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ABSTRACT
Ultraviolet optical wireless communications

Sun Xiaobin
Optical wireless communication systems based on ultraviolet (UV)-band has a lot
inherent advantages, such as low background solar radiation, low device dark noise.
Besides, it also has small restrictive requirements for PAT (pointing, acquisition, and
tracking) because of its high atmospheric scattering with molecules and aerosols. And
these advantages are driving people to explore and utilize UV band for constructing and
implementing a high-data-rate, less PAT communication links, such as diffuse-line-ofsight links (diffuse-LOS) and non-line-of-sight (NLOS).
The responsivity of the photodetector at UV range is far lower than that of visible range,
high power UV transmitters which can be easily modulated are under investigation.
These factors make it is hard to realize a high-data-rate diffuse-LOS or NLOS UV
communication links.
To achieve a UV link mentioned above with current devices and modulation schemes,
this thesis presents some efficient modulation schemes and available devices for the time
being. Besides, a demonstration of ultraviolet-B (UVB) communication link is
implemented utilizing quadrature amplitude modulation (QAM) orthogonal frequencydivision multiplexing (OFDM). The demonstration is based on a 294-nm UVB-lightemitting-diode (UVB-LED) with a full-width at half-maximum (FWHM) of 9 nm, and
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according to the measured L-I-V curve, we set the bias voltage as 7V for maximum the
ac amplitude and thus get a high signal-noise-ratio (SNR) channel, and the light output
power is 190 μW with such bias voltage. Besides, there is a unique silica gel lens on top
of the LED to concentrate the beam. A -3-dB bandwidth of 29 MHz was measured and a
high-speed near-solar-blind communication link with a data rate of 71 Mbit/s was
achieved using 8-QAM-OFDM at perfect alignment, and 23.6 Mbit/s using 2-QAMOFDM when the angle subtended by the pointing direction of the UVB-LED and
photodetector (PD) is 12 degrees, thus establishing a diffuse-line-of-sight (LOS) link.
The measured bit-error rate (BER) of 2.8 × 10−4 and 2.4 × 10−4 , respectively, are well
below the forward error correction (FEC) criterion of 3.8 × 10−3. The demonstrated high
data-rate OFDM-based UVB communication link paves the way for realizing high-speed
non-line-of-sight free-space optical (FSO) communications.
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1. Introduction
1.1 – Motivations on optical wireless communications based on
ultraviolet band
Human knowledge and understanding of this world as well as communicate each other,
rely on our ability to collect and transmit as well as receive the information effectively.
During the past decades, most of the communications were made by cabled links, but to
avoid such heavy burden from cables, a good alternative is optical wireless
communication link.
An optical communication system refers to the information conveyed by optical radiation
with the wavelength ranging from UV to visible light, and even to infrared radiation. In
comparison to radio frequency (RF) communication systems requiring complicating
antennas design and high transmission power, which is used to compensate large antenna
loss, optical communication systems can support higher data rates because of its larger
bandwidth and can be more compact. Fig. 1 shows the spectra from RF to X-rays and
their corresponding applications. It shows that RF radiation have a bandwidth of few tens
of Hz to GHz, while optical waves can reach up to few hundreds of GHz. Besides above
advantages, optical communications1 are also a huge unlicensed spectrum, higher power
densities, high capacity.
Infrared (IR)1,2 and visible light3,4 communication (VLC) technology has been utilized for
indoor

and

outdoor

communications,

FSO

and

underwater

wireless

optical

communications (UWOC), utilizing lasers or LEDs in the configuration of LOS.
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Nevertheless, both of IR and VLC are vulnerable to bad weather condition, such as foggy
days or environment full of particles, molecules like battle filed, besides, they are also
not applicable when there are some blockages, like buildings.
The motivations to employ UV as optical communications information carriers include
unique channel properties, recent and fast development of UV device technologies and
emerging application demands for UV communications.

Figure 1. Electromagnetic radiation spectrum and the corresponding applications. (www.wikipedia.com)

A comprehension of the potential for UV systems starts with that the interaction between
UV radiation and atmosphere5. The entire UV range (4 ~ 400 nm) can be divided into
three parts: UV-C (4 ~ 280 nm), UV-B (280 ~ 315 nm), UV-A (315 ~ 400 nm). As
shown in the Fig. 2, UV-C is solar blind at the ground level, in another word, solar
radiation in this wavelength range can be negligible, and this is due to ozone absorption
in the atmosphere. Therefore, using UV band especially UV-C or UV-B band can
decrease the demanding for environment noise when constructing a communication link.
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Figure 2. The intensity of solar radiation at earth’s surface (www.visionlearning.com)

Furthermore, there is a strong scattering effect occurring for UV bands resulting from the
atmospheric scattering of UV radiation by abundant molecules and aerosols5, offering an
outstanding merit to construct a diffuse-LOS or NLOS communication link. The typical
interaction process between UV radiation and the atmosphere is shown in Fig. 3.

