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As the proliferation of wireless communication devices advances, there is an ever-

increasing demand for a faster, more liable and environmentally friendly way to be 

connected. Coincidentally, highly efficient semiconductor lighting devices, such as light 

emitting diodes (LEDs), have also dominated most of the modern illumination application, 

and ultraviolet (UV) has attracted much attention as an alternative non-line-of-sight 

(NLOS) communication medium. This thesis is devoted to the performance analysis of 

visible and ultraviolet light communication. 

About line-of-sight (LOS) communication link, the author described an overview 

of state-of-the-art visible light communication (VLC) technology. The author also 

conducted the performance analysis for a precoding design for a red, green and blue (RGB) 

LEDs under indoor communication link geometry and a beehive structure receiver which 

enables massive multiple-input-multiple-out (MIMO) via its spatial diversity. Moreover, a 



 vii 

vehicular VLC’s communication channel analysis under exhaust fume effect is also 

characterized. 

The thesis also provided the most comprehensive long-distance overland NLOS 

UV channel analysis and overwater UV NLOS channel field measurement. The result 

suggested the need for a modified multiple scattering Monte Carlo NLOS UV channel 

modeling based on empirical data. In overwater NLOS UV scattering environment, the 

author examined the unique communication link configurations via numerous simulations 

from previous reported multiple scattering Monte Carlo (MC) channel model augmented 

with relevant overwater parameters. Comprehensive channel measurement data has been 

collected and analyzed with the simulated result from a few hundred meters up to 2.9 km. 

With the increased communication distance, reduced communication channel performance 

occurs from energy fluctuation and excess path loss caused by turbulence effect. Thus the 

turbulence strength tradeoff between separation distance and common volume size is 

investigated.  

The author adopted both numerical method and MC simulation to demonstrate the 

performance of both visible and ultraviolet light communications with varies precoding, 

modulation scheme, channel conditions, and link geometries. These simulated and 

experimental results can provide insight into the link budget and system design for practical 

LOS VLC and NLOS UV communication systems. 
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Chapter 1 
 
 

1 Introduction 

1.1 Background of Optical Wireless Communications 

 
As one of the fastest growing industries, wireless communication revolutionized our society. 

Millions of related technologies such as satellites, broadcast stations, and cellular bases serve our 

ubiquitous mobile devices. As the development of our wireless communication rapidly unfolds, the 

need for higher data rate and multiple user access increases even faster. As of today, radio frequency 

is still the primary communication medium for our wireless communication technologies. 

However, because of the limited bandwidth and increased transmission rate demand from big data 

and cloud computing, radio spectrum is becoming more scares than ever before. 

Recently, unlicensed optical wireless communication (OWC) has been considered as an 

alternative to the existing radio frequency (RF) communications. Optical wireless communications 

can be, for instance, infrared (IR) communications, visible light (VL) communications and 

ultraviolet (UV) communications. The whole optical spectrum can be divided into three parts as 

shown in Figure 1.1. The ultraviolet cover s wavelength range from 100nm to 400nm; 
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Figure 1.1: Optical Spectrum 

Visible light is located from the wavelength at 400nm to 780nm; infrared ranges from the 

wavelength at 780nm up to 300µm. Technologies by Infrared Data Association (IrDA), spread 

widely in applications on notebooks or cell phones. Visible light communication (VLC) promises 

numerous applications as well. For instance, room lights broadcast alarms, smart-home control 

messages, or even indoor positioning; billboards transmit advertisements or traffic information; 

vehicle’s head-lights calibrate the distance from its front car. In one sentence, “you are connected 

with what you have seen” to exchange/receive messages. Ultraviolet is another attractive spectrum 

candidate for both military and commercial applications. The unique interaction of UV signals with 

the atmosphere makes UV communication a covert and low probability of interception technology. 

An optical wireless communication system is composed of a transmitter and a receiver which 

are physically different and functionally separated. The transmitter modulates information and 

transfers electronic signal to optical signal with a lighting source, such as a light emitting diode 

(LED). LEDs can be modulated at a relatively high rate, and thus can serve as a data transmission 

source. A receiver is a kind of photodiodes. A widely adopted modulation/detection scheme in 

optical wireless communication is intensity modulation and direct detection (IM/DD). On-off 

keying (OOK) and pulse- position modulation (PPM) are two typical intensity-based modulation 

schemes. For example, OOK uses two quantization levels (0 and 1) to represent bit 0 and bit 1, and 
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PPM distributes different pulse positions in a symbol period to represent different signals. The 

output of a photodetector is proportional to the power of the received optical signal. 

This so-called direct detection cannot capture the phase information of the signal.  

A VLC system consists of LED arrays (we also refer to these as simply LEDs for brevity) 

for transmission and photodiodes for detection. It has the following six advantages compared to RF 

communications: (a) VLC inherently provides increased security against eavesdroppers since it 

typically requires line-of-sight (LOS) transmissions and cannot penetrate walls; (b) it is harmless 

to humans since it operates in the visible light spectrum with much higher tolerable exposure limits; 

(c) VLC already enjoys ubiquitous infrastructure support. In many cases one can utilize existing 

lighting infrastructure to build a VLC network; (d) it is cost-efficient because its components (LEDs 

and photodiodes) can be massively produced and are potentially inexpensive they can utilize the 

lighting infrastructure for priority “free” communications; (e) VLC is power-efficient due to 

sharing of LEDs lighting power; (f) finally, the visible light spectrum is vast and can potentially 

support very high data rates. Also, compared to traditional light sources, white LEDs have the 

advantages of long life expectancy, high lighting efficiency, no out-of-visible-band radiation 

(unlike incandescent lamps which emit infrared light and fluorescent lamps which emit ultraviolet 

signals), easy maintenance, and environmental friendliness [1]. Figure 1.2 shows three types of 

communication configuration links for VLC which are directed line-of-sight, non-directed LOS 

and non-directed NLOS or diffuse configuration. 
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Figure 1.2: Types of communication links: a) Directed line-of-sight (LOS), b) Non- directed LOS and c) 

non-directed NLOS (diffuse) [2] 

Given the proliferation of wireless deployments in the industrial, scientific and medical 

(ISM) bands, the use of LED-based UV communication can be attractive for achieving low cost 

and high data rate operations. Meanwhile, UV communications typically do not experience 

interference from commonly used RF systems and equipment. While intense solar energy 

introduces significant noise to infrared and visible light optical signals, UV-C (the deep UV band 

operating with wavelength 200-280nm, as shown in Figure 1.2 waves are immune to solar exposure 

[3]; this solar blind band makes corresponding UV systems the most attractive from among other 

bands. Regarding eye and skin safety, UV applications must obey the exposure limits imposed by 

the International Commission on Non-Ionizing Radiation Protection (ICNIRP) [4] and the 

International Electrotechnical Commission (IEC). In the deep UV range of the spectrum, the 

maximum allowable continuous exposure within a one-second time duration occurs at 270 nm at a 

level as low as 3 𝑚𝐽/𝑐𝑚2 , increasing to 100 𝑚𝐽/𝑐𝑚2 at 200 nm and 3.4 𝑚𝐽/𝑐𝑚2 at 280 nm. For 

a wavelength of 270 nm and transmitting power of 0.5 mw, it is safe beyond 5cm from an LED. 

Another desirable characteristic of UV communications is effective communications via non-line 

of sight (NLOS) links. When UV waves propagate, there are diverse paths from a transmitter to a 

receiver because of atmospheric scattering[3],[5],[6]. As long as a certain number of photons sent 

by a transmitter arrive at a receiver (possibly via NLOS paths), a communication link can be 
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established. A wireless channel established as an NLOS link relies on atmospheric scattering 

radiation. Therefore, the channel attenuation is severe, and the data rate and communication range 

are limited. Reduction in visible range due to increased aerosol number concentration results in an 

increase in the number of scattering in the overlap volume of the transmitter beam cone and receiver 

field-of-view (FOV) cone. Thus, decreased visible range may result in enhanced UV NLOS 

communications; this is the opposite of what happens to conventional optical channels. Even in 

LOS conditions, low background solar radiation and low device dark noise in the UV-C band offer 

significant advantages. All of the above factors make UV-C attractive for both rural/open and 

metropolitan/urban outdoor environments. Furthermore, UV-C signals are inherently jamming-

resistant and not easy to intercept (low probability of interception) at long distances, due to their 

unique power decay profile. This makes UV-C especially suitable for tactical applications. 

Mercury lamp, solid state laser, laser diode, and light emitting diode (LED) are typical types 

of UV sources. Most early prototypes employed mercury lamp as the source which has moderately 

high optical power, but it is fragile, sensitive to temperature variation, has high power consumption, 

low modulation rate and short lifetimes [7]. UV solid-state laser can provide high peak optical 

power, narrow spectral width, and a narrow beam. However, it is relatively expensive, power 

hungry, bulky, and requires the optical lens to diverge beam if wide beam angle is needed. UV laser 

diode is a small semiconductor device and has a high modulation rate. However, it remains in the 

research stage, and no commercial products are available. For different lasers, safety regulation is 

more restrictive due to their narrow beam and high peak power. The power, however, can be 

increased using an arrayed packaging of multiple LED chips, bringing up to 100mW even though 

each LED can only provide up to 0.5mW optical power. Optical Source and Detector for VLC 

For VLC technologies, the cost of optical transmitting and receiving devices have been 

significantly reduced, providing opportunities for optical wireless communication to be used in 
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daily lives. Commercial-off-the-shelf (COTS) optical transmitters such as light emitting diodes and 

laser diodes and receivers such as photodiodes, avalanche photodiodes, photomultiplier tubes, and 

image sensors), have become economically available. Among those semiconductor devices, one 

crucial category is LED, especially high power lighting LEDs. It is expected that LED will replace 

the existing incandescent and fluorescent lamps to be the fourth generation light source shortly [11], 

as shown in Figure 1.2. Compared with traditional light sources, LEDs have the advantages of 

longer life expectancy, high lighting efficacy, no out-of-visible band optical spectrum (unlike 

incandescent lamps with substantial infrared spectrum light and fluorescent lamps with additional 

ultraviolet spectrum), easy maintenance, and environmental friendliness. 

 

 

Figure 1.3: Comparison of the luminous efficacy on lighting technology from Edison’s light bulb to LED 

One unique characteristic of the LEDs that differentiates them from the traditional light 

sources is that it can be modulated at a relatively high rate, enabling data transmission by the LED 

transmitters. With the popularization of LED lighting fixtures to provide both indoor and outdoor 

illumination and traffic signaling, visible light communication (VLC) piggybacked on those 

systems can be realized to provide ubiquitous internet access for mobile users or communication 

among vehicles and roadside infrastructure. With the combination of the lighting or signaling and 
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the communication systems, the cost of setting up a VLC system can be reduced mainly because 

no other transmitting devices need to be installed. 

Besides the cost effectiveness, VLC has another advantage compared with the infrared 

communication. It is required that a certain limit for the transmission power of the infrared light 

sources is set in order to guarantee human skin safety for people residing in the infrared 

communication area. In comparison, no transmission power limit is set for the visible light LED 

sources because no potential hazard is introduced by the visible light to the human body. 

Meanwhile, because the VLC system is usually piggybacked on an illumination or signaling 

system, a minimum transmitted optical power is usually required to maintain a certain illumination 

level which could result in a high SNR at the receiver, an advantage that can be taken to boost the 

communication data rate and improve the communication system performance. 

1.1.1 UV Light Source and Detector for NLOS Communication 

To enable NLOS UV communication, a mercury lamp, solid state laser, laser diode, and light 

emitting diode (LED) are typical types of UV sources choices. Most early prototypes employed 

mercury lamp as the source which has moderately high optical power, but it is fragile, sensitive to 

temperature variation, has high power consumption, low modulation rate and short lifetimes [8]. 

UV solid-state laser can provide high peak optical power, narrow spectral width, and a narrow 

beam. However, it is relatively expensive, power hungry, bulky, and requires the optical lens to 

diverge beam if wide beam angle is needed. UV laser diode is a small semiconductor device and 

has a high modulation rate. However, it remains in the research stage, and no commercial products 

are available. For different lasers, safety regulation is more restrictive due to their narrow beam and 

high peak power. Thanks to DARPA SUVOS program initiated in 2002, a variety of UV LED 

sources are commercially available since then. They are of low power consumption and small size. 

The current commercial LED source supports up to 50 MHz modulation bandwidth. The drawback 
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of a LED is that its average transmission power and power efficiency are low. The power, however, 

can be increased using an arrayed packaging of multiple LED chips, bringing up to 100mW even 

though each LED can only provide up to 0.5mW optical power. Figure 1.4 shows various 

applications which can be enabled by the state-of-the-art UV light sources. 

 

Figure 1.4 NLOS UV applications for both commercial and military use overland and overwater 

Therefore, a UV laser or a LED array could be employed for long distance free-space UV 

communication, while LEDs are good transmitters for short-range NLOS communication with 

much-relaxed safety requirements. Most link measurements and demo systems including the one 

adopted in this research are based on deep UV LEDs. To date, two mainstream photodetectors are 

a photomultiplier tube (PMT) and avalanche photodiode (APD). The parameters that are important 

to the evaluation of the performance of photodetectors are detection area, responsivity, gain, 
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quantum efficiency, bandwidth dark current, and dark count.  PMTs have a large detection area (on 

the order of several 𝑐𝑚2) and high multiplication gains up to 107. The bandwidth is roughly 50 

MHz, corresponding to the response time of 20 ns. Dark current and dark count are also very low. 

APD is an alternative choice of the photodetector. The detection area and gain of APD are relatively 

small compared to those of PMT, but it has much the higher bandwidth and quantum efficiency 

and also single photon sensitivity [9]. PMT is relatively more mature than APD which is currently 

only available in specialized application test such that most current experiments and demo systems 

are based on PMTs. We believe more and more advanced APDs will become commercially 

available after the completion of DARPA’s Deep Ultraviolet Avalanche Photodetectors (DUVAP) 

program in the near future. 

1.2 Motivation 

The radio frequency spectrum becomes scarce as our mobile devices develop rapidly with 

the upcoming technologies such as big data and cloud computing. The need for an alternative 

communication method is at its peak. VLC can provide the much-needed broadband for higher data 

rate in indoor communication, and novel way for inter-vehicular communication. Yet, NLOS UV 

communication system can be used in both civilian and military applications as well as in maritime 

because of its robustness on the link configuration which no PAT is required compare to FSO and 

its covertness which no detectable RF radiation signature is available. Moreover, NLOS UV will 

solve obstacle and severe weather problems in FSO communication link. Moreover, it is essential 

for a communication system to have a clear understanding of this channel information which may 

include different communication geometries, distance, and turbulence. Therefore, channel 

characterization, modeling, and analysis are needed for any practical system design in both VLC 

and NLOS UV communication. 
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1.3 Contributions and Outline of the Thesis 

This thesis delivered the overview of current state-of-the-art VLC technology performance 

analysis as well as a precoder design, a massive MIMO system configuration, vehicular VLC’s 

communication channel analysis under exhaust fume effect and a beehive structure receiver which 

enables massive MIMO via its spatial diversity. Yet, the thesis also provided a most comprehensive 

long-distance overland NLOS UV channel analysis and overwater UV NLOS channel field 

measurement, suggested the need for a modified multiple scattering Monte Carlo NLOS UV 

channel modeling based on empirical data, and provide research direction on STS, STV, and VTV 

insight based on comparison with overland NLOS UV channel on long distance and higher 

incidence angle. 

Chapter 2 introduces the fundamental concepts of VL and NLOS UV communication and 

respective channel characterization. In the VLC section, the author introduced varies link 

configurations including VLC via an optical camera. In the NLOS UV section, an introduction of 

fundamental trade-off and modulation schemes is also given 

Chapter 3 described a performance analysis for indoor VLC. This section focus on high order 

modulation schemes from precoder design and optical MIMO to some of the practical applications 

such as positioning using VLC technologies which further develops previous chapter’s optical 

camera VLC link. The rolling shutter enabled multi-view geometry positioning method was 

illustrated. To realize a practical VLC system, a System-on-a-Chip design was discussed from the 

novel discrete transceiver design from UC-Light center. Another indoor VLC application was also 

introduced. 

Chapter 4 focus on vehicular VLC performance analysis. This chapter starts with the need 

for a supplement communication method for inter-vehicle communication. Then the effects of 

vehicle exhaust to VLC link was examined via simulation, measurement, and analysis. Also, a 
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novel design for receiver lens which maximizes the spatial diversity for the purpose of enabling 

massive MIMO over vehicular VLC link was introduced. 

Chapter 5 reports on a first-hand data collection experiment in which a variety of channel- 

communications. In particular, analyses of measurements of path loss, pulse broadening, and 

photon-count distributions were presented and compared with previously developed theoretical 

channel models. Predictions from a Monte Carlo propagation model are in reasonable agreement 

with several of the experimental measurements, providing validation of this modeling approach. 

However, the path loss measurements do exhibit mismatch with this channel model, which 

generally underpredicts the observed path loss. This mismatch might be attributable in part to 

tolerances in device specifications, but other possible sources of additional channel attenuation 

should be considered. For example, we presented path loss estimates incorporating turbulence-

induced attenuation (as predicted by previously developed turbulence modeling) that exhibit 

reduced error with respect to the path loss measurements. However, model predictions of other 

turbulence effects, such as a log-normal distribution of received photon counts, do not appear to be 

supported by the experimental data, suggesting the need for model refinement. Using the 

experimental path loss measurements, we also considered the BER performance of a representative 

long-distance NLOS UV communication system. 

Chapter 6 investigates overwater NLOS UV communication channel under three link 

configurations, for the first time by conducting a series of measurements in STS and preliminary 

field measurement in STV configuration. The received-photon counts reveal that for shorter 

distance and lower angle overwater NLOS UV communication can be treated as its overland 

counterpart. However, for longer distance near or over 1 km, the previously reported MSMC 

channel model shows a significant mismatch between the simulation result and field measurement 

which suggests a much more in-depth investigation on collecting more empirical data overwater. 
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For STV and VTV link configuration, the author provided insight for the practical issue for field 

measurement. Lastly, various research directions are described to enable a practical maritime 

NLOS UV communications system.  

Chapter 7 highlights the contents of the thesis and the conclusions. 

  



 13 

 

 

 

 

 

 

 

 

 

 

Chapter 2 
 

 

2 OWC Communication Systems 

Model and Measurements 

2.1 Visible Light Communication 

With the revolution on illumination technology, the widely used incandescent bulb and 

compact fluorescent light (CFL) are being quickly replaced by solid-state Light Emitting Diode 

(LED) devices. LED is a green lighting technology featuring high energy efficiency of 120 lumens 

per watt today and possibly 200 lumens per watt by 2020, compared clearly more favorable than 

incandescent bulbs (~15 lumens per watt) and CFLs (~73 lumens per watt) [10]. LED bulbs also 

have a much longer lifespan, at least 3 fold longer than traditional bulbs. LED’s other advantages 

include compact form factor, being “cold” and higher color rendering, making LEDs the clear 

choice as the next-generation illuminating devices.  

Solid-state LEDs can be switched ON/OFF at tens of MHz without flickering to human eyes, 

which is equivalent to modulation in communications. Therefore, LEDs can be used to realize 

visible light communications that make the dream to “communicate as you see” become a reality. 
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The revolutionary LED-based VLC communication technology has many advantages over 

traditional RF-based wireless technologies [11-14]: First, the unlicensed and unrestricted optical 

spectrum offers bandwidth up to 300THz, orders of magnitude wider than the RF spectrum, hence, 

making wireless streaming at multi-Gbps possible. Second, the radiation of visible light radiation 

is largely harmless and hence allows more emission power to boost data rates and distance. Third, 

unable to penetrate walls, VLC has high security by nature. Fourth, being interference-free, VLC 

technology can co-exist with and complement existing RF technology. Fifth, LEDs are much 

cheaper than multi-GHz RF devices. Importantly, VLC communications can take full use of the 

existing LED light infrastructure around the world to realize “free” wireless applications. In 

addition to VLC, LED enables visible light positioning, which addresses many limiting factors 

inherent to RF-based navigation technologies, such as the popular global positioning system (GPS). 

LED-based VLP technology opens a door for unlimited indoor and outdoor ranging and navigation 

applications, such as smart traffics and smart hospitals [10]. 

2.1.1 Introduction 

The interests in VLC technology have proliferated ever since researchers from Keio 

University published their result on a white LED in-home network access method.[15] The waves 

of VLC research led to the formation of Visible Light Communication Consortium (VLCC) in 

Japan in 2003 and spread globally [16-19]. Two standards, Visible Light Communication System 

Standard, and Visible Light ID System Standard was proposed by VLCC in 2007. In Europe, 

hOME Gigabit Access project (OMEGA), sponsored by European Union has shown VLC as an 

alternative way to support RF communication network in 2009. IEEE Standard 802.15.7 was 

established for VLC communications in 2011 , which standardizes VLC’s the link and physical 

layer design specifications [10]. 
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A VLC system has two main parts, a transmitter, and a receiver. Figure 2.1 illustrates a typical 

VLC system diagram. A simple transmitter consists of an LED luminaire, a driver circuit and a 

modulation circuit, which modulates the data onto the fast intensity switching light emitted from 

the LED. For the LED luminaire, there are two methods to produce white light; blue LED with 

phosphor or Red-Green-Blue (RGB) LEDs combination. The former method utilizes the blue light 

and the yellow phosphor combination to produce a white light, which is the most common method 

due to its simplicity and low cost. The latter method utilizes the mixing of red, green and blue lights 

to render a white, which is not as cost-effective. The driver and modulation circuit modulates the 

input electrical signal and converts it to the optical output signal. One of the communication design 

constraints is not to affect the primary function of the LED bulb as an illumination device, as such, 

the performance of VLC functions will be affected.  

 

Figure 2.1: A block diagram of a typical VLC system 

The receiver of a VLC system contains the optical receiver and a demodulation circuit. There 

are two types of optical receiver, photodetector (PD) and imaging sensor. PD devices are commonly 

used in VLC systems. The current generated depends on the received light intensity. Due to the 

lack of phase information in the received visible light signal, intensity modulation/direct detection 

(IMDD) scheme is typically used. The imaging sensor is also called a camera sensor. It is available 

in almost all of the mobile devices today, which has the potential to make the VLC implementation 
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as easy as just installing a VLC App without any optical receiver add-on provided the LED-based 

illumination infrastructure has already enabled VLC modulation [10]. 

2.1.2 Indoor VLC Channel Characterization 

The channel impulse response of a LOS link is a time-delayed delta function 

 ℎ(𝑡)  =  𝛿(𝑡 −  𝜏 ) (2.1) 

where τ = D/c, D is the distance between the transmitter and receiver and c is the speed of light. 

The LOS link, therefore, can be fully characterized by its path loss. We model a general LOS VLC 

scenario in Figure 2.2 and evaluate the corresponding path loss that will be used for the 

communication receiver performance study. Some parameters are defined as follows. The receiver 

distance to the source is D, and the receiver aperture radius is r. The angle from the source-receiver 

line and receiver normal is α and to the source beam axis is β (viewing angle). Ωr is the receiver 

solid angle seen by the transmitter and Ar is the receiver area. They satisfy the relation Ar 

cos(α)≈D2Ωr [1]. 

We assume the transmitter LED has the spatial luminous intensity distribution 𝐼0𝑔𝑠(𝜃), 

where 𝐼0 is the axial intensity with unit candela and 𝑔𝑠(𝜃) is the normalized spatial distribution 

function usually provided by an LED datasheet from a vendor. If we denote the total transmitted  

 

Figure 2.2: LOS link model 
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luminous flux of the transmitter LED as Fs; then we have the relations [20]: 

  𝐹𝑠 = ∫ 𝐼0𝑔𝑠(𝜃)𝑑Ω
Ω𝑚𝑎𝑥

0

= ∫ 2𝜋𝑔𝑠(𝜃)𝑠𝑖𝑛𝜃𝑑𝜃
𝜃𝑚𝑎𝑥

0
 (2.2) 

where Ω𝑚𝑎𝑥  is the LED beam solid angle, which is related to the LED beam maximum half 

angle 𝜃𝑚𝑎𝑥  as  Ω𝑚𝑎𝑥 = 2𝜋(1 − 𝑐𝑜𝑠𝜃𝑚𝑎𝑥). Denote the receiver ingested luminous flux as  𝐹𝑟 =

𝐼0𝑔𝑠(𝛽)Ω𝑟. Therefore, we can express the luminous path loss as follows [1]: 

  𝐿𝐿 =
𝐹𝑟
𝐹𝑠
=

𝐼0𝑔𝑠(𝛽)Ω𝑟

𝐼0 ∫ 2𝜋𝑔𝑠(𝜃)𝑠𝑖𝑛𝜃𝑑𝜃
𝜃𝑚𝑎𝑥
0

≈
𝑔𝑠(𝛽)𝐴𝑟𝑐𝑜𝑠𝛼

𝐷2 ∫ 2𝜋𝑔𝑠(𝜃)𝑠𝑖𝑛𝜃𝑑𝜃
𝜃𝑚𝑎𝑥
0

 (2.3) 

The above path loss is derived in the photometric domain. For short-range LOS free space 

propagation, power path loss is reasonably assumed independent of wavelength λ within the 

spectrum of interest. Thus it can be written as Lp = Sr(λ)/Ss(λ) according to Eq. (2.2). Then we can 

conclude from Eq. (2.1) that Lp = LL for fixed V (λ). 

Many commercial lighting LEDs without any beam shaping component can be treated as 

Lambertian sources with spatial distribution function gs(θ) = cos(θ), where m is the order of 

Lambertian emission and is related to the semi-angle at half illuminance of an LED Φ1/2  as m = 

−ln2/ln(cos Φ1/2) [21].  If we substitute gs(θ) with the Lambertian emission pattern into Eq. (2.5) 

and set θmax = π/2, we can obtain the LOS path loss for the Lambertian source [22]: 

  𝐿𝐿 ≈
(𝑚 + 1)𝐴𝑟
2𝜋𝐷2

𝑐𝑜𝑠𝛼 cos𝑚(𝛽) (2.4) 

In some lighting applications, a light source is required to have a directional emitted light 

with a narrow beam angle. Beam shaping lens may be mounted in front of the LED core to change 

the spatial distribution gs(θ) of the LED light. In those cases, the Lambertian emission pattern no 

longer holds, and one has to know the reshaped beam spatial distribution function gs(θ) in order to 

calculate the path loss based on Eq. (2.3). 
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The typical set of LED parameters that a vendor provides on the datasheets usually includes 

total transmitted luminous flux Fs or axial intensity I0, normalized spatial distribution function gs(θ), 

and normalized radiant power spectrum density Ss′ (λ). Given the relation between Fs and I0 in eq. 

(2.2), they are convertible to each other. 

