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Ø  Ins0tut	Fresnel,	Brief	Introduc%on	

Ø Need	to	New	Spectral	Resources	

Ø Op=cal	Wireless	Communica=ons	

Ø Outdoor	Free-Space	Op=cal	Communica=ons	
–  Fundamentals	&		Adverse	Channel	Effects	

Ø  Indoor	Visible-Light	Communica=ons	
–  Poten%als	&	Limita%ons	

Ø Underwater	Wireless	Op=cal	Communica=ons	
–  Advantages	&	Challenges	

  Outline 



   Optical Wireless Communications: Attempt to Address RF Spectrum Congestion  UiO,	Feb.	15,	2017	 3	

Ø  Ins0tut	Fresnel,	Brief	Introduc%on	

Ø Need	to	New	Spectral	Resources	

Ø Op=cal	Wireless	Communica=ons	

Ø Outdoor	Free-Space	Op=cal	Communica=ons	
–  Fundamentals	&	Adverse	Channel	Effects	

Ø  Indoor	Visible-Light	Communica=ons	
–  Poten%als	&	Limita%ons	

Ø Underwater	Wireless	Op=cal	Communica=ons	
–  Advantages	&	Challenges	

  Outline 



   Optical Wireless Communications: Attempt to Address RF Spectrum Congestion  UiO,	Feb.	15,	2017	 4	

Ø Workforce	
–  86	permanent	staff		

•  Aix-Marseille	University	
•  CNRS:	French	Center	of	Scien%fic	Research	
•  Ecole	Centrale	Marseille		

–  89	non-permanent	staff	including	53	PhD	students	

Ø Research	fields	
–  Informa%on	Processing	and	Random	Waves	

•  Telecommunica%ons	and	Array	Processing	
•  Teledetec%on	
•  Mul%dimensional	Image	and	Signal	Processing	
•  Op%cal	polariza%on	and	coherence	

–  Electromagne%sm	and	Metamaterials	
–  Advanced	Imaging	for	Living	
–  Nano-photonics	and	Op%cal	Components	

  Institut Fresnel… 
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Ø 	High-Data-Rate	Informa%on	Transmission	

–  Ever-increasing	demand	for	high	data	rate	transmission	
•  HDTV,	video	calls,	cloud-compu%ng…	
•  Mobile	broadband	and	mobile	Internet	

–  Prolifera%on	of	wireless	communica%on	systems	
•  Wireless	devices	and	technologies:	pervasive		
•  Among	the	most	integral	elements	of	modern	society		

•  >	10	billion	IP	mobile	connected	devices	by	2020	
	

		General	Context 
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Ø  	Increase	the	spectral	efficiency	of	RF	wireless	systems			
– MIMO	
–  Coopera%ve	communica%on	
–  UWB	
–  Cogni%ve	radio	
–  …	

Ø Use	the	upper	parts	of	the	EM	spectrum	

– Millimeter	waves	

–  THz	frequencies	

–  Op%cal	wireless	communica%on	
	

		Possible	Solu%ons 
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Ø  Main	advantage:		

–  Very	large	unlicensed	op%cal	bandwidth	

•  Data	rate	can	exceed	Gbps	

	

		Op%cal	Wireless	Communica%ons	(OWC) 
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Ø  Transmitter 

 
 
 
–  Optical source:  LED  or laser diode 

–  Intensity Modulation & Direct Detection (IM/DD) 

 
 

Ø  Receiver	
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source sizes, the effect of turbulence increases by increasing the
number of Gaussian beams used for flattening out the overall
beam profile [131].

D. Background Radiation

Last but not least, background radiation, also called back-
ground noise or ambient noise, can degrade the performance of
FSO links. In fact, in addition to the useful signal, the receiver
lens also collects some undesirable background radiations that
may consist of direct sunlight, reflected sunlight, or scattered
sunlight from hydrometeor or other objects [48], [132]–[135].
Their effect can be reduced by means of narrow spectral band-
pass and spatial filtering, prior to photo-detection. Nevertheless,
a non-negligible background noise may fall within the spatial
and frequency ranges of the detector that can limit the system
performance by causing a variable offset in the converted elec-
trical signal [133]. This, in turn, results in a reduced signal-to-
noise ratio (SNR) [136] and effective receiver sensitivity [134].
In some circumstances, background radiation can even cause
link outages because of the saturation of the receiver [133].

