
is 2 I

M+1 , whereas the minimum distance for common PAM is
2 I

M−1 . The smaller signal distance of SM might induce a worse
BER performance because the error probability depends on
the Euclidean distance of the transmitted signals. However, as
SM additionally encodes data bits in the spatial domain, it can
provide the same spectral efficiency as commonM -PAM with
a lower signal constellation size, hence effectively enlarging
the distance of the signal points. As the SM receiver has to
detect which transmitter has sent the signal, its performance
depends on the differentiability of the multiple channels.Thus,
the performance of SM is affected by the channel correlation.
The PEP of SM is

PEPSM = PEP(sm(1) → sm(2) |H)

= Q



√
r2 Ts
4N0

‖H (sm(1) − sm(2))‖2F




= Q




√√√√r2 Ts
4N0

Nr∑

nr=1

∣∣∣ISM

m(2) hnrn
(2)
t

− I
SM

m(1) hnrn
(1)
t

∣∣∣
2


 .

(12)
This denotes the probability that the receiver decides for
intensity I

SM

m(2) being emitted by transmittern(2)t , whereas

actually transmittern(1)t has emitted intensityI
SM

m(1) . Using this
PEP and considering all possibleMNt signal combinations,
the BER of SM can be approximated by union bound methods.
The upper bound of its BER is given in (13) on top of
this page, whereb

m(1)n
(1)
t

is the bit assignment which is

conveyed when intensityI
SM

m(1) is emitted by transmittern(1)t

and b
m(2)n

(2)
t

is the bit assignment which is encoded when

intensity I
SM

m(2) is emitted by transmittern(2)t . Consequently,

dH

(
b
m(1)n

(1)
t

, b
m(2)n

(2)
t

)
states the number of bit errors when

erroneously decoding the bit sequenceb
m(2)n

(2)
t

at the receiver
instead of the actually transmitted sequenceb

m(1)n
(1)
t

.

IV. RESULTS ONBIT ERRORRATIO PERFORMANCE

In this section, we analyse the BER performance of the
MIMO techniques introduced in Section III by considering
several setup scenarios which are based on the model presented
in Section II. In order to ensure comparability, the mean
emitted optical power is the same for each scenario as well
as for all MIMO techniques. We evaluate the error ratios at

the receiver side with regard totransmitenergy against power
spectral density of the AWGN. Hence, we take into account
the specific path loss of each setup caused by the particular
distance and angular alignment of the single transmitters and
receivers. Consequently, we define the SNR asEs

N0
. This is

because considering received energy to noise energy would
disregard the individual path loss of the different setups,thus
disallowing a fair performance comparison.

We consider the4×4 setup with transmitter spacings on the
x- and y-axis of dTX = 0.2, 0.4 and 0.6 m. Applying (3) to
these scenarios gives the following channel matrices (without
noise):

Hd
TX

=0.2 ≈ 10−4




1.0708 0.9937 0.9937 0.9226
0.9937 1.0708 0.9226 0.9937
0.9937 0.9226 1.0708 0.9937
0.9226 0.9937 0.9937 1.0708


 ,

Hd
TX

=0.4 ≈ 10−4




0.9226 0.7964 0.7964 0.6888
0.7964 0.9226 0.6888 0.7964
0.7964 0.6888 0.9226 0.7964
0.6888 0.7964 0.7964 0.9226


 ,

Hd
TX

=0.6 ≈ 10−4




0.6888 0.5559 0.5559 0.0000
0.5559 0.6888 0.0000 0.5559
0.5559 0.0000 0.6888 0.5559
0.0000 0.5559 0.5559 0.6888


 .

(14)
The symmetrical arrangement of the transmitters and receivers
leads to equal channel gains for the links with the same
geometrical alignment. Moreover, if the spacing between the
transmitters is small, the gains are quite similar, whereasif
dTX gets larger, the differences between the links increase.
If dTX = 0.6 m, some transmitters and receivers are not in
each others FOV resulting inhnrnt

= 0. As the channel
coefficients are in the region of10−4, the electrical path loss
at the receiver side is about−80 dB. Because we defined the
SNR as the ratio oftransmittedsignal energy to noise, the BER
curves displayed in the following figures have an SNR offset of
about80 dB with respect to thereceivedenergy to noise ratio.
Furthermore, if we consider the diffuse transmission portion
induced by first order reflections on the surfaces (walls),
the reflected optical intensity impinging on the receivers is
in the range of10−10 I (assuming ideal conditions such as
Lambertian reflectors and a reflectivity ofρ = 1). This
results in an electrical path loss which is about110− 120 dB
larger than the path loss of the LOS transmission. As the
path loss of higher order reflections is even larger, we can
neglect reflections in the following and consider only the LOS
gains given in (14) without any diffuse transmission portions.
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However, additional multipath reflections would enhance the
differentiability of the MIMO channels and would reduce the
channel correlation. Hence, as there are no reflections, the
considered LOS scenario is subject to highly correlated links
and constitutes a worst case scenario with regard to channel
correlation.

EnlargingdTX increases the path loss. Therefore, the im-
pairment in received energy can be denoted for different
transmitter spacings:

∆ERX

dTX=x = 10 log10

(
ERXdTX=x

ERXdTX=0.2

)
. (15)

ERXdTX=x
denotes the received electrical energy for

dTX = x m. The impairment is related to thed
TX

= 0.2 m
setup which provides the lowest path loss yielding to

∆ERX

d
TX

=0.2 = 0.00 dB,

∆ERX

d
TX

=0.4 ≈ −1.88 dB,

∆ERX

d
TX

=0.6 ≈ −6.89 dB.

(16)

Besides, the maximum difference in path length of the multiple
transmitter-receiver links is about33.30 mm. This difference
results in a maximum delay variation of111.06 ps. A delay
variation of several ps only has an effect for switching speeds
in the region of several GHz. As we consider off-the-shelf
LEDs which provide a bandwidth of about30− 50 MHz, we
can neglect this delay variation and assume ideal synchroni-
sation of all links without time dispersion.

Fig. 3(a) shows the BER performance of RC, SMP and
SM for the three setup scenarios for a spectral efficiency
of R = 4 bit/s/Hz. For dTX = 0.2 m and 0.4 m, RC gives
the best performance, whereas SMP performs worst with a
low slope of the BER curve within the depicted SNR range.
This is due to the fact, that for both scenarios the channel
gains are quite similar providing high channel correlation.
Although the performance of SM also depends on the differ-
ences between the links, SM is more robust to these channel
conditions. SM provides a lower error ratio and a steeper
slope of the BER curve compared to SMP. IfdTX = 0.6 m,
SMP and SM outperform RC at a BER of10−5 by about
10 dB, respectively by9 dB. RC performs about7 dB worse
compared to thedTX = 0.2m case because of less received
energy as∆ERX

d
TX

=0.6 ≈ −6.89 dB. Despite this larger path loss
for dTX = 0.6 m, SMP and SM even outperform RC for the
two other scenarios, which provide a lower path loss. SMP
outperforms SM by about1 dB for high SNRs. Because of
its multiplexing gain, SMP can operate with a reduced signal
constellation size ofM = 2 as opposed to SM which has
to operate withM = 4 to provide the same data rate. But
at low SNR regions of up to about103 dB, SM provides
the best BER performance. This implies that SM profits from
conveying information in the spatial domain especially at low
SNRs. Whereas at high SNR regions SM suffers from the fact
that it has to use a larger signal constellation size to provide the
same spectral efficiency as SMP. Accordingly, SMP requires a
high SNR to separate the single signal streams at the receiver
side and to benefit from its multiplexing gain. Moreover, the
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(a) R = 4 bit/s/Hz
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Fig. 3. Comparison of RC, SMP and SM for spectral efficiency of
R = 4 andR = 8 bit/s/Hz in 4× 4 setup scenario with varying distance
dTX of transmitters on thex- andy-axis (lines show simulation results and
markers analytical error bounds).

theoretical lower and upper error bounds (shown by markers)
given in (7), (10) and (13) closely match the simulation results
(shown by lines). Thus, the error bounds provide an accurate
approximation of the BERs at high SNRs.

Fig. 3(b) shows the BER performance of the three schemes
for the same setup scenarios but with an enhanced spectral
efficiency ofR = 8 bit/s/Hz. RC requires an SNR increase of
about24 dB to achieve the same BER of10−5 compared to
theR = 4 bit/s/Hz case. FordTX = 0.2 m anddTX = 0.4 m,
SMP still performs worst. However, SM outperforms RC up
to an SNR of about130 dB for dTX = 0.2 m, respectively
134 dB for dTX = 0.4 m. If dTX = 0.6 m, SMP provides the
best performance as it achieves an SNR benefit of about
25 dB compared to RC and of about12 dB compared to
SM. Hence, due to its multiplexing gain, SMP requires an
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Fig. 4. Comparison of RC, SMP and SM for spectral efficiency of
R = 4 andR = 8 bit/s/Hz in4× 4 setup scenario withdTX = 0.7 m (lines
show simulation results and markers analytical error bounds).

SNR improvement of only10 dB to provide the same BER
performance when doubling the spectral efficiency from4 to
8 bit/s/Hz, whereas SM needs additional21 dB.

If we assumedTX = 0.7m, we get

Hd
TX

=0.7 ≈ 10−4




0.5658 0 0 0
0 0.5658 0 0
0 0 0.5658 0
0 0 0 0.5658


 ,

(17)
which results in an aligned system where only one trans-
mitter and receiver are in each others FOV. This leads to
a direct alignment with four completely independent links.
Fig. 4 displays the BER results for a spectral efficiency of
R = 4 andR = 8 bit/s/Hz for this scenario. In comparison to
thedTX = 0.6 m scenario, all MIMO schemes perform worse
because there is less energy received. This is due to the missing
cross-connects between emitternt and receivernr for nt 6= nr
leading to∆ERX

d
TX

=0.7 ≈ −16.95 dB. Whereas SM and SMP
undergo a minor performance decrease of only about3 dB, the
performance of RC is degraded by about10 dB. Consequently,
RC suffers much more from the direct alignment, whereas
SMP and SM can compensate the less received energy by the
reduced channel correlation. ForR = 4 bit/s/Hz, SM again
outperforms SMP at low SNR regions up to about103 dB.
At higher SNRs, SMP outperforms SM due to its larger
multiplexing gain. This issue is even more evident for the
R = 8 bit/s/Hz case, where SMP achieves major performance
gains as it provides this spectral efficiency withM = 4
compared to SM which has to operate withM = 64.

In the following, we study why SM achieves performance
gains especially in the low SNR region. Therefore, the BER
of SM is segmented into errors arising from transmitter
misdetection and from signal misdetection. IfR = 4 bit/s/Hz,
SM conveys the same number of bits in the spatial and in the
signal domain. Fig. 5 shows that fordTX = 0.2 m, the errors
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Fig. 5. BER of SM segmented into bit errors caused by transmitter
misdetection and signal misdetection for spectral efficiencyof R = 4 bit/s/Hz
in 4× 4 setup scenario with varying distancedTX of transmitters on thex-
andy-axis.

caused by inaccurate detection of the transmitter mainly affect
the BER, whereas the mere signal detection provides much
lower error ratios. IfdTX = 0.6 m, the transmitter detection
provides a lower error ratio up to an SNR of about99 dB, thus
improving the overall BER of SM. At higher SNRs the signal
detection can be performed more reliably and the errors caused
by an erroneous detection of the transmitter get decisive again.
In the aligned system (dTX = 0.7 m), the signal misdetection
is the dominating source of errors due to less energy received.
In contrast, the detection of the active emitter can be performed
more reliably because the direct alignment provides the lowest
channel correlation. Therefore, the inherent nature of SM,
which is conveying information in the spatial domain, can be
exploited most distinctively by direct alignment of the optical
transmitters and receivers. Thus despite less energy received,
independent links enable the most reliable detection of the
active transmitter.