2.1.3 VLC Link Characteristics via Optical Camera 

Indoor positioning based on Visible Light Communication (VLC) has become an attractive 

technique as a promising solution to indoor positioning and tracking. Position estimation using 

VLC refers to obtaining location information with respect to a set of positions of the reference LED 

within a defined space. The line-of-sight property enables the receiver to sense the relative position 

and rotation with respect to each detected LED. The position of the receiver can be calculated based 

on the position of each LED transmitter. VLC based positioning has several advantages over 

previously mentioned RF based techniques. First, the line-of-sight propagation property gives 

higher precision when utilizing imaging geometry to calculate position. This will significantly 

reduce the environmental influences and the uncertainty caused by different types of smartphones 

and antenna orientation. Another significant benefit of VLC based positioning is that the multi-path 

effects are negligible compared to the RF-based counterpart. In addition, the visible light 

positioning can cover the scenarios where RF is restricted, for example, in hospital. Besides these 

advantages, the VLC based positioning systems utilize existing illumination systems which means 

only a few modifications will be needed to current infrastructure. These unique properties make 

camera based visible light positioning a promising indoor positioning technique.  

In general, there are two different types of the optical receiver for VLC: photodiode and 

camera. Photodiode promises a high data-rate and low-cost optical wireless link, while the camera 

based VLC, though more expensive, has the advantage of no additional hardware requirement when 

mobile devices with cameras are employed as receivers. In our application, the purpose of using 
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VLC in indoor positioning is to transmit LED IDs, so a smartphone without additional hardware is 

preferable here for its ubiquity. In traditional optical camera communication, the LED data is 

modulated using on-off keying (OOK) scheme. Multiple camera frames are recorded to decode the 

on and off status of LED. Even though the resolutions of image sensors have been pushed over 10 

megapixels, the frame rate stays relatively low for a low-cost camera. The data rate is therefore 

limited by the camera frame rate, which is usually up to 120 frames per second. More importantly, 

the low frame rate camera limits not only the data rate but also the LED modulation rate, which 

will introduce severe undesirable flickering effects to human eyes. In addition, it is not so 

straightforward to recover the LED ID from a sequence of images. This is because 1) The clutter 

and noise increase the uncertainty of the LED status; 2) the movement of mobile user changes the 

projection of LED on the image sensor, which makes the detection more difficult, especially in 

those frames when the LED is off. To increase the data rate, the LED array is used to transmit the 

LED pattern, which increases the transmitted bits per frame [23]. This approach needs complex 

image processing techniques to decode the information, and the flickering effect still remains. 

Recently, the rolling shutter effect of Complementary Metal-Oxide-Semiconductor (CMOS) 

cameras has been exploited to allow a much higher data rate than the camera frame rate. Unlike 

global shutter, which exposes the camera to the entire scene at the same time, each row of the pixel 

within a rolling shutter camera starts integrating sequentially [24]. The effective rolling shutter 

mechanism potentially increases the LED modulation frequency, which in turn eliminates the LED 

flickering regardless of the low frame rate. Also, a single frame of image is enough to extract the 

LED ID instead of using a sequence of images. 

In [25], the authors described a model to characterize the pixel value via luminous exposure 

in order to analyze the performance of optical camera communication link. The key is to find the 

image sensor raw output which is proportional to the luminous exposure. However, a gamma 
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encoding operation will redistribute the raw output values from the image sensor, since the response 

of human eyes to the light intensity follows a logarithmic sense. The gamma encoding is a 

logarithmic operation that mimics the process of how the human eye perceives light:  

 𝑉𝑝𝑖𝑥𝑒𝑙 = 255 × (
𝑟𝑎𝑤

𝑟𝑎𝑤𝑚𝑎𝑥
)

1
𝛾

 
(2.5) 

with 𝑉𝑝𝑖𝑥𝑒𝑙 being the pixel value, raw and rawmax representing raw output value and its maximum, 

respectively. γ is the logarithmic index, the standard value of which is 2.2. 

The luminous exposure 𝐻 is given by: 

  𝐻 =
𝑞𝐿𝑣𝑡

𝑁2
 (2.6) 

where 𝐿𝑣 is the object luminance (cd/m2), N is the lens relative aperture, t is the exposure time 

(second) and the factor q is determined by: 

 𝑞 =
𝜋

4
𝑇𝑣(𝜃) cos4(𝜃) (2.7) 

with T as the transmittance of the lens, v(θ) as the vignetting factor and θ being the relative angle 

to the optical axis of the lens. Since the raw output is proportional to the luminous exposure, we 

have: 

 𝑟𝑎𝑤 = 𝑐 × 𝐻 (2.8) 

where c is a constant. Combining the above equations. we have: 

 𝑉𝑝𝑖𝑥𝑒𝑙 = 255 × (
𝑐𝑞𝐿𝑣𝑡

𝑟𝑎𝑤𝑚𝑎𝑥𝑁
2
)
1/𝛾

 (2.9) 

Eq. 2.7 is very useful in the performance analysis of the system, like signal quality and noise impact. 

2.2 None-Line-of-Sight-UV Communication  

The performance of NLOS UV communication through a scattering channel has not been 

systematically investigated in literature before our work. The chapter considers the unique features 
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of UV communications such as low noise, high sensitivity and scattering effect and obtains the 

knowledge on the potential of a short-range NLOS UV channel for communications. The study is 

developed on the assumption of an ideal photon counting receiver. The methodology is to combine 

into the symbol error equation the path loss model and pulse delay spread which are the two most 

significant characteristics of a scattering channel. Due to the scattering, the optical power has a 

substantial loss before it reaches the receiver aperture; on the other hand, rich scattering creates 

multiple paths of transmission such that the light pulse is expanded. The analysis of link 

performance has to take into account these two specific aspects. 

Similarity as an NLOS UV link shares with any wired communication system or wireless 

communication link where the system configuration has its unique attributes of flexible geometric 

link configurations which are illustrated in Figure 2.3. Here V is defined as the transmitter (Tx) and 

receiver (Rx) common volume; a theoretical study in the literature suggests the path loss is related 

to the volume size. r is the Tx and Rx baseline separation. 𝑟1 and 𝑟2 are  the distances of the common 

volume to the Tx and Rx,  respectively. Define 𝜃1 and 𝜃2  as the Tx and Rx apex angles between 

the corresponding axis and the horizontal axis,  and 𝜑1 and 𝜑2 as the Tx full beam angle and Rx 

field of view (FOV).at NLOS UV communication system adopts the intensity modulation and 

direct- detection (IM/DD), for which the intensity of light is manipulated to represent modulation 

symbols. Although the background radiation remains a substantially weak level, solar blind filters 

of 255nm and 271nm can be placed in front of the UV enhanced PMTs such as the Perkin Elmer 

MP1922 and Hamamatsu R7154 to further reduce unnecessary response to the out-of-band light 

field. 
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Figure 2.3 A NLOS UV communication link 

 The NLOS UV testbed implemented at the UC-Light Center, University of California, 

Riverside selects commercial UV LEDs at the wavelength of 266 nm as the light source. In the 

wavelengths of interests, the spectrum on the chosen wavelengths is measured to have a minimum 

solar irradiance near the ground [26].state UV laser for long-range channel measurement. The 

transmitter was a compact Q-switched fourth harmonic Nd: YAG laser at 266 nm triggered by a 

rectangular pulse at 10 Hz from a signal generator, producing a corresponding laser pulse train at 

10 Hz. Each pulse had a width of (3-5) ns and energy up to (3-5) mJ and can be attenuated manually 

by a factor of 103 with an integrated attenuator. A drawback is that the laser could not be modulated 

at continuously varying frequencies. 

We will review several important concepts and topics relevant to the study of an OWC 

system performance in this section. The so-called intensity modulation and direct detection 

(IM/DD) is the primary signaling and detection scheme for optical communications especially the 

OWC. The model of Poisson communications is an abstraction on the scenario, which characterizes 

the statistics of the photodetector output. Moreover, the specialty of a wireless optical channel may 
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cause the fading in signal power. Hence we present the fundamentals of the methodology of 

analysis in the presence of randomness resulted from fading. 

By IM/DD, the transmitter modulates the intensity of the optical field. It shall be noted that 

IM is a practical modulation scheme, especially for a LED-based optical source. Unlike the light 

generated by a coherent source such as Laser, the LED does not guarantee a pure and uniform 

property in the phase, and polarization of the optical field. For UV communication, traditionally 

the intensity based modulation is the only feasible choice. To modulate the intensity, the 

constellation can be in the binary level or multiple levels. A binary modulation employs a non-

return-to-zero (NRZ) pulse during a time slot to represent the bit one and holds off the transmission 

during the time of bit zero. A multi-level modulation can be implemented either through 

manipulating multiple intensities or orthogonal positions of a pulse. 

A direct detection receiver is also named as non-coherent detection which is in contrast to 

coherent (heterodyne) detection. The latter usually calls for a local optical source generating a 

spatially aligned field with a wavelength λL only within a small fraction of that of the received 

optical field. Since the mixing process generates an RF signal with a non-zero carrier frequency, a 

heterodyne method is robust against background radiation. When a high-performance 

photodetector and amplifier are commercially available, the background noise can be substantially 

reduced. In addition, considering the fact that non-coherent detection does not require a local light 

source and mostly excels in its simplicity, it is a more natural choice for system designers. 

According to the physics of a photodetector, the device output is a current stimulated by the 

incoming photons. To process in the electrical domain, the detector is first loaded by an output 

impedance RL which produces the corresponding voltage signal v(t). The signal may be further 

filtered and integrated over a modulation symbol period before the decision unit decodes using 

maximum likelihood (ML) or maximum a-posterior (MAP) methods. For the photodetector in a 
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DD receiver, it behaves as a “square law” detector responding to the optical field envelope. This is 

one of the fundamental differences from the antenna in radio frequency (RF) realm. Note the 

incoming optical field includes both signal field and background noise, which can be expressed as 

[27] 

 𝑎(𝑡) = 𝑠(𝑡) + 𝑏(𝑡) (2.10) 

 

where a(t) is the complex envelope of the received field f (t, r) = |a(t)|ejωt. Because of the “square 

law” and assuming single mode optical field, the photodetector has a detection output with the 

count rate process as 

 𝑛(𝑡) = 𝜂𝐴|𝑎(𝑡)|2  (2.11) 

 

η is the quantum efficiency of the photodetector, and A is the area of photosensing material; n(t) is 

the random photon count process with a time average as, 

 

 �̅� = 𝜂( 𝜆𝑠 + 𝜆𝑏) (2.12) 

 

In the above, λs represents the signal photon count rate, and λb is the rate of background radiation. 

As a result, background noise is additive to the received signal in the IM/DD model [27]. 

2.2.1 Scattering Communication Channel and Overwater 
Environment  

The atmosphere can be viewed as a complex composition of molecules and aerosols, such 

as gases, water vapor, pollutants, and other chemical particles. These atmospheric particles interact 

with the radiation fields generated by an emitter and cause the signal power losses and wavefront 

distortion. These interactions are generally classified as scattering and absorption. From a photon 

propagation point of view, scattering implies a redirection of the angle of propagation, whereas 
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absorption means the photon is annihilated. The magnitude of the atmospheric interaction varies 

considerably with meteorological conditions, generally becoming stronger as the optical 

wavelength approaches the cross-sectional dimension of the atmospheric particles (which explains 

the strong scattering observed in the UV spectrum). Scattering is generally modeled through 

Rayleigh and Mie theory, as a function of the wavelength and particle size [30]. Both of these are 

included in the models described in the following. Scattering enables NLOS communications, 

although the vast majority of photons are either absorbed or scattered away from the intended 

detector yielding substantial path loss. 

Atmospheric turbulence due to random non-homogeneity in the atmosphere will cause local 

changes in the refractive index [30] that induces distortion in the optical wavefront. This effect is 

well known incoherent line-of-sight (LOS) laser communications, where a distorted wavefront 

arriving at the detector can limit communications rates or received signal quality. Here, we first 

consider NLOS communications due to scattering over the relatively short range and ignore 

turbulence effects. Turbulence analysis for NLOS UV will be postponed to Chapter 4. We consider 

coherent scattering, where energy lost from the primary field is redistributed to a scatter field which 

has the same wavelength as the primary. Absorption considers all other interactions (true 

absorption, incoherent scattering, etc.) in which “absorbed” energy is lost to the total radiation field 

(primary and coherently scattered radiation). The NLOS UV channel involves both molecular 

scattering and absorption, and aerosol scattering and absorption. We first ignore atmospheric 

turbulence and focus on relatively short-range propagation where turbulence typically plays a tiny 

role. For NLOS UV communications, scattering serves as the vehicle for information exchange 

between the transmitter and receiver. The scattered light that reaches the receiver depends on the 

link geometry and the optical properties of the atmosphere, as described next. 
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Consider a typical NLOS communication geometry as shown in Figure 2.4. Denote the Tx 

beam full-width divergence angle by 𝜙1, the Rx FOV angle by 𝜙2, the Tx apex angle by 𝜃1, Rx 

apex angle by 𝜃2, the Tx and Rx baseline separation by r, and the distances of the intersected 

volume V to the Tx and Rx by 𝑟1 and 𝑟2, respectively. 

From the communications viewpoint, scattering and absorption are the two dominant types 

of photon interactions with the atmosphere over a short communication range. We assume a 

homogeneous atmosphere and use the following coefficients the Rayleigh (molecular) scattering 

coefficient 𝑘𝑠
𝑅𝑎𝑦

, Mie (aerosol) scattering coefficient 𝑘𝑠
𝑀𝑖𝑒, absorption coefficient 𝑘𝑎, and extin 

Overwater NLOS UV communication is a particular case of NLOS UV communication in 

which events that affect photon migration also occurs, such as scattering and absorption from 

molecule and aerosol as well as atmospheric turbulence. The significant difference is reflected at 

the values of the atmosphere model parameter. Yet, the distribution of the received photon also 

depends on the communication link geometry. An overwater coplanar NLOS UV communication 

link geometry is illustrated in Figure 2.4. The transmitter, Tx, beam full-width divergence is marked 

by 𝜙1, and the receiver, Rx, FOV angle is marked by 𝜙2. The pointing angle of Tx and Rx are 

denoted by 𝜃1 and 𝜃2, respectively. The Tx and Rx baseline separation is marked by r, and the 

distances of the common volume, V, to the Tx and Rx is marked by 𝑟1 and 𝑟2, respectively. Also, 

the angle between the forward direction of incident waves and the observation direction is denoted 

by 𝜃𝑠. 
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Figure 2.4: Coplanar overwater NLOS UV communication link geometry under shore-to-shore link 

configuration 

Considering a homogeneous atmosphere from9, the atmosphere model parameter can be 

described as the Rayleigh (molecular) scattering coefficient  𝑘𝑠
𝑅𝑎𝑦

, Mie (aerosol) scattering 

coefficient 𝑘𝑠
𝑀𝑖𝑒, absorption coefficient 𝑘𝑎, and extinction 𝑘𝑒. The total scattering coefficient is 

defined as the sum of the two scattering coefficient  𝑘𝑠 = 𝑘𝑠
𝑅𝑎𝑦

+ 𝑘𝑠
𝑀𝑖𝑒 , and the extinction 

coefficient is given by the sum of the scattering and absorption coefficient as 𝑘𝑒 = 𝑘𝑠 + 𝑘𝑎. The 

phase function is modeled as a weighted sum of Rayleigh and Mie which are molecular and aerosol 

scattering phase functions respectively.  The optical phase function which probabilistically models 

the scattering properties of the atmosphere is used in our simulation. 

 
P(μ)= 

k
Ray
s
ks

pRay(μ)+ 
k
Mie
s
ks

pMie(μ) 
(2.13) 

where  𝜇 = cos 𝜃𝑠  is defined from the scattering angle  𝜃𝑠 . The two phase function follows a 

generalized Rayleigh and a generalized Henyey-Greenstein function, respectively, which is given 

by 
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 pRay(μ)= 
3[1+3γ+(1-γ)μ2]

16π(1+2γ)  
(2.14) 

 pMie(μ)= 
1-g2

4π [ 
1

(1+g2-2gμ)3/2
+f 
0.5(3μ2)-1

(1+g2)3/2
] (2.15) 

where γ, g and f are model parameters. 

2.2.2 Measurement and Modeling 

In communication systems, a communication channel refers either to a physical transmission 

medium such as an optical fiber or to a logical connection over a multipath medium such as a radio 

channel. Traditionally, information is conveyed from a transmitter to a receiver through a channel. 

With the progress of communication theory and signal processing, the information transferring 

between multiple transmitters and receivers is realized in modern communication systems.  In the 

point of communication systems,   a channel plays a significant role in information exchanging 

between a transmitter and     a receiver. A lot of channel modeling work has been done. Generally, 

researchers focus on two crucial aspects: the channel impulse response and channel path loss. 

A communication channel acts as a temporal and spatial varying filter which can distort the 

signal. A channel impulse response shows the reaction of a communication channel in response to 

an impulse input signal. A channel path loss reveals the reduction in the power level of a transmitted 

signal as it propagates through the channel. A channel impulse response can be used to further 

investigate the effects of signal propagation through a communication channel, including multipath 

propagation delay due to reflections, Doppler effects and time of travel for the delay paths. 

Moreover, path loss can be easily calculated based on a channel impulse response. Path loss, itself, 

is a significant component in the analysis and design of the link budget of a communication system. 

For the NLOS UV communication system, we would like to comprehensively investigate 

the NLOS UV scattering channel by considering both the channel impulse response and path loss.  
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As a result, we will obtain not only time domain information of the NLOS UV channel but also the 

received power ratio. All of these results will be valuable for further signal processing and 

communication algorithm development. To validate the channel models to be developed, we have 

experimentally measured both impulse response and path loss, employing a UV pulsed-laser for 

impulse response and UV LEDs for path loss, respectively. In this section, we briefly describe the 

measurement systems. We have conducted an extensive test for path loss by varying Tx apex angle, 

Tx and Rx baseline separation, and Rx apex angle. Beam divergence and FOV are currently fixed, 

but their effects can be investigated with additional optics to control beam width and FOV. The test 

distance under a full range apex angle (T x 0 ∼ 90o, Rx 0 ∼ 90o). We also tested distance of 70 m 

and 100 m at small apex angles (0 ∼45 degrees).  With a laser to be adopted in the future 

measurements, the range can be significantly extended to a few kilometers.  

2.2.3 NLOS UV Communication Channel Testbed 

By using the UV laser & LED array communication system shown in Figure 2.5, we are able 

to collect photon counts and evidence of turbulence from a longer distance for both overwater and 

overland NLOS UV communication channels. 

 

Figure 2.5: NLOS UV channel measurement system 
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This measurement system consist of either a 6-pact 270 nm UV LED on transmitter side with 

1.8 mW average optical output power and a 1 degree collimated beam full angle or a compact Q-

switched fourth-harmonic ND:YAG  266 nm laser outputting pulses with a nominal pulse width of 

3 ns,  and a 3 mrad beam full angle   is deployed. Due to the high temperature during the daytime, 

the laser needs to put into a cooling system, and the output angles were adjusted through the 

combination of rotation stages with precise motorized angular control and a reflecting mirror. 

Although reflection costs a portion of real output energy, the laser still can provide sufficient energy 

for high elevation angle channel measurements. Synchronization between the transmitter and the 

receiver can be achieved via two synchronized GPS CNS II clocks that each output one pulse per 

second. At the transmitter, the GPS signal supplies to a pulse delay generator that, with a delay of 

150 ns, outputs a 20 ns width pulse which serves as a laser trigger. Since the output power of an 

LED array is limited and colossal link path loss of NLOS geometry, the LED array is needed to 

measure low pointing angles with 1 ms pulse width, which guaranteed that enough photons could 

be sent. If the laser is used for measuring the low point turbulence, we will hardly see the apparent 

effect, because all the photons probably arrived at the receiver at the short time which is over the 

PMT’s capturing capability. Therefore for high point angles a UV laser was used with enough pulse 

broadening that reached several microseconds in our scenario. 

At the receiver side, a PerkinElmer MP1922 photomultiplier tube (PMT) is employed with 

a 15% efficiency 270 nm solar-blind filter on top, which outputted a standard transistor-transistor-

logic pulse when a photon is detected. It is responsive to wavelengths from 165 nm to 320 nm with 

10 dark counts per second. The peak quantum efficiency of 15% and the peak gain of 106 occur at 

a wavelength of 200 nm. The quantum efficiency decreased to 10% at 260 nm and 7% at 280 nm. 

Note that in this case, the finite response time (or dead time) of the photon-counting system may 

lead to saturation for high-amplitude received signals. The digital PMTs have a circular sensing 



 31 

window with a diameter of 1.5 cm (resulting in an active area of 1.77 cm2). Based on 

measurements, the effective field of view (FOV) of each detector (combining the PMT, solar blind 

filter, and attenuation filters) was estimated to be 30◦. 

 

Figure 2.6 Overwater NLOS UV channel measurement system under shore-to-shore communication link 

configuration 

The resulting signal output by each receiver system can be recorded using an oscilloscope 

triggered by the receiver-side GPS system with an appropriate propagation time delay. In addition 

to the oscilloscope data, the photon counts for each pulse can be recorded using an MSA300, a 

high-speed photon counter with minimum 5 ns counting time and zero dead time, triggered by the 

GPS clock. 

2.2.4 Fundamental Trade-Off and Modulation Schemes 

Inspired by the low background noise and high Rx sensitivity of an NLOS UV link, it is very 

natural to establish our problem formulation assuming a Poisson photon counting receiver, the 

output of which is Poisson distributed. Since both OOK and pulse position modulation (PPM) have 

their modulation symbol represented by the amplitude or position of a baseband pulse (slot), we 
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designate the slot with the signal pulse a signal slot with the time span of 𝑇𝑠. At the photon counting 

receiver output, the signal photon counts ns is Poisson distributed with average photon count 

number of 𝜆𝑠, which is determined by the instantaneous optical intensity. The average background 

noise photon count λb is mainly contributed by the solar radiation. 

The performance of a photon counting receiver to detect the transmitted OOK modulation 

symbols can be developed by applying the general definition of error probability. So we have 

 

 𝑃𝑒 =
1

2
∑

(𝜆𝑠 + 𝜆𝑏)
𝑘𝑒−(𝜆𝑠+𝜆𝑏)

𝑘!

𝑚𝑇

𝑘=0

+ ∑
𝜆𝑘𝑒−(𝜆𝑏)

𝑘!

∞

𝑘=𝑚𝑇

 (2.16) 

 

The error probability is derived by considering a threshold based detection. The decision unit at the 

receiver recovers the modulated binary data by comparing the photon counts for each OOK symbol 

with the pre-defined threshold mT . If we minimize Pe with respect to mT , an optimal threshold is 

given by 

 𝑚𝑡 = ⌊
𝜆𝑠

ln (1 +
𝜆𝑠
𝜆𝑏
)
⌋ (2.17) 

For simplicity, if the shot noise is assumed to be negligible such that 𝜆𝑏  = 0 and the optimal 

detection threshold 𝑚𝑇 = 0, the following result out of Eq. (2.9) can be obtained 

 𝑃𝑒 =
1

2
𝑒−𝜆𝑠  (2.18) 

We also consider the use of optical block encoding [28] achieved by converting every block 

of b bits into one pulse out of every M = 2𝑏 orthogonal slots. One popular form of such block 

coding is pulse position modulation (PPM). One of the reasons PPM is favored by a communication 

designer is, first of all, the simple decision rule. The receiver does not need to compute and maintain 
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a threshold, instead compares the photon counts across all slots and chooses the slot with the most 

counts as a maximum likelihood method in nature. Secondly, PPM is advantageous to recover the 

symbol clock even when there is a long sequence of zeros. We leave the performance study of PPM 

modulation in the context of a Poisson counting receiver in the ensuing sections. 

To conclude, the understanding of communications through the scattering channel relies on 

the correct characterization of the path loss and pulse delay spread. The prediction on achievable 

performance assumes pulse based modulation and photon counting receiver [27, 29-33]. 
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Chapter 3 
 

 

3  Indoor Visible Light 

Communication Performance 

Analysis 

To determine the performance of any communication system, we need to understand its 

transmitter, receiver, and its communication link configuration between them. The communication 

link includes the device properties of the transceivers, the communication channel properties, the 

uplink and downlink characteristic, and its noise sources. From the indoor communication channel 

characteristics, this chapter will introduce some of the advanced modulation schemes suitable to 

increase the data rate of VLC, the concept of optical multiple-input-multiple-output (MIMO) will 

also be explained, and system-on-a-chip (SoC) design for VLC will be reviewed in the end. 

3.1 Precoder Design on RGB LED for VLC  

Visible light communication (VLC) using light-emitting diodes (LEDs) has become a favorite 

candidate for indoor wireless communications, thanks to the advances in designing and 
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manufacturing of LEDs and surge of academic endeavors [34].1 Blue LEDs with a yellow phosphor 

coating had been dominating due to cost and complexity concerns[35-38]. However, red/green/blue 

(RGB) LEDs can also achieve white illumination or even target color illumination, providing 

parallel color domain communication channels at the same time, and has thus received increasing 

attention [39-45]. The relative average intensities of the three individual LEDs can be controlled 

and are perceived as a single color by the human eye [46]. 

Plenty of coding and modulation schemes have been proposed for VLC with blue LEDs, such 

as pulse position modulation [47], pulse width modulation [48], variable position modulation [49], 

multi-subcarrier modulation [50]  With RGB LEDs, color-shift keying (CSK) was recently put 

forward by the IEEE 802.15.7 Visible Light Communication Task Group,  Drost etc. [51] has 

proposed an efficient constellation design method for CSK based on billiard algorithm. Monteiro 

etc. [52, 53] design for CSK constellation using Interior Point Method, operating with peak and 

color cross-talk constraints. [54]has considered the CSK with non-uniform signaling for VLC with 

effort in minimizing the bit error rate (BER) subject to some lighting constraints. Xiao [55] has 

considered a CSK based communication system with a modified PPM synchronization scheme. 

Performance evaluation was conducted for 4-CSK using multiple full-color LEDs [56]Bai’s paper 

has some merits, but the problem formulation and mathematical derivation do not seem to be 

rigorous. 

Our work is motivated by the above CSK related papers and [57] in which power and offset 

allocation method in SVD-based spatial multiplexing MIMO systems for optical wireless channels 

is proposed. [57]is one of the pioneering work that suggests using advanced signal processing 

techniques (power allocation and etc.) for the VLC field. These techniques have been extensively 

studied for decades by the radio frequency communication (RFC) society, and there is no reason 

that their significance is neglected in the optical field. However, one should be careful in applying 
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the mature RFC technique to the VLC, since this is not typically straightforward due to additional 

lighting constraints. We, therefore, provide rigorous steps in formulating a novel precoder design 

problem for VLC with multiple RGB LEDs with taking major lighting constraint into account, 

target at achieving the lowest possible error rate [46]. 