In the (theoretical) case of a diffraction-limited receiver, the
received background noise level is independent of the receiver
aperture size [132], [137]. In practice, an FSO receiver uses
a lens and a photo-detector of a given size and, hence, has
a FOV much larger than the diffraction limit. In fixed FOV
receivers, the background noise power is proportional to the
receiver pupil area [132]. Experimental measurements indicate
that while the received optical signal power is typically about
tens to hundreds of µW, the background radiation power is in
the range of several µW for scattered sunlight by clouds or fog,
about hundreds of µW for reflected sunlight, and up to about
10 mW for direct sunlight [135]. This latter case can statisti-
cally occur less than 1 hour per year, however.

Background noise can be statistically modeled by a Poisson
random process [133], [138]. When the background radiation
level is relatively high, the average number of the corresponding
received photons is large enough to allow the approximation
of the Poisson distribution by a Gaussian distribution [138].
Since the mean value of the background noise is rejected by
the ac-coupled receiver circuitry, the noise has zero mean.
Furthermore, the contributions from the interaction of the signal
with background radiations due to the non-linear characteristic
of the photo-detector [132] can practically be neglected [139],
and a signal-independent Gaussian model can be used.

III. FSO TRANSCEIVER

In an FSO communication system, a source produces infor-
mation waveforms which are then modulated onto an optical
carrier. The generated optical field is radiated through the
atmosphere towards a remote destination. At the receiver, the
field is optically collected and a photo-detector transforms
the optical field to an electrical current. The receiver processes
the detected electrical current to recover the original transmitted
information.

Current FSO systems typically operate in the near-IR wave-
lengths, i.e., from 750 to 1600 nm. Although the (clear) at-
mosphere is considered as highly transparent in the near-IR

Fig. 3. The general block diagram of the transmitter.

wavelength range, certain wavelengths can experience severe
absorption due to the presence of different molecules in the
atmosphere [48]. For some special wavelength windows, lo-
cated around four specific wavelengths of 850, 1060, 1250, and
1550 nm, an attenuation of less than 0.2 dB/km is experienced
[140]. Interestingly, the 850 and 1550 nm windows coincide
with the standard transmission windows of fiber communi-
cation systems. That is why most of commercially available
FSO systems operate at these two windows so as to use
the corresponding available off-the-shelf components. Other
wavelengths such as 10 µm [48], [141] and UV wavelengths
[142] have been recently considered for FSO systems. The
10 µm wavelength is known to have better fog transmission
characteristics [48]. UV transmissions, on the other hand, are
more robust against pointing errors and beam blockage and
have a lower sensitivity to solar and other background inter-
ferences [142].

A. Transmitter

As illustrated in Fig. 3, the transmitter consists of an optical
source, a modulator, an optical amplifier (if required), and beam
forming optics. Channel coding can be optionally used before
modulation (see Section VI). Data bits from the information
source are first encoded, then modulated. The modulated laser
beam is then passed through the optical amplifier to boost the
optical intensity. The light beam is collected and refocused by
means of beam forming optics before being transmitted.

The typical optical source in FSO systems is a semiconductor
laser diode (LD) [34], although some manufacturers use high
power LEDs with beam collimators [143]. The optical source
should deliver a relatively high optical power over a wide
temperature range. Moreover, it should have a long mean time
between failures (MTBF) and the corresponding components
should be small in footprint and have low power consump-
tion [48], [140]. Consequently, vertical-cavity surface-emitting
lasers (VCSEL) are mostly used for operation around 850 nm,
and Fabry-Perot (FP) and distributed feedback (DFB) lasers are
mostly used for operation at 1550 nm.

An important factor for laser transmitters is the safety issues.
The primary safety concern is the potential exposure of the eye
to the laser beam. Several standards have been developed to
limit the transmitted optical power, which rely on parameters
such as the laser wavelength and the average and peak trans-
mission power [144]. In fact, only certain wavelengths in the
near-IR wavelength range can penetrate the eye with enough
intensity to damage the retina. Other wavelengths tend to be ab-
sorbed by the front part of the eye before the energy is focused
on the retina. In fact, the absorption coefficient at the front part
of the eye is much higher for longer wavelengths (> 1400 nm)
[48], [144]. For this reason, the allowable transmission power
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Fig. 4. Coherent FSO receiver block diagram.

Fig. 5. IM/DD FSO receiver block diagram.

for lasers operating at 1550 nm is higher [145], and hence, they
are considered for longer distance transmissions.