A. Varying position of receiver array

In this section, we consider the situation when the po-
sition of the receiver array is varied. We definexRX and
yRX as the position offsets of the receiver array on thex-
and y-axis relative to the center of the room. These offsets
increase both the distance and the misalignment between the
transmitter array and the receivers. In order to still be able
to detect the TX beams, we assume a larger FOV semian-
gle of the receivers ofΨ 1

2
= 45◦. The considered position

offsets are: i)xRX = 0.5 m, yRX = 0 m; ii) xRX = 0.25 m,
yRX = 0.75 m and iii)xRX = 0.5 m, yRX = 1.0 m. Applying
(3) to these scenarios results in the following channel matrices:

Hi ≈ 10−4




0.2293 0.2013 0.1462 0.1290
0.2013 0.2293 0.1290 0.1462
0.7964 0.6888 0.6410 0.5559
0.6888 0.7964 0.5559 0.6410


 ,
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Fig. 6. Comparison of RC, SMP and SM for spectral efficiency of
R = 8 bit/s/Hz in 4× 4 setup scenario withdTX = 0.4 m and varying
position offsets of receiver array on thex- andy-axis (lines show simulation
results and markers analytical error bounds).

Hii ≈ 10−4




0.0461 0.0272 0.0358 0.0213
0.2573 0.1798 0.1917 0.1352
0.0735 0.0424 0.0713 0.0412
0.4426 0.3040 0.4275 0.2940


 ,

Hiii ≈ 10−4




0.0061 0.0035 0.0044 0.0025
0.0442 0.0283 0.0299 0.0194
0.0150 0.0082 0.0128 0.0071
0.1290 0.0792 0.1071 0.0663


 .

(18)

Fig. 6 shows the BER of RC, SMP and SM for a spectral
efficiency of 8 bit/s/Hz in the 4× 4 setup scenario with
dTX = 0.4 m using these position offsets. The increased dis-
tance between the transmitters and the receivers leads to a
larger path loss and an increasedEs

N0
offset compared to

the scenario withxRX = yRX = 0 m. However, the larger
distance also increases the differences between the channels.
This improves the performance of SMP. While SMP performs
worst when thex-offset andy-offset are zero (due to channel
similarities), it performs better than RC and SM when as-
suming position offsets and larger distances. This is because
of favorable channel conditions and the fact that the spatial
multiplexing gain of SMP grows linearly with the minimum
number of transmitters and receivers. In contrast, the spatial
multiplexing gain grows only logarithmically in the case of
SM, and there is no spatial multiplexing gain in the case of
RC.

B. Power imbalance between transmitters

In the following, we analyse the effect of induced power im-
balance between the single transmitters. Thus, the transmission
power is not uniformly distributed across allNt transmitters
but imbalanced. We defineδ as the optical power imbalance
factor in dB andα = 10

δ

10 as the imbalance factor on a linear

scale. Therefore,α denotes the optical power surplus factor
assigned to one transmitter in comparison to another one. Note
that the mean optical power emitted by all transmitters,I, is
still the same as before. This means that the total transmission
power is not increased by driving individual LEDs in the array
with different powers. Moreover, the power distribution isdone
without any channel state information at the transmitter side.

The induced power imbalance factors for each transmitter
can be calculated by

γ1 =
Nt

Nt−1∑
i=0

αi

,

γj+1 = αγj for j = 1 . . . Nt − 1.

(19)

For instance, if we assumeδ = 3 dB andNt = 4, we get
γ1 ≈ 4

15 , γ2 ≈ 8
15 , γ3 ≈ 16

15 andγ4 ≈ 32
15 . Using these factors,

the optical transmission power assigned to emitternt applying
RC or SMP isĨnt

= I
Nt
γnt

and for SM it isĨnt
= I γnt

. Note
that the signal modulation technique is still PAM accordingto
(5) and (11), whereas now̃Int

is the mean optical power used
for modulation by transmitternt.

Fig. 7 depicts the BER of RC, SMP and SM for a spectral
efficiency of 4 bit/s/Hz in the 4× 4 setup scenario with
dTX = 0.2 m anddTX = 0.6 m for varying power imbalances.
As shown, adding an imbalance to the transmission powers
can enhance the performance of both SMP and SM, whereas
it has no influence on RC. By imbalancing the power, the
correlation of the single links is reduced making them more
distinguishable at the receiver side. The receiver does notneed
any knowledge about the induced power imbalance because it
implicitly gets this information by channel estimation which
it performs anyway. Therefore to the receiver, the power
imbalance appears to be due to the actual channel propagation.
Consequently, imbalancing transmit powers does not increase
the receiver’s detection complexity. The performance of RC
is not related to link differences but only to the absolute
channel gains. Therefore, power imbalance has no effect on
the performance of RC given the symmetrical arrangement
of the channel gains denoted in (14). The results for the
dTX = 0.2 m scenario shown in Fig. 7(a) indicate that a
power imbalance of aboutδ = 1 dB results in the best BER
performance for SM, whereas for SMPδ = 3 dB gives the
lowest BER. More pronounced power imbalances lead to
worse error ratios. While the correlation of the links may be
reduced, the transmission power for some of the links is largely
decreased in this case. This leads to a low SNR on these links
and consequently, to a worse BER performance. Therefore,
a compromise between channel correlation and appropriate
signal detection is required. This is also the reason why SMP
can operate with higher power imbalances compared to SM.
SM has to operate with a larger signal constellation size to
provide the same data rate, thus making it more susceptible to
low SNRs. Consequently, SMP can profit to a larger extent by
power imbalancing and achieves the same performance as RC.
Note that the channel conditions without power imbalancing
caused SMP to perform significantly worse than RC and SM
in this scenario (see Fig. 3(a)). FordTX = 0.6 m, power
imbalance has a negative effect on SMP and SM as their

156



Selected publications

9

80 85 90 95 100 105 110 115 120

10
−4

10
−3

10
−2

10
−1

10
0

Es

N0

/ dB

B
E

R

 

 

RC (δ = 1 dB)
SMP (δ = 1 dB)
SM (δ = 1 dB)
RC (δ = 3 dB)
SMP (δ = 3 dB)
SM (δ = 3 dB)
RC (δ = 4 dB)
SMP (δ = 4 dB)
SM (δ = 4 dB)

(a) dTX = 0.2 m
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Fig. 7. Comparison of RC, SMP and SM for spectral efficiency of
R = 4 bit/s/Hz in4× 4 setup scenario for varying power imbalancesδ (lines
show simulation results and markers analytical error bounds).

performance decreases with risingδ as shown in Fig. 7(b).
Thus, no further benefits can be achieved andδ = 0 dB gives
the best performance for both SMP and SM.

C. Link blockage

In this section, we consider thedTX = 0.2 m and 0.4 m
setups with an induced link blockage between some transmit-
ters and receivers. This can be achieved by installing opaque
boundaries in the receiver device or by smaller FOVs of the
optical receivers. We assume the channel coefficients as given
in (14) and block the same links of the4× 4 setup as in the
dTX = 0.6 m scenario: the links between TX1 and RX4; TX2

and RX3; TX3 and RX2; TX4 and RX1. This results in the
following channel matrices for the two setups with induced
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Fig. 8. Comparison of RC, SMP and SM for spectral efficiency of
R = 4 bit/s/Hz in 4× 4 setup scenario withdTX = 0.2 m and0.4 m with
induced link blockage (lines show simulation results and markers analytical
error bounds).

link blockage:

Ĥd
TX

=0.2 ≈ 10−4




1.0708 0.9937 0.9937 0.0000
0.9937 1.0708 0.0000 0.9937
0.9937 0.0000 1.0708 0.9937
0.0000 0.9937 0.9937 1.0708




(20)

resulting in∆̂ERX

d
TX

=0.2 ≈ −2.29 dB and

Ĥd
TX

=0.4 ≈ 10−4




0.9226 0.7964 0.7964 0.0000
0.7964 0.9226 0.0000 0.7964
0.7964 0.0000 0.9226 0.7964
0.0000 0.7964 0.7964 0.9226




(21)

resulting in∆̂ERX

d
TX

=0.4 ≈ −3.99 dB.
Fig. 8 depicts the BER of RC, SMP and SM for

R = 4 bit/s/Hz in these two setups. Relative to the results
without link blockage, RC performs about2 dB worse. This is
because the induced link blockage leads to a lower SNR at the
receiver. However, the performance of SM and SMP is signif-
icantly enhanced. Although there is less energy received, both
MIMO schemes profit from the reduced channel correlation.
Especially SMP, which performs worst without link blockage,
benefits from the reduced channel correlation and provides the
lowest error ratio in this scenario. ThedTX = 0.2 m setup with
induced link blockage provides the best compromise between
channel correlation and received energy. As shown, both SM
and SMP perform about2 dB better compared to the setup
with dTX = 0.4 m and induced link blockage. Relative to the
dTX = 0.6 m setup (see Fig. 3(a)), SM and SMP achieve an
even larger performance gain of about5 dB.

V. SUMMARY AND CONCLUSION

In this paper, we have studied the performance of MIMO
techniques applied to OWC in indoor environments. Several

157



Selected publications

10

4×4 setups with different spacings of the transmitters and dif-
ferent positions of the receiver array have been considered. We
have shown that for OWC, MIMO schemes can provide gains
even under static LOS conditions – channel conditions which
commonly disallow the use of MIMO techniques in the RF
domain. It has been shown that SMP improves the spectrum
efficiency in IM/DD transmission systems. In order to achieve
these improvements, sufficiently low channel correlationsare
required. Similarly, SM achieves improved spectral efficiencies
especially at low SNRs and it is more robust to high channel
correlation. SM enjoys additional implementation advantages
as it only requires low complexity detection algorithms. This
is because SM prevents ICI. RC is insensitive to different
transmitter-receiver alignments, but suffers from the fact that
it requires large signal constellation sizes to provide high
data rates. It has been found that induced power imbalance
between the transmitters is an effective technique to improve
the BER performance. Under conditions which cause high
channel correlation, power imbalance can enhance the per-
formance of both SMP and SM remarkably. Consequently, if
the transmission power is imbalanced, SMP and SM can even
be used in scenarios which typically disallow the application
of MIMO schemes. As shown, the best performance for the
considered4× 4 indoor scenario can be achieved by blocking
some of the16 links between the transmitters and receivers.
This induced blocking reduces the SNR at the receiver side.
However, blocking4 links, for example, improves the BER
of both SMP and SM, since it outweighs the loss in SNR by
reducing the channel correlation. These two MIMO techniques
capitalise on both SNR and channel differences. Therefore,the
induced link blockage represents the most suitable compro-
mise between channel correlation and received energy for the
considered scenarios. This work has also demonstrated that
practical OWC systems could greatly benefit from adaptive
MIMO techniques.
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Optical Wireless Transmitter Employing Discrete
Power Level Stepping

Thilo Fath, Christoph Heller, and Harald Haas,Member, IEEE

Abstract—A major shortcoming of light-emitting diodes
(LEDs) is their highly non-linear optical-power-versus-current
characteristic. This non-linearity largely restricts the dynamic
range and the transmission power of common optical wireless
transmitters. This restriction degrades the performance of optical
wireless communication (OWC) systems. In this paper, a novel
transmitter concept for OWC is proposed which employs discrete
power level stepping. The transmitter consists of several on-
off-switchable emitter groups. These groups are individually
controlled and emit fixed specific optical intensities in parallel.
As optical intensities constructively add up, the total emitted
intensity is generated by the sum of the emitted intensities of all
activated emitter groups. Therefore, the proposed transmitter
solution can generate several discrete optical intensity levels
which can be used for optical wireless signal transmission. The
transmitter design allows the utilisation of the full dynamic
range of LEDs or laser diodes by avoiding non-linearity issues.
Moreover, costs and complexity of the optical front-end are
significantly reduced as neither a digital-to-analogue converter
(DAC) nor high-speed current controllers are required. This
simple design also provides improved power efficiency. Trans-
mission experiments prove the functionality of the implemented
optical transmitter. It is shown that the practical performance
of the transmitter closely matches the expected performance
determined by computer simulations. Moreover, the implemented
optical transmitter is compared to an electrical transmission
which provides ideal linearity characteristics, and therefore
corresponds to an ideal conventional optical transceiver.

Index Terms—intensity modulation, non-linearity, optical wire-
less communications, power efficiency, transmitter design.

I. I NTRODUCTION

CURRENT and future wireless data applications, such as
high-speed internet access or high-quality audio/ video

streaming, require wireless data links that offer large through-
puts. Commonly, wireless links are based on signal transmis-
sion in the radio frequency (RF) bands. The ever increasing
demand for higher data rates and the enlarging number of
devices make the RF spectrum a precious commodity [1]. Be-
sides, RF devices cannot be used in environments which have
stringent electromagnetic compatibility (EMC) restrictions like
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hospitals, fabrication plants or aeroplanes. As RF communi-
cations transmits data by modulating electromagnetic fields
in the range of several MHz and GHz, it requires complex
and elaborated high-frequency circuit designs. Moreover,these
designs are not power-efficient as only a small amount of the
consumed power is actually radiated.