The primary lighting constraints considered in this paper include the followings: flicker-free, 

CRI, LER, average optical intensity, and non-negativeness of the transmitted signal. The flicker-free 

constraint is usually not hard to guarantee especially for a high speed (at least several megabits/sec) 

VLC system as we are interested in, since what human eye can perceive is the average intensity 

during about 1/70 second, which is typically stable as long as the size of symbol constellation is 

not too large and each symbol gets similar chance of being transmitted. CRI and LER values can 

be pre-specified by the designer by choosing an average color intensity (R,G,B) from the CIE 1931 

color space chromaticity diagram [58]. The average optical intensity and nonnegativeness 

constraints are fundamental constraints for most intensity modulated systems. 

Besides achieving a lower error rate, we are seeking the highest possible transmission speed 

as well, and we resort to optical multiple-input-multiple-output (MIMO) [59-61] to accomplish our 

goal. Imaging detectors are assumed in this paper since combined with MIMO it allows “alignment-

free” high data rate communications. On the contrary, with non-imaging receivers, it is not possible 

to break symmetry and create full-rank channel matrix at certain positions inside a room as was 

pointed out by [61]. The channel matrix for optical wireless is a real matrix with its elements 

denoting the power gains of all the LED-photodetector pairs [62]. The channel matrix for a system 

with a single RGB LED is denoted as follows [46]. 

 𝐻 = [

ℎ𝑟,𝑟 ℎ𝑟,𝑔 ℎ𝑟,𝑏
ℎ𝑔,𝑟 ℎ𝑔,𝑔 ℎ𝑔,𝑏
ℎ𝑏,𝑟 ℎ𝑏,𝑔 ℎ𝑏,𝑏

] (3.19) 
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∈ 
− 

× 

where, for example, hg,b denotes channel gain between transmit green waveband and receiver 

blue waveband. This channel matrix is assumed deterministic and invertible. Ideally, H equals the 

identity matrix. However, cross-talks exist in practice due to misfocus, blurring, or overlapping of 

images [52, 61], and therefore the off-diagonal elements can be a nonzero value. When multiple 

RGB LEDs are used as proposed in this paper, there will also be cross-talks between different 

LEDs, because of which the joint channel matrix deviates from a block diagonal matrix [46]. 

 

 

3.1.1 VLC with multiple RGB LEDs Channel Model 

We have N RGB LEDs at the transmitter-end and N imaging detectors each equipped with 

red, green and blue filters at the receiver-end. The LEDs are assumed to have “sharp images” on 

the detectors. Therefore, the line-of-sight (LOS) channel H in between is a full-rank real matrix of 

size 3𝑁 ×  3𝑁 . In the signal space, we adopt M-level PAM to obtain higher spectral efficiency 

[57]. Each element 𝑠𝑖 ∈ [ − 𝛿, 𝛿] of the signal symbol  𝒔 =  [𝑠1𝑠2 . . . 𝑠𝐾]
𝑇  takes from M real 

values, where δ is the half of maximum distance between two arbitrary constellation points. The 

mean of symbol s is zero vector and covariance matrix of vector s can be calculated as [46] 

 𝔼[𝑠𝑠𝑇] =
𝛿2

3
(
𝑀 + 1

𝑀 − 1
)𝐼 ≜ 𝑐𝐼 (3.20) 

Then s is then precoded by a real matrix P and biased by a DC vector b to obtain the lighting 

symbol x in the lighting space that modulates the LEDs of size 3𝑁 ×  1, i.e. 

 𝑥 = 𝑃𝑠 + 𝑏 (3.21) 

where elements in b are positive real values and 𝒙 =  [𝒙𝑹
𝑻   𝒙𝑮

𝑻   𝒙𝑩
𝑻  ]

𝑇
  which is stacked from 

the corresponding intensity vector modulating the red, green and blue LEDs respectively. For 

simplicity, we assume that K = 3N such that P is a square matrix of size 3N × 3N .The 

communication model can then be written [46]as 
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 𝑦 = 𝐻𝑥 + 𝑛 = 𝐻𝑃𝑠 + 𝐻𝑏 + 𝑛 (22) 

where the noise vector n has 3N i.i.d. Gaussian random variables with zero mean and variance 𝜎𝑛
2 

.20 We will later optimize over the P and b jointly and the optimization can be done at both 

transmitter and receiver end assuming knowledge of channel statistics (by training and feedback 

etc.). Thus, Hb can be canceled at the receiver end. If the color filters are ideal and there is no cross-

talks between different colors[46] which will have the following model 

 𝑦 = [

𝑦𝑅
𝑦𝐺
𝑦𝐵
] = [

𝐻𝑅 𝑂 𝑂
𝑂 𝐻𝐺 𝑂
𝑂 𝑂 𝐻𝐵

] [

𝑋𝑅
𝑋𝐺
𝑋𝐵

] + [

𝑛𝑅
𝑛𝐺
𝑛𝐵
] (23) 

 

3.1.2 Simulation Result on RGB Precoder  

The system parameters are chosen first as follows: two RGB LEDs at transmitter side, 

i.e., N=2; si  ∈ [1, 1]; M=4;𝜎𝑛
2 = 1; P0 = 100; x̄  = [0.30 0.25 0.45]; no cross-talk exists among 

different colors and the channel matrix is block- diagonal as follows: 

 𝐻1 = [

1 0.5 0 0 0 0
0.05 1 0 0 0 0
0 0 0.5 0.01 0 0
0 0 0.01 1 0 0
0 0 0 0 1 0.25
0 0 0 0 0.25 1

] (3.24) 

The red sub-block (upper left) shows that the link from r1 (red LED 1) to fr1 (red filter 

1) is equally strong with that between r2 and fr2 , and the cross-talk from r2 to fr1 is more than 

that from r1 to fr2 ; the green sub-block shows that the link from g1 (green LED 1) to fg1 is weaker 

than that between g2 and fg2 , and the cross-talks are negligible; the blue sub-block shows that the 

link from b1 (blue LED 1) to fb1 (blue filter 1) is equally strong with that between b2 and fb2 , and the 

cross-talk from b2 to fb1 is also equally strong with that from b1 to fb2 . 
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We run our optimization 100 times with multiple initial b(0) and pick the best among all local 

optimums. The optimized variables are summarized as follows: 

 𝑄𝑜𝑝𝑡 =

[
 
 
 
 
 
161.71 −39.16 0 0 0 0
−39.16 138.73 0 0 0 0
0 0 156.40 −1.43 0 0
0 0 −1.43 62.51 0 0
0 0 0 0 337.50 −84.25
0 0 0 0 −84.25 337.50]

 
 
 
 
 

 (3.25) 

with eigenvalue decomposition 𝑄 = 𝑈⋀𝑈𝑇, we can obtain the precoder by 𝑃 = 𝑈⋀1/2 𝑎𝑛𝑑 

 𝑃𝑜𝑝𝑡 =

[
 
 
 
 
 
0 −6.27 0 11.06 0 0
0 −8.37 0 −8.28 0 0

−0.12 0 −12.51 0 0 0
−7.90 0 0.19 0 0 0
0 0 0 0 11.25 −14.52
0 0 0 0 11.25 14.52 ]

 
 
 
 
 

 (3.26) 

the optimal average optical power vector is found  

 𝑏𝑜𝑝𝑡 = [31.15 28.85 30.63 19.37 45 45]
𝑇

 (3.27) 

which make sense because of 1. For the red LEDs, we allocate more power to r1 because it creates 

less cross-talk; 2. For the green LEDs, we allocate more power to g1 because it has a weaker link 

which may result in higher MSE; 3. For the blue LEDs, we allocate equal power since the links are 

symmetric. 

The corresponding MSE equals 0.0625 and the MMSE equalizer 

 𝐺𝑜𝑝𝑡 =

[
 
 
 
 
 

0 −0.055 0 0.061 0 0
0 −0.049 0 −0.074 0 0

0.001 0 −0.158 0 0 0
−0.125 0 0.028 0 0 0
0 0 0 0 0.036 −0.046
0 0 0 0 0.036 0.046 ]

 
 
 
 
 

 (3.28) 

Compare with the case when we use a non-optimized precoder in the solution space, for example, 

the resulting precoder after the first iteration 

 𝑏(1) = [30.37 29.63 32.23 17.77 35.96 54.04]𝑇 (29) 
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and the corresponding MSE = 1.8422. we can observe that power allocation significantly affect the 

system performance. 

 The authors considered a novel joint precoder and DC-bias design problem in this paper 

for an optical wireless network with RGB LEDs as transmitters and imaging detectors as receivers 

The critical optical constraints such as non-negativity, CRI, LER, average color and optical power 

constraints have been included to formulate a nonconvex optimization problem. By mathematical 

manipulations, we transformed the original problem as a semi-definite programming which is then 

iteratively solved by CVX, an optimization tool embedded with MATLAB. Through simulations, 

we observe that more optical power should be allocated to those that create less cross-talk or have 

a weak link which may result in large MSE. In the future, different criterions such as capacity, 

BER, and etc. will be used as our optimization goals. Also, cross-talks among different color LEDs 

will be taken into account. 

3.2 Optical Multiple-input-multiple-output (MIMO) 

Communications 

Multiple-input multiple-output (MIMO) technique is now used in the newest broadband 

communication system, and orthogonal frequency division multiplexing (OFDM) is also utilized 

within the current 4th generation (4G) of mobile telecommunication technology. With MIMO and 

OFDM combined, visible light communication (VLC) system’s diversity gain is increased, yet the 

system capacity for dispersive channels is also enhanced. Moreover, with the emerging massive 

MIMO-OFDM VLC system, there are significant advantages than smaller systems’ such as channel 

hardening, further increasing of energy efficiency (EE) and spectral efficiency (SE) based on the 

law of large number. This section addresses one of the major technological challenges, system 

architecture design, which was solved by semispherical beehive structure (SBS) receiver and so 
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that diversity gain can be identified and applied in Massive MIMO VLC system. Simulation results 

show that the proposed design clearly presents a spatial diversity over conventional VLC systems 

[63]. 

One of the unique constraints in VLC, e.g., the average optical power emitted by an optical 

wireless transceiver is limited in order to comply with the eye and skin safety regulations [64, 65]. 

Yet, another constraint for generally any portable battery-powered electronics is the consumption 

of electrical power which is desirable to keep to a minimum value. Therefore, one of the biggest 

challenge in design modulation schemes for VLC is the energy efficiency (EE). In the background, 

it shows that theoretically optical carrier can be considered as having an 'unlimited bandwidth,' but 

photodetector area and channel capacity in the system limits the amount of bandwidth that is 

practically available for a distortion-free communication system. Consequently, spectral efficiency 

(SE) constituted another major Challenge in modulation scheme design for VLC [3]. For any type 

of communication system, transmission reliability should be one of the highest priority when 

designing a modulation technique. VLC system's modulation scheme should be able to offer a 

minimum acceptable error rate in adverse conditions as well as show resistance to the multipath-

induced ISI and variations in the data signal DC component. Furthermore, the fundamental issue 

of designing an indoor VLC system is that the system is located in a confined space. One of the 

major issues which limit the performance of a VLC system is inter-symbol interference (ISI). ISI 

is produced from multiple path effects which signals arrive at the receiver at different time slots by 

light’s reflection from the wall, furniture, and users, etc. [6]. 
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3.2.1 Massive MIMO-OFDM Indoor VLC System Description 
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Figure 3.1Massive MIMO-OFDM indoor VLC system block diagram [63] 

A simplified block diagram of multiple users massive MIMO-OFDM indoor VLC system is 

illustrated in Figure 3.1 From left half of the diagram, transmitter end, binary value data from 

transmitter’s media access control (MAC) is first coded in the forward error correction (FEC) 

coding block. Information bits are then mapped to quadrature phase shift keying (QPSK). The 

mapped QPSK symbols are later converted to parallel symbol streams. Each symbol stream will be 

modulated to the corresponding subcarriers by using the OFDM technique. The modulated signal 

through the low-pass filter is sent to individual drivers to drive each corresponding LEDs. At the 

receiver, the PD transforms the received optical intensity into an electrical signal on the SBS 

receiver. The analog signal is converted back to digital through the analog-to-digital converter 

(A/D) inside the OFDM demodulator block as in Figure 3.2. Then the demodulated signals are 

further multiplied by the multi-user detector block. The resultant variable will be converted to the 

serial data stream and processed by QPSK de-mapper. Lastly, the transmitted information bits on 

the desired channel are obtained via decoding. 

 

Figure 3.2: OFDM Modulator block diagram for Massive MIMO system [63] 
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Figure 3.3: OFDM demodulator block diagram for Massive MIMO system [63] 

The characteristics of the channel are essential to the designing, implementation, and 

operation of an optical communication system. Intensity modulation with direct detection (IM/DD) 

is used as the method of implementation VLC system. This is method uses the instantaneous optical 

power of the transmitter as the transmitted waveform 𝑥(𝑡) and the received waveform 𝑦(𝑡) is the 

instantaneous current in the receiving photodetector. Therefore, the optical channel with IM/DD is 

descried as baseband linear system with impulse response ℎ(𝑡). The equivalent baseband model of 

an IM/DD optical wireless link can be summarized by the following equations: 

 𝑦(𝑡) = 𝑅𝑥(𝑡)⨂ℎ(𝑡) + 𝑛(𝑡) (3.30) 

where 𝑛(𝑡)  is modelled as Gaussian and signal-independent noise, the symbol ⨂  denotes the 

convolution and R is the detector responsivity (Amperes/Watts). The information of ℎ(𝑡) allows 

us to determine the multipath penalty, which limits the maximum symbol rate. Also, the second 

term is related to the signal-to-noise ratio (SNR), which determines the performance of the systems. 

This impulse response ℎ(𝑡) can be used to analyze or simulate the effects of multipath dispersion 

in indothe or VLC channel. 

Unlike LOS propagation model, non-LOS and diffuse links have more factors in terms of 

the determination of optical path loss such as the reflectivity of the walls and objects, and the 

position and orientation of the transmitter and receiver. The received power of a non-LOS 

propagation model is modeled as 
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 𝑃𝑟−𝑛𝑙𝑜𝑠 = (𝐻𝑙𝑜𝑠(0) + 𝐻𝑛𝑙𝑜𝑠(0))𝑃𝑡 = (𝐻𝑙𝑜𝑠(0) +∑𝐻refl(0) 

refl

)𝑃𝑡  (3.31) 

where 𝐻𝑟𝑒𝑓𝑙(0)  represents the reflected path. The reflection characteristics of object surfaces 

within a room depend on several factors including, the transmission wavelength, surface material, 

the angle of incidence and roughness of the surface relative to the wavelength. To predict the path 

loss for non-directed LOS and diffuse links, it is necessary to analyze the distribution of optical 

power for a specific setup. By the reflection coefficient of the surface and the reflected power 

reaching the receiver is computed by  

 𝑃𝑅 =
1

𝑑2
𝑅𝑠(𝜃, 𝜃

′)𝐴eff(𝜑) (3.32) 

where 𝑅𝑠(𝜃, 𝜃
′) is Phong’s model, and it is used to describe the reflection pattern of the surface 

[16]. This model is able to approximate the behavior of those surfaces that present a strong specular 

component. It considers the reflection pattern as a sum of both diffuse and specular components. 

In this way, surface characteristics are defined by two new parameters, the percentage of incident 

signal that is reflected diffusely 𝑟𝑑 and the directivity of the specular component of the reflection 

m. This model is described by:  

 𝑅𝑆(𝜃, 𝜃
′) = 𝜌𝑃𝐼[𝑟𝑑

cos 𝜃

𝜋
+ (1 − 𝑟𝑑)

𝑚 + 1

2𝜋
cos𝑚(𝜃 − 𝜃′)] 

 

(3.33) 

where 𝜌 is the surface reflection coefficient, 𝑃𝐼 represent the optical power of the incident ray, 𝜃 is 

the observation angle, and 𝜃′ represents the incidence angle as in Figure 3.4 
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Figure 3.4: Reflection pattern of the surface is described [63] 

as in the complexity of transmitters and receivers, Fast Fourier Transform (FFT) and Inverse FFT 

(IFFT) blocks transfer analog to digital domain as the essential part of OFDM demodulator and 

OFDM modulator, respectively.  

3.2.2 Indoor MIMO Channel Capacity 

By utilizing a large number of LEDs as transmitters and photodetector as receivers, massive 

MIMO OFDM indoor VLC systems create more degrees of freedom in spatial domain which can 

bring many values such as increased link reliability and data rate without increasing bandwidth 

[19].  For example, the probability of link outage, 𝑃𝑜𝑢𝑡𝑎𝑔𝑒 in a point-to-point MIMO system with 

𝑛𝑡 transmit and  𝑛𝑟 receive antennas can be described as 

 𝑃𝑜𝑢𝑡𝑎𝑔𝑒 ∝ 𝑆𝑁𝑅
−(𝑛𝑡𝑛𝑟)

 (3.34) 

This relationship shows the system has a potential of reaching a diversity order of 𝑛𝑟𝑛𝑡. 

Moreover, with an increase in SNR, the massive MIMO link error rate can be approximate by an 

exponential fall. Therefore, the achievable rate is described as 
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 min(𝑛𝑡, 𝑛𝑟) log2(1 + 𝑆𝑁𝑅) (3.35) 

without increasing the bandwidth, (11) shows that the system can achieve a very high data rates 

using large 𝑛𝑟,  𝑛𝑡 . In addition, the rate gain in multiuser massive MIMO with a large number of 

transceivers can also be significant [19]. A large number of transmitting LED in the multiuser 

downlink can allow the use of simple precoding methods and flexible user selection and scheduling. 

3.2.3 Simulation Result 

In simulation configuration, 12 transmitters are the ceiling of a 3 × 4 × 5 meter room and 

semispherical beehive structure (SBS) receiver which composed of 12 photodiodes in different 

directions which are evenly distributed around the receiver as shown in Figure 3.5. The transmitter 

beam angle is at 70 degrees and FOV of PDs is at 30 degrees. The simulation result for LOS channel 

gain of the proposed system shows a clear presentation of the spatial diversity provided by massive 

MIMO system is shown in Figure 3.6 
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Figure 3.5: Optical link and receiver configuration for simulation 
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Figure 3.6: Los-channel gain of the proposed optical link  

This section explored the architecture design of massive MIMO-OFDM indoor VLC system. 

The optical channel of the proposed system has been described in details. The LOS channel gain 

simulation shows a presentation of spatial diversity provided by the unique property of a large 

system. 

3.3 VLC Enabled Positioning System 

RF-based positioning technology has its limitation. For example, GPS does not work 

indoors. RF wireless technologies may not be allowed in certain environments, such as hospitals. 

LED-based VLP technology may have many indoor/outdoor ranging and navigation applications 

in addition to VLC functions, for example, for smart traffics and smart hospitals 

3.3.1 System Description 

The positioning functionality of LED-based VLC is rapidly developed with its unique 

advantages over its RF counterparts, such as cellular, WiFi, Bluetooth, and RFID. One advantage 

is the utilization of visible light’s line of sight (LOS) property, which enables the PD receiver to 
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detect the rotation and location of the target based on the information from a set of reference LEDs. 

This advantage reduces the uncertainty caused by hardware and antenna orientation. Another 

benefit from the LOS property is that the multi-path effect can be ignored due to its IMDD method 

compared to RF positioning techniques. The deployment of VLP systems utilizing the LED 

illumination infrastructure lays the ground for many positioning applications, for example, asset 

and personnel tracking. 

3.3.2 Positioning Tracking Methods 

Various tracking techniques using LED-based VLP technology were developed. Figure 3.7 

shows a simple Proximity method in which the grids are separated due to the difference of three 

different signals. The simplicity of this method comes with its limitation, i.e., the tracking precision 

depends heavily on the grid density of its reference points [66]. This VLP positioning technique is 

useful for smart hospitals to realize the asset and personnel tracking in real time.  

Another technique is the scene analysis technique that functions in two phases [67]. In phase 

one, it collects needed fingerprints such as on received signal strength (RSS), time of arrival (TOA), 

and time difference of arrival (TDOA). In phase two, the routine matches the real-time data with 

those collected fingerprints in phase one. This method is simple for signal processing that requires 

matching only. However, fingerprint collection sets the limit for many tracking applications. In 

[68] a triangulation method based on RSS, which utilizes the method of angulation and 

multilateration was described. By using multilateration, the position of the target is measured 

indirectly from references such as TOA, RSS and TDOA. By using angulation, the target location 

can be estimated by its relative angle regards to reference. 
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Figure 3.7: A simple proximity method for smart tracking [66] 

3.3.3 Rolling Shutter Enabled Multi-View Geometry Positioning 

Figure 3.8 shows a new rolling shutter enabled positioning method for a LED VLP tracking 

system for smart hospitals [66]. The LED luminaires are individually modulated with a unique 

frequency as their optical tags. The optical beacon can be broadcasted via each LED operating at a 

unique frequency so that the smartphone camera can retrieve it from a reflecting surface by 

analyzing the rolling shutter effect. It can also acquire the beacon information from LED directly. 

The rolling shutter effect works with the dark and white bands seen by the smartphone camera from 

the modulated LED lights. The image is processed to extract the frequency component 

corresponding to different LEDs. These striped images will be processed to retrieve different 

frequency illuminated by these LEDs. The actual position of an object can be calculated by these 

acquired frequency information and compared with a pre-installed map of the setting, therefore, 

realize asset/personnel tracking in real time. This new LED-based VLP smart tracking method 
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utilizes both the multi-camera vision triangulation algorithm and rolling shutter effect, and the 

multi-view geometry.  

 

Figure 3.8: Illustration of the new LED VLC smart tracking system [69] 

The design focus is to determine the offset between two camera frames in order to derive the 

target position. Both accelerometer and gyroscope sensors are utilized to monitor the pose changes 

between two frames. The relative position and pose of the device are tracked over the entire 

positioning process. Based on the relative position and pose of the previous frames, the current 

camera frames are estimated in the global frame. The estimation inaccurate due to shot noise from 

the sensors, approximation error, or a temporary block of the LED light can be resolved by using a 

two-stage Kalman filter [69]. Therefore, the new LED VLP smart tracking system is able to utilize 

only one detected LED with known position and built-in smartphone sensors, such as motion, 
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position, and environment sensor, to track actual position even when the optical link is temporarily 

blocked, or the LED moves out of the FOV of the camera momentarily [66]. 

3.4 VLC System-on-a-Chip Design 

Global research efforts on the VLC technology has resulted in many demonstrations of VLC 

testbed systems of varying wireless streaming performance. So far, reported VLC systems are bulky 

because of using commercial off-the-shelf (COST) devices [11-14, 16, 17, 19]. Unfortunately, 

while such COST-based VLC testbeds are good for feasibility studies, they are impractical for real-

world applications and also have a fundamental limitation on VLC performance. It is apparent that 

in order for LED-based VLC applications become an actual reality, IC-based system-on-a-chip 

(SoC) and/or system-in-a-package (SiP) design is the must, which is an emerging challenge in VLC 

research. In [70], Dong reported the first single-chip custom-designed VLC transceiver IC that 

successfully driven a LED-based VLC system to streaming data. This single-chip VLC IC consists 

of optoelectrical signal conversion, filtering, bandwidth enhancement, low-noise pre-amplification, 

power amplification, and analog-to-digital conversion and digital signal processing (DSP). 

3.4.1 Discrete Transceiver Design for VLC System  

Figure 3.9 and Figure 3.10 depicts a typical VLC system allowing both host-slave broadcasting 

(LED lamp to users) and peer-to-peer full-duplex transceiver (user to user). The transmitting path 

includes buffers, coding and OFDM modulation for better signal quality, a pre-equalizer for broader 

bandwidth, driver and DC biasing for the large LED array, DEMUX to handle LED array signals, 

and a digital-to-analog converter (DAC) and global clock synchronization. The receiving channel 

consists of pre-amplifier and main amplifier, high/low pass filters, ADC to convert received analog 

signals into digital, decoding and demodulation to recover signal information, a post-equalizer to 

enlarge receiver bandwidth, clock synchronization and CDR (clock and data recovery) circuit to 
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recover both clock and data from incoming signals. Two types of photosensors may be used: a vast 

PD array and a CMOS imager. A MUX circuit is used for PD array to fuse the received parallel 

signals. MAC blocks will be used for access control for multi-users. LVDS can remove background 

noises. On-chip ESD protection is needed. 

 

Figure 3.9: Illustration of a LED/imager full duplex VLC wireless system (Transmitter) 

 

Figure 3.10: Illustration of a LED/imager full duplex VLC wireless system (Receiver) 

3.4.2 VLC Transceiver IC Design Overview 

In [70], a SoC IC for the VLC transceiver as illustrated in  

Figure 3.11 Illustration of the fully integrated transceiver IC for the LED-based VLC system in 180nm 

BCDMOS 

which was designed and fabricated in a TSMC 180nm BCDMOS technology was illustrated. 

The VLC transceiver IC consists of a LED luminaire transmitter, equalization control unit, 

Manchester encoding and decoding circuit, phase lock loop (PLL), voltage and current reference, 
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and an optical receiver. It was designed to realize up to 64bit digital control for test multiplexer 

control by the I2C protocol, I2C slave and 8 digital registers. There are a total of 25 IO pads, which 

includes two for test mux outputs and two for I2C programming interfaces. The IC die size is 2mm 

X 2mm and utilized BGA bonding. 
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Figure 3.11 Illustration of the fully integrated transceiver IC for the LED-based VLC system in 180nm 

BCDMOS 

 

Figure 3.12 : Hierarchy of the VLC transceiver SoC in 180nm BCDMOS 

 depicts the hierarchy of the VLC transceiver IC. The VLC transceiver can be categorized 

into 3 main functional parts: IO pad-ring, Analog, and Digital portions. The Analog portion 

includes 4 blocks, which are a transmitter, PLL, bandgap, and receiver. The transmitter block has 

Manchester encoder, delay cells, equalizer and LED Driver. The receiver comprises 4 blocks, 

which are front-end, linear amplifiers, comparator, and Manchester decoder. The Digital portion 

includes I2C slaves, I2C registers, signal start and stop detection, and counter. The IO Pad-ring 



 54 

portion has power on reset (POR) designed to set the initial value of all of the digital logic and 

power supply detection. The communication between the I2C master and slave is ensured by I2C 

buffer via I2C bus lines. On-chip electrostatic discharge (ESD) protection is designed for each IO 

pad. This VLC transceiver IC allows simultaneous illumination and communication by LED. On 

the transmitter side, pre-equalization and multi-stage amplifier to enhance the modulation 

bandwidth limited by the LEDs. The signal waveform received through the visible light transmitted 

by the LED luminaire is 12 MHz. On the receiver side, VLC-specific TIA and comparator were 

designed. This VLC transceiver SoC operates has a bandwidth of 50 MHz. 
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Figure 3.12 : Hierarchy of the VLC transceiver SoC in 180nm BCDMOS 

3.4.3 VLC Applications 

The LED-based VLC and VLP technology is an alternative solution for wireless 

communications and positioning. For example, in indoor wireless networking, the existing indoor 
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LED light infrastructures can be redesigned to provide full duplex wireless streaming. Due to the 

vast bandwidth of visible light, VLC communication can be a potential wireless solution for vital 

data communications.  