B. Receiver

FSO systems can be broadly categorized into two classes
based on the detection type: non-coherent and coherent. In
coherent systems (Fig. 4), amplitude, frequency, or phase mod-
ulation can be used. At the receiver side, the received field is
optically mixed before photo-detection with a locally generated
optical field.

In non-coherent systems (Fig. 5), the intensity of the emitted
light is employed to convey the information. At the receiver
side, the photo-detector directly detects changes in the light
intensity3 without the need for a local oscillator. These sys-
tems are also known as intensity-modulation direct-detection
(IM/DD) systems. Although coherent systems offer superior
performance in terms of background noise rejection, mitigat-
ing turbulence-induced fading, and higher receiver sensitivity
[44], [148]–[150], IM/DD systems are commonly used in the
terrestrial FSO links due to their simplicity and low cost. In the
following, we will focus on IM/DD systems while a discussion
on advances in coherent FSO systems is provided in Section XI.

The receiver front-end in an IM/DD FSO systems consists
of optical filters and a lens which has the role of collecting
and focusing the received beam onto the photodiode (PD). The
PD output current is next converted to a voltage by means of
a trans-impedance circuit, usually a low-noise Op-Amp with a
load resistor. This latter is determined based on the transmission
rate, the dynamic range of the converted electrical signal, the
generated receiver thermal noise, and impedance matching with

3The number of absorbed photons by the photo-detector and the generated
electrons after photo-detection are random in nature [132]. Classically, the
photon-counting model has been used for the received signal in OWC systems,
where the received signal was modeled by a Poisson random process [104],
[111], [112], [132], [146], [147]. However, this signal model is mostly useful in
deep space applications where usually a photon-counting receiver is employed
due to too small number of received photons [14]. In the context of terrestrial
FSO systems used over ranges up to several kilometers, however, the received
photon flux is usually important enough to allow working with the beam inten-
sity directly. Even, photon counting is not feasible in practice. Nevertheless, the
received signal intensity is proportional to the number of received photons.

the other receiver parts. It is typically about several hundreds of
kΩ in deep-space applications [151] down to about 50–100 Ω
in high-rate terrestrial FSO links [152]. The output of the trans-
impedance circuit is then low-pass filtered in order to limit the
thermal and background noise levels.

Concerning the PD, solid-state devices are mostly used in
commercial FSO systems since they have a good quantum
efficiency for the commonly used wavelengths [132], [153].
The junction material can be of Si, InGaAs, or Ge, which are
primarily sensitive to the commonly used wavelengths and have
an extremely short transit time, which leads to high bandwidth
and fast-response detectors [132]. Si PDs have a maximum
sensitivity around 850 nm, whereas InGaAs PDs are suitable
for operation at longer wavelengths around 1550 nm. Ge PDs
are rarely used, however, because of their relatively high level
of dark current [48].

The solid state PD can be a P-i-N (PIN) diode or an avalanche
photodiode (APD). PIN diodes are usually used for FSO sys-
tems working at ranges up to a few kilometers [154]. The
main drawback of PIN PDs is that the receiver performance
becomes very limited by the thermal noise. For long distance
links, APDs are mostly used which provide a current gain
thanks to the process of impact ionization. The drawback of
APDs, in turn, is the excess noise at their output, which models
the random phenomenon behind the generation of secondary
photo-electrons. Due to this reason, the APD gain is usually
optimized with respect to the received signal power in order
to maximize the received SNR [155]. The advantage of APD
comes at the expense of increased implementation complex-
ity. In particular, we need a relatively high voltage for APD
reverse biasing that necessitates the use of special electronic
circuits. This also results in an increase in the receiver power
consumption.

The use of optical pre-amplifiers has also been proposed
in long range FSO links to improve their performance [156],
[157]. In the 1550 nm wavelength, an Erbium-doped fiber
amplifier (EDFA) is a good choice. Semiconductor optical am-
plifiers (SOAs) can also be used in a variety of wavelengths (in-
cluding 1550 nm). However, apart from the problems associated
with coupling to the receiver optics, especially when using a
multimodal fiber, the optical amplifier introduces an amplified

		OWC,	Principles 
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Ø  Power	distribu%on	grid:	
–  Security	
–  Reliability		
–  Cost	efficiency		
–  Sustainability	
		

Ø  Required	communica%ons	infrastructure:	
–  Fast	(low	latency,	high	throughput)		
–  Reliable	
–  Secure	

 
 

		Applica%on	for	Smart	Grids 
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Ø  Communica%on	network	solu%ons	
–  Along	the	en%re	grid	down	to	consumer	access	level	
–  PON	(fiber	op%c)	
–  Power-line		