Given this situation, ongoing research activities are focusing
on alternative means and media for wireless data transmis-
sion [2]. Optical wireless communications (OWC) has the
potential to become a viable complement to RF signal trans-
mission and a remedy for the shortage of the RF spectrum [1,
3]. Compared to RF transmission, OWC has better EMC
and is not subject to frequency regulations. OWC is based
on modulating the optical power (intensity) emitted by light
sources. For instance, the light bulbs (in fact high power light-
emitting diodes (LEDs)) installed at the ceiling of a room can
simultaneously provide illumination and data transmission.

Commonly, OWC employs pulsed digital modulation tech-
niques to convey information [4]. For instance, the widely used
on-off-keying (OOK) technique relies on purely switching the
light source on and off. However, since OOK is a binary
modulation scheme, it provides low spectral efficiency. As off-
the-shelf LEDs achieve only a limited modulation bandwidth
of about30 – 50 MHz in the case of infra-red (IR) light and
even less for visible light, OOK can only provide limited data
rates. Consequently, more advanced modulation schemes are
required to enable higher data rates. Higher order modulation
schemes such asM -level pulse amplitude modulation (PAM)
or M -level pulse position modulation (PPM) provide larger
throughputs. However, all these pulsed modulation techniques
suffer from multipath effects which mostly occur in diffuse
and scattered transmission scenarios [5, 6]. Multipath effects
cause inter-symbol interference (ISI), and therefore decrease
the system performance to a large extent by constraining both
bandwidth and data rate.

Orthogonal frequency division multiplexing (OFDM) is
widely used in modern RF standards as well as in OWC [7].
This is due to the fact that OFDM is a bandwidth effi-
cient transmission technique which can cope with frequency-
selective fading [8–10]. In contrast to pulsed modulation
techniques, OFDM provides high data rates even in severe
multipath scenarios. In order to mitigate multipath effects
and to avoid ISI, OFDM uses a guard interval, the so-
called cyclic prefix, which is placed between the transmitted
OFDM symbols. Moreover, the actual OFDM symbol duration
is typically much longer than the delay spread caused by
multipath propagation. OFDM conveys digital data on mul-
tiple orthogonal sub-carrier frequencies. Hence, a wideband
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channel is subdivided into several narrowband sub-channels.
These orthogonal sub-carrier channels are used to transmit
independent data streams in parallel in the frequency domain.
The frequency division multiplexed channels are summed
up and transformed into the time domain by using an
inverse fast Fourier transformation (IFFT). The utilisation
of narrowband sub-channels enables a low-complex channel
equalisation: each sub-channel can be regarded as a non-
frequency-selective channel which is individually equalised in
the frequency domain using a single-tap zero forcing (ZF)
equaliser. These properties make OFDM an ideal candidate
for diffuse and scattered OWC transmission scenarios [3, 7,
11, 12]. Moreover, due to the use of fast Fourier transfor-
mation (FFT) and IFFT, OFDM enables simple and efficient
signal processing implementations. For instance, compared
to M -PAM, OFDM requires approximately three times less
computational complexity [13].

However, a common drawback of OFDM is the fact that
it requires sophisticated transceiver designs (RF or optical)
which must have good linearity characteristics and large
dynamic ranges. Non-linear distortion effects,e.g. caused by
amplifiers, largely decrease the system performance [14–17].
Compared to RF communications, OWC does not require
high-frequency circuit designs because the signals are trans-
mitted in the baseband representation and directly modulate
the intensity of the emitting LEDs. However, LEDs are highly
non-linear due to their optical-power-versus-current character-
istic. This non-linearity largely restricts the dynamic range
and the transmission power of common optical transmitters
as well as the overall system performance [18–21]. Moreover,
the non-linearity of LEDs requires complex pre-distortion
and intricate equalisation techniques [22, 23]. Consequently,
conventional optical transmitter front-ends cannot provide the
required linearity in a power- and cost-efficient way.

In this paper, an OWC transmitter concept is proposed
which addresses the shortcomings of conventional opti-
cal transmitters. In particular the concept addresses: non-
linearities, restricted dynamic range and complex system de-
signs. The proposed transmitter employs discrete power level
stepping which enables a simple and power-efficient front-end
design. Sophisticated pre-distortion or intricate equalisation
techniques to mitigate transmitter induced non-linearities are
not required. As a result, a low-complex single-tap equali-
sation is sufficient. The concept can be used to implement
transmitters for visible or IR light transmission as well asfor
line-of-sight (LOS) and diffuse propagation scenarios.

The remainder of this paper is organised as follows: In
Section II, the considered system model is introduced. Sec-
tion III reviews conventional transmitter front-end designs and
discusses implementation issues. In Section IV, the effects
of quantization on the bit error ratio (BER) performance are
shown. Based on this analysis, appropriate bit resolutionsare
determined which provide sufficient precision. In Section V,
the proposed transmitter concept is introduced which employs
discrete power level stepping. Moreover, the focus is set on
several realisation aspects and the implemented transmitter is
described. In Section VI, the results of several transmission
experiments are presented. The transmitter performance is

Fig. 1. Optical wireless transmission system.

evaluated in terms of error vector magnitude (EVM) and BER.
Measurements prove the functionality of the implemented
transmitter. Finally, Section VII concludes the paper.

II. SYSTEM MODEL

Fig. 1 illustrates an OWC system which consists of an
optical transmitter (TX) and receiver (RX). The optical trans-
mitter comprises a modulator that transforms the incoming
data stream into a signal that is to be transmitted by the
light source. The output of the modulator is a digital signal.
For higher order modulation techniques, such asM -PAM
or OFDM, the modulator output is a bit vector representing
an analogue signal value. The TX front-end transforms the
bit vector into an analogue optical waveform by adequately
controlling the light source. As a result, the front-end performs
intensity modulation (IM) by changing the intensity of the
emitted light according to the signal (data) to be sent. At
the receiver side, a light detector retransforms the impinging
optical waveform into an electrical signal. Commonly, this
component is a photo-diode which transforms optical power
into current by direct detection (DD). In this work, a silicon
positive intrinsic negative (PIN) photo-diode [24] is employed.
Additionally, the RX front-end contains an anti-aliasing filter,
i.e. a low-pass filter to restrict the signal bandwidth in order
to satisfy the sampling theorem, and an amplifier. After the
received signal has been filtered and amplified, it is converted
into a digital signal by an analogue-to-digital converter (ADC).
The demodulator processes the digital signal and reconstructs
the transmitted data. The remainder of this paper focuses on
the TX front-end and the generation of the optical waveform.

Typically, quadrature amplitude modulation (QAM) is con-
sidered as digital modulation scheme for OFDM transmission.
However, as IM/ DD based OWC requires real-valued non-
negative time domain signals, QAM cannot be directly applied
to optical OFDM. Therefore, the input vectorx to the trans-
mitter IFFT is constrained to have Hermitian symmetry. The
input vector provides Hermitian symmetry if its elements fulfil
xL−l = x∗l (l = 1, 2, . . . L2 − 1), where∗ represents complex
conjugation andL is the IFFT size. The complex-valued data
symbols are given byxl, with x0 = xL

2
= 0. The zero sub-

carrier is not modulated as it results in a direct-current (DC)
bias. Hermitian symmetry of the input vector creates a real-
valued time domain waveform by cancelling the imaginary
components of the IFFT output. This real-valued signal can
be sent by incoherent light sources.

However, the time domain signal is still bipolar. In order
to provide unipolar signals which can modulate the inten-
sity of the optical carrier, further processing is required.
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To this end, the multi-carrier techniques direct-current-biased
optical OFDM (DCO-OFDM), asymmetrically clipped optical
OFDM (ACO-OFDM) and pulse-amplitude-modulated dis-
crete multitone modulation (PAM-DMT) have been proposed.
DCO-OFDM adds a DC offset to the waveform to be sent
in order to provide non-negative time domain signals [12].
The DC offset can be added by adjusting the bias point
of the transmitter LED. The DC bias has to be chosen
appropriately to provide non-negativity of the time domain
signals, while keeping upper and lower clipping effects to
a minimum [25]. In ACO-OFDM transmission, only the
odd-numbered sub-carriers are modulated, whereas the even-
numbered sub-carriers are set to zero. This composition of the
input vector to the transmitter IFFT generates a real-valued
bipolar time domain signal. Armstrong and Lowery have
shown that a hard-clipping can be applied to the entire negative
signal amplitudes without affecting the data conveyed in the
OFDM signal [26]. This clipping converts the bipolar signal
into an unipolar waveform as all negative amplitude values are
set to zero. However, as only the odd-numbered sub-carriers
convey data symbols, ACO-OFDM provides half the spectral
efficiency of DCO-OFDM. In contrast to DCO-OFDM and
ACO-OFDM which employ complex-valued QAM symbols,
PAM-DMT uses real-valued PAM symbols to modulate the
sub-carriers. As proposed by Leeet al., the real parts of the
input vectorx are set to zero and only the imaginary parts are
pulse amplitude modulated [27]. Similar to ACO-OFDM, the
negative amplitude values of the time domain signal can be
hard-clipped without affecting the data symbols. Consequently,
only the positive amplitude values are used to modulate
the intensity of the optical carrier. As shown in [13, 27],
PAM-DMT and ACO-OFDM provide similar performance for
all spectral efficiencies.

Without loss of generality, DCO-OFDM is considered as
transmission technique in the following. However, the trans-
mitter concept proposed in this paper is not restricted to
DCO-OFDM but can also be used with any other multi-carrier
transmission scheme, such as ACO-OFDM, PAM-DMT or
DMT employing adaptive bit-loading and power-loading [28],
for instance. Moreover, single-carrier transmission schemes
like OOK, Manchester coding [29], PAM,M -ary amplitude-
shift-keying (ASK) [30] or PPM can be used as well. The
comparison of different modulation techniques for OWC is
beyond the scope of this paper. The reader is kindly referred
to e.g. [13, 31, 32] for such comparison.

III. C ONVENTIONAL TRANSMITTER FRONT-END DESIGNS

A transmitter front-end for OWC transforms the electrical
signal generated by the modulator into an optical signal which
has sufficient power to enable its detection at the receiver.The
block diagram of such a transmitter front-end is displayed
in Fig. 2. The modulator output of common transmission
techniques, such as OFDM, is a bit vector of sizeN . This
bit vector is a binary digital representation of the signal
to be transmitted. Conventional optical transmitter front-ends
transform this bit vector into an analogue voltage signal by
using a digital-to-analogue converter (DAC). The generated

Fig. 2. Conventional transmitter front-end.

voltage signal is converted into a current signal using a
transconductance amplifier (TCA). The TCA finally drives the
light source. Commonly, the optical light source is a LED,
either in the visible or IR light range. Only LEDs are fast
enough to transform a modulated current signal into an optical
signal of several MHz bandwidth. Therefore, sufficiently low
rise and fall times of the LEDs are required. Moreover, arrays
of several LEDs are commonly used to increase the emitted
optical power. To this end, the LEDs are connected in series
and are modulated by the same current signal. Laser diodes
are an alternative light source. However, laser diodes are not
considered as illumination devices because of their high costs
and issues regarding eye safety.

The main drawback of LEDs is their optical-power-versus-
current characteristic which is highly non-linear. Particu-
larly in combination with OFDM transmission, non-linearities
are a critical issue. Non-linearities directly result in a de-
graded signal-to-interference-plus-noise ratio (SINR),and con-
sequently in a degraded system performance [14, 15, 17].
Therefore, OWC requires elaborated pre-distortion techniques
at the transmitter or complex equalisation techniques at the
receiver to compensate for the non-linear characteristic of
LEDs. Without these techniques, LEDs can only be modulated
in a narrow, quasi-linear operational area. Consequently,the
operating point of LEDs has to be carefully chosen. However,
this limited operational area largely restricts the dynamic
range and the transmission power of OWC systems. Moreover,
in order to enable high data rate transmission, the whole
transmitter chain has to operate at several tens to hundredsof
MHz. For instance in [33], a visible light transmitter system is
reported which employs a DAC operating at a sampling rate
of 275 Msps to provide a data rate of about100 Mbit/s. In
order to provide the required bandwidth, broadband amplifier
circuits have to be used as well. However, these circuit
designs result in a high parasitic electrical power consumption,
which is not transformed into optical power and is therefore
wasted. Additionally, these circuit designs have to provide a
good linearity characteristic. Therefore, conventional optical
wireless transmitters are subject to complex and elaborated
front-end designs.