 

 

Figure 3.13: A dual-user LED VLC system for HD video streaming 

Figure 3.13 shows a full duplex LED VLC testbed at the UC-Light Center of the University 

of California, capable of streaming HD videos while allowing wireless communications between 

the two terminals. Figure 3.14shows a VLC system using the VLC transceiver SoC designed in 180 

BCDMOS technology for visible light streaming [70]. Outdoor VLC Networking: Urban 

development can use outdoor LED-based VLC systems to realize smart city applications. For 

example, the LED display boards, street lights, and LED signs can be used to form a grand wireless 

network for a city, a community, airport buildings, sports arenas, large parking structures, and 

shopping centers, essentially making the smart city concept a reality. Smart Hospitals: Modern 

hospitals requires high-volume information communications (e.g., for telemedicine) and real-time 
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asset and personnel management. RF wireless is not the solution due to many limitations. Build the 

VLC/VLP functions into the existing LED light infrastructure will achieve high-throughput 

wireless streaming and accurate asset/personnel tracking, hence, making the smart hospital a reality 

Figure 3.15. shows a demo of the VLC system at the Loma Linda Medical Center design by the 

UC-Light Center. 

 

Figure 3.14: A demo at the UC-Light Center uses the VLC SoC IC designed in a 180nm BCDMOS to 

enable visible light communication. [70] 
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Figure 3.15: Demo of a VLC system at Loma Linda Medical Center. 

smart Traffic: Adding the VLC/VLP functions to the street lights, street signs, LED displays, and 

the head/tail lights of vehicles, will make a substantial real-time traffic data monitoring and 

collection system, which will use to realize true smart traffic control everywhere and anytime.  

Figure 3.16 shows a demo VLP/VLC vehicle at the UC-Light Center that features VLP 

navigation and VLC wireless communications simultaneously. 
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Figure 3.16: A demo vehicle with VLC enabled position and navigation 

We review the basics and state-of-the-art of the new LED-based VLC and VLP technologies 

and systems. Designs of VLC/VLP SoCs are discussed for real-world applications. The VLC/VLP 

technology opens a door for unlimited wireless applications, including high-throughput wireless 

streaming for big data applications, smart cities, smart hospitals, and real-time smart traffic control. 
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Chapter 4 
 

 

4 Vehicular Visible Light 

Communication Performance 

Analysis 

4.1 Vehicular VLC System 

The fast-growing of the visible light communication (VLC) enables the vehicular VLC (V 

2LC) networks, which can provide safety application and internet access, to become a promising 

solution to the intelligent transportation system. Since the  𝑉2𝐿𝐶 is an outdoor application scenario, 

the VLC link can be strongly affected by the background noise and atmospheric conditions, such 

as ambient light noise, fog, smog, rain and so forth. Moreover, even in a clear sky condition, the 

performance of an optical communication link could be degraded by the optical turbulence caused 

by the random air temperature fluctuation in the atmosphere. However, the effects introduced by 

the optical turbulence are usually observed in long distance free space optical communication rather 

than short range VLC, because of the index of refraction structure parameter 𝐶𝑛
2 is usually taken 
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from 10−12𝑚−2/3 to 10−17𝑚−2/3 with a typical average value being 10−15𝑚−2/3 [71]. In 𝑉2𝐿𝐶 

networks, optical turbulence, which may be strong enough to degrade the communication 

performance, still could occur in short distance. This is because of the hot vehicle exhaust gases 

from the vehicle emission and high speed airflow around the vehicle [72]. The recent research 

shows strong interests in vehicular VLC with a modulation scheme, system, and implementation 

designs [73-78]. 

The exhaust gases from motor vehicle engines are complex mixtures. Even though the 

exhaust compositions are somewhat different depend on the engine type (gas or diesel), their major 

components are almost the same: nitrogen ( 𝑁2), carbon dioxide ( 𝐶𝑂2), water ( 𝐻2𝑂) and carbon 

monoxide (CO)[79] The optical radiation traveling through the exhaust plumes could be scattered 

and absorbed by these molecules, resulting powe inr transmission losses. Furthermore, the 

difference in composition and temperature between hot exhaust plume and cooler surrounding air 

creates a density gradient, which results in a variation of refractive index. As the optical waves 

propagate through the exhaust plumes, they are distorted by the random refractive index variations, 

finally leading to a degradation of the communication link. This process is similar to turbulence 

effects in free space optical communication, which is caused by the random temperature variations 

and air motions. 

In order to predict the system performance degradations, a turbulent region close to exhaust 

plumes has been studied in the laser propagation.[80] gave a good review of reported experimental 

results and modeling approaches to analyze the laser transmission in jet exhaust plume regions [81] 

studied the effects introduced by the ship exhaust plumes when the light propagates through it. 

These hot exhaust plumes can result in a significant value of structure constant, from 10−10 

to 10−9𝑚−2/3 typically. While the temperatures in jet exhaust plumes and ship exhaust plumes can 

reach a few hundred degrees, the temperature in vehicle exhaust plumes is much lower. Even 
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though the temperature in the catalytic converter is usually higher than 300°𝐶, which is usually the 

minimum working temperature for the catalytic converter, the exhaust plumes temperature is 

several tens of degrees recorded in our experiments after traveling along the exhaust pipe. And to 

our best of knowledge, no practical experiments have been done to study the vehicle exhaust effects 

in VLC using practical measurements. This paper is focusing on the turbulence-induced fluctuation 

of the received optical power since the intensity modulated, direct detection method will be used 

in our application, which means only the received optical irradiance that matters. 

4.2 VLC Channel Performance Under Effects of Vehicle 

Exhaust 

4.2.1 Vehicular Exhaust on VLC Effect Testbed Configuration 

 

Figure 4.1: Experiments setup for transmitter and receiver side on vehicular VLC channel measurement 

[82] 

The measurement aims to investigate the receiving optical power fluctuation under the 

influence of vehicle exhaust plumes. The experiments are performed using a 2014 Honda Accord 

and a 2014 Ford Fiesta ST on the campus of UC, Riverside. Both vehicles are equipped with 

gasoline engines, a 185 hp (@ 6400 rpm) 2.4L nature engine and a 197 hp (@ 6000 rpm) 1.6L 

turbocharged engine, respectively. The experiments are conducted in a small parking lot with walls 
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surrounding from 6 p.m. June 20, 2015, to 3 a.m. June 21, 2015.  Because of the surrounding walls, 

the effects of the experimental results brought in by the wind speed are negligible. The recorded 

outdoor temperature varies from the highest  31.6°𝐶  at 7:00 p.m. to  20.6°𝐶  at 2:47 a.m. next 

morning. 

The experimental set-up is illustrated in Figure 4.1. On the transmitter side, a white LED with 

90◦ viewing angles is driven directly by a DC power supply to emit constant optical irradiance. 

There is no lens applied to collimate the output optical beam. At the receiver end, an avalanche 

photodetector (APD) with energy collecting lens is employed to detect the output optical power. 

The lens is employed to increase the optical power reaching on the effective area of APD. However, 

the lens may bring in an average effect which could result in a mitigation of the scintillation effect. 

So a six inches long, one-inch diameter extension tube is added before the lens to limit the receiver 

field of view (FOV). Another purpose of the tube is to reduce ambient light avoiding APD 

saturation. Then, the received signal is recorded by a 2.5 GHz bandwidth digital phosphor 

oscilloscope (DPO) with an 8bit vertical resolution for further post-processing. The transmitter 

power is adjusted to assure that the APD works under its linear range. 

Several different set-up configurations were tested using two different engines. 

Measurements were recorded with the engine running at 800 RPM (idle) and 3000 (for Accord and 

4000 for Fiesta) RPM. The distance between transmitter and receiver is fixed to 2 m, which is 

limited by the maximum power of the LED. The engines had been warmed up at 800 RPM in 

stationary before each measurement. The temperature of the exhaust measured in stationery is 

lower than that when the vehicle is traveling at average speed even with the engines warmed up. 

However, we are not able to measure the SI when the vehicle is traveling due to the experimental 

equipment.  And the optical link is aligned to ensure the maximum signal-to-noise ratio is achieved. 
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At each measurement, a signal waveform with length 100 ms is recorded by the DPO. The key 

system parameters are summarized in Table 1. 

Table 1: Summary of the key system parameters for Vehicular VLC channel [82] 

Parameters Values Parameters Values 

Optical source-

LED 
 Extension Tube  

Color White Length 6 inches 

Viewing Angle 90° Diameter 1 inch 

Luminous Flux 73.9 lm   

Receiver APD  DPO  

Detector Active 

Area Diameter 
1 mm Bandwidth 2.5 GHz 

Output Bandwidth DC-50 MHz Sampling Rate 20 M samples/s 

Maximum APD 

Responsivity 
25 A/W @ 600 nm Vertical Resolution 8 bits 

    

4.2.2 Measurement Result and Analysis 

The receiving optical power fluctuation is measured in terms of scintillation index (SI), 

defined as the normalized variance of the irradiance perturbation: 

  𝜎𝐼
2 =

< 𝐼2 >

< 𝐼 >2
− 1 (4.2.2.36) 

where I denote received optical irradiance and < . > denotes an ensemble average. In order to 

observe the true experiment SI, the background noise should be subtracted from the recorded data. 

The background noise is captured within 10 minutes before each measurement, and its mean value 

is calculated a 𝑚𝐵𝐺 . Instead of directly subtracting the mean value of background noise from the 

data, the corrected SI is calculated according to [83]: 

  𝜎𝐼,𝑒𝑥𝑝
2 =

𝜎𝐼,𝑑𝑎𝑡𝑎
2 𝑚𝐵𝐺

2

(𝑚𝑑𝑎𝑡𝑎 −𝑚𝐵𝐺)
2 (4.2.2.37) 

where 𝜎𝐼,𝑒𝑥𝑝
2  represents true experiment SI,  𝜎𝐼,𝑑𝑎𝑡𝑎

2  is the SI calculated form the collected data and 

𝑚𝑑𝑎𝑡𝑎 is the mean value of the collected data. Since the vertical resolution of the DPO is 8 bit, the 
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accuracy of the calculated SI is affected in some extent due to the quantization noise. But the order 

of SI is good enough to show the strengthj of turbulence induced by the vehicle exhaust. 

 

Figure 4.2: Different cases corresponding to different configurations in the first group of collected data [82] 

 

The summary of the first group, experimental results data, is shown in Table 2. These 

measurements were completed using a Honda Accord. The temperature at the exhaust nozzle is 

around 45 ◦C for idle and 53 ◦C for 3000 RPM. The case numbers represent different configurations 

corresponding to different transceiver positions with respect to the exhaust nozzle. Case 1 

represents the configuration shown in Figure 4.2 case 1. In this case, the LED was placed closer to 

the exhaust nozzle, and the exhaust flow axis is perpendicular to the optical axis. Both the 

transceiver and the exhaust pipe are on the same horizontal level. Then the transmitter and the 

receiver were switched in case 2; the receiver is placed at the exhaust end. In case 3, a vent extension 

pipe was used to change the direction of exhaust flow upwards and normal to the ground as shown 

in Figure 4.2 case 3. The LED is placed right above the vent pipe, and the optical axis is 

perpendicular to the exhaust flow. At last, the normal case, in which the optical axis is parallel to 
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the exhaust flow axis, and the LED is placed right above the exhaust nozzle, was tested as illustrated 

in Figure 4.2 case 4. This is the most common case occurs in𝑉2𝐿𝐶 applications. 

Table 2: Summary of the first group experimental results data obtained from different cases [82] 

 

as could be seen from Table 2, the SIs in all different configurations are very small in contrast to 

the long distance free space optical communication, where the laser beam propagates through the 

turbulent media in the atmosphere. This means that the vehicle exhaust-induced turbulence is in 

the weak regime. Even though the irradiance fluctuation is minimal, the exhaust plumes do bring 

in perturbations to the receiving optical power. In comparison with Table 2, as the engine RPM 

goes higher, the scintillation effect is stronger because it creates a more significant temperature 

gradient. 

Theoretically, the strongest power fluctuation should be observed in either case 1 or case 2, 

since the optical beam passes directly through the hot exhaust plumes, creating a larger temperature 

gradient. In our experiment, a stronger scintillation effect is recorded in case 2, where the exhaust 

is closer to the receiver. However, in [84] a larger scintillation index is reported, when the fan heater 

within a chamber is closer to the transmitter rather than the receiver. In their experiments, a 

collimated narrow beam laser is employed as the transmitter, and their receiver FOV is larger than 

the laser beam width. In our case, a single LED without collimating is used, and its beam is wider 

than the receiver FOV, which is limited by an extension tube. So it seems the hot gases induce more 

perturbation at the narrow FOV side. While in case 3, the beam does travel directly through the 

exhaust plumes. But the extension aluminum vent pipe cooled the exhaust plumes, resulting in a 

temperature drop, which makes it has the smallest SIs in all configures. For case 4, which is also 
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the most common configuration in 𝑉2𝐿𝐶 applications, shows a moderate SI between case 1 and 

case 3. In this case, the optical beam travels through a diffused exhaust plumes region instead of 

the exhaust flow axis. 

The second measurement campaign invests the effects of vertical distance from the exhaust 

nozzle to the LED. And the results from both engines are compared. Honda Accord is a family 

sedan, and usually, the engine speed will not exceed 3000 RPM for daily drive, so the scintillation 

effects were tested at 3000 RPM for the Honda Accord. However, the Fiesta ST is a sporty 

hatchback with a small size turbocharged engine, which has a higher engine redline speed, so it 

was tested at the speed of 4000 RPM. The temperature at the exhaust nozzle of Fiesta ST is 

about39°𝐶  for idle and 57°𝐶 for 4000 RPM. The measurements for Hondthe a Accord last from 

8:12 p.m to 8:38 p.m and the environment temperature is around 29°𝐶 . The measurements for 

Fiesta ST last from 1:45 a.m to 3:04 a.m next morning and the environment temperature is 

around 21°𝐶. The experimental configuration is demonstrated in Figure 4.3, with height H varies 

from 3 up to 20 inches, and constant width W = 0. The shortest length is limited by the structure of 

the exhaust system. The results are illustrated in Figure 4.4 

 

Figure 4.3: Configuration for the second group of measurement in vehicular VLC exhaust effect in channel 

performance [82] 
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Figure 4.4: Results obtained from data measured in the second campaign [82] 

As can be predicted, the turbulent impact of the exhaust should decrease as the height of the 

LED increases. The data measured from Fiesta has a good agreement with this trend. However, this 

is not the case for Accord. This can be explained as the scintillation introduced by the vehicle 

exhaust is very weak, it is not the dominant factor anymore when the background noise is strong 

compared to the exhaust-induced distortion. The comparison of the data collected from two 

different engines shows the engine size and structure will definitely affect the strength of the 

receiving optical power fluctuations. Larger size engine, higher engine RPM will cause more 

scintillation effect. In our experiment, the maximum SI  3.3583 × 10−4 is observed in this 

configuration: H = 3 inches, W = 0 inch, RPM = 4000, and is generated from Fiesta. This group of 

data shows that increasing the vertical distance between the LED and exhaust will reduce the 

turbulence effect. 20 inches is normally the vertical distance between tail lights and exhaust for 

sedans. At this distance, the turbulence brought in by the exhaust can be ignored.  

In the last group of collected data, the effects of both vertical and horizontal distances have 

been taken into consideration. The configuration is as the same in Figure 4.3, with both height H 

and width W varied. The results are described in Table 3. The measurements of this group were 

performed by using the Fiesta only. Most of the hot exhaust with less density will rise before 

cooling down in no wind condition. So the horizontal distance between LED and exhaust nozzle 
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will make litter impact to the optical link even with some of the horizontally diffused exhaust still 

reaching the cross-section of the optical beam and receiver FOV. The results in Table 3 indicate 

that the turbulence is reduced further when the LED moving along the horizontal direction and no 

longer the dominant factor which distorts the optical signal. 

Table 3: Results from the third group of collected data 

 

4.2.3 Channel Performance Analysis for Vehicular VLC 

The maximum observed SI during the entire experiment is equal to 3.3583 × 10−4 , 

corresponding to a Rytov variance of 3.3579 × 10−4. The Rytov variance << 1 and is classified to 

be in the weak regime. The Rytov variance is calculated by inverting eq.4.4.12, which is given in 

[71]. 

  𝜎𝑁
2 = 𝑒𝑥𝑝 [

0.49𝜎𝑙
2

(1 + 1.11𝜎𝑙
12/5

)
7/6

+
0.51𝜎𝑙

2

(1 + 0.69𝜎𝑙
12/5

)
5/6
] (4.2.3.38) 

In Figure 4.5a, we show the sampled signal (normalized) for the maximum SI case. The blue 

line denotes the raw signal, and the black line represents the point-by-point average of the signal.  

The received irradiance fluctuation   is observed. The corresponding histogram of the received 

signal is depicted in Figure 4.5b. Note that a total number of occurrence has been normalized, so the 

bar graph also represents the pdf of the received optical amplitude. The bar graph may deviate from 

the true distribution due to the 8-bit vertical resolution. The lognormal curve fitting in the presence 
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of the weak turbulence is also given in Fig.4.5b, corresponding to the Rytov variance of 3.3579 ×

10−4 

 

Figure 4.5 Recorded normalized signal for the maximum SI case (a). The blue line denotes the raw signal, 

and the black line represents the point-by-point average of the signal. The histogram of the received signal 

and lognormal curve fitting for this case is depicted in (b) [82]. 

In order to analyze the turbulence induced channel fading, the additional power required due 

to the presence of exhaust plumes to achieve a given level of performance is examined. Without 

loss of generality, the simulation here is based on the log-normal turbulence model and the 

subcarrier intensity modulation with signal pre-modulated with BPSK. The results presented can 

be derived from other turbulence models and modulation techniques. 

 

Figure 4.6: Error rate performance against normalized SNR for BPSK-SIM-based technique in weak 

turbulence channel 
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In Figure 4.6, the BER performance is plotted versus the normalized SNR for different 

strengths of turbulence. Three different levels of turbulence are given in Figure 4.6: no fading, log 

irradiance variance 𝜎𝑙
2 = 0.0003358 (corresponding to the maximum SI in our experiment), and a 

10 times increased 𝜎𝑙
2= 0.003358. The SNR penalty is defined as the difference of the SNRs with 

and without turbulence at a specified BER performance. SNR penalty corresponding to three 

different turbulence strength for any given BER can be obtained from Figure 4.6. As an example, to 

achieve a 10−9 BER performance, the SNR penalty for a 𝜎𝑙
2= 0.0003358 channel is less than 0.1 

dB. If the log irradiance variance is increased by 10 times, it will lead to an approximate 0.5 dB 

SNR penalty. 

 The scintillation effects to the vehicular visible light communication introduced by the 

exhaust plumes were assessed by the measurements of two different vehicles. The obtained results 

showed that the exhaust plumes have a minimal impact on the VLC link. Larger engine, higher 

engine speed and the closer distance between transceiver and exhaust nozzle will give a stronger 

receiving optical power fluctuation. In contrast, increasing the distance between the transceiver and 

an exhaust nozzle can significantly reduce the scintillation effect. The SNR penalty induced by the 

exhaust plumes is minimal even at our strongest SI case. So if the LED transmitter is at the position 

of the taillight, the communication degradation can be ignored for most vehicles. When the LED 

array is used as the transmitter rather than a single LED, the turbulence effects can be reduced 

further. This reasons for the very weak scintillation could be explained as: The temperature of the 

exhaust plumes is definitely lower than that when the vehicle is traveling. The engines of both 

vehicles are placed in the front of the vehicles. The hot exhaust plumes have been cooled by the 

long exhaust pipe before they could reach the exhaust nozzle. And most exhaust nozzles are 

designed to be slightly tilted toward the ground. The plumes then are further cooled when they 
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diffuse to the cross-section of optical beam and receiver FOV. The temperature drop will result in 

a temperature gradient reduction, which finally gives a feeble scintillation effect. 

In a practical application scenario, the vehicles are moving rather than stationary. The sharp 

and spatial coverage of the exhaust plumes could be influenced by the air flow through the vehicles 

and wind. The refractive index could also be disturbed by the air density fluctuation due to the 

high-speed air flow. The future work will investigate the vehicle moving scenario. 

4.3 Vehicular Optical Massive MIMO Design 

Visible Light Communication (VLC) has been widely investigated as an alternative 

communication solution for very high-speed data transmission on the internet of vehicles 

application while white lighting light emitting diode (LED) emerges as an essential energy efficient 

illumination technology. Compare to its radio frequency (RF) counterpart, VLC possesses various 

advantages such as impassable via opaque obstacles which cause the visible light band to be reused 

in a different room with no interferences, low-cost frontends, and relative high received signal-to-

noise ratio (SNR). Also, there are no health concerns so long as the LEDs’ intensity is within the 

regulation of eye-and-skin safety limit [85]. White light emitted from LEDs can be formed by using 

either a balanced intensity ratio of red-green-blue (RGB) LED or blue LED light combined with a 

yellow phosphor. Due to their costs, the latter method has been widely accepted as the mainstream 

illumination technology. These white LEDs can be modulated at 25 MHz [86] which can be utilized 

as the basis of the novel data communication system  

Intensity modulation and direct detection (IM/DD) is well-accepting modulation and 

demodulation method for VLC. As information is carried on the intensity of the emitted light, all 

transmitted signals are non-negative. Yet, in IM/DD optical systems, the channel gain is given by 

the ratio of the received optical power to the transmitted optical power. More than ten transmitters 
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and receivers within a multiple-in-multiple-out (MIMO) system are considered as Massive MIMO. 

In RF Massive MIMO, its channel matrix is generally involved. However, due to its IM/DD 

limitation, the channel matrix for optical wireless is a real matrix with its elements denoting the 

power gains of all the LED-photodetector pairs [87]. 

 

4.3.1 Introduction 

Many state-of-the-art techniques have been proposed for high-speed transmissions with VLC 

systems, e.g., a spread spectrum technique to combat ISI is given by[65] with the expense of 

reduced SE. Nonlinear equalization with guard slots was presented to reduce multipath effect in 

[88]. Also, [89] introduced multiple transmitter beams with narrow multi-beam field of view 

receiver to mitigate multipath dispersion. Nevertheless, the complexity of equalization in 

traditional single carrier transmission schemes increases rapidly with the data rates, which 

motivates the necessity of the research in optical multi-carrier transmission techniques [90]. Many 

types of optical multi-carrier transmission techniques have been proposed to support high data rates 

transmission such as orthogonal frequency division multiplexing technique [91, 92]. It has been 

shown that combining OFDM and multiple-input-multiple-output (MIMO) can significantly reduce 

fading and yields frequency flat MIMO channel by spatial diversity [93].  

To the best of our knowledge, massive MIMO Visible Light Vehicular Communication 

(VLVC) system have not been studied so far. The main contributions of this paper are summarized 

as follows: Proposed hemispherical lens featured beehive structure receiver (BSR) on Massive 

MIMO system; verified the spatial diversity of the MIMO technique and channel hardening 

advantage for the proposed massive MIMO VLC systems. 

4.3.2 Massive MIMO Channel Model 

The characteristics of the channel are essential to the designing, implementation, and 

operation of an optical communication system. Intensity modulation with direct detection (IM/DD) 



 73 

is used as the method of implementation VLC system. This is method uses the instantaneous optical 

power of the transmitter as the transmitted waveform x(t), and the received waveform y(t) is the 

instantaneous current in the receiving photodetector. Therefore, the optical channel with IM/DD is 

described as linear baseband system with impulse response h(t). The equivalent baseband model of 

an IM/DD optical wireless link can be summarized by the following equations: 

 𝑦(𝑡) = 𝑅𝑥(𝑡)⨂ℎ(𝑡) + 𝑛(𝑡) (4.39) 

where 𝑛(𝑡)  is modelled as Gaussian and signal-independent noise, the symbol ⨂  denotes the 

convolution and R is the detector responsivity (Amperes/Watts). The information of ℎ(𝑡) allows 

us to determine the multipath penalty, which limits the maximum symbol rate. Also, the second 

term is related to the signal-to-noise ratio (SNR), which determines the performance of the systems. 

This impulse response ℎ(𝑡) can be used to analyze or simulate the effects of multipath dispersion 

in VLC channel. In [94], Gfeller and Bapst modelled the optical channel response as follows: 

 ℎ(𝑡) = 𝑓(𝑥) = {

2𝑡0
𝑡3 sin2(𝐹𝑂𝑉)

, 𝑡0 ≤ 𝑡 ≤
𝑡0

cos(𝐹𝑂𝑉)

0                        , elsewhere

 (4.40) 

where 𝑡0 is the minimum time delay. The VLC transfer function is defined by  

 𝐻VLC(𝑓) = 𝐻los +𝐻diff(𝑓) (4.41) 

where 𝐻los  is the contribution of the LOS, which is mostly independent on the modulation 

frequency, and 𝐻diff is the contribution of the diffuse part of the optical channel. A distance d 

between transmitter T and receiver R in a LOS link configuration as shown in Figure 4.7 has the 

following description: 

 𝑃𝑅 =
1

𝑑2
𝑅𝑇(𝜙, 𝑛)𝐴eff(𝜑) (4.42) 

The transmitter is modeled using a generalized Lambertian radiation pattern 𝑅𝑇(𝜙, 𝑛), and 𝐴eff (𝜑) 

represents the effective signal collection area of the receiver 
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Figure 4.7: Basic LOS link configuration of the VLC system 

where 𝑛  in Figure 4.7 represents the mode number of the radiation lobe that specifies the 

directionality of the transmitter 

 𝑅𝑇(𝜙, 𝑛) =
𝑛 + 1

2𝜋
𝑃𝑇cos

𝑛(𝜙), 0 ≤ 𝜙 ≤
𝜋

2
 (4.43) 

 𝐴eff = 𝐴𝑟 cos𝜑 rect(
𝜑

FOV
) (4.44) 

where 𝑃𝑇 is the power radiated by the transmitter, 𝐴𝑟 is the physical area of the receiver, and FOV 

is the receiver field of view (half-angle from the surface normal). 
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4.3.3 VLC Receiver Lens System Model 

 

Figure 4.8 The configuration of the BSR with opaque casing (left) and BSR components with a 

hemispherical lens and honeycomb organized photodetector array (right) 

The imaging system of BSR is described in Figure 4.8(left). It is a typical room of size 5 ×

5 × 2.5  meters as length, width, and height respectively. There are 16 white light LEDs as 

transmitters located on the ceiling of the room. The BSR, Figure 4.8(middle) can be found at the 

(2.5, 2.5, 0) meter position. The photodetector array can be easily expanded due to its maximized 

photo-detecting area formation which is enabled by the honeycomb structure. In Figure 4.8, we are 

showing some possible the expansion of the BSR photo-detecting area configuration. 
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Figure 4.9: Photo-detecting array expansion for BSR from one (left), to seven (middle), to 13 (right) 

By utilizing a large number of LEDs as transmitters and photodetector as receivers, massive 

MIMO OFDM VLC systems creates more degrees of freedom in spatial domain which can bring 

many values such as increased link reliability and data rate without increasing bandwidth [95, 96].  