•  NPLC,	BPLC	
–  Wireless		

•  Cellular	(2G,	3G,	4G)	
•  WiMAX	
•  Op%cal	wireless	communica%ons	(FSO,	VLC)	

	

Ø  Use	right	mix	of	communica%ons	technologies	
–  Wide	variety	of	local	environment		

•  U%li%es’	needs	&	availability	of	necessary	infrastructure	and	resources		
•  Availability	fiber-op%c	cables	
•  Frequency	spectrum	for	wireless	technologies	

•  Quality	and	length	of	the	power	cables	for	BPLC 

 
 

	Smart	Grids… 



   Optical Wireless Communications: Attempt to Address RF Spectrum Congestion  UiO,	Feb.	15,	2017	 13	

Ø  Wireless	solu%ons	
–  Flexibility,	independence	from	the	main	grid	(in	the	case	of	network	failure)		

§  RF	solu%ons	limita%ons:	
–  Strongly	depend	on	the	availability	of	spectral	resources		
–  Needs	efficient	data	encryp%on	for	cyber-security	reasons	

§  Interest	of	OWC	solu%ons	
–  High	data	rate	
–  Inherent	security		
–  Energy	efficient	

–  FSO	for	connec%ng	power	plants,	transformer	sta%ons,	ring	main	units	(RMU)	
–  VLC	for	smart	homes	(consumers	and	prosumers)	

–  Limita%ons	(FSO):	dependence	on	weather	condi%ons		
 

	Smart	Grids… 
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Ø Outdoor	Free-Space	Op=cal	Communica=ons	
–  Fundamentals	&	Adverse	Channel	Effects	
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Ø Underwater	Wireless	Op=cal	Communica=ons	
–  Advantages	&	Challenges	
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Ø  Highly	directed	propaga%on	with	narrow	beam-widths		

§  High	transmission	security		
§  Interference	immunity	
§  Efficient	use	of	energy	

Ø  Unlicensed,	easy	to	install,	requires	li5le	maintenance,...		
	

		FSO,	Pros 
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Ø  Meteorological phenomena 

–  Rain: low attenuation < 9dB/Km 

–  Snow: moderate attenuation < 12dB/Km 

–  Tick fog: high attenuation; up to 200dB/Km 

		FSO,	Atmospheric	Loss… 
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§  Clear	sky	condi%ons	&	perfect	alignment	bw	Tx	and	Rx	

Ø 	Temperature	varia%ons	among	air	pockets	;	wind	
§  Varia%ons	of	the	air	refrac%on	index		

§  Random	fluctua%ons	of	phase	and	amplitude	of	the	received	signal		
§  Intensity	fluctua%ons:	Channel	Fading	

	
	

		FSO,	Atmospheric	Turbulence 
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6/116/722 23.1 LkCnR =σØ   Rytov variance:  

L.C. Andrews and R.L. Phillips, Laser beam propagation through random media, SPIE Press,, 2nd ed., 2005 

–  Weak turbulence regime: σR
2 <<1 ;  σI

2 ≈ σR
2 

 

–  Moderate turbulence regime: σR
2 ~1 

  
–  Strong turbulence regime: σR

2 >>1 
 
 

		FSO,	Atmospheric	Turbulence	Characteriza%on 

	

§  Frequency	non-selec%ve	(flat)	channel	
§  Quasi-sta%c	channel	

•  Channel	coherence	%me:	~10ms	



   Optical Wireless Communications: Attempt to Address RF Spectrum Congestion  UiO,	Feb.	15,	2017	 19	

•  Weak to moderate turbulence regimes 

n  Wave-optics simulations 

Source plane Observation plane 

Receiver(Rx) 

Laser beam 

Transmitter(Tx) 

Intensity fluctuation 

Atmospheric channel 

Receiver aperture 

		FSO,	Turbulence	Mi%ga%on	by	Aperture	Averaging 
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Ø Space diversity: 
–  Moderate to strong turbulence regimes (large link distances) 

–  Multiple beam (MISO) 

–  Multiple aperture (SIMO) 

–  Multiple beam, multiple aperture (MIMO) 

		FSO,	Turbulence	Mi%ga%on	by	Space	Diversity 
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		FSO,	Space	Diversity… 
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Ø  Significant fading reduction 

Ø  Signal transmission schemes 
–  Space-time (ST) coding 

–  Trade-off between multiplexing and diversity gains 

–  < Gbps: Repetition coding seems to be optimal !  