IV. QUANTIZATION

In the following, the effect of transmitter induced quanti-
zation on the BER performance is analysed. Fig. 3 illustrates
a continuous OFDM symbol which is not quantized (dashed
line) and a quantized OFDM symbol with a resolution of5 bits
(solid line). Due to the considered resolution of5 bits, the
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TABLE I
SYSTEM PARAMETERS USED FORDCO-OFDM TRANSMISSION.

OFDM system parameters

FFT/ IFFT sizeL 256

amount data sub-carriers1 L

2
− 1 = 127

cyclic prefix lengthLcp 5 samples

sampling frequencyfs 25 Msps

modulation technique 2-, 4-, 16-QAM

data rate 12, 24, 48 Mbit/s

quantized symbol can take only32 discrete amplitude levels,
whereas the continuous OFDM symbol has a (nearly) unlim-
ited precision (depending on the precision of the computer
system, which is commonly32 or 64 bits). As DCO-OFDM
is considered within this paper, the illustrated symbols have a
DC offset to provide non-negative amplitude values.

Fig. 4 shows the BER performance of16- and 64-QAM
for different bit resolutions. Note that any effects causedby
channel estimation, synchronisationetc. are not considered
in these simulations to highlight the effect of bit resolution
on the BER performance. The error ratios are obtained by
error counting taking the BER testing considerations given
in [34, Ch. 4] into account (how many symbols have to be
simulated to get accurate BER estimates). Table I shows the
considered OFDM system parameters. A FFT/ IFFT size of
L = 256 and a cyclic prefix length ofLcp = 5 samples is
applied. Due to Hermitian symmetry, the amount of data sub-
carriers isL

2 − 1 = 127. The signal to noise ratio (SNR) is
defined asERX/N0, whereERX denotes the received signal
energy andN0 is the power spectral density of the noise.
The noise is assumed to be the sum of ambient shot light
noise and thermal noise as commonly considered in OWC [4].
Moreover, it is assumed to be independent of the transmitted
symbols, and consequently it is assumed to be additive white

1Hermitian symmetry is considered.
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Fig. 3. Continuous OFDM symbol and quantized OFDM symbol.
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Fig. 4. Effect of quantization on BER performance.

Gaussian noise (AWGN). The BER curves in Fig. 4 show that
a low resolution of only2 or 3 bits leads to an error floor
due to insufficient precision and low SINR. For16-QAM a
resolution of5 bits is sufficient as it provides only a minor
SNR performance degradation (less than1 dB) compared
to 16-QAM without quantization. For64-QAM a resolution
of at least7 bits is required to provide sufficient precision.
Consequently, the simulation results show thatM -level QAM
transmission can operate with a reduced bit resolution without
major performance degradation.

V. PROPOSEDTRANSMITTER CONCEPT

The proposed transmitter concept addresses the shortcom-
ings of conventional optical transmitter front-ends like com-
plex circuit designs, non-linearities and low power efficiency
due to the required high-speed DACs and high-bandwidth/
high-current TCAs. The architecture of the proposed optical
transmitter front-end is shown in Fig. 5. The basic idea of this
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Fig. 5. Proposed optical wireless transmitter front-end architecture.

concept is to omit both the DAC and the analogue current con-
trol circuit which powers the LEDs. Instead of this analogue
signal shaping, an array of LEDs is used which applies discrete
power scaling. The LEDs are arranged in several groups which
can be switched on and off individually. Each LED group
emits a specific optical intensity resulting in a discrete power
level stepping. Like for conventional transmitter front-ends,
the waveform to be sent is represented by a digital bit vector
whose elements are binary values,i.e. ones and zeros. These
binary values determine which LED groups are switched on or
off. Consequently, the baseband modulator switches a specific
combination of LED groups on or off according to the signal to
be sent. Each signal sample is represented by a specific optical
power level which is generated by a particular combination of
activated LED groups.

As shown in Fig. 5, the transmitter circuit consists of
N + 1 groups of LEDs,D0 to DN . Each groupDi is set
to emit a constant optical power level (intensity)Pi using a
series resistorRi. The value ofRi determines the electrical
currentIi which powers the LED groupDi. Consequently,Ii
determines the optical power levelPi which is emitted byDi.
AssumingPmax is the maximum power level that the LEDs
can emit, the currentI0 driving the first group of LEDsD0 is
set accordingly to result in an emitted power level ofPmax.
The remaining LED groups are driven with scaled currents to
result in:P0 = Pmax, P1 = Pmax/2, P2 = Pmax/4, . . . and
PN = Pmax/2

N . The LED groupD0 is modulated (switched
on/ off) by the most significant bit of the digital bit vector
generated by the baseband modulator. GroupD1 is modulated
by the second most significant bit, down to groupDN which
is controlled by the least significant bit of the vector. Thus,
each bit of the signal vector to be sent is assigned to a
specific emitter group radiating a defined optical intensity. As
the discrete power levels emitted by the single LED groups
constructively add up at the receiver, the proposed transmitter
concept performs a digital-to-analogue conversion in the opti-
cal domain. Consequently, the circuit can be considered as a
direct digital input to analogue optical output converter with a
resolution ofN+1 bits. The bit resolution can be chosen with
regard to the required precision as analysed in Section IV.
If a resolution of5 bits is considered, the quantized signal
waveform can take32 discrete intensity levels. For instance,
the intensity level “12” is represented by the binary sequence
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Fig. 6. Proposed LED arrangements for optical wireless transmitter front-end
employing6 LED groups with6 LEDs per group.

“0 1 1 0 0”. If this intensity level is to be emitted, the LED
groupsD1 andD2 are activated, whereas the groupsD0, D3

andD4 are switched off. If DCO-OFDM is considered, the
LED groupD0 represents the DC bias offset which has an
optical power level ofP0. ForL ≥ 64, the OFDM time domain
signal samples have approximately Gaussian distribution [12].

In order to increase the maximum transmission power and
range, it is additionally proposed to combine two or more LED
groups to one common group. For instance, two groups can be
jointly switched on and off to commonly build groupD0. If
both groups emit the maximum power levelPmax, the overall
transmission power is doubled. This results in:P0 = 2 Pmax,
P1 = Pmax, P2 = Pmax/2, . . . and PN = Pmax/2

N−1.
This implementation constitutes a compromise between signal
precision and transmission power, respectively SNR. The
combination of two LED groups provides a reduced resolution
of only N bits if the same number of groups is used as above.
Alternatively, the amount of LEDs per emitter groupDi can
also be varied in order to create different power levelsPi.

The power levels of the individual LED groups can be
adjusted using,e.g., an optical power meter. This adjustment
guarantees that the optical signal generated by the superpo-
sition of all groups has best linearity. Hence, the appropriate
values of the series resistorsRi, respectively the currentsIi,
can be determined using an optical power meter. Moreover,
it is beneficial to align the LEDs in an arrangement which
generates a light beam with most homogeneous emitted optical
power. Two possible LED arrangements are illustrated in
Fig. 6. The figures show a hexagonal (left hand side) and a
diagonal (right hand side) arrangement for an implementation
with 6 LED groups and6 LEDs per group. As shown, the
single LEDs belonging to a specific group, and thus emitting
a specific optical power levelPi, are distributed across the
LED array. For the hexagonal arrangement, the groups form
inner and outer circles. For the diagonal arrangement, the
single LEDs are diagonally arranged within the emitter square.
It is also advisable to use LEDs with wide beam angles to
ensure a broad coverage and a homogeneous illumination of
the emitted light beam. The switching stagesSi (see Fig. 5)
that digitally control the different LED groups are realised by
fast solid state switching devices, such as transistors or gate
drivers for metal-oxide-semiconductor field-effect transistors
(MOSFETs). The switching speed of the stagesSi affects the
achievable bandwidth of the optical transmitter. Only by fast
switching speeds, a bandwidth in the range of5 – 50 MHz or
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Fig. 7. Developed optical wireless transmitter front-end.

higher can be achieved. However, the bandwidth also depends
on the typical rise and fall time of the LEDs. Since simple
low-cost transistors are used as switching components, the
proposed design enables the implementation of low-complex
optical transmitters. A DAC and linear power amplifiers are
not required. The OFDM signal processing can be done by
an off-the-shelf field programmable gate array (FPGA) for
instance, which enables flexible transceiver designs.

Fig. 7 shows the developed optical wireless transmitter
front-end. The transmitter front-end has the proposed hexag-
onal LED arrangement. It consists of6 LED groups. Two of
these groups are combined to be jointly switched on and off in
order to increase the transmission power and the SNR at the
receiver. Consequently, the implemented transmitter provides
a resolution of5 bits. The emitting diodes are off-the-shelf
SFH 4502 IR LEDs [35] which have a wavelength of950 nm.
These diodes have a rise and fall time of about10 ns and a
typical radiant power of40 mW. The semiangle of the LEDs
is ±18◦. The overall value of raw materials of the transmitter
is less than $25. As neither heat sinks nor fans are required
for cooling, the implemented transmitter has a good power
efficiency. The used receiver employs a SD445-14-21-305
PIN photo-diode [24] with a detector area of1 cm2. The
response time of the photo-diode is about13 ns and the
responsivity at950 nm is about0.65 A/W. The actual receiver
design is not within the scope of this paper.

VI. T RANSMISSIONEXPERIMENTS

In this section, the results of some transmission exper-
iments using the implemented optical transmitter front-end
are presented. Table I shows the considered OFDM system
parameters. The transmitter front-end has a resolution of5 bits
which is sufficient to perform a16-QAM transmission with
appropriate precision as shown in Section IV. The switching
speedfs of the LED groups is set to25 Msps. The achievable
bit rate of DCO-OFDM employingM -QAM can be approxi-
mated by:

b ≈ log2(M) fs

L
2 − 1

L+ Lcp
. (1)

Note that this calculation does not take additional symbols
into account which are required for frame synchronisation and
channel estimation. These parameters depend on the specific
OFDM system implementation. Considering the system pa-
rameters given in Table I, the implemented optical transmitter

TABLE II
SNR OVER DISTANCE FORLOS AND NLOS TRANSMISSION.

(a) LOS transmission

distance SNR

1.0 m 35.81 dB

2.0 m 25.77 dB

3.0 m 19.21 dB

4.0 m 14.31 dB

5.0 m 10.69 dB

6.0 m 7.86 dB

7.0 m 6.35 dB

(b) NLOS transmission

distance SNR

1.0 m 30.75 dB

1.5 m 23.98 dB

2.0 m 20.14 dB

2.5 m 17.31 dB

3.0 m 13.78 dB

3.5 m 10.58 dB

4.0 m 8.29 dB

provides a data rate of about12, 24 or 48 Mbit/s if 2-, 4- or
16-QAM is used. The data rate can be increased by employing
higher orderM -QAM. For instance,64-QAM provides a data
rate of about72 Mbit/s. However, the application of64-QAM
requires an increased resolution of at least7 bits as shown in
Fig. 4(b). In order to further increase the data rate, higher
switching speeds can also be applied if the LEDs provide
sufficiently low rise and fall times. For instance, applying
64-QAM with a switching speed offs = 50 Msps provides a
data rate of more than144 Mbit/s.

The maximum optical output power (all6 LED groups are

switched on) emitted by the transmitter isPopt =
5∑

i=0

6Pi ≈
930 mW. The overall electrical power consumption of all
LED groups isPLED ≈ 3.218 W, which results in a total
power dissipation ofPLED − Popt ≈ 2.288 W. Consequently,
the LEDs have a power efficiency ofPopt/PLED ≈ 28.90 %.
The total electrical power consumption of the transmitter
front-end isPelec≈ 4.956 W if all LED groups are switched
on. Therefore, the major portion of power is consumed by
the LEDs resulting in a percentage of consumed power of
PLED/Pelec≈ 64.93 %. Therefore, the implemented optical
transmitter has a low parasitic electrical power consumption
and has an overall power efficiency ofPopt/Pelec≈ 18.77 %.
For a continous DCO-OFDM transmission, the mean electrical
power consumed isP elec≈ 2.760 W and the mean emitted
optical power isP opt ≈ 441 mW.