For example, the probability of link outage, 𝑃𝑜𝑢𝑡𝑎𝑔𝑒  in a point-to-point MIMO system with 𝑛𝑡 

transmit and  𝑛𝑟 receive antennas can be described as 

 𝑃𝑜𝑢𝑡𝑎𝑔𝑒 ∝ 𝑆𝑁𝑅
−(𝑛𝑡𝑛𝑟)

 (4.45) 

This relationship shows the system has a potential of reaching a diversity order of𝑛𝑟𝑛𝑡. Moreover, 

with incran ease in SNR, the massive MIMO link error rate can be approximate by an exponential 

fall. Therefore, the achievable rate is described as 

 min(𝑛𝑡, 𝑛𝑟) log2(1 + 𝑆𝑁𝑅) (4.46) 

without increasing the bandwidth, it shows that the system can achieve a very high data rates using 

large 𝑛𝑟,  𝑛𝑡  . In addition, the rate gain in multiuser massive MIMO with larga e number of 

transceivers can also be significant. A large number of transmitting LED in the multiuser downlink 

can allow the use of simple precoding methods and flexible user 4selection and scheduling.  
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Increased data rate and diversity gain are not the only advantages a massive MIMO system 

offers. As both 𝑛𝑡 and 𝑛𝑟 increase with a fixed ratio, the distribution of its singular value becomes 

less sensitive to the distribution of entries of the channel matrix as long as they are independent and 

identically distributed (iid). It is a result of the Marcenko-Pastur law which states that if the entries 

of a 𝑛𝑟 × 𝑛𝑡 matrix H are zero mean iid with variance 1/𝑛𝑟, then the empirical distribution of the 

eigenvalues of 𝑯𝐻𝑯 converges almost surely, as 𝑛𝑡 , 𝑛𝑟  → ∞  with 𝑛𝑡/𝑛𝑟  → 𝛽 , to the density 

function [97] 

 𝑓𝛽(𝑥) = (1 −
1

𝛽
)
+

𝛿(𝑥) +
√(𝑥 − 𝑎)+(𝑏 − 𝑥)+

2𝜋𝛽𝑥
 (4.47) 

where (𝑧)+ = max(𝑧, 0) , 𝑎 = (1 − √𝛽)
2
, 𝑎𝑛𝑑 𝑏 = (1 + √𝛽)

2
 . In a similar way, the empirical 

distribution of the eigenvalues of 𝑯𝑯𝐻converges to 

 𝑓𝛽 = (1 − 𝛽)𝛿(𝑥) + 𝛽𝑓𝛽(𝑥) (4.48) 

The Marcenko-Pasteur law also implies that the channel “hardens,” meaning that the 

eigenvalue histogram of a single realization converges to the average asymptotic eigenvalue 

distribution. In this sense, the channel becomes more and more deterministic as the number of 

antennas increases. The channel hardening behavior in large dimensions can be seen clearly as 

𝑛𝑡  and 𝑛𝑟 increases. Channel hardening results in several advantages in large dimensional signal 

processing. For example, linear detectors like zero forcing (ZF) and minimum mean square error 

(MMSE) detectors need to perform matrix inversions. Inversion of large random matrices can be 

done quickly, using series expansion techniques. Because of channel hardening, approximate 

matrix inversions using series expansion and deterministic approximations from the limiting 

distribution become effective in large dimensions. Also, channel hardening can allow simple 

detection methods/ algorithms to achieve a very good performance in large dimensions [98]. 
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4.3.4 Simulation on Beehive Structure Receiver Array 

In simulation configuration, 4 transmitters are placed 1 meter apart to simulate the vehicle’s 

tail lights, and beehive structure receiver (BSR) which composed of 4 photodiodes is placed 2.5 

meters away from the center of the transmitter plane. The photodetectors are evenly distributed on 

the bottom of the receiver as shown in Figure 4.10. The lens’ diameter is 5 mm. Its index of refraction 

is 1.5, and the angle of incidence is less than 70 degree.  

 

Figure 4.10: BSR with 4 photodetector array structure 

The assumption for a tractable simulation and analysis can be summarized as the following. 

Only LOS (without considering diffuse) transmission between LED and the flat surface of the lens 

and each LED is a point source. The rays from a given LED are approximately parallel when they 

reach the flat surface of the lens. Power is lost only at the surface of the lens through reflection (not 

within the lens through dissipation). Light reflected internally at the curved surface of the lens is 

lost from the system and does not reach the photodetector array after multiple reflections. All of 

the light reaching the photo-detecting array is detected. 
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Figure 4.11 Power density with the symmetrical arrangement on MIMO configuration: 40 degrees of the 

angle of incidence (left), LEDs placements further apart (middle), and power density index (right) 

The optical power density generated on the photo-detecting array with the angle of incidence 

at 40 degrees is shown in Figure 4.11(left). As we can see, the signals from all four LEDs are clearly 

separated on the image which means that most of the power emitted from each corresponding LED 

is received. However, we later increase the LED placement further apart. The power density, shown 

in Figure 4.11(middle), is almost identical which results show an orthogonal channel matrix. The 

simulation result for the LOS channel power density of the proposed system shows a clear 

presentation of the spatial diversity which is required to enable the massive MIMO technique. 

This section demonstrated a novel visible light inter-vehicle communication receiver design 

which is the hemispherical lens featured Beehive Structure Receiver. The analysis for the 

performance of this receiver has illustrated its capability of enabling a spatial diversity. By utilizing 

this achievement, we can implement Massive MIMO technology to any existing visible light 

communication systems to receive the benefit of channel hardening effect of large dimension, and 

therefore reduce the computation complexity. 
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Chapter 5 
 

 

5 Overland NLOS UV 

Communication Modeling and 

Experiments 

Unique features of the atmospheric propagation of radiation in the ultraviolet  (UV)  C  band  

(100–280 nm) makes non-line-of-sight (NLOS) UV communication an attractive possibility. 

Because the atmosphere absorbs these relatively short wavelengths, nearly all UV-C solar radiation 

is blocked from reaching the surface of the Earth. This results in a virtually noiseless “solar-blind” 

communication channel that permits the use of extremely sensitive photon-counting detectors. 

Meanwhile, because molecules and aerosols in the atmosphere are of similar size as the wavelength 

of UV-C radiation, significant atmospheric scattering exists, enabling outdoor NLOS operation 

through the atmospheric scattering channel [3]. As such, NLOS UV communication has the 
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potential for low data-rate applications, supplementing or replacing conventional radio-frequency 

(RF) systems when RF communication is  not allowed or undesirable. 

In the past several years, considerable theoretical and experimental research has been 

performed on NLOS channel path loss models [5, 9, 22, 99-106], NLOS UV turbulence models 

[107-113], channel coding for NLOS UV communications [32], modulation schemes [114-116], 

NLOS UV media access control and network issues [117-120] and NLOS UV communication 

system development [8, 121-123]. The focus of most of this previous research has been on short 

ranges, where multiple-scattering and scintillation effects are weak and often assumed to be 

negligible. Furthermore, much of this work employs theoretical modeling without experimental 

verification. 

In this paper, we detail a long-distance NLOS UV channel sounding experiment in which 

path loss, pulse broadening, and scintillation effects were measured at distances up to 4 km. To the 

best of our knowledge, this experiment represents the most comprehensive examination of the 

NLOS UV communication channel at such distances. The experimental results are compared with 

predictions from a Monte Carlo multiple-scattering channel model, providing reasonable validation 

of this model at long distance. In addition, we examine the distribution of received photon counts 

for evidence of the effects of turbulence in the NLOS channel. In this case, however,  there  is less 

agreement with predictions from existing turbulence models, suggesting the need for additional 

research on the refinement of turbulence modeling. Finally, we discuss implications of the 

measurement and modeling results for long-range communication performance. 

5.1 Experimental System Configuration 

Given the unique propagation features of radiation in the deep Ultraviolet-C (UV-C) band 

which ranges from 200–280 nanometers, research on ultraviolet communication becomes 
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increasingly popular. Atmospheric absorption prevents shorter wavelength of solar radiation from 

reaching the surface of the earth, which results in a virtual noiseless UV channel enabling the use 

of extremely sensitive photon-counting detectors for ultraviolet communication. Therefore, high 

received signal-to-noise ratio (SNR) can be easily achieved by using a very large field-of-view 

(FOV) photon multiplier tubes (PMT) detector with an out-band optical filter on top. Meanwhile, 

significant atmospheric scattering in the UV-C band makes outdoor non-line-of-sight (NLOS) 

communication possible and eases the strict requirements on pointing, acquisition, and tracking 

(PAT) [1]. As such, it is considered that NLOS UV communication theoretically can be used as a 

novel application to supplement conventional communication systems where radio-frequency (RF) 

communication is impermissible or undesirable. 

Extensive research work has been performed, not only experimentally, but also theoretically 

on NLOS UV communication. Under the assumption of single scattering, analytical and tractable 

single scattering channel path loss models have been developed in [2–3]. Through a short-range 

outdoor experiment, an empirical path loss model has been proposed in [4] and    it also partially 

validated the correctness of single scattering channel path loss model. In [5– 6], the authors 

proposed a numerical multiple scattering channel path loss model based on Monte Carlo method 

(MC). After the verification of [7], this MC based multiple scattering models were shown to be 

more accurate than the single scattering channel path loss model. Under the assumptions of those 

two path loss models, NLOS UV channel coding [9], modulation schemes [10], NLOS UV MAC, 

and network issues [11–13] have also been studied and discussed. Meanwhile, practical 

communication systems were built [14–15] for experimentation and validation of theoretical NLOS 

UV communication research. 

However, these works only considered short communication range scenarios, in which 

turbulence effects were assumed to be negligible. In fact, as communication range and the index of 
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refraction structure parameter increase, optical turbulence in the UV-C band may deteriorate the 

communication system performance with the effects of irradiance fluctuation (scintillation) and 

additional signal attenuation. Thus, the author in [16] proposed an analytical model of the NLOS 

UV turbulence channel for the first time. In paper [17–18], the authors advanced the previous model 

and took extra turbulence attenuation into account. Both of those two models, however, were 

limited because they assumed that the photons were only scattered once before detected by the 

receiver. 

In this paper, we propose an MC channel model to capture the multiple scattering channel 

behavior under turbulence condition. In addition, we present following experimental results and 

study the characteristic of NLOS UV turbulence channel with farthest distances up to 1 km. 

Through the experiment and simulation, we discuss the turbulence effect on NLOS UV channel 

with a focus on received-signal energy distribution and channel path loss. In addition, a unique 

characteristic of NLOS UV channel is proposed and studied as well, which is the turbulence 

strength tradeoff between path length and common volume size. To the best of our knowledge, this 

is the first experiment to study NLOS UV turbulence channel characteristic. 

5.2 UV LED Array Based Overland Experiment on 

Turbulence Effect 

5.2.1 Introduction 

In order to observe the apparent turbulence effect, we conducted a series of the experiment 

from June 20, 2014, to June 23, 2014, during the daytime hours from 9 am to 9 pm. According to 

the weather records, the outdoor temperature ranged from 17.2◦ C to 33.3◦ C. The average wind 

speed during the testing was from 3.5 mph to 15 mph and the average relative humidity was 39.5%. 

Experiments were conducted in a flat open field of the University of California, Riverside, which 
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was located a significant distance away from any critical optical noise sources (such as illumination 

devices). All of the measurements reported here were collected by utilizing a collimated UV LED 

array test-bed shown in Figure 5.1. 

 

Figure 5.1: NLOS UV channel measurement system 

At the transmitter side, a 6-pact 270 nm UV LED array was deployed with 1.8 mW average 

output optical power. On the top of each LED, we put a collimation lens to make the output full beam 

angle within 1◦. The transmitting pulse width was set to 1 ms, ensuring enough photons were output 

from the LED. Since high pointing angles geometries would bring a high amount of path loss and the 

output power of LED array was limited, we only used UV LED array to conduct the measurements 

on low pointing angles cases. Based on our simulation and observation, there was no saturation issue 

[22] occurred in our testing cases. 

Synchronization between the transmitter and the receiver was achieved via two synchronized 

GPS CNS II clocks that each output one 100 pulses per second (100 PPS) signal. Since the 

frequency of atmospheric turbulence is very close to the GPS rate, each transmitted signal can be 

regarded as an independent instance. At the receiver side, with a 15% efficiency 270 nm solar- blind 

filter on top, a PerkinElmer MP1922 photomultiplier tube (PMT) was deployed, which output a 
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standard transistor-transistor-logic pulse when a photon was detected. It was responsive to 

wavelengths from 165 nm to 320 nm with 10 dark counts per second. The peak quantum efficiency 

of 15% and the peak gain of 106 occurred at a wavelength of 200 nm. The quantum efficiency 

decreased to 10% at 260 nm and 7% at 280 nm. The noise level of this PMT is under 10 count per 

second. Assuming 15% efficiency for filter and 10% quantum efficiency for PMT can be reached, 

another attenuation 18.24 dB was taken into account in our calculation. The digital PMTs had a 

circular sensing window with a diameter of 1.5 cm (resulting in an active area of 1.77 cm2). Based 

on measurements, the effective field of view (FOV) of each detector (combining the PMT, solar 

blind filter, and attenuation filters) was estimated to be 30◦. The resulting signal output from PMT 

was recorded by MSA300, a high-speed photon counter with minimum 5 ns counting time and zero 

dead time, triggered by the GPS clock with an appropriate propagation time delay, which can be 

observed from the oscilloscope. 

 

5.2.2 Turbulence Channel Model Based on Monte Carlo Method 

 
With the increasing of communication distance, optical turbulence effects may degrade UV 

communication performance because the fading irradiance significantly deteriorates the received 

signal in two aspects: received energy fluctuation and extra average path loss. According to the 

Rytov solution to the wave equation, the log-amplitude variance is proportional to 𝜆−7/6  [124]. As 

a result, the irradiance fluctuations due to atmosphere turbulence might be two or three times worse 

in the UV band than in the visible or infrared (IR) band, implying that UV links may be much more 

sensitive to turbulence compared to other optical links. 

However, few analytical or numerical channel models have considered the NLOS turbulence 

effect comprehensively. In this work, we extend the previous MC multiple scattering channels 

[101] and introduce some critical parameters for turbulence channel Figure 5.2depicts the scenarios 
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of multiple scattering. Assuming there are n times of scattering, one n time NLOS path is comprised 

of 2n segments, including n paths from the transmitting point to the scattering centers and n paths 

from scattering centers to the Rx. Given each scattering is self-governed, and the distances and 

angles for different scattering events are dependent on previous quantities.  

 

Figure 5.2: Photon migration path for n scatterings [125] 

Therefore, on each segment, the photon’s propagation is assumed to follow the law of single 

scattering until it reaches the next scattering center or arrives at the receiver. Following this theory, 

the distance between each scattering interaction is given by the random variable: 

  △𝑠= −
𝑙𝑛𝜖(𝑠)

𝑘𝑠
 (5.49) 

where ε(s) is a uniform random variable between zero and one, and 𝑘𝑠 is the scattering coeffi- cient. 

In addition to scattering, the NLOS UV communication is also affected by turbulence. By takeing 

advantage of that UV LED array is a non-coherent source and each scattering center is spatially 

separated, each scattering center can be regarded as a secondary point source emitting photons 
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independently so that we can apply the turbulence theory to each LOS path. According to the Rytov 

approximation [126, 127], the scintillation attenuations (dB) of each LOS path can be expressed as 

 
 𝛼△𝑠 = 2
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where  𝐶𝑛
2 is the index of refraction structure parameter which is altitude dependent. The typical 

value of  𝐶𝑛
2  is  10−13 𝑚−2/3  for strong turbulence, 10−15 𝑚−2/3   for medium turbulence, and 

10−17 𝑚−2/3 for weak turbulence, respectively. Thus, the corresponding turbulence attenuation of 

each path in linear sa cale is 

  𝐿𝛼△𝑠 = 10
−𝛼△𝑠/10

 (5.51) 

 

where ∆s can be calculated from (5.49). 

As well as additional signal attenuation, optical turbulence effects may also lead to irradiance 

fluctuations. According to our experience and field test results, there is an apparent turbulence 

effect once the baseline distance is over 200m and the atmosphere circumstance is approximately 

assumed to be a weak-medium condition. Therefore, here we adopt log-normal (LN) distribution 

to describe the probability density function (PDF) of LOS received intensity. With the irradiance 

denoted by I, the log-normal model distribution is given by following 
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 (5.52) 

where 𝐼0 stands for the mean of received irradiance and variance of the log amplitude fluctuation 𝜎1
2 

is defined as follows 

  𝜎1
2 = 1.23𝐶𝑛

2𝑘7/6 △𝑠
11/6

 (5.53) 
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for a plane wave, where k is the vector wave number (2π/λ ). 

Without turbulence, the w, arriving probability of each photon, can be obtained by the 

simulation process described. However, when taking turbulence effect into account, the arriving 

probability of each photon in the arriving scattering center should scale a linear scintillation 

attenuation Lα∆s and random irradiance variable T, as shown by: 

 𝑤 = 𝑤 × 𝐿𝜆△𝑠 × 𝑇  (5.54) 

where T follows the distribution (4). By merging that above mentioned critical variable into the 

MC based channel model, the entire photon’s immigration behavior under the turbulence 

circumstance can be captured. Next, we apply this model to obtain all the simulated numeric results 

and use a serial of an experiment to verify this new model in the following section. 

 

5.2.3 NLOS UV Turbulence Channel Experiment Result 

In order to roughly quantify how turbid the atmosphere was, before each geometry data 

collecting, we first measured the LOS signal and then fitted the received-signal distribution to a 

log-normal (LN) distribution with C2 as the only variable. By this, we can get the estimated values 

of C2 at that moment, which are presented in below Table 4. To make our simulation more accurate, 

those data estimated C2 values will be adopted as reasonable parameters in the following 

simulation. 

Table 4: Estimated value of  𝐶𝑛
2 

Distance (m) 300m 400m 500m 600m 

𝐶𝑛
2(𝑚−

2
3) 

5.1 × 10−15 7.01 × 10−15 1 × 10−15 6 × 10−15 

n 

  700m 800m 900m 1000m 

  2 × 10−15 3.51 × 10−15 1.8 × 10−15 1 × 10−15 
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Due to the lacking of enough sample size, paper [23] could not give out a solid conclusion 

about the received energy distribution. Thus, to ensure enough sample size, we transmitted 1000 

pulses in each configuration, in which the pointing angles are low. Then we collected the received 

photon number of each pulse and used them to plot the PDF of normalized received energy. 

Figure 5.3(a) and (b) present two groups of original normalized field test results. Their 

configuration parameters are (𝑟, 𝜃1, 𝜃2) = (400𝑚, 10°, 10°) and (𝑟, 𝜃1, 𝜃2) = (350𝑚, 10°, 15°), 

respectively. For comparison, we also plot the corresponding fitting curves of experimental and 

simulated results in Figure 5.3(c) and (d). It can be seen that the experimental results and simulated 

results are very close and the general features appear to be captured by the proposed model, 

although there are some small mismatch between the theoretical and measured PDFs in those 

specific cases. These experimental and simulated results prove that the received-signal also follow 

LN distribution even in NLOS scenarios when the pointing angles are low and the , tmosphere is 

in weak-medium turbulence condition. Based on this, we predict that if the turbulence is very 

strong, the received signal might follow Gamma–Gamma distribution or K distribution. Limited 

by our LED output optical power, we cannot receive enough photons to draw a figure with enough 

sample size when the pointing angles are relative high. In that cases, the number of the received 

photon would drop into Poisson domain and dominated by shot noise. But if enough photons can 

be detected by the receiver, LN distribution will play a more significant role demonstrated by our 

results. 
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Figure 5.3: Field test results, and the comparison between data curve fitting and simulation 

 

Figure 5.4: Difference between daytime and nighttime path loss 

Note that each measured received-energy exhibits random variations due to the probabilistic 

nature of the received signal. This can be especially problematic in configurations where the 

detected signal is weak, resulting in significant differences between each measurement. As such, 
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we averaged over 1000 realizations per geometry in order to obtain an accurate average path loss 

for each configuration. 

Our previous work mainly focuses on the average path loss without the turbulence effect. 

But once taking it into account, the additional path loss becomes significant and cannot be ignored. 

To investigate whether turbulence effect plays an impact on the overall path loss, we conducted the 

experiment at the different time, but with same system configuration. Figure 5.4 shows two groups 

of path losses measured during daytime and nighttime respectively. Two groups system 

configuration is ( 𝜃1, 𝜃2) = (10°, 10°) and ( 𝜃1, 𝜃2) = (10°, 50°) and the baseline distance ranges 

from 300m to 500m. Except for the time, all the other system parameters were set as the same. 

Clearly, the path losses measured on nighttime appear to be 1–2 dB less than the results measured 

on daytime. The reasonable explanation is that the turbulence effect in daytime was stronger than 

in nighttime. So the daytime corresponding turbulence attenuation was greater than nighttime 

turbulence attenuation, resulting in the gap of 1–2 dB. Those experimental result prove the 

hypothesis we made in the beginning—-turbulence effect has an effect on overall channel path loss. 

Then, to study how turbulence strength affects the link path loss, we then simulated the path 

losses with different  𝐶𝑛
2 (from10−16 𝑚−2/3 𝑡𝑜 10−14𝑚−2/3) and the path loss without turbulence. 

The simulated results are presented in Figure 5.5, as well as the field test results as their comparison. 

As we can see, in both Figure 5.5(a) and 5(b), the path loss presented by a curve with  𝐶𝑛
2 =

10−14𝑚−2/3 is apparent higher than field test results, as well as other simulated curves. And in 

those two testing cases, the curves of the medium turbulence condition 𝐶𝑛
2 = 10−15𝑚−2/3show 

extremely fitness to the field test results. Obviously, the simulated path loss results with weak 

turbulence 𝐶𝑛
2 = 10−16𝑚−2/3 and those assuming no turbulence occurred are lower than the other 

curves. In a word, all the other curves unveil that the path losses would vary 2–10 dB on different 

turbulence conditions. 
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Figure 5.5: Nighttime path loss under different turbulence conditions 

These measurements, along with their simulated results prove again that it is necessary to 

take turbulence attenuation effect into account when building the model to estimate the NLOS UV 

channel path loss, as well as further system link budget estimation. 

The NLOS UV channel is a complicated stochastic process that it not only includes the 

atmospheric effect of scattering, absorption, and turbulence. Different configurations of system and 

deployment positions will also lead to different channel responses. Through experimental and 

simulated data, we found unique characteristics of NLOS UV Turbulence Channel, which is the 

turbulence strength tradeoff between channel path length and common volume size. Therefore, 

next, we further evaluate and analyze the received-signal scintillation distribution in terms of 

baseline distance and pointing angles. 

First of all, Figure 5.6 once again prove the conclusion we get before that the received signal 

energy will follow LN distribution when turbulence is from weak to medium. The field test results 

in Figure 5.6 depicts the PDFs of normalized received energy for NLOS UV links with diverse 
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baseline range. The red curve (without the asterisk) represents the PDF under the system 

configuration (r, θ1, θ2)=(500m, 10◦, 10◦). 

 

Figure 5.6: PDF of NLOS UV scintillation of field test results 300 

As its comparator, the blue curve (with an asterisk) shows the PDF under the system 

configuration (r, θ1, θ2) = (300m, 10◦, 10◦). The only different system parameter is baseline 

distance. It appears that the signal will suffer more turbulence if it travels through the longer 

channel. Obviously, the left flatter curve (the red one) deviates more from its mean than the other 

one. This phenomenon agrees with the LOS turbulence cases where the scintillation effect is 

proportional to the channel length. As such, stronger scintillation is supposed to be observed in a 

longer NLOS UV channel. 

But Figure 5.6 shows another interesting phenomenon and result, which doesn’t comfort this. 

The normalized received energy PDFs for the corresponding different pointing angles are 

illustrated in Figure 5.6. In particular, all the system parameters are fixed except for the pointing 
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angles for two representative geometries, (350m, 0◦, 0◦) and (350m, 10◦, 10◦). From the system 

configuration parameters, it’s apparent that the channel length represented by blue curve (with an 

asterisk) is longer than that represented by red curve (without the asterisk). If applying the 

conclusion obtained from Figure 5.6, the signal represented by blue curve (with an asterisk) is 

supposed to appear more fluctuation than the signal represented by red curve (without the asterisk). 

However, the normalized variance of the red curve is 0.3652, which is larger than the other curve’s 

variance, 0.1802. This observed phenomenon is the opposite of what has been concluded from 

Figure 5.6. And this mitigation effect is a unique characteristic of NLOS UV channel. It is stated in 

[24] that the incorporation of the different potential propagation paths from the transmitter to the 

receiver has the potential to mitigate the turbulence effects, resulting in, e.g., reducing irradiance 

fluctuations than previously predicted. Therefore, the bigger the size of the common volume is, the 

more slightly the turbulence will affect the irradiance. Figure 5.7 provides experimental evidence to 

prove the existing of this phenomenon. 

However, the above mitigation effect does not appear to be monotone as the change of 

pointing angles, illustrated by simulated results in Figure 5.7, in which the normalized variances of 

the received-irradiance for various system geometries (here θ1 = θ2) are depicted. More 

specifically, the appearance of those curves look like to be concave and the minimum points are 

around 20◦. 

Although the growth of pointing angles can enlarge the common volume size, which leads 

that there are more paths for photons to reach the receiver, it also increases the channel length 

meanwhile. Therefore, the final received-energy distribution is a tradeoff between channel length 

and common volume size. Based on the above-simulated results, we reasonably predict that when 

pointing angles are in a certain range, the mitigation effect from common volume will overwhelm 

than the effect of the increase of channel length. 
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Figure 5.7: Normalized variance of the received irradiance for various system geometries 

However, if the pointing angles continue to grow, the scintillation effect will still improve 

in the end, and the turbulence effect caused by long channel length will dominate even with the 

mitigation effect. 

When building an end-to-end NLOS UV communication, the choice of system geometry 

also becomes a tradeoff, because of this unique characteristic. The system BER is related to two 

aspects: 1) average received signal energy, 2) received signal’s variation. If we use low pointing 

angles, of course, the average received signal energy is stronger compared to high pointing angles. 

However, notice that higher average received signal energy might not lead to better system 

performance, because of the stronger variation of the signal. For higher pointing angles cases, it’s 

opposite, less energy, but might more stable. Therefore, in term of best end-to-end BER 

performance, the choice of best system geometry is still an open research topic. 
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5.3 Long Distance Overland NLOS UV Communication  

5.3.1 UV Communication Testbed and Experiment Conditions 

The data collection experiment was conducted in an open field near Joshua Tree Desert, 

Twentynine Palms, CA, during the night hours of 9 p.m. to 5 a.m. from June 6 to June 9, 2013. 

Noise measurements indicated that background noise was negligible with respect to the data 

collected, and the atmospheric conditions (e.g., the atmospheric constituents) appeared consistent 

throughout the experiment. The outdoor temperatures ranged from 23.8 to 33.8°C, the average wind 

speed during the testing period was 3.86 m/s,  and the average relative humidity was 16.14%. All 

of the reported data were collected using the UV laser measurement system depicted in Figure 5.8. 