	MIMO	FSO 
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Ø  Coopera%ve	networks	
§  Long-haul	links		

•  Strong	turbulence	regime		

•  Significant	path	loss	
•  Obstruc%ons	

	Relay-Assisted	FSO	Networks 
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Ø Mul%-hop	(serial)	relays	
•  Fading	variance	depends	on	the	link	distance	

§  Relaying	protocols:	
•  Amplify-and-Forward,	Decode-and-Forward,	Detect-and-Forward	

	
	

	Relay-Assisted	FSO	Networks… 
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	Relay-Assisted	FSO	Networks… 

Triple-hop	FSO:	
10	Gbps	data	rate	with	simple	OOK	

§  All-op%cal	relaying:	
•  Using	erbium-doped	fiber	amplifier	(EDFA)	
•  Faster,	less	expensive	
•  Amplified	spontaneous	emission	(ASE)	noise		
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Ø  Limita%ons	of	FSO	links:	
•  Strong	a5enua%on	in	dense	fog	and	heavy	snowfalls		
•  Misalignment	and	poin%ng	errors		
•  Severe	turbulence	over	long	distances	

Ø  RF	link	in	parallel	with	FSO	
§  Serve	as	back-up	in	the	case	of	FSO	link	outage	
§  Millimeter	waves	(MMW)	around	60	GHz	

•  Less	subject	to	atmospheric	turbulence	and	poin%ng	errors	

§  Current	systems:	Hard-switching	

§  Fog	and	rain	rarely	occur	simultaneously	

	Hybrid	RF/FSO	Links 
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Ø More	efficient	use	of	RF	and	FSO	links	
§  Monitoring	constantly	the	two	channels	
§  Switched	transmission	progressively	from	one	link	to	another	
§  Sop	switching	

Ø  Joint	data	encoding	and	decoding	over	RF	and	FSO	links	
§  Exploi%ng	fully	the	available	link	diversity	
§  Rate-compa%ble	coding		

	Hybrid	RF/FSO	Links… 
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Ø  Ins0tut	Fresnel,	Brief	Introduc%on	

Ø Need	to	New	Spectral	Resources	

Ø Op=cal	Wireless	Communica=ons	

Ø Outdoor	Free-Space	Op=cal	Communica=ons	
–  Fundamentals	&	Adverse	Channel	Effects	

Ø  Indoor	Visible-Light	Communica=ons	
–  Poten%als	&	Limita%ons	

Ø Underwater	Wireless	Op=cal	Communica=ons	
–  Advantages	&	Challenges	

  Outline 
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Ø  Arguments	
–  Unregulated	frequency	band	
–  EMI	/	health	concerns	
–  Green	

Ø  Indoor	VLC	
–  High-rate	data	transmission		

•  Internet	access,	informa%on	broadcast,	etc.	
•  Li-Fi	

–  Low	data	rate	
•  Indoor	localiza%on	

	

		Visible-Light	Communica%ons	
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–  If	no	BW	limita%on	by	LED:	

•  Prac%cally	flat	channel	if	LOS	exist	

•  Blocked	LOS:	diffuse	channel:	highly	frequency	selec%ve	

		Indoor	VLC	Channel	
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•  Blue	chip	+	yellowish	Phosphor														

-  Popular	for	today	general	ligh%ng	industry	
-  Standardised	for	illumina%on	and	communica%ons	
-  Limited	modula%on	bandwidth	

		VLC,	LED	Technologies	
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Ø More spectrally efficient signaling schemes 

–  DMT	(optical OFDM) 

•  Efficient solution for BW-limited LEDs 

•  Robust against channel dispersion 

•  Non-optimal in terms of energy and spectral efficiency 

•  High peak-to-average power ratio (PAPR) 

		VLC,	Signaling	schemes	
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		VLC,	Signaling	schemes…	

Ø  DC-biased	Op%cal	(DCO)	–	OFDM	
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Ø  Highly	non-coherent	LED	source	
–  IM	is	used	
–  signal	has	to	be	real	and	posi%ve	before	modula%ng	the	LED	intensity	

Ø  Condi%on	of	real	%me-domain	OFDM	signal:		
–  Imposing	Hermi%an	symmetry	on	the	modulated	subcarriers	

Op%cal	OFDM…	

Aper	IFFT:		



   Optical Wireless Communications: Attempt to Address RF Spectrum Congestion  UiO,	Feb.	15,	2017	 35	