Table II(a) shows the SNR at the receiver for different
distances between the transmitter and the receiver. The trans-
mitter and the receiver are aligned towards each other to
provide a directed LOS link. The SNR is ascertained by
measuring the mean received signal energy of the OFDM
symbols and by measuring the mean noise energy. The noise
energy is measured in the interframe gaps between the OFDM
frames since in these gaps no optical signal is emitted.
Table II(b) shows the SNR for a non-line-of-sight (NLOS)
transmission. Fig. 8 illustrates the measurement setup forthe
NLOS transmission. As shown, the transmitter and the receiver
are straightly directed towards a wall. The wall is a typical
office wall with white paint and non-glossy surface. This setup
provides a merely diffuse transmission scenario as an opaque
obstacle between the transmitter and the receiver blocks the
LOS link. The distance of the transmitter, respectively of the
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Fig. 8. NLOS transmission setup.

receiver towards the wall isd2 . This means that the entire
optical path length is aboutd. Since uncoded wireless data
transmission requires an SNR of at least10 dB to provide
reasonable BER (less than10−5) in AWGN channels [10],
the implemented transmitter enables a transmission of up to
5.0 m in LOS scenarios and up to3.5 m in NLOS scenarios.
The achievable transmission distance can be increased if more
powerful LEDs are used. Additionally, the amount of LEDs per
emitter group can be enlarged to further increase the optical
transmission power. The comparison of Table II(a) and II(b)
shows that for the same transmission distance, the SNRs of the
LOS and NLOS link differ by about5.5 dB. This difference
is induced by the higher transmission loss of the NLOS link
due to the wall reflections.

Fig. 9 displays a received sine wave (with transmission
induced noise) transmitted by the optical front-end. The trans-
mission distance is1 m and a LOS link is applied. As shown,
the discrete power level stepping generates a quantized sine
wave with discrete amplitude values. Since a resolution of5
bits is considered, the quantized sine wave can take32 discrete
amplitude levels. Employing a larger number of LED groups
results in an increased resolution, and thus provides more
discrete amplitude values and smaller quantization intervals.
Conventional transmitter front-ends typically employ DACs
having a resolution of about12 bits [33], whereas the effective
number of bits (ENOB) is mostly smaller. Moreover, the
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Fig. 9. Received sine wave transmitted by optical transmitterfront-end
employing discrete power level stepping.

0 500 1000 1500
−90

−80

−70

−60

−50

−40

−30

−20

−10

0

frequency / kHz

po
w

er
 le

ve
l /

 d
B

m

(a) Optical wireless transmission using implemented transmitter front-end.
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(b) Electrical transmission via cable using signal generator.

Fig. 10. Spectrum of sine wave.

received sine wave has a DC offset of about0.2 V due to the
non-negativity constraint of the emitted optical signal because
of IM/ DD. Fig. 10(a) shows the spectrum of a quantized
sine wave which is transmitted by the optical front-end. For
means of comparison, Fig. 10(b) shows the spectrum of a sine
wave which is generated by a conventional signal generator.
This sine wave is electrically generated without quantization
effects and is transmitted via a cable. Since a conventional
signal generator is applied which provides ideal linearity
characteristics, this electrical setup corresponds to an ideal
conventional optical transceiver as shown in Fig. 1 and Fig.2.
Therefore, the implemented optical transmitter is compared in
the following to an electrical transmission using a conventional
signal generator. The electrical signal generator represents the
reference performance for the implemented optical transmitter.
As shown in Fig. 10, the spectra of the optically and electri-
cally generated sine waves closely match. Besides the actual
frequency of the emitted sine wave, the harmonic frequencies
can also be seen. Note that both transmission methods use a
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(a) Optical wireless transmission using implemented transmitter front-end.
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(b) Electrical transmission via cable using signal generator.

Fig. 11. Spectrum of DCO-OFDM signal. IFFT size is256 and16-QAM is
applied.

similar power level to enable a fair comparison. Moreover, it
can be seen that the noise level of the electrical transmission
is lower. This is due to the fact that the electrical transmission
uses a cable connection in comparison to the optical wireless
transmission which undergoes ambient shot light noise. Since
both spectra closely match, the implemented optical transmit-
ter shows good linearity characteristics. Additionally, Fig. 11
shows the spectrum of a DCO-OFDM signal. An IFFT size
of L = 256 is used and16-QAM is applied. The spectrum of
the optical wireless transmission (1 m LOS) and the spectrum
electrically generated by the signal generator (transmitted via
cable) closely match. Again, the optical wireless transmission
undergoes a higher noise level. Fig. 12 displays the measured
frequency gain of the optical transceiver (transmitterand
receiver). A directed1 m LOS link between the transmitter
and the receiver is established. The optical transceiver has a
−3 dB cut-off frequency of about18 MHz and a−6 dB cut-
off frequency of about25 MHz.

In the following, aM -QAM DCO-OFDM transmission is
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Fig. 12. Frequency gain of optical transceiver.

considered. Each transmitted OFDM frame contains a symbol
used for frame detection and synchronisation. Furthermore,
each frame comprises several data symbols and a dedicated
symbol used for channel estimation. The estimation of the
channel coefficienthl of each OFDM sub-carrier is done by
using this pilot symbol. The estimated channel coefficients
ĥl are used for maximum-likelihood (ML) detection at the
receiver. Therefore, for thelth OFDM sub-carrier, the decoder
decides for the symbol̂sl which minimises the Euclidean dis-
tance between the actual received symbolyl and all potential
symbols leading to

ŝl = argmin
sl

∣∣∣yl − ĥl sl

∣∣∣
2

. (2)

The QAM symbol transmitted on thelth OFDM sub-carrier
is given by sl. For an ideal transmission in a mere AWGN
channel without any fading and hardware effects, the received
symbol is given byyl = hl sl + nl with hl = 1. The AWGN
is denoted bynl. As a single-tap ZF channel equaliser is
considered, the equalised received symbols are given byyl/ĥl.
If an ideal 16-QAM DCO-OFDM transmission with5 bit
resolution and an SNR of38 dB is simulated, the EVM is
about7.63 %. The EVM is definded as follows:

EVM =

√√√√√√√√

K∑
k=1

∣∣∣sk − yk

ĥk

∣∣∣
2

K∑
k=1

|sk|2

=

√√√√√√√√

K∑
k=1

(
ℑk − ℑ̂k

)2
+
(
ℜk − ℜ̂k

)2

K∑
k=1

(ℑ2
k + ℜ2

k)

,

(3)

whereℑk andℜk are the imaginary and the real part of thekth

transmitted symbol. The imaginary and the real part of thekth

equalised QAM symbolyk/ĥk are represented bŷℑk andℜ̂k.
The number of symbols is given byK. If an actual16-QAM
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Fig. 13. Comparison of simulated BER performance and actual DCO-OFDM
transmission experiments.

DCO-OFDM transmission using the optical transmitter front-
end is conducted, the measured SNR is about38 dB for a LOS
transmission over a distance of0.75 m. The measured EVM
is about8.42 %. Consequently, the transmission experiments
fairly comply with the simulation results.

Fig. 13 shows the BER performance of a simulated
DCO-OFDM transmission using2-, 4- and16-QAM. For these
simulations, an ideal AWGN channel is assumed as considered
above. Moreover, the BERs of an actual optical wireless trans-
mission using the implemented transmitter are displayed. A
relation between SNR and transmission distance for the optical
wireless transmission is given in Table II. Additionally, the
results of an electrical DCO-OFDM transmission are shown
as well. The electrical transmission is done using the same
(de)modulating hardware (signal generator and oscilloscope)
and signal processing as for the optical transmission. However,
the optical transmitter and receiver front-ends are replaced by
a DAC generating analogue electrical signals. Moreover, the
optical wireless link is replaced by a cable which directly
connects the transmitter and the receiver. Since the electri-
cal signal generator has ideal linearity characteristics,it can
be regarded as an ideal conventional optical transceiver. As
shown, the BER performance of the three scenarios is identical
for low SNR values. This is due to the fact that at low
SNRs, the noise is the most predominant impairment affecting
the link performance. However for higher SNR values, the
electrical transmission has a performance loss of about1 dB
compared to the simulation results. This is due to practical
realisation issues and hardware effects like frequency offsets
between the transmitter and the receiver. These effects are
not considered in the mere AWGN simulations. Because of
these hardware limitations, the performance of the electrical
transmission represents the practical performance bound of the
transmission experiments. This bound cannot be exceeded with
the used setup and devices. Consequently, the performance of
the wired electrical transmission system can be consideredas
the target performance for the optical wireless transmission.

As illustrated, the implemented optical wireless transmitter
shows a minor performance loss of less than1 dB compared
to the electrical transmission. This loss is due to the actual
transmitterand receiver implementations. The receiver imple-
mentation is not within the scope of this paper but it might
be optimised separately. Moreover, the optical transmission
is wireless compared to the electrical transmission which is
wired. This results in an additional performance degradation
due to the nature of wireless transmission. Therefore, the
proposed optical transmitter concept shows good performance
as it closely matches the theoretical and practical error bounds.

VII. SUMMARY & CONCLUSIONS

An optical wireless transmitter which employs discrete
power level stepping has been proposed and implemented.
The transmitter consists of several LED groups which can
be switched on and off individually. The LED groups emit
specific stepped optical intensities which constructivelyadd
up at the receiver. Therefore, the optical transmitter can
be used for intensity modulated signal transmission using
techniques like PAM or OFDM. The proposed transmitter
concept has good linearity characteristics and is not subject
to the non-linear optical-power-versus-current characteristic of
LEDs compared to conventional optical wireless transmitters.
Complex pre-distortion techniques are not required. The trans-
mitter is controlled by simple digital signal modulation,i.e.
on-off-switching of the LED groups. Thus, the implemented
transmitter provides a larger dynamic range and higher optical
output power compared to conventional optical front-ends
which have to carefully adjust the bias point and operating
area of the LEDs. Moreover, the proposed solution enables
a very simple and cost-effective transmitter design without
the need for DACs or complex amplifier circuits. The digital-
to-analogue conversion is done in the optical domain by the
superposition of the emitted discrete intensities. Additionally,
the proposed transmitter concept has a better power effi-
ciency as it does not require high-bandwidth/ high-current
TCAs which waste power. Transmission experiments prove
the functionality of the implemented optical transmitter as its
performance closely matches the theoretical and practicalerror
bounds. The performance of the optical transmitter is nearly
similar to an electrical transmission. The latter one provides
ideal linearity characteristics, and therefore corresponds to
an ideal conventional optical transceiver. Nonetheless, both
transmitterand receiver might be further optimised in future
work to decrease the minor performance gap. Moreover, the
bit resolution of the implemented transmitter might be further
increased to enable higher orderM -QAM transmission in
order to provide larger data rates. A shortcoming of the
proposed transmitter concept is the fact that a broken LED
within the transmitter array directly affects the emitted optical
waveform. However, given the high life time of LEDs of about
35000 – 50000 hours, this is unlikely to happen.
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Abstract—Spatial Modulation (SM) is a combined multiple-
input-multiple-output (MIMO) and digital modulation technique.
Like in any MIMO scheme, the performance of SM is related to
the differentiability, i.e. the correlation, of the multiple channels.
In this paper, we analyse the performance of optical SM for a
wireless indoor environment. It is shown that the use of colour
light-emitting diodes (LEDs) can improve the performance of SM
by more than 10 dB. This is due to the fact that the responsivity
of photo-diodes is a function of the optical wavelength. As a
consequence, using LEDs with different colours induces specific
optical power levels at the receiver. These distinctive power levels
directly affect the channel characteristic since they reduce the
channel correlation. Moreover, we analyse the computational
complexity of optical SM and compare it to the complexity of
other common MIMO techniques. It is found that SM requires
a much lower computational complexity compared to Repetition
Coding (RC) and Spatial Multiplexing (SMP).

Index Terms—colour, complexity, MIMO, optical wireless com-
munications, spatial modulation.

I. I NTRODUCTION

Optical wireless communications (OWC) is in the spotlight
of ongoing research activities since it can serve as an efficient
supplement to established radio frequency (RF) communica-
tions. As illumination devices are installed nearly everywhere,
it is encouraging to use these installations not only for lighting
but also for wireless data transmission. In order to providesuf-
ficient illumination, recent light fixtures are typically equipped
with multiple light-emitting diodes (LEDs). This propertycan
readily be exploited to create optical multiple-input-multiple-
output (MIMO) communication systems. MIMO techniques
offer high data rates by providing large spectral efficiencies [1,
2]. Commonly, OWC systems use incoherent light sources in
combination with intensity modulation (IM) and direct detec-
tion (DD) [3]. Off-the-shelf incoherent-light-producingLEDs
are characterised by achieving only a limited bandwidth of
about30− 50 MHz in the case of infra-red (IR) light and even
less for visible light. Therefore, the available bandwidthof
practical OWC systems is restricted. Consequently, achieving
high spectral efficiencies is of great concern for OWC systems.