The transmitter was a compact Q-switched fourth-harmonic neodymium-doped yttrium 

aluminum garnet (ND:YAG) 266 nm laser that transmitted pulses with an average optical output 

power of 3.3 mJ (sufficient for channel measurements up to several kilometers) with a nominal 

pulse width of 3 ns and a 3 mrad full-angle beam width. The pointing directions of the transmitter 

and receiver were adjusted through the use of rotation stages with precise motorized angular 

control. Synchronization between the transmitter and the receiver was achieved with two 

synchronized global positioning system (GPS) CNS II clocks that output one pulse per second 

timing signals. At the transmitter, the GPS signal was fed into a pulse delay generator, the output 

of which served as a laser trigger. 
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Figure 5.8 NLOS UV channel testbed 

The received energy was detected after solar-blind filtering by two photomultiplier tube 

(PMT) systems, one using an analog measurement approach and the other using a digital approach. 

The analog receiver system comprised a Hamamatsu H10304 PMT (with an integrated high-voltage 

circuit, 8 mm active diameter, a gain of 2.3 × 106 and 6 ns response time) and a customized high-

gain (34 dB) 1.5 GHz preamplifier. The voltage output of this receiver is modeled as being 

proportional to the number of incident photons with a fixed constant of proportionality. We note 

that this model may fail for short-duration high-intensity received signals, which can challenge 

both the linearity and the bandwidth of the system. 

The digital receiver system employed a PerkinElmer MP1922 photon-counting module that 

sent a conventional transistor– transistor-logic pulse when a photon was detected. It was responsive 

to wavelengths from 165 to 320 nm with ten dark counts per second. The peak quantum efficiency 

of 15% and the peak gain of 106 occurred at a wavelength of 200 nm and the quantum efficiency 

decreased to 10% at 260 nm and 7% at 280 nm. For this system, the finite response time (or dead 

time) of the photon-counting system can lead to saturation for high-intensity received signals, 

because of photons arriving while the system is in a reset state following a previously detected 

photon [21]. 
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Figure 5.9: Screenshot of an oscilloscope display 

Although receiver saturation could be a potential issue with both systems, it seems that 

received-signal duration may be more critical to the measurement fidelity of the analog system, 

whereas received-signal amplitude may be more critical to the digital system, a distinction that 

could have practical consequences for the two approaches. In any case, to mitigate the potential 

adverse effects of saturation, one optical filter from a set of filters, each with a different attenuation 

(5.5, 21.54, 33.4 and 44.6 dB), was mounted on the solar-blind filter to reduce the received signal 

strength in a controlled manner. The specific filter used for each measurement depended on the 

particular link geometry under investigation; our selection was based on predictions from a Monte 

Carlo channel model computed prior to the experiment. 

Both the analog and digital PMTs had a circular sensing window with a diameter of 1.5 cm, 

resulting in an active area of 1.77 cm^2. On the basis of measurements, the effective field of view 
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(FOV) for each detector (combining the PMT, solar-blind filter and attenuation filters) was 

estimated to be 30°. 

The signals output by each receiver system were recorded using an oscilloscope triggered by 

the receiver-side GPS system with an appropriate propagation time delay. In addition to the 

oscilloscope data, photon counts for each pulse were recorded using an SR400 two-channel gated 

high-speed photon counter with a 200 MHz sample rate and a 200 mV threshold, also triggered by 

the GPS clock. The two counting channels were used to record the photon detections in two back-

to-back 30 ms intervals, with the first interval synchronized with the received pulse. Since the 

received pulse was shorter than 30 ms for all considered system geometries, the second counting 

channel provided a statistical measurement of the background noise; as a result of those noise 

measurements, we concluded that the count rate of the background noise was effectively zero 

counts per received pulse. 

Figure 5.9 showed an oscilloscope screenshot when system geometry was set to (θ1, θ2, r) = 

(70°, 30°, 1000 m). The black represents the (inverted) response from the analog PMT, the stem 

signal is the 1 pulse per second signal from the synchronized GPS, and the dark grey curve is the 

output from the digital PMT. From this screenshot, we see that the precise timing of the GPS signal 

provides a highly effective method to achieve synchronization for data capture. 

5.3.2 NLOS UV PathLoss and Pulse Broadening 

Measurements were taken for a variety of system geometries. In particular, the transmitter 

and receiver were positioned at various distances pointed at each other (i.e., in a coplanar geometry) 

with varying elevation angles. For each system geometry, received photon counts for 200 

independent transmitted pulses were recorded by the digital PMT, and analog current waveforms 

(approximating the impulse response of the system) for 50 independent transmitted pulses were 

recorded by the analog PMT. From this dataset, the average received photon count (which can be 
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converted to the average received energy) and the averaged pulse is broadening could be calculated 

as a function of the system geometry parameters (i.e., the separation distance and pointing angles). 

The path loss L is defined as the average ratio of transmitted and received power per pulse, where 

the latter is obtained from average received photon counts. We employed a high-performance 

power meter to measure 𝐸𝑇𝑥, the transmitted optical energy per pulse in Joules. (A photon counting 

system would be easily saturated if used for such a direct measurement.) The energy per photon is 

given by hc/λ, where h is Planck’s constant, c is the speed of light, and λ is the photon wavelength. 

Therefore, the number of transmitted photons per pulse Nt can be computed as 

 𝑁𝑡 = 𝐸𝑇𝑥𝜆/(ℎ𝑐) (5.55) 

We denote the number of detected photons per pulse by Nd, which is a fraction (due to losses 

from optical filtering, detector quantum efficiency, etc.) of the number of arriving photons, Nr. In 

particular, Nd can be expressed as 

 𝑁𝑑 = 𝑁𝑡𝜂𝑓𝜂𝑞  (5.56) 

where 𝜂𝑓 is the filter transmittance, and 𝜂𝑞 is the PMT detection efficiency. The path loss in 

decibels is therefore defined by 

 𝐿 = 10 log10
𝐸𝑇𝑥𝜆𝜂𝑓𝜂𝑞

ℎ𝑐𝑁𝑑
 (5.57) 

It should be noted that 𝐸𝑇𝑥 varied with temperature. As such, a measurement of 𝐸𝑇𝑥 was 

taken for each tested system geometry, and 𝐸𝑇𝑥 was found to be in the range of 2.1 mJ to 4.3 mJ. 

The overall filter transmittance  𝜂𝑓 varied depending on which optical attenuation filter was 

employed in addition to the solar-blind filter, which had a filter attenuation of 0.13. (As previously 

discussed, the additional attenuation was used to avoid light levels that would result in detector 

saturation.) Finally, the PMT quantum efficiency 𝜂𝑞 was 0.10. 
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Considering the planar NLOS communication geometry, we denote the full-width 

divergence of the transmitter beam as φ1, the field-of-view (FOV) angle of the receiver as φ2, the 

transmitter elevation angle as   θ1, the receiver elevation angle as θ2, the baseline separation of the 

transmitter and receiver as r, and the distances from the common volume V to the transmitter and 

receiver as r1 and r2, respectively. We adopted the channel model in [6] to compute theoretical 

path loss predictions that were used to compare to experimentally estimated values. Consistent with 

experimental conditions, the Monte Carlo simulation parameters were set as following:( 𝜑1, 𝜑2, γ, 

f, g, k,𝑘𝑅𝑎𝑦,𝑘𝑀𝑖𝑒) = (3 mrad, 30◦, 0.017, 0.72, 0.5, 0.972 km−1, 0.266 km−1, 0.284 km−1), where 

γ, f, and g are phase function parameters [22, 23] and k,  𝑘𝑅𝑎𝑦 , and 𝑘𝑀𝑖𝑒  are the absorption 

coefficient, Rayleigh scattering coefficient, and Mie scattering coefficient, respectively. 

Typical field test results and corresponding theoretical path loss estimates, where the path 

loss was normalized to a 1.77 cm2 detection area and attenuation due to system devices (e.g., filters 

and PMT efficiency) was taken into account. The high path loss associated with long-distance 

NLOS UV communication is apparent, with most of the reported path loss estimates exceeding 120 

dB and in one case reaching 160 dB. The high sensitivity of the path loss estimates to the pointing 

angles is also noteworthy. In particular, path loss substantially increased as the pointing elevation 

angles increased, quantifying the additional transmit power necessary to maintain a given level of 

communication performance as a function of the elevation angles. 
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Figure 5.10: Comparison of model prediction and experimental estimates of path loss for four system 

configurations 

A reasonable agreement between theoretical channel model predictions and the measured 

data is observed, especially when the pointing angles of the transmitter and receiver elevation were 

low. Nevertheless, a mismatch of 3–10 dB did occur. While much of this error was likely attributed 

to tolerances in the estimation of the system and channel parameters, it is certainly a point of interest 

to isolate the sources of error. For example, one possible factor was the presence of turbulence, 

which has been hypothesized to affect the characteristics of the received-signal in NLOS UV 

communications. We further investigate the possible effects of turbulence in the following section. 

The examination of the broadening of pulses as they propagate through the NLOS UV scattering 

channel can provide insight into the bandwidth and achievable data rate of NLOS UV 

communication systems. Utilizing the digital and analog receiver systems, we characterized pulse 

broadening as a function of the transmitter elevation angle, the receiver elevation angle, and the 

separation distance, again focusing on distances that have not been sufficiently studied. 

As in [24], we adopt the full width at half maximum (FWHM) of the received signal as a 

potentially useful   metric for quantifying the pulse broadening of UV signals. It should be noted 
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that each measured impulse response exhibited random variations due to the probabilistic nature of 

the received signal. This can be especially problematic for configurations where the detected signal 

is weak. As such, we averaged over 50 realizations of the impulse response per geometry in order 

to obtain an average response for each configuration. Then we calculated the FWHM for each 

geometry using this average impulse response, generally for both PMT systems. However, when 

the received signal strength was extremely weak, only the data from the digital PMT was used, as 

the output gain   of analog PMT was not sufficient to obtain reliable measurements. 

Figure 5.10(a) shows the simulated FWHM pulse widths as a function of the elevation angles 

at a distance of 1 km, as well as the field test results. For low transmitter pointing angles, the pulse-

width estimates increase relatively slowly, whereas the rate of broadening grows significantly faster 

for higher transmitter pointing angles. Figure 5.10(b) depicts the relationship between the FWHM 

pulse widths and the baseline distance for three pairs (θ1, θ2) of 

 

Figure 5.11: Comparison of model predictions and experimental estimates of the FWHM of received pulses 

for several system geometries 

transmitter and receiver elevation angles: (10◦, 10◦), (30◦, 30◦), (50◦, 50◦). Rapidly increasing 

pulse widths is observed as the distance increases for higher point angles. For example, FWHM 
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pulse widths are in the range of 323 ns to 4.36 µs when pointing angles are set to 30◦. However, 

for low pointing, the FWHM pulse widths grow very slowly as separation distance increase. Field 

test results show that the FWHM pulse widths increase from 85.6 ns to 470 ns when pointing angles 

are 10◦.In Figure 5.11, we see reasonable qualitative agreement between the estimates and data for 

low pointing angles, and we speculate that the mismatch in high pointing angles that is present is 

due in part to inaccurate atmospheric parameters for the channel model, calibration errors, and other 

measurement errors. These measurements and modeling results provide rough guidelines regarding 

the system configurations for which intersymbol interference may become a significant factor in 

the design of an NLOS UV communication system. 

5.3.3 Path Loss attenuation and Irradiance fluctuation 

In the literature, line-of-sight (LOS) UV turbulence models [25, 26] have been adapted to 

the NLOS case by noting that the single-scattering NLOS geometry consists of two LOS paths: the 

transmitter to the common volume V and the common volume V to the receiver. Based on this 

observation, various aspects of NLOS turbulence have been studied [22]. Here, we review this 

modeling approach and examine experimental measurements for evidence of its validity. 

Applying the Rytov approximation [27, 28], the scintillation attenuation of the two LOS 

paths are given by 
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and  
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where 𝐶𝑛
2 is the index of refraction structure parameter, which is altitude dependent and typically 

varies from 10−13 𝑚−2/3 for strong turbulence to 10−17 𝑚−2/3 for weak turbulence. The overall 



 105 

NLOS scintillation attenuation can then be approximated as the sum of the two independent path 

effects: 

 𝛼𝑡𝑢𝑟𝑏 = 𝛼𝑟1 + 𝛼𝑟2  (5.60) 

The strength of scintillation is characterized by the scintillation index, expressed as 

 𝛼1
2 = 𝑒𝛼1

2
− 1 (5.61) 

where σ2 is the log-intensity variance defined by 

 𝛼1
2 = 1.23𝐶2

1𝑘7/6𝑑11/6 (5.62) 

for a plane wave, with k denoting the vector wave  number (2π/λ) and d denoting the channel length. 

According     to the scintillation index, turbulence strength can be roughly divided into four regions: 

negligible-weak, weak- moderate, moderate-strong, and strong corresponding to scintillation 

indexes of 0–0.2, 0.2–1.6, 1.6–3.5, and over 3.5, respectively. If the turbulence is estimated to be 

greater than weak, then scintillation attenuation may have a significant effect on path loss. 

Consistent with reported weather conditions, we assume that the experiment was conducted 

under medium turbulence conditions.  Therefore, we set  𝐶𝑛
2 to 10−16 𝑚−2/3 in the model. Figure 

5.12 compares measured  path loss estimates with model predictions obtained by applying the 

theoretical turbulence attenuation to the Monte  Carlo path loss channel model estimates. 

Incorporating the turbulence attenuation model has reduced the error between the measured and 

predicted path losses, supporting the significance of turbulence attenuation in the NLOS UV 

channel. Nevertheless, additional controlled experimentation and theoretical modeling are 

necessary to truly confirm this, since there are several potential sources of error that could explain 

the (uncompensated) estimation error. 
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Figure 5.12: Comparison of turbulence-model predictions and experimental estimates of path loss for 

several system geometries 

 

Figure 5.13: Comparison of turbulence-model predictions and experimental estimates of path loss for 

several system geometries cont. 

Under the assumption of turbulence attenuation, we study several long distance NLOS UV 

path loss cases. Figure 5.13(a) shows the measurements and model predictions of path loss against 
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receiver pointing angle for fixed transmitter pointing angle and baseline distance. Figure 5.13(b) 

presents the comparison between simulated data and field test results of path loss against transmitter 

pointing angle for fixed receiver pointing angle and baseline distance. Figure 5.13(c) describes the 

measurements and model predictions of path loss versus separation distance for a particular pair of 

transmitter and receiver pointing angles. Agreement between theoretical and experimental 

estimates is observed in each of the three figures. 

To study how turbulence conditions might affect the link path loss, we then computed the 

model path loss predictions for various choices of 𝐶𝑛
2. The resulting estimates are presented in 

Figure 5.13(d), along with the field test results for comparison. The predicted path losses vary by 

about 10 dB depending on the choice of  𝐶𝑛
2 . When   the receiver pointing angle is low, the 

experimental measurements are most consistent with the model prediction corresponding to 𝐶𝑛
2. = 

10e−15. However, when the receiver pointing angle is high, the experimental measurements are 

most consistent with the model predictions corresponding to 𝐶𝑛
2. = 10𝑒−16 As this dependence on 

elevation angle is not clear from the theoretical modeling framework, additional study is warranted. 

Besides causing additional signal attenuation, optical turbulence effects may also cause 

irradiance fluctuations. However, turbulence effects are often ignored in UV NLOS channel 

models, which typically focus on relatively short distances where the turbulence effects are 

expected to be negligible. In fact, irradiance fluctuations may degrade communication performance 

as the distance increases, where irradiance fading may significantly affect the received signal 

distribution. According to the Rytov solution to the wave equation, the log-amplitude variance is 

proportional to 𝜆−7/6. Therefore, the irradiance fluctuations due to atmospheric turbulence might 

be two or three times greater in the UV band compared to the visible band; hence, it is possible that 

UV links may be more sensitive to turbulence than visible-light links. In this section, the PDFs of 
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received photon counts are studied experimentally and with theoretical modeling to characterize 

possible turbulence-induced irradiance fluctuations. 

For weak and moderate turbulence, it has been observed that the PDF of the LOS received 

intensity is well modeled by a log-normal (LN) distribution. With the irradiance denoted by I, the 

log-normal distribution is given 

 𝑃𝑇(𝐼) =
1

𝐼√2𝜋𝜎1
2
𝑒𝑥𝑝

{
 
 

 
 

−
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2
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 (5.63) 

where 𝐼0 is the mean received irradiance and 𝜎1
2 is defined in (5.61). 

Once again, we apply the approximation of the NLOS path as consisting of two segments: the 

transmitter to common volume and common volume to the receiver [10]. As such, the irradiance at 

the common volume has an LN PDF fX (x), and the conditional arrival power level at the receiver 

has an LN PDF fY |X (y|x), where X and Y represent the power levels at the common volume and 

the receiver, respectively. Lastly, 𝜎1  and  𝜎2  can be calculated. The joint PDF for X and Y is 

therefore 

   𝑓𝑋,𝑌(𝑥, 𝑦) = 𝑓𝑌|𝑋(𝑦|𝑥)𝑓𝑋(𝑥) (5.64) 

and the PDF of the received power Y is 

 𝑓𝑌(𝑦) = ∫𝑓𝑋,𝑌(𝑥, 𝑦)𝑑𝑥 (5.65) 
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Figure 5.14: Probability for photon-count distributions for four system 

Figure 5.14 illustrates the estimated received-count PDFs based on the theoretical model and 

the experimental measurements. We note a significant mismatch between the theoretical 

turbulence-based and measured PDFs, though the general features and characteristics are captured 

by the model. It is also well known that shot noise contributes to variation in the received counts. 

Therefore, Poisson PDFs is also plotted as a comparison. Clearly, the Poisson PDFs appear to fit 

the data better than the PDFs based on the turbulence model. In order to quantify how well the 

PDFs of each theoretical model match the experimental data, Kullback-Leibler (KL) divergences 

were computed and are presented. In all cases, the KL divergence between the Poisson PDFs and 

the measured PDFs are less than the corresponding value for PDFs based on the turbulence model 

and the most significant difference is shown in Figure 5.15. As such, it appears that the effects of 

turbulence (if such effects exist) on the count distributions may be overwhelmed by shot noise. 

However, with limited sample sizes, the conclusions that can be drawn from this data set may be 

restricted, so further research into the turbulence modeling is encouraged. 
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Figure 5.15: Probability of photon-count distributions for two systems, 1km, and 1.5km 

Finally, it is stated that the incorporation of more potential propagation paths from the 

transmitter to the receiver might mitigate turbulence effects, which could, for example, result in the 

reduction of irradiance fluctuations. A possible implication is that reduced turbulence effects may 

be observed for system configurations with a large common volume. Figure 5.15 provides some 

experimental evidence to support this inverse relationship. Each subfigure compares the normalized 

irradiance PDFs as the receiver elevation angle is increased while all other system parameters are 

held constant. An increase in the elevation angle results in a larger common volume and reduced 

variance in the irradiance distribution. However, we note that the above effect does not appear to 

be monotone in the elevation angle. This is shown in Figure 5.16, which depicts the normalized 

variance of the received irradiance for various system geometries. This complex behavior is not 

sufficiently explained by existing turbulence modeling approaches, suggesting the need for model 

refinement. 
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5.4 Predicted communication system BER performance 

The bit-error-rate (BER) for an NLOS UV communication system depends on several 

factors, such as modulation scheme, detector type, transmitted power, path loss, data rate, and 

background noise. In this section, we restrict our attention to on-off keying (OOK) with direct 

detection and provide predictions of the BER performance for a system corresponding to the 

devices employed in our channel measurement experiment. According to the results    in Section 3, 

the received pulse width is expected to be less than 10 µs when the range is less than 2000 m. 

 

Figure 5.16: Normalized variance of the received irradiance for various system geometries 

 

Figure 5.17: Predicted BER based on experimental path loss measurements 
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Therefore, we assume that inter-symbol interference is not a factor for the system being 

considered with a data rate of 100 kbps at a range of 2000 m or less. Since the tested background 

noise was virtually zero, the corresponding system bit-error rate is BER = (1/2)e−λs for a Poisson 

distribution of received signal counts, where λs is the mean signal counts per transmitted pulse. 

Based on the experimental path loss results, Figure 5.17 shows the corresponding BER 

performance predictions for three sets of pointing angles (θ1,θ2): (30◦,30◦), (50◦,50◦), and  

(70◦,70◦). For the system parameters considered here, it is apparent that long-distance 

communication is only marginally achievable for extremely elevated pointing angles. At low but 

reasonable pointing elevation angles, an effective communication link can be achieved at a range 

of a kilometer or more. However, it should be noted that the measurement system employed here 

transmitted one pulse per second. A communication system that is to communicate at a higher rate 

(e.g., the 100 kbs assumed in this section) with the same energy per pulse would be required to 

output proportionally higher power, which can be a severe practical constraint. Hence, this study 

highlights both the potential of and challenges associated with NLOS UV communications. 

5.5 Summary 

We conducted a series of measurements to investigate the NLOS UV turbulence channel for 

the first time. The received-signal distributions and NLOS UV turbulence channel path losses were 

studied in terms of system geometry and turbulence strength. The comparison between 

experimental and simulated results provided the validation for the NLOS UV turbulence channel 

model based on MC method. Through field test data and simulation results, the received signal 

energy is proved to follow LN distribution in NLOS scenarios when the pointing angles are low, 

and the atmosphere is in weak-medium turbulence condition. In addition, we also prove that the 

turbulence effect will induce extra path loss for NLOS UV communication. The unique 
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characteristic of NLOS UV channel was also observed and analyzed through experiment and 

simulation. Because of this unique characteristic, the choice of system geometry becomes a tradeoff 

between the size of the common volume and channel length. Those above experimental and 

simulated analysis is valuable to fundamentally understand the NLOS UV turbulence channel, 

which is an essential prerequisite to the design of an NLOS UV communication system. 

 Further open work in this area includes the outdoor experiment and model verification under 

severe turbulence condition. Due to the unique characteristic of NLOS UV turbulence channel, the 

choice of best system geometry is still an open research topic. 
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Chapter 6 
 

 

6 Overwater NLOS UV 

Communication Modeling and 

Experiments 

The motivation of this research is to establish ultraviolet (UV) non-line-of-sight (NLOS) 

communication protocols suitable for use by maritime communication systems. For the past 7 

years, the NLOS UV communication research in UC-Light Center was focused on overland 

modeling and analysis. But the maritime communication needs are considerably different. Overland 

communications typically use large elevation angle NLOS links to achieve the best performance 

for short to medium distances in cluttered terrain. By contrast, maritime communication such as 

shore-to-shore (STS) link configuration secure communication links must cover longer distances 
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and must signal over the sea, under the sea, and in heavy weather [128]. In these scenarios, 

terminals may be highly mobile; communication range may be variable, and the maritime channel 

has pronounced scintillation effects. Atmospheric water droplets have increased density and may 

result in different UV wave absorption and scattering. Meanwhile, unavoidable ship vibration due 

to random ocean waves make any strict line-of-sight optical communication technology infeasible. 

Weather conditions may be dynamic, and the operation in foggy/hazy/rainy weather is 

exceptionally challenging. Accordingly, basic research into this domain is necessary to understand 

better underlying physics that govern UV wave propagation and signal detection processes, which 

will, in turn, suggest available communication system and network design methodologies. 

UV NLOS channel pass loss usually is significant due to the scattering effect. How to extend 

UV NLOS communication distance and satisfy the performance for maritime communication is a 

new challenge. This research will take advantage of research results from existing land-based 

NLOS UV communication link performance but aims to tackle particular issues pertinent to 

maritime long-distance applications. By using software-defined radio platforms, a series of testbed 

can be built for field measurement on the extended method with STS link configuration [121].  

6.1 Experimental System Configurations 

In overwater NLOS UV scattering environment, the author examined the unique shore-to-

shore (STS), shore-to-vessel (STV), and vessel-to-vessel (VTV) communication. The definition of 

STS link configuration is that transmitter (Tx) and receiver (Rx) terminals are both stationary 

without any vibration from terrain or platform while conducting overwater NLOS UV 

communication. Yet, the STV link configurations will have either one terminal affected by random 

variation from water or sea waves, while VTV link configuration will have both terminals affected 

by stochastic movement produced by water surface. Finally, all of the above link configurations 
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will satisfy one common constraint which is to have their Tx and Rx’s common volume above the 

water surface. This constraint is expected to be incorporated in modifying previous reported 

multiple scattering Monte Carlo simulation for path loss. 

By comparison with overland NLOS UV communication, under STS link configuration, 

overwater counterpart can be expected to be a special case overland NLOS UV communication 

with denser weather condition which will indeed produce stronger turbulence effect. In addition, in 

the case of STV, it is difficult to regard the communication geometry as coplanar. Moreover, in the 

case of VTV, it is almost certain that the existing coplanar channel model will need more parameter 

modification. 

In this chapter, we will compare the most comprehensive channel measurement data which 

has been collected and analyzed with the simulated result from a few hundred meters up to 1.7 km 

under STS configuration which validated the augmented MC channel model. Also, an empirical 

path loss model is developed based on data collected under STS configuration to simplify this link 

configuration modeling work. With the increased communication distance, reduced 

communication channel performance occurs from energy fluctuation and excess path loss caused 

by turbulence effect. Thus the turbulence strength tradeoff between separation distance and 

common volume size is investigated. Field measurement of up to 100 meters under STV 

configuration is also reported and analyzed. The author also proposed a multiple scattering MC 

channel model to capture the unique channel behavior under VTV configuration. Also, an algorithm 

is developed to simulate the characteristics of overwater NLOS UV channel path loss by comparing 

with its overland counterpart. 

Under STS link configuration, overwater NLOS UV communication link can be treated as 

overland with higher Ray and Mie coefficients. The path loss L is defined as the average ratio of 

transmitted and received power per pulse, where the latter is obtained from average received photon 
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counts. We employed a high-performance power meter to measure 𝐸𝑇𝑋, the transmitted optical 

energy per pulse in Joules. The energy per photon is given by ℎ𝑐/𝜆 , where h is Planck’s constant, 

c is the speed of light, and  𝜆 is the photon wavelength. Therefore, the number of transmitted 

photons per pulse  𝑁𝑡 can be computed as 

 𝑁𝑡 = 𝐸𝑇𝑥𝜆/(ℎ𝑐) (66) 

We denote the number of detected photons per pulse by 𝑁𝑑, which is a fraction (due to losses 

from optical filtering, detector quantum efficiency, etc.) of the number of arriving photons, 𝑁𝑟. In 

particular, 𝑁𝑟 can be expressed as 

 𝑁𝑑 = 𝑁𝑡𝜂𝑓𝜂𝑞  (67) 

where 𝜂𝑓  is the filter transmittance, and  𝜂𝑞  is the PMT detection efficiency. The path loss in 

decibels is therefore defined by 

 𝐿 = 10 log10
𝐸𝑇𝑥𝜆𝜂𝑓𝜂𝑞

ℎ𝑐𝑁𝑑
 (68) 

It should be noted that 𝐸𝑇𝑋varied with temperature. As such, a measurement of 𝐸𝑇𝑋 was 

taken for each tested system geometry, and 𝐸𝑇𝑋 was found to be in the range of 2.1 mJ to 4.3 mJ. 