Ø  Condi%on	of	posi%ve	%me-domain	OFDM	signal:		

–  Simplest	solu%on:	add	a	DC	(DCO-OFDM)	

•  Remaining	nega%ve	parts:	set	to	zero:	Clipping	

•  Clipping	noise	

Op%cal	OFDM…	
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Ø Main	concern:	high	PAPR	
–  Clipping	noise,	non-linear	LED	characteris%cs	

	
Ø  Possible	alterna%ves:	PAM	or	CAP	

–  Frequency-domain	equaliza%on	(FDE)	

	VLC,	Alterna%ve	to	OFDM	
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Ø  Advantages:	High	spectral	efficiency,	low	PAPR	
–  Need	to	equaliza%on:	FDE:	low-complexity	

	
	

	

	PAM-FDE	
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MIMO		VLC	

•  Channel	bandwidth	is	posi%on	dependent	
•  Depends	on	LED	configura%on	geometry	and	Rx	posi%on	
•  Channel	matrix	can	be	ill-condi%oned,	and	in	the	worst	case,	rank-deficient.		
•  Ill-condi%oned	H	results	in	a	significant	noise	amplifica%on	=	high	BER.		
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•  Mobility	

•  Light	Dimming	

•  Uplink	

		VLC,	Key	Challenges	
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§  Organic	devices	(OLED,	OPD)	
•  Mostly	for	D2D	applica%ons	

		Organic	VLC	Applica%ons	

•  Challenge:	Low	modula%on	BW	of	organic	devices:	~	KHz	
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–  Key	points:	Mobility/Ubiquity,	Ultra-high	spectral	efficiency,	Low	energy	
consump%on,	Security.	

•  Internet	of	Things	(IoT)	
–  VLC	integra=ng	5G	networks!	

VLC	in	5G 
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		VLC	for	Indoor	Posi%oning	

§  Transmi5er:	LED	Ceiling	Lights	

§  Receiver:	Camera,	Photo-detector	

§  Map:	Preloaded	or	downloaded	over	a	wireless	network 
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Ø  Ins0tut	Fresnel,	Brief	Introduc%on	

Ø Need	to	New	Spectral	Resources	

Ø Op=cal	Wireless	Communica=ons	

Ø Outdoor	Free-Space	Op=cal	Communica=ons	
–  Fundamentals	&	Adverse	Channel	Effects	

Ø  Indoor	Visible-Light	Communica=ons	
–  Poten%als	&	Limita%ons	

Ø Underwater	Wireless	Op=cal	Communica=ons	
–  Advantages	&	Challenges	

  Outline 
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Ø  Data-rate	greedy	underwater	applica%ons	
–  Sea	explora%on	and	monitoring	(oil,	gas,	mining…),	port	security	
–  Real-%me	control	of	underwater	robo%cs	(AUVs)		
–  Communica%on	between	submarines	/	submarine-AUV	
–  Data	harves%ng	from	underwater	wireless	networks	

UWOC,	applica%ons 
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Ø   Acoustic waves  

J Low attenuation → large link distances: several Km 

L  Low propagation speed & large latencies → low data rate 
L  Subject to multipath dispersion and signal fading 

 

Underwater	Communica%on	Technologies 
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Ø    Optical waves 
J  High propagation speed → high data-rate 

J  Low energy consumption 

 

L  Strong intensity attenuation due to absorption and scattering  

o  Relatively short link distances 

o  450-550 nm: minimum absorption 

L  Requirement of LOS 
 

Underwater	Op%cal	Wireless	Communica%ons	(UWOC) 
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UWOC,	SiPM 
–  PIN: no gain 

–  APD: ~100 

–  PMT: ~106 - 107 

Ø  SiPM (Si	photo-mul%plier) 
–  Dense	array	of	small,	electrically-	and	op%cally-isolated	SPADs:	100-1000/mm2	

–  Output:	propor%onal	to	photon	count	value	
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Ø  Channel	characteriza%on	
o  Turbulence	modeling	

Ø  Efficient	transmission	schemes	
o  Powerful	channel	codes	

	
Ø  Smart	Tx	and	Rx	

o  Self-adap%ng	to	opera%onal	situa%ons		
	

		UWOC,	Open	Research	Direc%ons	



   Optical Wireless Communications: Attempt to Address RF Spectrum Congestion  UiO,	Feb.	15,	2017	 49	

	
Thank	you	for	your	aQen=on!	

	
Any	ques=on?	