Spatial Modulation (SM) is a combined MIMO and digital
modulation technique, proposed in [4] and further investigated
in [5] and [6] for instance. This technique provides an in-
creased spectral efficiency by utilizing multiple transmitters
while completely avoiding inter-channel interference (ICI).
As the SM principle can be applied to power-signals in a
straightforward manner, SM is an ideal candidate for IM/DD
systems [7]. Like in any MIMO transmission, the performance

of SM depends on the channel characteristics. As a conse-
quence, its performance is degraded in scenarios with high link
correlation and low differentiability of the multiple channels.

Hence, in this paper, we analyse the performance of SM
applied to an indoor OWC scenario. It is found that IM/DD
in combination with different optical wavelengths enhances
the differentiability of the multiple channels. This is realised
by the use of colour LEDs which significantly improves
the bit error ratio (BER) performance of SM. Moreover,
the computational complexity of optical SM is analysed and
compared to the complexity of Repetition Coding (RC) and
Spatial Multiplexing (SMP).

The remainder of this paper is organised as follows: in
Section II, the basic system model is given. Section III
introduces the setup which is used to model the optical
wireless indoor scenario. In Section IV, the BER performance
of SM is analysed i) for scenarios which use transmitters
having thesameoptical wavelength and ii) for scenarios which
use transmitters havingdifferent optical wavelengths. Finally,
Section V concludes the paper.

II. SYSTEM MODEL

We consider an optical wireless transmission system em-
ployingNt transmitters,e.g.LEDs, andNr photo-detectors at
the receiver. The received signal vector is

y = Hs+ n, (1)

wheren is the sum of ambient shot light noise and thermal
noise. It is the main noise impairment as commonly assumed
in OWC [3]. Consequently,n is real valued additive white
Gaussian noise (AWGN) with zero mean and a varianceσ2 =
σ2

shot+σ
2
thermal, whereσ2

shot is the shot noise variance andσ2
thermal

is the thermal noise variance [3]. Thus, the noise power is
given by σ2 = N0 B, whereN0 is the noise power spectral
density andB is the bandwidth. The transmitted signal vector
is denoted bys = [s1 . . . sNt

]
T , where[·]T is the transpose

operator. The elements ofs indicate which signal is emitted
by each optical transmitter,i.e. snt

denotes the signal emitted
by transmitternt. The Nr × Nt channel matrix is depicted
by H. Its elementshnrnt

represent the transfer factors of the
links between transmitternt and receivernr.

In SM, the conventional signal constellation diagram is
extended to an additional dimension, the spatial dimension.
Each transmitter of the transmitting array is assigned a unique
binary sequence, the spatial symbol. A transmitter is only
activated when the random spatial symbol to be transmitted
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Fig. 1. Illustration of SM operation withNt = 4 andM = 4. The first two
bits in the block of four bits determine the PAM symbol and the second two
bits determine the active LED.

matches the pre-allocated spatial symbol. Thus, only one trans-
mitter is activated at any symbol duration. Therefore, onlyone
element of the signal vectors to be transmitted is non-zero.
The index of the non-zero element is the spatial symbol. The
element is the digitally modulated signal to be sent. Without
loss of generality, we assume that pulse amplitude modulation
(PAM) employing rectangular pulses is used for digital signal
modulation. As SM simultaneously transmits data in the signal
domain and the spatial domain, it provides an enhanced spec-
tral efficiency of R = log2(Nt) + log2(M) bit/s/Hz, where
M denotes the signal constellation size. Due to the distinct
channel transfer factors between a particular transmitterand
the receiver, the receiver is able to detect which transmitter is
activated, and hence is able to detect the spatial symbol. Fig. 1
illustrates the functionality of SM for a setup withNt = 4
optical emitters and a signal constellation size ofM = 4. The
bits to be transmitted are passed to the SM encoder, which
maps them to the respective signal and transmitter index.
In this example, the last two bits denote the index of the
transmitter which emits the signal, whereas the first two bits
represent the signal to be sent. For instance, the bit sequence
“1 1 1 0” is represented by transmitter number4 emitting signal
I3. In contrast to common PAM modulation, signals with
intensity Im = 0 cannot be used for the signal modulation
of SM. In this case, no transmitter would be active and the
spatial information would be lost. Therefore, the intensities
of common PAM have to be modified to be suitable for SM
leading to:

ISMm = 2 I
M+1 m for m = 1 . . .M, (2)

whereI is the mean optical power emitted. As the SM receiver
has to detect which transmitter has sent the signal, its perfor-
mance depends on the differentiability,i.e. the correlation, of
the multiple channels. The pairwise error probability (PEP) of
SM is the probability that the receiver mistakes the transmitted

signal vectorsm(1) for another vectorsm(2) , given knowledge
of the channel matrixH. The PEP of SM is given by [8]:

PEPSM = PEP(sm(1) → sm(2) |H)

= Q
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where Q(a) = 1√

2π

∫ +∞
a

exp(−t2

2 ) dt is the Q-function and
‖·‖F denotes the Frobenius norm. The optical-to-electrical
conversion coefficient is represented byρ. Without loss of
generality,ρ is assumed to be1A

√
Ω/W in the following.Ts

denotes the symbol,i.e. the pulse, duration in seconds. The
shown PEP denotes the probability that the receiver decides
for intensityI

SM

m(2) being emitted by transmittern(2)t , whereas

actually transmittern(1)t has emitted intensityI
SM

m(1) .
A special mode of SM is the so-called Space Shift Keying

(SSK) technique. SSK conveys only information in the spatial
domain. Consequently, there is no signal modulation and
M = 1. Thus, each activated LED emits the same optical
intensity, i.e. I. Therefore, SSK is a low complex implemen-
tation of SM and its PEP reduces to:

PEPSSK = PEP(sm(1) → sm(2) |H)
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where we defineEs = (ρI)2Ts as the meanemittedelectrical
energy of the optical signal. In IM based optical communica-
tions, the electrical energy is proportional to the square of
the optical power [3]. Using this PEP and considering allNt

transmitters which can be activated, the BER of SSK can be
approximated by union bound methods. The upper bound of
its BER is given in (5) on top of this page, whereb

n
(1)
t

is

the bit assignment which is conveyed when transmittern
(1)
t

is activated andb
n
(2)
t

is the bit assignment which is encoded

when transmittern(2)t is activated. Consequently, the Hamming

distancedH
(
b
n
(1)
t

, b
n
(2)
t

)
states the number of bit errors when

erroneously decoding the bit sequenceb
n
(2)
t

at the receiver
instead of the actually transmitted sequenceb

n
(1)
t

.
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TABLE I
COMPARISON OF SPECTRAL EFFICIENCIES AND COMPUTATIONAL

COMPLEXITY AT RECEIVER FOR DIFFERENTMIMO TECHNIQUES.

MIMO
technique

Spectral efficiency
R in bit/s/Hz

Number of mathematical
operations at receiver

RC log2(M) 2R (2Nt Nr +Nr − 1)

=M (2Nt Nr +Nr − 1)

SMP Nt log2(M) 2R (2Nt Nr +Nr − 1)

=MNt (2Nt Nr +Nr − 1)

SM log2(MNt) 2R (3Nr − 1)

=MNt (3Nr − 1)

In the following, we assume that the detection at the
receiver is based on the maximum-likelihood (ML) principle.
Therefore, the decoder decides for the signal vectorŝ which
minimises the Euclidean distance between the actual received
signal vectory and all potential received signals leading to

ŝ = argmax
s

py(y|s,H) = argmin
s

‖y −Hs‖2F , (6)

wherepy is the probability density function ofy conditioned
on s and H. Moreover, we assume perfect knowledge of
the channel and ideal time synchronisation at the receiver.
On the basis of this detection algorithm, we analyse the
computational complexity of optical SM and compare it to
the complexity of RC and SMP. Both RC and SMP are
common optical MIMO techniques. RC is the simplest MIMO
transmission technique as it simultaneously emits the same
signal from all optical transmitters. By applying SMP, in-
dependent data streams are simultaneously emitted from all
transmitters. Regarding a detailed performance comparison
of these techniques, we refer to [8] as this is beyond the
scope of this paper. We define the computational complexity
as the total number of required mathematical operations,i.e.
multiplications, additions and subtractions that are required
for ML detection. The ascertained numbers are listed in
Table I. It can be seen that RC and SMP need the same
number of operations to provide equal spectral efficiencyR,
whereas the detection of SM is less computationally expensive.
This is due to the fact that SM avoids ICI as only one
transmitter is active at any symbol duration in contrast to SMP.
Moreover, as SM conveys additional bits in the spatial domain,
it can achieve the same spectral efficiency as RC but with a
reduced signal constellation size. Thus for SM, there are less
signal constellation points to be considered when performing
the ML detection. For instance, if we assume a setup with
Nt = 4 and Nr = 4, which provides a spectral efficiency
of R = 4 bit/s/Hz, RC and SMP both require560 operations,
whereas SM requires only176 operations. Fig. 2 displays the
computational complexity of RC, SMP and SM for different
setups and spectral efficiencies. Consequently, as SM requires
a much lower computational complexity compared to common
MIMO techniques, it enables the implementation of efficient
and simple optical wireless MIMO receivers.

Fig. 2. Computational complexity at receiver of RC, SMP and SM for
different setups and spectral efficiencies.

III. O PTICAL WIRELESSSETUP SCENARIO

In this paper, optical wireless links with line-of-sight (LOS)
characteristics are considered. Fig. 3 illustrates a directed LOS
link. As shown,φ is the angle of emergence with respect to
the transmitter (TX) axis andψ is the angle of incidence with
respect to the receiver (RX) axis. Furthermore,d depicts the
distance between transmitter and receiver. Using this geomet-
ric scenario, the transfer factor of an optical propagationlink
can be calculated according to [3] as follows:

h =

{
(k+1)Ar

2π d2 cosk (φ) cos (ψ) 0 ≤ ψ ≤ Ψ 1
2

0 ψ > Ψ 1
2

(7)

with the orderk = − ln(2)

ln
(
cos(Φ 1

2
)
) and the transmitter semiangle

Φ 1
2

(at half power). Furthermore,Ψ 1
2

denotes the field-of-
view (FOV) semiangle of the receiver. The detector area of the
receiver is represented byA andr is the detector responsivity,
which is related to the optical wavelength.

In the following, an indoorNr × Nt scenario within a
4.0m× 4.0m× 3.0m room is considered. Specifically, dif-
ferent numbers of optical transmitters are considered, whereas
the number of receivers (photo-diodes) is assumed to be
Nr = 4 for each setup. Thus, a4×Nt scenario is considered.
We assume that theNt transmitters are placed at a height of
z = 2.50 m and are oriented downwards to point straight down
from the ceiling. Moreover, the transmitters are equidistantly
arranged in a circle. The circle is centred in the middle of
the room and has a diameter of0.50 m. The4 receivers are
located at a height ofz = 0.75 m (e.g.height of a table) and
are oriented upwards to point straight up at the ceiling. The

Fig. 3. Geometric scenario used for calculation of channel coefficients.
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TABLE II
WAVELENGTHS OFLEDS AND CORRESPONDING RESPONSIVITY OF

PHOTO-DIODES.

Wavelength of
LED

Responsivity
of photo-diode

462 nm (deep blue) 0.1963

467 nm (blue) 0.2019

505 nm (verde green) 0.2407

528 nm (true green) 0.2565

590 nm (yellow) 0.3343

617 nm (amber) 0.3611

625 nm (red) 0.3713

656 nm (hyper red) 0.4102

receivers are aligned in a quadratically2 × 2 array which
is centred in the middle of the room. The spacing of the
receivers is assumed to be0.10 m on the x- and y-axis.
This receiver spacing would enable the implementation of the
receiver array into typical laptop computers. Fig. 4 shows the
positioning of the simulation setup within the room for the
case ofNt = 16. The receivers are displayed as dots and
the transmitters as triangles. Off-the-shelf SD445-14-21-305
silicon photo-diodes [9], which have a detector area of about
1 cm2, are considered as photo-detectors. The FOV semiangle
of the photo-diodes is assumed to be60◦. Fig. 5 shows the
responsivity of the photo-diodes for different optical wave-
lengths. The optical transmitters are assumed to be off-the-
shelf LEDs from OSRAM’s Golden Dragon Plus product
family [10]. These light sources have a transmitter semiangle
of 85◦ and are available in different colours. Table II shows
the wavelengths of the considered LEDs and the corresponding
responsivity of the photo-diodes according to Fig. 5.