The overall filter transmittance  𝜂𝑓 varied depending on which optical attenuation filter was 

employed in addition to the solar-blind filter, which had a filter attenuation of 0.13. (As previously 

discussed, the additional attenuation was used to avoid light levels that would result in detector 

saturation.) Finally, the PMT quantum efficiency 𝜂𝑞 was 0.10. 
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Figure 6.1 Typical overwater NLOS UV communication link geometry 

Considering the planar NLOS communication geometry shown in Figure 6.1, we denote the 

full-width divergence of the transmitter beam as 𝜑1, the field-of-view (FOV) angle of the receiver 

as  𝜑2 , the transmitter elevation angle as  𝜃1 , the receiver elevation angle as  𝜃2 , the baseline 

separation of the transmitter and receiver as r, and the distances from the common volume V to the 

transmitter and receiver as  𝑟1  and  𝑟2 , respectively. We adopted the channel model in[101] to 

compute theoretical path loss predictions that were used to compare to experimentally estimated 

values. Consistent with experimental conditions, the Monte Carlo simulation parameters were set 

as following:(𝜑1 , 𝜑2 , γ, f, g, k , 𝑘𝑅𝑎𝑦, 𝑘𝑀𝑖𝑒) = (3 mrad, 30°, 0.017, 0.72, 0.5, 0.972 𝑘𝑚−1, 0.266 

𝑘𝑚−1, 0.284 𝑘𝑚−1), where γ, f , and g are phase function parameters [6, 129] and k , kRay, and 

kMie are the absorption coefficient, Rayleigh scattering coefficient, and Mie scattering coefficient, 

respectively 
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6.2 Shore-to-Shore Link Configuration Test Bed and 

Experimental Conditions 

The data collection experiment was conducted in Perris Lake State Park in California, the 

United States on April 15th, 2018 for short-range 200m and 500m STS link configuration field 

measurement and on May 19th to 20th, 2018 for long distance 800m, 1370m and 1700m STS link 

configuration as well as 100m STV field measurement. The max distance field measurement from 

the Lake Perris State Park of 2900m was obtained on June 30th. The outdoor temperatures ranged 

from a min of 7.3 Celsius to 31 Celsius, the average wind speed during the testing period was 3.86 

m/s, and the average relative humidity range is from a min of 6% to a max 45%. All of the reported 

data were collected using the UV laser measurement system depicted in Figure 6.2. 

The transmitter was a compact Q-switched fourth-harmonic ND:YAG 266 nm laser that transmitted 

pulses with  an optical output power range from 2.1 to 4.4 mJ with a nominal pulse width of 3 ns 

and a 3 mrad full-angle beam width. The pointing directions of the transmitter and receiver were 

adjusted through the use of rotation stages with precise motorized angular control. Synchronization 

between the transmitter and the receiver was achieved with two synchronized GPS CNS II clocks 

that output one pulse per second timing signals which served as a laser trigger. The received energy 

was detected after solar-blind filtering by one digital photomultiplier tube (PMT) systems. 
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Figure 6.2: Overwater NLOS UV communication channel testbed under STS link configuration 

The digital receiver system employed a PerkinElmer MP1922 photon-counting module that 

sent a standard transistor-transistor-logic pulse when a photon was detected. It was responsive to 

wavelengths from 165 nm to 320 nm with 10 dark counts per second. The peak quantum efficiency 

of 15% and the peak gain of 106 occurred at a wavelength of 200 nm, and the quantum efficiency 

decreased to 10% at 260 nm and 7% at 280 nm. For this system, the finite response time (or dead 

time) of the photon-counting system can lead to saturation for high- intensity received-signals, due 

to photons arriving while the system is in a reset state following a previously detected photon. 

The digital PMTs had a circular sensing window with a diameter of 1.5 cm, resulting in an 

active area of 1.77 cm2. Based on measurements, the effective field of view (FOV) for each detector 

(combining the PMT, solar blind filter, and attenuation filters) was estimated to be 30◦. 

The signals output by receiver system were recorded using an MSA300, a high-speed photon 

counter with minimum 5 ns counting time and zero deadtime, triggered by the GPS clock.  
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Figure 6.3: Screenshot of MSA high-speed photon counter at 500m Tx 30 and Rx 30 degree pulse.  

Because the received pulse was shorter than 40 us for all considered system geometries, the 

second counting channel provided a statistical measurement of the background noise; as a result of 

those noise measurements, we concluded that the count rate of the background noise was effectively 

zero counts per received pulse. 

Figure 6.3 shows a screenshot of the MSA high-speed photon counter at 500m Tx 30 and Rx 

30 degree. The TX is sending at a rate of 1Hz for each of the pulse. Therefore, this screenshot 

shows that the accumulated photon counts for around five shots with the trigger on GPS clock set 

as 100 pulses per second.  
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6.3 Field Measurements and Analysis 

Measurements were taken for a variety of system geometries. In particular, the transmitter 

and receiver were positioned at various distances pointed at each other (i.e., in a coplanar geometry) 

with varying elevation angles. For short distance field measurements, the Birdseye’s view of 200, 

500, 800 meters separation between TX and RX is shown in Figure 6.4, Figure 6.6, and Figure 6.8 

respectively. Also, the photon count at 200, 500, and 800 meters is shown in Figure 6.5, Figure 6.7, 

and Figure 6.9, respectively. 

 

Figure 6.4 Birdseye’s view of 200 meters separation between Tx and Rx 
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Figure 6.5: Normalized Raw Photon Counting Data from Overwater Environment at 200m Distance 

For long-distance field measurements, the Birdseye’s view of 1370 and 1700 meters 

separation between TX and RX is shown in Figure 6.10 and Figure 6.12. Also, the photon count at 

1370 and 1700 meters is shown in Figure 6.11 and Figure 6.13. 
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Figure 6.6: Birdseye’s view of 500 meters separation between Tx and Rx 

For each system geometry, received photon counts for 100 independent transmitted pulses 

were recorded by the digital PMT with the terrain configuration fits the STS link definition. As two 

example, one short range of 500 meters and one long distance at 1700 meters of the field 

measurement location. The short ranges are from 200, 500 to 800 meters under the STS link 

configuration. The long distances are considered as over 1000 meters. In our case, we have tested 

1370 and 1700 meters for a comprehensive set of link geometry.  
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From our transmitter (Tx), we set the laser beam with an azimuth angle 𝜃1 from 0 ° and, we 

set our receiver (Rx) from vea ry low angle of 0° to the highest angle of 90° with a separation of 

15° each. After our measurement of 0° of the azimuth angel for the Tx, we run a confirmation 

measurement for base noise. The field measurement will continue with an 15° increase on 𝜃1, and 

we complete each separation distance’s data collection until Tx have reached 90° and Rx has also 

reached 90°. 
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Figure 6.7 Raw Photon Counting Data from Overwater Environment at 200m Distance 
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Figure 6.8 Birdseye’s view of 800 meters separation between Tx and Rx 

 

Figure 6.9 Raw Photon Counting Data from Overwater Environment at 500m Distance 
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Figure 6.10 Birdseye’s view of 1370 meters separation between Tx and Rx 

 

Figure 6.11 Raw Photon Counting Data from Overwater Environment at 1370m Distance 
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Figure 6.12: Birdseye’s view of 1700 meters separation between Tx and Rx 
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Figure 6.13 Raw Photon Counting Data from Overwater Environment at 1700m Distance 

6.3.1 Short Range Path Loss Measurements and Analysis 

Under STS link configuration, overwater NLOS UV communication link can be treated as 

overland with higher Ray and Mie coefficients. The path loss L is defined as the average ratio of 

transmitted and received power per pulse, where the latter is obtained from average received photon 

counts. We employed a high-performance power meter to measure 𝐸𝑇𝑥, the transmitted optical 

energy per pulse in Joules. The energy per photon is given by hc/λ, where h is Planck’s constant, c 
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is the speed of light, and λ is the photon wavelength. Therefore, the number of transmitted photons 

per pulse 𝑁𝑡 can be computed as 

 𝑁𝑡 = 𝐸𝑇𝑥𝜆/(ℎ𝑐) (6.69) 

We denote the number of detected photons per pulse by 𝑁𝑑, which is a fraction (due to losses 

from optical filtering, detector quantum efficiency, etc.) of the number of arriving photons, Nr. In 

particular, Nd can be expressed as 

 𝑁𝑑 = 𝑁𝑡𝜂𝑓𝜂𝑞  (6.70) 

where 𝜂𝑓  is the filter transmittance, and 𝜂𝑞  is the PMT detection efficiency. The path loss in 

decibels is therefore defined by 

 𝐿 = 10 log10
𝐸𝑇𝑥𝜆𝜂𝑓𝜂𝑞

ℎ𝑐𝑁𝑑
 (6.71) 

It should be noted that 𝐸𝑇𝑥 varied with temperature. As such, a measurement of 𝐸𝑇𝑥 was 

taken for each tested system geometry, and 𝐸𝑇𝑥  was found to be in the range of 2.1 mJ to 4.3 mJ. 

The overall filter transmittance 𝜂𝑓  varied depending on which optical attenuation filter was 

employed in addition to the solar-blind filter, which had a filter attenuation of 0.13. (As previously 

discussed, the additional attenuation was used to avoid light levels that would result in detector 

saturation.) Finally, the PMT quantum efficiency 𝜂𝑞 was 0.10. 
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Figure 6.14: Coplanar overwater NLOS UV communication link geometry 

Considering the planar NLOS communication geometry shown in Figure 6.14we denote the 

full-width divergence of the transmitter beam as 𝜑1, the field-of-view (FOV) angle of the receiver 

as 𝜑2 , the transmitter elevation angle as 𝜃1 , the receiver elevation angle as 𝜃2 , the baseline 

separation of the transmitter and receiver as r, and the distances from the common volume V to the 

transmitter and receiver as 𝑟1  and 𝑟2 , respectively. We adopted the channel model in [101] to 

compute theoretical path loss predictions that were used to compare to experimentally estimated 

values. Consistent with experimental conditions, the Monte Carlo simulation parameters were set 

as following:(𝜑1 , 𝜑2 , γ, f, g, k , 𝑘𝑅𝑎𝑦, 𝑘𝑀𝑖𝑒) = (3 mrad, 30◦, 0.017, 0.72, 0.5, 0.972 𝑘𝑚−1, 0.266 

𝑘𝑚−1, 0.284 𝑘𝑚−1), where γ, f , and g are phase function parameters [6, 129] and k , kRay, and 

kMie are the absorption coefficient, Rayleigh scattering coefficient, and Mie scattering coefficient, 

respectively. 

Typical field test results and corresponding theoretical path loss estimates are shown in 

Figure 6.15, where the path loss was normalized to a 1.77 cm2 detection area, and attenuation due 

to system devices (e.g., filters and PMT efficiency) was taken into account. The high path loss 
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associated with long-distance NLOS UV communication is apparent, with most of the reported 

path loss estimates exceeding 120 dB and in one case reaching 160 dB. The high sensitivity of the 

path loss estimates to the pointing angles is also noteworthy. In particular, path loss substantially 

increased as the pointing elevation angles increased, quantifying the additional transmit power 

necessary to maintain a given level of communication performance as a function of the elevation 

angles. 

 

Figure 6.15 Comparison of model prediction and experimental estimates of path loss short distance 

Overwater NLOS UV communication under STS configuration 
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A reasonable agreement between theoretical channel model predictions and the measured 

data is observed, especially when the pointing angles of the transmitter and receiver elevation were 

low. Nevertheless, a mismatch of 3–10 dB did occur. While much of this error was likely attributed 

to tolerances in the estimation of the system and channel parameters, it is undoubtedly a point of 

interest to isolate the sources of error. For example, one possible factor was the presence of 

turbulence, which has been hypothesized to affect the characteristics of the received-signal in 

Overwater NLOS UV communications. We further investigate the possible effects of turbulence in 

the following section. The examination of the broadening of pulses as they propagate through the 

NLOS UV scattering channel can provide insight into the bandwidth and achievable data rate of 

NLOS UV communication systems. Utilizing the digital and analog receiver systems, we 

characterized pulse broadening as a function of the transmitter elevation angle, the receiver 

elevation angle, and the separation distance, again focusing on distances that have not been 

sufficiently studied. 

6.3.2 Measurements for Longer Distance 

As we increase the measurement distance near or beyond 1km, the field measurements show 

a significant difference from simulation result on higher angles as in Figure 6.16. From the field 

measurement, it is apparent that with shorter range and lower incident angle and reception angles, 

overwater NLOS UV communication link performance validates previous report multiple 

scattering Monte Carlo channel model overland. However, with a long distance and high Tx and 

Rx angle, the existing channel model is showing a difference as high as 15 dB which is very 

significant. Some of the mismatches of were likely attributed to tolerances in the estimation of the 

system and channel parameters, it is undoubtedly a point of interest to isolate the cause by much 

more comprehensive field measurements in future research activities 
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Figure 6.16 Path Loss analysis based on field measurement from 800 to 1700 meters 

6.3.3 Long Distance Overwater Photon Distribution Analysis 

From the collected photon distribution at 2900 m, Figure 6.17, Figure 6.18, Figure 6.19, and 

Figure 6.20, we can analyze the turbulence effect by using [107] which is the NLOS UV 

communication turbulence distribution model. The environment can be considered as the weak 

atmosphere turbulence at the time of the measure with a turbulence structure parameter 𝐶𝑛
2 which 

is about5 × 10−13𝑚−2/3 . However, using the current overland NLOS UV communication model 

a log-normal distribution of received photon counts, do not appear to be supported by the 

experimental data, suggesting the need for model refinement. 
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.  

Figure 6.17 Received photon distribution at 2900 m separation distance with 0° transmitter elevation angle 

with (A) 0° (B)   30° (C) 60° (D) 90° receiver elevation angle. 
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Figure 6.18 Received photon distribution at 2900 m separation distance with 30° transmitter elevation 

angle with (A) 0° (B)   30° (C) 60° (D) 90° receiver elevation angle. 
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Figure 6.19 Received photon distribution  at 2900 m separation distance with 60° transmitter elevation 

angle with (A) 0° (B)   30° (C) 60° (D) 90° receiver elevation angle. 
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Figure 6.20 Received photon distribution at 2900 m separation distance with 90° transmitter elevation 

angle with (A) 0° (B)   30° (C) 60° (D) 90° receiver elevation angle 
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6.4 STV and VTV Link Configurations 

On May 20th, 2018, we have collected preliminary overwater NLOS UV communication 

channel data under STV link configuration for short-range separation distance up to 100 meters. 

During the experiment, due to random water surface movement, the Rx terminal on a fishing lagoon 

was wondering around a 5-meter radius. However, the PMT’s FOV was kept in with the laser beam 

directed to the best of our ability.  

 

Figure 6.21: Overwater NLOS UV communication path loss under STV link configuration with Tx angle 

set to 0 degree 

The data was collected only for Tx terminal set to 0 degrees and 15 degrees, to Rx terminal 

set from 0 degrees to 90 degrees with 15-degree intervals in between. Figure 6.7 shows Overwater 

NLOS UV communication path loss under STV link configuration with Tx angle set to 0 degrees. 

From this preliminary field measurement, it shows similar insight as of overwater NLOS UV 

communication under STS for long distance and higher incident and reception angle. However, it 
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could happen just because of the vibration of the reception platform with vertical motion. To be 

able to draw a better conclusion, a massive empirical data is needed to support this observation. 

For future field measurement of overwater NLOS UV communication link performance 

under VTV configuration, the critical issue is to stabilize both Tx and Rx platforms. It will require 

a bigger vessel or high sensitive pneumatic vibration isolators under both terminals. 

6.5 Summary 

We reported on a recent data collection experiment in  which  a  variety  of  channel-sounding  

measurements were taken  to characterize various  aspects of overwater NLOS  UV 

communications. In particular, analyses of measurements of path loss with previously developed 

theoretical channel models for overland scenarios. From the comparison, we suggest a more in-

depth field measurement to investigate communication longer distance with higher 𝜃 values. 

Predictions from overland Monte Carlo propagation model are in reasonable agreement with 

shorter separation distance measurements, providing validation of this modeling and the hypothesis 

to treat overwater NLOS UV communication channel under STS as its overland counterpart with 

adjusted model parameters.  

Three area of work in communication channel link performance is needed to be investigated. 

Namely, path loss to improve on the existing MSMC channel model, a better understanding of the 

turbulence effect to avoid link performance reduction and a viable method for extending 

communication link to use under maritime scenarios.  
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Chapter 7 
 

 

7 Conclusion and Future 

Research 

This thesis delivered the overview of current state-of-the-art VLC technology performance 

analysis as well as a precoder design, a massive MIMO system configuration, vehicular VLC’s 

communication channel analysis under exhaust fume effect and a beehive structure receiver which 

enables massive MIMO via its spatial diversity. Yet, the thesis also provided a most comprehensive 

long distance overland NLOS UV channel analysis and overwater UV NLOS channel field 

measurement, suggested the need for a modified multiple scattering Monte Carlo NLOS UV 

channel modeling based on empirical data, and provide research direction on STS, STV, and VTV 

insight based on comparison with overland NLOS UV channel on long distance and higher 

incidence angle. 

This thesis delivered the most comprehensive overwater UV NLOS channel field 

measurement under STS link configuration, suggested the need for a modified multiple scattering 

Monte Carlo NLOS UV channel modeling based on empirical data, and provide research direction 
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on STS, STV, and VTV insight based on comparison with overland NLOS UV channel on long 

distance and higher incidence angle. The author introduces the fundamental concepts of NLOS UV 

communication and some basic channel models. And then the author describes a basic UV channel 

test bed and IMDD modulation scheme. By doing reports on a first-hand data collection experiment 

in which a variety of channel- communications. In particular, analyses of measurements of path 

loss, pulse broadening, and photon-count distributions were presented and compared with 

previously developed theoretical channel models. Predictions from a Monte Carlo propagation 

model are in reasonable agreement with several of the experimental measurements, providing 

validation of this modeling approach. However, the path loss measurements do exhibit mismatch 

with this channel model, which generally underpredicts the observed path loss. This mismatch 

might be attributable in part to tolerances in device specifications, but other possible sources of 

additional channel attenuation should be considered. For example, we presented path loss estimates 

incorporating turbulence-induced attenuation (as predicted by previously developed turbulence 

modeling) that exhibit reduced error with respect to the path loss measurements. However, model 

predictions of other turbulence effect, such as a log-normal distribution of received photon counts, 

do not appear to be supported by the experimental data, suggesting the need for model refinement. 

Using the experimental path loss measurements, we also considered the BER performance of a 

representative long-distance NLOS UV communication system. The author also investigates 

overwater NLOS UV communication channel under three link configurations, for the first time by 

conducting a series of measurements in STS and preliminary field measurement in STV 

configuration. The received-photon counts reveal that for shorter distance and lower angle 

overwater NLOS UV communication can be treated as its overland counterpart. However, for 

longer distance near or over 1 km, the previously reported MSMC channel model shows a 

significant mismatch between the simulation result and field measurement which suggests a much 
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more in-depth investigation on collecting more empirical data overwater. For STV and VTV link 

configuration, the author provided insight for the practical issue for field measurement.  

Future research direction for this topic is very critical to enabling, effective maritime NLOS 

UV communication. There are also four major area of investigations: multiple scattering and 

scintillation channel modeling, simulation and channel probing under different scenarios; 

communication techniques for transmitters, adaptive modulation and coding, optimum waveforms, 

and receivers; analytical exposure of communication range, data rate, bit-error-rate (BER) and 

power tradeoffs; adaptive beam control and power control mechanisms for improved 

communication system performance using channel feedbacks.  

  



 144 

Bibliography 

[1] K. Cui, G. Chen, Z. Xu, and R. D. Roberts, "Line-of-sight visible light 

communication system design and demonstration," in Communication Systems 

Networks and Digital Signal Processing (CSNDSP), 2010 7th International 

Symposium on, 2010, pp. 621-625: IEEE. 

 

[2] J. M. Kahn and J. R. Barry, "Wireless infrared communications," Proceedings of 

the IEEE, vol. 85, no. 2, pp. 265-298, 1997. 

 

[3] Z. Xu and B. M. Sadler, "Ultraviolet communications: potential and state-of-the-

art," IEEE Communications Magazine, vol. 46, no. 5, 2008. 

 

[4] I. C. o. N.-I. R. Protection, "Guidelines on limits of exposure to ultraviolet radiation 

of wavelengths between 180 nm and 400 nm (incoherent optical radiation)," Health 

Physics, vol. 87, no. 2, pp. 171-186, 2004. 

 

[5] G. Chen, Z. Xu, H. Ding, and B. M. Sadler, "Path loss modeling and performance 

trade-off study for short-range non-line-of-sight ultraviolet communications," 

Optics Express, vol. 17, no. 5, pp. 3929-3940, 2009. 

 

[6] Z. Xu, H. Ding, B. M. Sadler, and G. Chen, "Analytical performance study of solar 

blind non-line-of-sight ultraviolet short-range communication links," Optics letters, 

vol. 33, no. 16, pp. 1860-1862, 2008. 

 

[7] F. J. Lopez-Hernandez, R. Perez-Jimenez, and A. Santamaria, "Ray-tracing 

algorithms for fast calculation of the channel impulse response on diffuse IR 

wireless indoor channels," Optical engineering, vol. 39, no. 10, pp. 2775-2781, 

2000. 

 

[8] G. A. Shaw, A. M. Siegel, and M. L. Nischan, "Demonstration system and 

applications for compact wireless ultraviolet communications," in Sensors, and 

Command, Control, Communications, and Intelligence (C3I) Technologies for 

Homeland Defense and Law Enforcement II, 2003, vol. 5071, pp. 241-253: 

International Society for Optics and Photonics. 

 

[9] G. Chen, F. Abou-Galala, Z. Xu, and B. M. Sadler, "Experimental evaluation of 

LED-based solar blind NLOS communication links," Optics Express, vol. 16, no. 

19, pp. 15059-15068, 2008. 

 

[10] T. Lang, Z. Li, G. Chen, and A. Wang, "LED-Based Visible Light Communication 

and Positioning Technology and SoCs," 2017. 



 145 

[11] J. P. Conti, "What you see is what you send-[comms visible light]," Engineering & 

Technology, vol. 3, no. 19, pp. 66-69, 2008. 

 

[12] M. Kavehrad, "Broadband room service by light," Scientific American, vol. 297, 

no. 1, pp. 82-87, 2007. 

 

[13] M. Kavehrad, "Sustainable energy-efficient wireless applications using light," 

IEEE Communications Magazine, vol. 48, no. 12, pp. 66-73, 2010. 

 

[14] H. Le Minh, Z. Ghassemlooy, D. O'Brien, and G. Faulkner, "Indoor gigabit optical 

wireless communications: challenges and possibilities," in Transparent Optical 

Networks (ICTON), 2010 12th International Conference on, 2010, pp. 1-6: IEEE. 

 

[15] Y. Tanaka, T. Komine, S. Haruyama, and M. Nakagawa, "Indoor visible 

communication utilizing plural white LEDs as lighting," in Personal, Indoor and 

Mobile Radio Communications, 2001 12th IEEE International Symposium on, 

2001, vol. 2, pp. F-F: IEEE. 

 

[16] Y. S. Hussein, M. Y. Alias, and A. A. Abdulkafi, "An Implementation of Indoor 

Visible Light Communication System Using Simulink," in Platform Technology 

and Service (PlatCon), 2017 International Conference on, 2017, pp. 1-6: IEEE. 

 

[17] A. A. Abdulkafi, M. Y. Alias, and Y. S. Hussein, "A Novel Approach for PAPR 

Reduction in OFDM-Based Visible Light Communications," in Platform 

Technology and Service (PlatCon), 2017 International Conference on, 2017, pp. 1-

4: IEEE. 

 

[18] J. Shi, X. Huang, Y. Wang, and N. Chi, "Real-time bi-directional visible light 

communication system utilizing a phosphor-based LED and RGB LED," in 

Wireless Communications and Signal Processing (WCSP), 2014 Sixth 

International Conference on, 2014, pp. 1-5: IEEE. 

 

[19] T. Lang, Z. Li, A. Wang, and G. Chen, "Hemispherical Lens Featured Beehive 

Structure Receiver on Vehicular Massive MIMO Visible Light Communication 

System," in International Conference on Internet of Vehicles, 2015, pp. 469-477: 

Springer. 

 

[20] K. Cui, G. Chen, Q. He, and Z. Xu, "Indoor optical wireless communication by 

ultraviolet and visible light," in Free-Space Laser Communications IX, 2009, vol. 

7464, p. 74640D: International Society for Optics and Photonics. 

 

[21] E. F. Schubert, "Light-emitting diodes Cambridge University Press," New York, pp. 

35-40, 2006. 



 146 

[22] H. Xiao, Y. Zuo, J. Wu, H. Guo, and J. Lin, "Non-line-of-sight ultraviolet single-

scatter propagation model," Optics express, vol. 19, no. 18, pp. 17864-17875, 2011. 

 

[23] S. Nishimoto, T. Yamazato, H. Okada, T. Fujii, T. Yendo, and S. Arai, "High-speed 

transmission of overlay coding for road-to-vehicle visible light communication 

using LED array and high-speed camera," in Globecom Workshops (GC Wkshps), 

2012 IEEE, 2012, pp. 1234-1238: IEEE. 

 

[24] A. Hoffman, M. Loose, and V. Suntharalingam, "CMOS detector technology," 

Experimental Astronomy, vol. 19, no. 1-3, pp. 111-134, 2005. 

 

[25] T.-H. Do and M. Yoo, "Performance analysis of visible light communication using 

CMOS sensors," Sensors, vol. 16, no. 3, p. 309, 2016. 

 

[26] Z. Xu, G. Chen, F. Abou-Galala, and M. Leonardi, "Experimental performance 

evaluation of non-line-of-sight ultraviolet communication systems," in Free-Space 

Laser Communications VII, 2007, vol. 6709, p. 67090Y: International Society for 

Optics and Photonics. 

 

[27] Q. He, Z. Xu, and B. M. Sadler, "Performance of short-range non-line-of-sight 

LED-based ultraviolet communication receivers," Optics Express, vol. 18, no. 12, 

pp. 12226-12238, 2010. 

 

[28] R. M. Gagliardi and S. Karp, "Optical communications," New York, Wiley-

Interscience, 1976. 445 p., 1976. 

 

[29] Q. He, Z. Xu, and M. S. Brian, "Non-line-of-sight serial relayed link for optical 

wireless communications," in MILITARY COMMUNICATIONS CONFERENCE, 

2010-MILCOM 2010, 2010, pp. 1588-1593: IEEE. 