IV. RESULTS ONBIT ERRORRATIO PERFORMANCE

As shown in (7), the responsivity of the photo-detector af-
fects the transfer factor of optical links. Since the responsivity
is related to the wavelength of the optical transmitter, using
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Fig. 4. Simulation setup for the case ofNt = 16. Downwards pointing LEDs
(transmitters) are placed at ceiling height of2.50 m, and upwards pointing
photo-diodes (receivers) are placed at table height of0.75 m.

TABLE III
WAVELENGTHS OFLEDS USED IN SETUP SCENARIOS.

Wavelength of
LED

Transmitter using wavelength
Nt = 4 Nt = 8 Nt = 16 Nt = 32

462 nm 1 1 1, 9 1, 9, 17, 25

467 nm 3 3 3, 11 3, 11, 19, 27

505 nm 5 5, 13 5, 13, 21, 29

528 nm 7 7, 15 7, 15, 23, 31

590 nm 2 2, 10 2, 10, 18, 26

617 nm 4 4, 12 4, 12, 20, 28

625 nm 4 6 6, 14 6, 14, 22, 30

656 nm 2 8 8, 16 8, 16, 24, 32

LEDs with different wavelengths affects the differentiability
of multiple optical links. Therefore, we analyse and compare
the BER performance of SSK for two different scenarios:
i) all optical transmitters have the same wavelength and ii)the
optical transmitters have different wavelengths. Both scenarios
are based on the4 × Nt setup described in Section III. For
scenario ii), Table III shows the assignment of the different
wavelengths to the individual transmitters. Four specific setups
which haveNt = 4, 8, 16 and 32 optical transmitters are
considered. For scenario i), all optical transmitters havea
wavelength of656 nm as this wavelength provides the highest
responsivity. Therefore, this scenario provides the largest mean
received electrical energy which is given by:

Er =

Nr∑

nr=1

(
ρ I

Nt

Nt∑

nt=1

hnrnt

)2
Ts

= Es

Nr∑

nr=1

(
1

Nt

Nt∑

nt=1

hnrnt

)2
.

(8)

In the following, we evaluate the error ratios at the receiver
with regard totransmit energy against power spectral density
of the AWGN. Hence, we take into account the specific path
loss of each setup caused by the alignment of the single
transmitters and receivers. Consequently, we define the signal
to noise ratio (SNR) asEs

N0
. This is because considering
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Fig. 5. Responsivity of photo-diode SD445-14-21-305 [9].
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Fig. 6. Performance of SSK for4 × 4 and 4 × 8 setup using i) same
transmitter wavelengthλ and ii) different transmitter wavelengthsλ (lines
show simulation results and markers analytical error bounds).

received energy to noise energy would disregard the difference
in path loss caused by the specific responsivities. As the
channel coefficients are in the region of10−6, the electrical
path loss is about−120 dB. Because we defined the SNR as
the ratio oftransmittedsignal energy to noise energy, the BER
curves displayed in the following figures have an approximate
SNR offset of about120 dB with respect to thereceived
energy to noise ratio.

Fig. 6 shows the BER of SSK for a4 × 4 and 4 × 8
setup. It can be seen that the scenario that employs different
transmitter wavelengths achieves an SNR performance gain of
about5 dB. Although using the same transmitter wavelength
provides a larger received electrical energy, it results ina
higher BER. This is due to the fact that using different
wavelengths improves the differentiability of the multiple
channels and consequently, reduces the channel correlation.
As the performance of SSK is affected by the differentiability
of the multiple channels, the use of colour LEDs enhances the
performance of SSK. Note that the receiver does not need any
knowledge about the different wavelengths because it implic-
itly gets this information by channel estimation which it needs
to perform in any case. The wavelengths are distinguished on
the basis of the specific power levels which they induce at
the detector without the need for special optical filters. As
shown, the theoretical upper error bounds (markers) given in
(5) closely match the simulation results (lines). Fig. 7 shows
the BER of SSK for a4 × 16 and 4 × 32 setup. For these
two setups, using different transmitter wavelengths achieves
an even larger SNR performance gain of about10 dB.

V. SUMMARY & CONCLUSIONS

In this paper, we have studied the performance of SM
applied to OWC in indoor environments. It has been shown
that using colour LEDs with different optical wavelengths can
significantly improve the performance of SM. This is due to
the fact that the responsivity of common photo-diodes is a
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SSK - different λ (Nt = 16)
SSK - same λ (Nt = 32)
SSK - different λ (Nt = 32)

Fig. 7. Performance of SSK for4 × 16 and 4 × 32 setup using i) same
transmitter wavelengthλ and ii) different transmitter wavelengthsλ (lines
show simulation results and markers analytical error bounds).

function of the optical wavelength. Thus, different wavelengths
induce specific optical power levels at the receiver. These
distinctive power levels improve the differentiability ofthe
multiple channels and reduce the channel correlation. Conse-
quently, the SM receiver can detect the activated transmitter
more reliably which improves the BER performance. More-
over, we have shown that optical SM requires a much lower
computational complexity compared to other common MIMO
techniques like RC and SMP. Therefore, SM is a suitable
transmission technique for OWC as it enables high spectral
efficiencies and low-complex implementations.
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Abstract. In this paper, a new approach for wireless data transmis-
sion between the in-flight entertainment (IFE) system of aeroplanes and
mobile devices is presented. As wireless in-flight applications are sub-
ject to strict frequency and electromagnetic compatibility regulations,
we propose to use optical data transmission. To this end, video streams
of 2-dimensional black-and-white or coloured visual codes are displayed
on the IFE screen. We present a new visual code which is captured and
processed by a passenger’s mobile device and which enables robust re-
construction of the transmitted data. In order to compensate for frame
losses, the visual codes are coupled with a sequence-wise forward error
correction (FEC) scheme. The developed system is evaluated in an Air-
bus A330 cabin mock-up under realistic conditions employing representa-
tive mobile devices like current low-cost and high-end smartphones. Per-
formance evaluations show that the transmission system achieves data
rates of up to 120 kbit/s per individual passenger seat.

Keywords: coloured visual codes, mobile vision, sequence-wise FEC
encoding, visual transmission.

1 Introduction

We notice an increasing demand for wireless services to improve passengers’ com-
fort during flights. General information (e.g. in-flight magazines, airport maps,
etc.) and passenger specific data (e.g. information on connecting gates, departure
time of connecting flights, etc.) are to be transferred to passengers’ mobile de-
vices. However, the application of wireless services within aircraft cabins imposes
several constraints. As passenger specific data is to be transmitted, security and
privacy aspects have to be considered. More importantly, the transmission sys-
tem has to comply with high safety regulations as potential access to sensitive
on-board systems has to be prevented. Conventional radio frequency (RF) com-
munications cannot be easily employed in sensitive environments like aircraft
cabins due to stringent frequency regulations. A few airlines already provide
wireless local area network (WLAN) services to their passengers on some se-
lective flights. However, these services require costly installation of dedicated
hardware equipment like access points and wireless transceivers. Furthermore,
the bandwidth has to be shared between all passengers (up to several hundreds
of users) which simultaneously use the data transmission service.
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2 Coloured Video Code for In-Flight Data Transmission

Due to these constraints, we promote to use optical wireless transmission in-
stead of RF-based transmission. Optical signals are not subject to frequency reg-
ulations and provide large transmission bandwidth by allowing multiple parallel
data transmissions within the same area. Moreover, by applying optical trans-
mission it is possible to reuse the existing hardware within the aircraft cabin, i.e.
the displays of the in-flight entertainment (IFE) system and the built-in cameras
of mobile devices. In detail, we propose optical wireless data transmission using a
new visual code. The data to be transmitted (e.g. text-files or images) is encoded
into several visual codes which are displayed on the screen of the IFE system
like a conventional video. This sequence is captured and decoded by a mobile
device. The proposed visual code is coupled with a new sequence-wise forward
error correction (FEC) scheme which allows to recover capturing errors caused
by frame transition effects and which enables the compensation of entirely lost
video frames.

The remainder of this paper is organised as follows: In Section 2, related
work is reviewed and discussed. In Section 3, the developed transmission system
is presented. A description of the new visual code is given in Section 4. Transmis-
sion experiments are presented in Section 5 and evaluation results are discussed.
Finally, Section 6 concludes the paper.

2 Related Work – Visual Codes for Data Transmission

Visual codes have become very popular in print media. The most common vi-
sual codes are 1-dimensional barcodes [3]. In recent years, more sophisticated
2-dimensional codes such as Data-Matrix-codes [2] or Quick Response (QR)-
codes [1] have received attention. All these codes can be decoded independently
of the viewpoint, work under realistic illumination conditions and allow to re-
cover from decoding errors. However, the data rate of conventional visual codes is
limited to only a few bytes, thus not allowing a practical application for in-flight
communication.

In order to overcome this limitation, some research activities have focussed
on spreading data across several visual codes. The multiple visual codes are
displayed as a video sequence. In [6], unsynchronised 4-dimensional codes are
proposed to transfer data between public displays and mobile devices. The au-
thors combine three different 2-dimensional Data-Matrix-codes in the comple-
mentary colour channels red, green and blue to one common frame. Several of
these frames are displayed in a temporal sequence resulting in a coloured visual
code video. The authors propose a simple redundancy concept to enable reliable
data transmission. However, the induced redundancy limits the data throughput
to only 23 characters per second. In [8], the author also uses coloured visual code
videos to transmit data. This system provides a low data rate of only 430 byte/s.
In [9], a system called PixNet is proposed. The visual encoding is based on the
orthogonal frequency division multiplexing (OFDM) scheme, whereas the image
detection uses the conventional Data-Matrix detection algorithm. The authors
report that applying OFDM encoding makes the system less sensitive to illumi-
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nation variations. However to our experience, most mobile devices employ robust
auto-balancing techniques which provide constant contrast. Moreover, the au-
thors report a data rate of up to 12 Mbit/s at a distance of 10 m. However, this
data rate is only achieved for a static setup using high-quality cameras and a
large display. Low-cost built-in cameras as well as potential frame loss are not
taken into account in their work.

3 System Overview

None of the existing systems employing visual code videos provides the simplicity
and the robustness of single frame visual codes, while enabling practical data
throughput. Therefore, in this paper, we present an easy to use low-cost optical
transmission system which provides a data rate of several kbit/s. Fig. 1 shows
the system setup. The user holds a mobile device in front of the IFE screen which
is built into the front seat.

Fig. 1. Left: Setup for the transmission of passenger specific data from the central IFE
server to the mobile device. Right: Typical distance between mobile device and display.

The detailed transmission process is illustrated in Fig. 2. Firstly, the data,
e.g. text documents or images, is compressed and encrypted to provide security
and privacy of the passenger specific information. Secondly, the encrypted and
compressed file is FEC encoded to compensate for potential transmission errors.
In a third step, the FEC encoded data is segmented into several packets. Each of
these packets is visually encoded by our new visual code resulting in a sequence
of several visual codes. Fourthly, this visual code sequence is displayed in a
continuous loop on the IFE screen. The user can start to capture the visual
codes at any time without the need for an initial synchronisation. In a fifth step,
the captured visual codes are detected and processed. The visually decoded data
packets are reassembled in the correct order by means of additionally encoded
meta information providing the packet number. The reassembling reconstructs
the originally FEC encoded data stream. In a sixth step, the FEC encoded data is
decoded. Due to the induced FEC, errors which arise during the transmission and
capturing process can be corrected. Finally, the FEC decoded data is decrypted
and uncompressed and the reconstructed file is stored on the user device.
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Fig. 2. Data transmission via visual code videos.

As the IFE system can display the desired content on-demand [7], the wireless
data transfer can be used by each passenger simultaneously. Therefore, band-
width needs not to be shared between passengers. Moreover, the uni-directional
data transfer between display and mobile device provides a fundamental safety
feature since there is no uplink connection from the user device to the sensitive
on-board systems. The major benefit of the proposed transmission system is that
it reuses the existing IFE equipment without the need for any additional hard-
ware installations. The system requires only a software update of the existing
IFE system and an application to be installed on the mobile device.

4 Visual Encoding and Decoding

The lack of synchronisation between IFE display and camera of the mobile device
comes at the price of several effects. Since cameras often have a rolling-shutter
and displays usually build up images line-wise, transition artefacts between two
consecutive frames can be observed (e.g. two frames can partially overlap or
they can overlay each other completely as shown in the centre of Fig. 3). These
effects are even emphasised when low-cost cameras are used which can typically
be found in smartphones - the target device of the proposed application. These
cheap cameras have a small aperture, and hence require long exposure times.
Long exposure times increase the chance that the camera captures a frame tran-
sition. Additionally, long exposure times cause motion blur (shown on the left
hand side of Fig. 3) as hand-held cameras are never perfectly static. In order to
achieve higher data rates, coloured visual codes can be applied. However, colour-
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channels suffer from cross-talk (i.e. a blue photon does not only affect the blue
channel but also the green and red channels) and show high sensitivity to bad
illumination. Both effects lead to noisy images, especially in the case of low-cost
sensors. On the right hand side of Fig. 3, a coloured visual code is decomposed
into its three colour channels of which the blue channel is shown. One can clearly
notice the higher noise level compared to pure black-and-white visual codes.

Fig. 3. Left: motion blur, Centre: transition overlay of two frames, Right: Blue colour
channel.

These artefacts (i.e. motion blur, frame transition, pixel noise) can prevent
a correct decoding of the visual code. Conventional visual codes, such as QR-
codes [1], which are primarily designed for print media, have to be robust to
decoding errors caused by abrasion or dirt on the printed material, for instance.
Therefore, conventional visual codes have inherent FEC capabilities to compen-
sate for such decoding errors. This FEC coding is done on a per frame basis, i.e.
the data and the error correction codewords are contained in the same visual
code. This combination allows only to correct a few decoding errors. However,
in the proposed application some artefacts degrade the visual code to a much
larger extent (e.g. by motion blur or frame transitions) so that these frames can-
not be reconstructed at all. As a result, the transmitted data stream cannot be
reconstructed correctly as some packets are completely lost. Consequently, the
conventional frame-wise FEC encoding has to be extended to enable a recovery
of completely lost frames. Therefore, a temporal sequence-wise FEC encoding of
the complete data stream is proposed. This sequence-wise FEC encoding enables
the recovery of lost frames. As a result, the data stream can be reconstructed
correctly even if some frames are lost. Our FEC encoding scheme uses a Reed-
Solomon code having a data capacity of about 52.8% and a recovery capacity of
about 23.6%. This means that the data can be correctly reconstructed if up to
about a quarter of the visual code sequence is completely missing. Higher, re-
spectively lower error correction levels can also be employed if higher robustness
or higher throughput is required.

In the following, the setup of our visual code is described and it is shown
how the FEC encoded data stream is visually encoded. As illustrated in Fig. 2,
each packet of the FEC encoded data stream is visually encoded into a single
visual code. Fig. 4 shows the setup of our visual code. It consists of three parts: a
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Fig. 4. Left: Three black-and-white payload codes are merged into a single coloured
payload code. Right: A single visual code consists of three parts: synchronisation pat-
tern, meta code and payload code.

synchronisation pattern, a meta code and the payload code. Each of these parts
will be discussed separately:

Meta Code In order to reassemble the captured frames in the correct or-
der, the receiver has to know the index of the visual code frame within the
sequence (display and camera are not synchronised). As this meta information
is required before performing the FEC decoding at the receiver side, we separate
this information from the actual payload. To this end, we employ a conventional
QR-code which we call meta code and which is located on the left hand side of
our visual code (see Fig. 4). As there is only a small amount of meta information
(e.g. the frame number) to be transmitted, a small QR-code having a low version
number (e.g. version 1 – 2) is sufficient. The FEC level of the meta code is set
to the highest redundancy to enable a robust detection.

Payload Code The actual data to be transmitted is encoded in the pay-
load code, which is located on the right hand side of the visual code as shown
in Fig. 4. In order to allow a viewpoint invariant capturing and decoding of the
payload code, the outline of the code needs to be detected. Therefore, finder pat-
terns like the ones found in conventional QR-codes are added. These patterns
consist of concentric squares that are located in the corners and in the centre
of the payload code. For decoding, the locations of the patterns are identified
by the mobile device. We use the detector of the open source implementation
ZXing [11]. Using the detected pixel coordinates, a homography can be calcu-
lated that rectifies the visual code employing the direct linear transform algo-
rithm [5]. The rectification aligns the patterns of the captured camera image
with the known quadratic structure of the payload code. As a result, the pixels
corresponding to individual bits of the data packet can be extracted. Multiple
pixels (e.g. 8 × 8) are grouped into modules which represent a single bit. The
extraction is done by binarization using a threshold. This threshold is found by
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calculating a histogram of the intensity values along a line-scan of the rectified
payload code. The two maximum peaks of the histogram are considered as the
black and white reference points. The intensity value that optimally separates
both reference points in the histogram is used as threshold for the binarization.
The resulting binarized pixel modules correspond to binary values, i.e. the actual
data bits. In order to increase the data rate, we combine three black-and-white
payload codes (corresponding to three consecutive data packets) to one coloured
payload code. Each of the three individual payload codes is interpreted as one
of the three colour channels red, green and blue as illustrated on the left hand
side of Fig. 4. The decoder performs the detection of the finder patterns and the
rectification on the coloured visual code. However, the selection of the optimal
threshold and the binarization are performed for each colour channel (i.e. red,
green and blue) separately.

Synchronisation Pattern As discussed above, the display and the camera
are not synchronised. In order to ensure that the camera captures all displayed
frames, the display rate of the visual codes is set to 10 – 15 frames per sec-
ond (fps). This rate is half the capturing rate of the camera which is about
30 fps. Given a short image build-up time of the display of about 17 ms (60 Hz
response-rate), this oversampling ensures that multiple images will be recorded
for each displayed visual code. As a result, at least one visual code frame is
captured without transition effects. The relation between capturing and display-
ing is shown in Fig. 5. For correct decoding, the captured frames which contain

Fig. 5. The upper time-line shows how the screen displays the visual code sequence.
The lower time-line shows the capturing times of the camera. At the bottom, the
synchronisation patterns are depicted for frames free of artefacts (“ok”) and for frames
containing transition artefacts (“X”).
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transition effects (illustrated by “X” in Fig. 5) need to be filtered out. Addi-
tionally, due to the oversampling, more than one copy of the same visual code
frame might be captured without transition effects. These frames may vary in
terms of quality (e.g. by contrast). Hence, only the best copy should be selected
for further processing. This filtering and selection process keeps the number of
decoding operations to a minimum. The filtering and selection process works as
follows: A black-and-white synchronisation pattern is added to the left hand side
of each visual code (see Fig. 4). This pattern alternates between two versions
(called even-pattern se and odd-pattern so) for each frame. For each captured
frame, the recorded pattern q is extracted from the rectified image. In order to
determine the pattern version, synthetically constructed patterns of both ver-
sions (i.e. se and so) are correlated with the captured pattern q. The version of
the pattern which provides the highest correlation score is assigned to q. As a re-
sult, the recorded pattern q is classified as even- or odd-pattern. The correlation
score for the even-pattern is calculated as follows:

re =

∑
i(se(i)− ŝe)(q(i)− q̂)√∑

i(se(i)− ŝe)2
∑

j(q(j)− q̂)2
,

where the intensity values of the black-and-white pattern are linearised into
the vector se and q, respectively. The mean intensity values of the pattern are
given by ŝe and q̂, respectively. The correlation score ro for the odd-pattern
is calculated in an analogous manner. While processing consecutively captured
frames, the correlation scores and the captured frames are added to a buffer.
This is done as long as no new pattern version is detected compared to the
previous classified one. As soon as a new pattern version is detected (e.g. a
pattern is classified as even-pattern after a series of detected odd-pattern), the
frame with the highest correlation score is taken from the buffer and passed on
to the decoder.

5 Transmission Experiments

In the following, the results of some transmission experiments are presented. The
aim of the experiments is to find the achievable data throughput for different
variations of our visual code (i.e. black-and-white vs. coloured) and for different
mobile devices (i.e. low-end vs. high-end smartphone). The data to be transferred
consists of typical passenger specific information. All experiments have been
carried out in an Airbus A330 aircraft cabin mock-up under realistic illumination
and geometric conditions (see Fig. 1). The cabin mock-up is equipped with an
IFE system. The IFE display has a size of about 17 cm×13 cm with a resolution
of 1024 × 768 pixels. Fig. 1 shows the setup of the transmission experiments
within the considered application scenario. The distance between the screen and
the mobile device is about 20 – 30 cm. The passenger holds the mobile device in
the hand during the transmission, roughly aligning it with the display.

Firstly, the transmission performance of the developed application is evalu-
ated using a low-cost smartphone [10]. The built-in camera of this smartphone
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Table 1. Performance bounds derived from transmission experiments.

User Device Colour of Visual
Code

Frame-Rate
(fps)

Bit-Rate
(kbit/s)

Samsung Galaxy Ace black-and-white 10 22.40

Apple iPhone 4 black-and-white 13 54.29

Apple iPhone 4 coloured 13 120.43

has a resolution of 640× 480 pixels in the video mode. In order to reduce transi-
tion artefacts, the frame rate of the IFE display has been limited to 10 fps. The
transmission experiments have shown that this is the largest frame rate which
ensures that each frame is captured at least once without transition effects. More-
over, only black-and-white visual codes are used due to the low quality of the
camera. In this setup, each frame can contain a maximum amount of 280 bytes
of actual payload data (i.e. without FEC overhead) ensuring that the whole data
can be reconstructed correctly. Hence, at a frame rate of 10 fps, a maximum bit
rate (throughput) of about 10 · 280 · 8 = 22.40 kbit/s is achieved (see Table 1).

Secondly, the transmission performance is analysed if a high-end user device
(an Apple iPhone 4 smartphone [4]) is used instead of a low-cost device. The
built-in camera of this smartphone has a higher resolution of 1280× 720 pixels
in video mode. For this user device, the frame rate of the IFE display can be
increased to 13 fps. This transmission rate ensures that each frame is captured
at least once without transition effects. Due to the higher quality of the built-in
camera, a maximum of 522 bytes of payload data can be encoded in each frame
ensuring that the whole data can be reconstructed correctly. This results in a
bit rate of 13 · 522 · 8 = 54.29 kbit/s. This data rate exceeds the data rate of the
low-cost smartphone by a factor of about 2.42.

Finally, the data rate can be additionally increased by using coloured visual
codes. By using the three independent colour channels red, green and blue for
parallel data transmission, the data rate can be theoretically increased by a
factor of three. However as shown in Section 4, coloured visual codes suffer from
optical cross-talk and colour mixing. Therefore, coloured visual codes are subject
to increased error rates. In this case, a maximum of 1158 bytes of payload data
can be encoded in each frame, resulting in a bit rate of about 13 · 1158 · 8 =
120.43 kbit/s. Compared to the black-and-white visual code experiments, this is
an increase by a factor of about 2.22.

6 Summary & Conclusions

A novel approach for wireless data transmission within an aircraft cabin has
been presented. The developed system reuses the display of the IFE system to
transfer passenger specific data to mobile devices. A new visual code has been
introduced that is displayed as a video stream visually encoding the data to
be transferred. The new visual code is coupled with a temporal FEC encoding
scheme allowing robust transmission. The transmitted frames consist of a meta
code, which contains supplementary information like the frame number, and
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the payload code, which contains the actual information to be transmitted. In
a future implementation, these two codes might be combined to one common
visual code. Furthermore, a selection algorithm has been presented which uses
a synchronisation pattern to detect frame transitions and to select the best
captured frame for the decoding process. Transmission experiments within an
aircraft cabin mock-up have demonstrated the functionality of the developed
application under realistic conditions. The performance evaluation shows that
a throughput of up to 120 kbit/s can be achieved with current smartphones.
Further tests have shown that 30 seconds are a tolerable time which is accepted
by a passenger to capture the IFE screen with a mobile device. During this
time, up to 450 kB can be transmitted by a single visual code sequence. This
file size is sufficient to transfer the required amount of data for the proposed
application. In order to increase data rate, the black-and-white visual codes
have been extended to coloured visual codes. In future work, we will evaluate the
performance of visual codes with more than 8 different colours which currently
result from combining only the three colour channels red, green and blue.
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