 

[30] Q. He and Z. Xu, "Outage analysis of opportunistic cooperation for fso 

communication links," Submitted to Journal of Lightwave Technology, 2012. 

 

[31] Q. He and Z. Xu, "Opportunistic cooperation for FSO links aided by decode and 

forward relay," in Globecom Workshops (GC Wkshps), 2012 IEEE, 2012, pp. 1193-

1197: IEEE. 

 

[32] Q. He, B. M. Sadler, and Z. Xu, "Modulation and coding tradeoffs for non-line-of-

sight ultraviolet communications," in Free-space laser communications IX, 2009, 

vol. 7464, p. 74640H: International Society for Optics and Photonics. 

 

[33] Q. He, B. Sadler, and Z. Xu, "On the achievable performance of non-line-of-sight 

ultraviolet communications," in Applications of Lasers for Sensing and Free Space 

Communications, 2010, p. LSMB2: Optical Society of America. 



 147 

[34] J. K. Kim and E. F. Schubert, "Transcending the replacement paradigm of solid-

state lighting," Optics Express, vol. 16, no. 26, pp. 21835-21842, 2008. 

 

[35] S. Das, A. Chakraborty, D. Chakraborty, and S. Moshat, "PC to PC data 

transmission using visible light communication," in Computer Communication and 

Informatics (ICCCI), 2017 International Conference on, 2017, pp. 1-5: IEEE. 

 

[36] S. Juneja and S. Vashisth, "Indoor positioning system using visible light 

communication," in Computing and Communication Technologies for Smart 

Nation (IC3TSN), 2017 International Conference on, 2017, pp. 79-83: IEEE. 

 

[37] B. Lin et al., "A NOMA scheme for visible light communications using a single 

carrier transmission," in Visible Light Communications (SACVLC), 2017 First 

South American Colloquium on, 2017, pp. 1-4: IEEE. 

 

[38] B. Lin et al., "Experimental demonstration of optical camera communications 

based indoor visible light positioning system," in Optical Communications and 

Networks (ICOCN), 2017 16th International Conference on, 2017, pp. 1-3: IEEE. 

 

[39] J. Vučić, C. Kottke, K. Habel, and K.-D. Langer, "803 Mbit/s visible light WDM 

link based on DMT modulation of a single RGB LED luminary," in Optical Fiber 

Communication Conference and Exposition (OFC/NFOEC), 2011 and the National 

Fiber Optic Engineers Conference, 2011, pp. 1-3: IEEE. 

 

[40] N. Shrestha, M. Sohail, C. Viphavakit, P. Saengudomlert, and W. S. Mohammed, 

"Demonstration of visible light communications using RGB LEDs in an indoor 

environment," in Electrical Engineering/Electronics Computer 

Telecommunications and Information Technology (ECTI-CON), 2010 

International Conference on, 2010, pp. 1159-1163: IEEE. 

 

[41] Y. Wang, Y. Wang, N. Chi, J. Yu, and H. Shang, "Demonstration of 575-Mb/s 

downlink and 225-Mb/s uplink bi-directional SCM-WDM visible light 

communication using RGB LED and phosphor-based LED," Optics express, vol. 

21, no. 1, pp. 1203-1208, 2013. 

 

[42] A. Devi and S. Prince, "Design and implementation of a radio on visible light 

system for indoor communication," in Communications and Signal Processing 

(ICCSP), 2014 International Conference on, 2014, pp. 132-136: IEEE. 

 

[43] K. Sindhubala and B. Vijayalakshmi, "Design and performance analysis of visible 

light communication system through simulation," in Computing and 

Communications Technologies (ICCCT), 2015 International Conference on, 2015, 

pp. 215-220: IEEE. 



 148 

[44] D. Aguirre, R. Navarrete, I. Soto, and S. Gutierrez, "Implementation of an emitting 

LED circuit in a Visible Light communications positioning system," in Visible 

Light Communications (SACVLC), 2017 First South American Colloquium on, 

2017, pp. 1-4: IEEE. 

 

[45] Y. Chen, Z. Li, P. Liu, and S. Liu, "The BER performance comparison of MSK and 

GMSK schemes for short-range visible light communication," in Communication 

Software and Networks (ICCSN), 2017 IEEE 9th International Conference on, 

2017, pp. 611-614: IEEE. 

 

[46] Q. Gao, T. Lang, F. Bo, G. Chen, and Y. Hua, "Precoder design for indoor visible 

light communications with multiple RGB LEDs," in Laser Communication and 

Propagation through the Atmosphere and Oceans II, 2013, vol. 8874, p. 88740Y: 

International Society for Optics and Photonics. 

 

[47] N. Zhu, J. Zhu, and Q. Zhong, "The transmission performance of the MPPM 

modulaton in indoor optical wireless communication based on white LED," in 

Optical Transmission, Switching, and Subsystems VI, 2008, vol. 7136, p. 71362U: 

International Society for Optics and Photonics. 

 

[48] H. Sugiyama, S. Haruyama, and M. Nakagawa, "Brightness control methods for 

illumination and visible-light communication systems," in Wireless and Mobile 

Communications, 2007. ICWMC'07. Third International Conference on, 2007, pp. 

78-78: IEEE. 

 

[49] S. Rajagopal, S. Lim, and T. Bae, "15.7 merged draft text ETRI-samsung-CSUS-

intel," IEEE 802.15. 7 Working Group Documents, 2009. 

 

[50] Q. Gao, J. H. Manton, G. Chen, and Y. Hua, "Power-efficient constellation design 

for a multicarrier optical wireless system," in Military Communications 

Conference, MILCOM 2013-2013 IEEE, 2013, pp. 1645-1650: IEEE. 

 

[51] R. J. Drost and B. M. Sadler, "Constellation design for color-shift keying using 

billiards algorithms," in GLOBECOM Workshops (GC Wkshps), 2010 IEEE, 2010, 

pp. 980-984: IEEE. 

 

[52] E. Monteiro and S. Hranilovic, "Constellation design for color-shift keying using 

interior point methods," in Globecom Workshops (GC Wkshps), 2012 IEEE, 2012, 

pp. 1224-1228: IEEE. 

 

[53] X. Liang, M. Yuan, J. Wang, Z. Ding, M. Jiang, and C. J. J. o. L. T. Zhao, 

"Constellation design enhancement for color-shift keying modulation of 

quadrichromatic LEDs in visible light communications," vol. 35, no. 17, pp. 3650-

3663, 2017. 



 149 

[54] B. Bai, Q. He, Z. Xu, and Y. Fan, "The color shift key modulation with non-uniform 

signaling for visible light communication," in Communications in China 

Workshops (ICCC), 2012 1st IEEE International Conference on, 2012, pp. 37-42: 

IEEE. 

 

[55] F. A. D. Rajó, V. Guerra, J. A. R. Borges, J. R. Torres, and R. J. I. P. T. L. Perez-

Jimenez, "Color shift keying communication system with a modified PPM 

synchronization scheme," vol. 26, no. 18, pp. 1851-1854, 2014. 

 

[56] H. Shimamoto, Y. Kozawa, and Y. Umeda, "An experimental evaluation on EVM 

performance for 4-CSK (Color Shift Keying) using visible light with multiple full-

color LEDs," in Radio and Wireless Symposium (RWS), 2015 IEEE, 2015, pp. 206-

208: IEEE. 

 

[57] K.-H. Park, Y.-C. Ko, and M.-S. Alouini, "On the power and offset allocation for 

rate adaptation of spatial multiplexing in optical wireless MIMO channels," IEEE 

Transactions on Communications, vol. 61, no. 4, pp. 1535-1543, 2013. 

 

[58] A. D. Broadbent, "A critical review of the development of the CIE1931 RGB color‐

matching functions," Color Research & Application, vol. 29, no. 4, pp. 267-272, 

2004. 

 

[59] R. Mesleh, R. Mehmood, H. Elgala, and H. Haas, "Indoor MIMO optical wireless 

communication using spatial modulation," in Communications (ICC), 2010 IEEE 

International Conference on, 2010, pp. 1-5: IEEE. 

 

[60] T. Fath and H. Haas, "Performance comparison of MIMO techniques for optical 

wireless communications in indoor environments," IEEE Transactions on 

Communications, vol. 61, no. 2, pp. 733-742, 2013. 

 

[61] L. Zeng et al., "High data rate multiple input multiple output (MIMO) optical 

wireless communications using white LED lighting," IEEE Journal on Selected 

Areas in Communications, vol. 27, no. 9, 2009. 

 

[62] T. Q. Wang, Y. A. Sekercioglu, and J. Armstrong, "Hemispherical lens based 

imaging receiver for MIMO optical wireless communications," in Globecom 

Workshops (GC Wkshps), 2012 IEEE, 2012, pp. 1239-1243: IEEE. 

 

[63] T. Lang, Z. Li, and G. Chen, "Massive MIMO-OFDM indoor visible light 

communication system downlink architecture design," in Laser Communication 

and Propagation through the Atmosphere and Oceans III, 2014, vol. 9224, p. 

92240A: International Society for Optics and Photonics. 

 



 150 

[64] D. A. Rockwell and G. S. Mecherle, "Optical wireless: low-cost, broadband, optical 

access," SONA Communications Corporation, 2007. 

 

[65] R. J. Green, H. Joshi, M. D. Higgins, and M. S. Leeson, "Recent developments in 

indoor optical wireless systems," IET communications, vol. 2, no. 1, pp. 3-10, 2008. 

 

[66] A. Papapostolou and H. Chaouchi, "Scene analysis indoor positioning 

enhancements," annals of telecommunications-annales des télécommunications, 

vol. 66, no. 9-10, pp. 519-533, 2011. 

 

[67] T. Komine and M. Nakagawa, "Fundamental analysis for visible-light 

communication system using LED lights," IEEE transactions on Consumer 

Electronics, vol. 50, no. 1, pp. 100-107, 2004. 

 

[68] G. Welch and G. Bishop, "An introduction to the kalman filter. Department of 

Computer Science, University of North Carolina," ed: Chapel Hill, NC, 

unpublished manuscript, 2006. 

 

[69] Z. Li, Indoor Positioning System Using Visible Light Communication and 

Smartphone with Rolling Shutter Camera. University of California, Riverside, 

2016. 

 

[70] Z. Dong et al., "An integrated transmitter for LED-based visible light 

communication and positioning system in a 180nm BCD technology," in 

Bipolar/BiCMOS Circuits and Technology Meeting (BCTM), 2014 IEEE, 2014, pp. 

84-87: IEEE. 

 

[71] Z. Ghassemlooy, W. Popoola, and S. Rajbhandari, Optical wireless 

communications: system and channel modelling with Matlab®. CRC press, 2012. 

 

[72] A. Darwish, "Connected Vehicles Using Visible Light Communications and 

Dedicated Short-Range Communications," 2016. 

 

[73] M. R. Alam and S. Faruque, "Prospects of differential optical receiver with ambient 

light compensation in vehicular visible light communication," in Vehicular 

Networking Conference (VNC), 2016 IEEE, 2016, pp. 1-4: IEEE. 

 

[74] A.-L. Chen, H.-P. Wu, Y.-L. Wei, and H.-M. Tsai, "Time variation in vehicle-to-

vehicle visible light communication channels," in Vehicular Networking 

Conference (VNC), 2016 IEEE, 2016, pp. 1-8: IEEE. 

 

[75] M. Garai, M. Sliti, and N. Boudriga, "Access and resource reservation in vehicular 

visible light communication networks," in Transparent Optical Networks (ICTON), 

2016 18th International Conference on, 2016, pp. 1-6: IEEE. 



 151 

[76] P. Karthik, B. M. Kumar, B. Ravikiran, K. Suresh, and G. Toney, "Implementation 

of visible light communication (VLC) for vehicles," in Advanced Communication 

Control and Computing Technologies (ICACCCT), 2016 International Conference 

on, 2016, pp. 673-675: IEEE. 

 

[77] K. Siddiqi, A. Raza, and S. S. Muhammad, "Visible light communication for V2V 

intelligent transport system," in Broadband Communications for Next Generation 

Networks and Multimedia Applications (CoBCom), International Conference on, 

2016, pp. 1-4: IEEE. 

 

[78] R. Yang, X. Jin, M. Jin, and Z. Xu, "Experimental Investigation of Optical OFDMA 

for Vehicular Visible Light Communication," in Optical Communication (ECOC), 

2017 European Conference on, 2017, pp. 1-3: IEEE. 

 

[79] M. A. Elliott, G. J. Nebel, and F. G. Rounds, "The composition of exhaust gases 

from diesel, gasoline and propane powered motor coaches," Journal of the Air 

Pollution Control Association, vol. 5, no. 2, pp. 103-108, 1955. 

 

[80] L. Sjöqvist, "Laser beam propagation in jet engine plume environments: a review," 

in Technologies for Optical Countermeasures V, 2008, vol. 7115, p. 71150C: 

International Society for Optics and Photonics. 

 

[81] M. Van Iersel, A. Mack, A. Van Eijk, and H. Schleijpen, "Propagation of light 

through ship exhaust plumes," in Laser Communication and Propagation through 

the Atmosphere and Oceans III, 2014, vol. 9224, p. 92240T: International Society 

for Optics and Photonics. 

 

[82] Z. Li, T. Lang, L. Liao, and G. Chen, "Effects of vehicle exhaust to VLC link: 

measurement and analysis," in Laser Communication and Propagation through the 

Atmosphere and Oceans IV, 2015, vol. 9614, p. 96140Q: International Society for 

Optics and Photonics. 

 

[83] F. S. Vetelino, C. Young, L. Andrews, K. Grant, K. Corbett, and B. Clare, 

"Scintillation: theory vs. experiment," in Atmospheric Propagation II, 2005, vol. 

5793, pp. 166-178: International Society for Optics and Photonics. 

 

[84] R. Pernice et al., "Indoor free space optics link under the weak turbulence regime: 

measurements and model validation," IET Communications, vol. 9, no. 1, pp. 62-

70, 2014. 

 

[85] D. O'Brien et al., "Indoor visible light communications: challenges and prospects," 

in Free-Space Laser Communications VIII, 2008, vol. 7091, p. 709106: 

International Society for Optics and Photonics. 



 152 

[86] W. Yuanquan and C. Nan, "A high-speed bi-directional visible light 

communication system based on RGB-LED," China Communications, vol. 11, no. 

3, pp. 40-44, 2014. 

 

[87] K. D. Dambul, D. C. O'Brien, and G. Faulkner, "Indoor optical wireless MIMO 

system with an imaging receiver," IEEE photonics technology letters, vol. 23, no. 

2, pp. 97-99, 2011. 

 

[88] Z. Ghassemlooy, A. Hayes, and B. Wilson, "Reducing the effects of intersymbol 

interference in diffuse DPIM optical wireless communications," IEE Proceedings-

Optoelectronics, vol. 150, no. 5, pp. 445-452, 2003. 

 

[89] J. Carruther and J. M. Kahn, "Angle diversity for nondirected wireless infrared 

communication," IEEE Transactions on Communications, vol. 48, no. 6, pp. 960-

969, 2000. 

 

[90] J. Armstrong, "OFDM for optical communications," Journal of lightwave 

technology, vol. 27, no. 3, pp. 189-204, 2009. 

 

[91] H. Zhu and J. Wang, "Chunk-based resource allocation in OFDMA systems-Part I: 

chunk allocation," IEEE Transactions on Communications, vol. 57, no. 9, 2009. 

[92] H. Zhu and J. Wang, "Chunk-based resource allocation in OFDMA systems—Part 

II: Joint chunk, power and bit allocation," IEEE Transactions on Communications, 

vol. 60, no. 2, pp. 499-509, 2012. 

 

[93] M. Sharma, D. Chadha, and V. Chandra, "Capacity evaluation of MIMO-OFDM 

Free Space Optical communication system," in India Conference (INDICON), 2013 

Annual IEEE, 2013, pp. 1-4: IEEE. 

 

[94] F. R. Gfeller and U. Bapst, "Wireless in-house data communication via diffuse 

infrared radiation," Proceedings of the IEEE, vol. 67, no. 11, pp. 1474-1486, 1979. 

 

[95] S. B. Alexander, Optical communication receiver design. SPIE Optical engineering 

press Bellingham, Washington, USA, 1997. 

 

[96] M. Hauske, D. Shi, M. Ihle, and F. K. Jondral, "Artificial lighting interference on 

free space photoelectric systems," in Proc. 2009 International Symposium on 

Electromagnetic Compatibility, 2009, vol. 20, p. 24. 

 

[97] A. M. Tulino and S. Verdú, "Random matrix theory and wireless communications," 

Foundations and Trends® in Communications and Information Theory, vol. 1, no. 

1, pp. 1-182, 2004. 

 



 153 

[98] D. Tse and P. Viswanath, Fundamentals of wireless communication. Cambridge 

university press, 2005. 

 

[99] D. M. Reilly, "Atmospheric optical communications in the middle ultraviolet," 

Massachusetts Institute of Technology, 1976. 

 

[100] D. Kedar and S. Arnon, "Non-line-of-sight optical wireless sensor network 

operating in multiscattering channel," Applied optics, vol. 45, no. 33, pp. 8454-

8461, 2006. 

 

[101] H. Ding, G. Chen, A. K. Majumdar, B. M. Sadler, and Z. Xu, "Modeling of non-

line-of-sight ultraviolet scattering channels for communication," IEEE Journal on 

Selected Areas in Communications, vol. 27, no. 9, 2009. 

 

[102] G. Chen, R. J. Drost, B. M. Sadler, and L. Liao, "Long-distance ultraviolet 

scattering channel measurements: analog vs. digital approaches," in Lasers and 

Electro-Optics (CLEO), 2013 Conference on, 2013, pp. 1-2: IEEE. 

 

[103] Y. Zuo, H. Xiao, J. Wu, Y. Li, and J. Lin, "A single-scatter path loss model for non-

line-of-sight ultraviolet channels," Optics express, vol. 20, no. 9, pp. 10359-10369, 

2012. 

 

[104] D. Jin, T. Zhao, R. Xue, and L. Liu, "Analyzing of ultraviolet single scattering 

coverage for non-line-of-sight communication," 2014. 

 

[105] Y. Sun and Y. Zhan, "The effect of wavelength on path loss in none-line-of-sight 

ultraviolet communication system," in Electronics Information and Emergency 

Communication (ICEIEC), 2015 5th International Conference on, 2015, pp. 6-10: 

IEEE. 

 

[106] C. Xu and H. Zhang, "Monte-Carlo based modeling for ultraviolet non-line-of-sight 

communication channels with typical obstacles," in Wireless Communications & 

Signal Processing (WCSP), 2015 International Conference on, 2015, pp. 1-5: 

IEEE. 

 

[107] H. Ding, G. Chen, A. K. Majumdar, B. M. Sadler, and Z. Xu, "Turbulence modeling 

for non-line-of-sight ultraviolet scattering channels," in Atmospheric Propagation 

VIII, 2011, vol. 8038, p. 80380J: International Society for Optics and Photonics. 

 

[108] H. Xiao, Y. Zuo, C. Fan, C. Wu, and J. Wu, "Non-line-of-sight ultraviolet channel 

parameters estimation in turbulence atmosphere," in Asia Communications and 

Photonics Conference, 2012, p. AF3G. 5: Optical Society of America. 

 



 154 

[109] Y. Zuo, H. Xiao, J. Wu, X. Hong, and J. Lin, "Effect of atmospheric turbulence on 

non-line-of-sight ultraviolet communications," in Personal Indoor and Mobile 

Radio Communications (PIMRC), 2012 IEEE 23rd International Symposium on, 

2012, pp. 1682-1686: IEEE. 

 

[110] P. Wang and Z. Xu, "Characteristics of ultraviolet scattering and turbulent 

channels," Optics letters, vol. 38, no. 15, pp. 2773-2775, 2013. 

 

[111] Z. Yong, W. Jian, X. Houfei, and L. J. C. C. Jintong, "Non-line-of-sight ultraviolet 

communication performance in atmospheric turbulence," vol. 10, no. 11, pp. 52-

57, 2013. 

 

[112] M. H. Ardakani, A. R. Heidarpour, and M. Uysal, "Performance analysis of MIMO 

NLOS UV communications over atmospheric turbulence channels," in Wireless 

Communications and Networking Conference Workshops (WCNCW), 2016 IEEE, 

2016, pp. 1-5: IEEE. 

 

[113] C. Gong, B. Huang, Z. J. I. O. J. o. O. C. Xu, and Networking, "Correlation and 

outage probability of NLOS SIMO optical wireless scattering communication 

channels under turbulence," vol. 8, no. 12, pp. 928-937, 2016. 

 

[114] M. Noshad, M. Brandt-Pearce, and S. G. Wilson, "NLOS UV communications 

using M-ary spectral-amplitude-coding," ieee Transactions on Communications, 

vol. 61, no. 4, pp. 1544-1553, 2013. 

 

[115] S. Das and M. Chakraborty, "ASK and PPM modulation based FSO system under 

varying weather conditions," in Ubiquitous Computing, Electronics & Mobile 

Communication Conference (UEMCON), IEEE Annual, 2016, pp. 1-7: IEEE. 

 

[116] M. H. Ardakani and M. J. I. T. o. W. C. Uysal, "Relay-assisted OFDM for 

ultraviolet communications: performance analysis and optimization," vol. 16, no. 

1, pp. 607-618, 2017. 

 

[117] Y. Li, L. Wang, Z. Xu, and S. V. Krishnamurthy, "Neighbor discovery for 

ultraviolet ad hoc networks," IEEE Journal on Selected Areas in Communications, 

vol. 29, no. 10, pp. 2002-2011, 2011. 

 

[118] L. Wang, Y. Li, and Z. Xu, "On connectivity of wireless ultraviolet networks," 

JOSA A, vol. 28, no. 10, pp. 1970-1978, 2011. 

 

[119] A. Vavoulas, H. G. Sandalidis, and D. Varoutas, "Connectivity issues for ultraviolet 

UV-C networks," Journal of Optical Communications and Networking, vol. 3, no. 

3, pp. 199-205, 2011. 

 



 155 

[120] X. Jiang, P. Luo, and M. Zhang, "Performance analysis of none-line-of-sight 

ultraviolet communications with multi-user interference," in Communications in 

China (ICCC), 2013 IEEE/CIC International Conference on, 2013, pp. 199-203: 

IEEE. 

 

[121] L. Liao, G. Chen, B. M. Sadler, and Z. Li, "GPS synchronized UV communication 

system performance based on USRP," in Laser Communication and Propagation 

through the Atmosphere and Oceans II, 2013, vol. 8874, p. 887409: International 

Society for Optics and Photonics. 

 

[122] Y. Tang, X. Xie, and W. Zhao, "Simulation research of short range non-line-of-

sight ultraviolet communication performance," in Consumer Electronics, 

Communications and Networks (CECNet), 2012 2nd International Conference on, 

2012, pp. 567-570: IEEE. 

 

[123] R. Yuan, J. Ma, P. Su, and Z. J. I. C. L. He, "An integral model of two-order and 

three-order scattering for non-line-of-sight ultraviolet communication in a narrow 

beam case," vol. 20, no. 12, pp. 2366-2369, 2016. 

 

[124] S. Karp, R. M. Gagliardi, S. E. Moran, and L. B. Stotts, Optical channels: fibers, 

clouds, water, and the atmosphere. Springer Science & Business Media, 2013. 

 

[125] L. Liao, Z. Li, T. Lang, and G. Chen, "UV LED array based NLOS UV turbulence 

channel modeling and experimental verification," Optics Express, vol. 23, no. 17, 

pp. 21825-21835, 2015. 

 

[126] O. Wilfert, "Laser beam attenuation determined by the method of available optical 

power in turbulent atmosphere," Journal of Telecommunications and Information 

Technology, pp. 53-57, 2009. 

 

[127] M. Naboulsi, H. Sizun, and F. Fornel, "Propagation of optical and infrared waves 

in the atmosphere," Proceedings of the union radio scientifique internationale, 

2005. 

 

[128] T. Lang, C. Han, J. Marquez, and G. Chen, "Overwater ultraviolet non-line-of-sight 

communication channel modeling and analysis," in Laser Communication and 

Propagation through the Atmosphere and Oceans VI, 2017, vol. 10408, p. 

1040805: International Society for Optics and Photonics. 

 

[129] A. S. Zachor, "Aureole radiance field about a source in a scattering–absorbing 

medium," Applied Optics, vol. 17, no. 12, pp. 1911-1922, 1978. 

 



 156 

Publications 

[1] Lang, Tian, Crystal Han, Juan Marquez, and Gang Chen. "Overwater ultraviolet 

non-line-of-sight communication channel modeling and analysis." In Laser 

Communication and Propagation through the Atmosphere and Oceans VI, vol. 

10408, p. 1040805. International Society for Optics and Photonics, 2017. 

[2] Lang, Tian, Zening Li, Gang Chen, and Albert Wang. "LED-Based Visible Light 

Communication and Positioning Technology and SoCs." 

[3] Lang, Tian, Zening Li, Albert Wang, and Gang Chen. "Hemispherical Lens 

Featured Beehive Structure Receiver on Vehicular Massive MIMO Visible Light 

Communication System." In International Conference on Internet of Vehicles, pp. 

469-477. Springer, Cham, 2015. 

[4] Liao, Linchao, Robert J. Drost, Zening Li, Tian Lang, Brian M. Sadler, and Gang 

Chen. "Long-distance non-line-of-sight ultraviolet communication channel 

analysis: experimentation and modelling." Iet Optoelectronics 9, no. 5 (2015): 

223-231. 

[5] Li, Zening, Tian Lang, Linchao Liao, and Gang Chen. "Effects of vehicle exhaust 

to VLC link: measurement and analysis." In Laser Communication and 

Propagation through the Atmosphere and Oceans IV, vol. 9614, p. 96140Q. 

International Society for Optics and Photonics, 2015. 

[6] Liao, Linchao, Zening Li, Tian Lang, and Gang Chen. "UV LED array based 

NLOS UV turbulence channel modeling and experimental verification." Optics 

Express 23, no. 17 (2015): 21825-21835. 

[7] Lang, Tian, Zening Li, and Gang Chen. "Massive MIMO-OFDM indoor visible 

light communication system downlink architecture design." In Laser 

Communication and Propagation through the Atmosphere and Oceans III, vol. 

9224, p. 92240A. International Society for Optics and Photonics, 2014. 

[8] Liao, Linchao, Zening Li, Tian Lang, Brian M. Sadler, and Gang Chen. 

"Turbulence channel test and analysis for NLOS UV communication." In Laser 

Communication and Propagation through the Atmosphere and Oceans III, vol. 

9224, p. 92241A. International Society for Optics and Photonics, 2014. 

[9] Gao, Qian, Tian Lang, Feng Bo, Gang Chen, and Yingbo Hua. "Precoder design 

for indoor visible light communications with multiple RGB LEDs." In Laser 

Communication and Propagation through the Atmosphere and Oceans II, vol. 

8874, p. 88740Y. International Society for Optics and Photonics, 2013. 