Figure 3. Typical ultraviolet NLOS communication process5
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1.2 – Literature review on optical communication based on ultraviolet
band

Studies on UV communications can be dated back to 1960s, which is mainly driven by
outdoor naval applications6,7. In 1968, Sunstein from MIT did a pioneering experimental
work, they first established a scattering-based UV link with the transmission range of
over 26 km. In this experiment, a xenon flash tube was used as the transmitter which can
emit high-power waves of a continuous spectrum with the shortest wavelength of 280
nm, and at the receiver end, a photomultiplier tube (PMT) was used as the photodetector8.
With the progress, in 1976, Reilly from MIT developed an analytical channel response
model to describe the temporal characteristics of scattered radiation in the middle UV9.
After 3 years, the model was extended furthermore to characterize angular spectra and
path loss10. About the same time, Fishburne from Princeton used hydrogen-xenon UV
flash lamp as the transmitter with the modulation rate of 40 kHz and a rubidium telluride
photomultiplier tube covered with a solar blind filter as the receiver constructing a pointto-point NLOS UV communication system11. In their experiment, the transmission
distance was 2.08 km. After that, Jeffery from TITAN demonstrated an improved UV
local area network testbed by using a collimated mercury-xenon lamp as the transmitter
and a wild field-of-view collector and solar blind filter as well as a PMT as the receiver
PD12. In their experiment, the modulation scheme is pulse position modulation and the
modulation rate was 400 kHz with 3 bits per pulse, in such modulation configuration, a
transmission distance of 1 km was achieved. Barry from Mission research Corporation
first investigated UV communication systems that emit short pulse having high peak
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power with 266 nm quadrupled Nd:YAG laser with the modulation of PPM with
repetitive rate of 600 Hz13. In 2007, T. Feng14 from SIOMCOS reported a UV
communication elementary experiment using 254-nm mercury lamp as the source and
PMT covered by the solar blind filter as the PD, FSK as the modulation scheme, they
achieved a communication data rate of 1.2 kbps with the transmission distance of 18m
and the BER of 10-4. With the development of UV devices both of UV transmitter and
UV PD, more compact devices are emerging in the UV communication system. In 2008,
G. Chen from University of California did research on the pulse brooding effect in short
range NLOS scattering communication channel using a Nd:YAG laser whose emission
wavelength is 266 nm with a rectangular pulse and the modulation frequency of 10 Hz 15.
Besides the pulse broadening effect, the influence of obstacles, in other words, pat loss,
were also investigated due to its significant meaning to the communication link quality.
In 2011, H. L. Zhang from National University of Defense Technology, China used a
low-pressure mercury lamp as the UV transmitter and PMT covered with a solar blind
filter as the receiver, develop the research on the path loss effect with sine-wave
amplitude modulation at the frequency of 2.4 KHz under a transmission distance of 32
m16. Besides the investigations mentioned above, in 2015, L., Liao from University of
California extended the transmission distance to 1000 m investigating the path loss effect
and pulse broadening effect utilizing a ND:YAG laser with the emitting wavelength of
266 nm and a PMT covered with a solar blind filter17, OOK was the modulation scheme
in this experiment. L., Liao also studied the effect of turbulence and geometry of the
system on the received signal energy distribution in 2014 by using a 270-nm UV LED
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and a 266-nm ND: YAG as the UV source and PMT covered with the solar blind filter as
the receiver under a transmission distance of 300/500 m18. Spatial diversity reception
attracted people’s interest for its potential improvements in the UV communication links.
In 2012, H. Xiao from University of Posts and Telecommunication, China did the studies
on the Bit-error-rate performance with spatial diversity reception (equal gain combining
(EGC) and optimal combining (OC) schemes maximum likelihood (ML) detection
scheme)19 and at the same time, another study on Diversity reception technology with
EGC scheme from D. Han, who was also from University of Posts and
Telecommunication, China was proposed using a 265-nm UV LED arrays and the PMT
covered with the solar blind filter by means of OOK modulation scheme20, finally, they
achieved a data rate of 2.4 kbps with BER of 10-4, this kind of data rate is double from
the data rate we aforementioned above. UV-LED is the potential alternative for nextgeneration communication source. In 2016, Nikos Partis from University Athens using a
265-nm UV LED to study the path losses in diffuse ultraviolet optical communication
channels with a transmission distance of 20 m21.
In conclusion, UV communications can be classified into three development stages:
1. Non-LED based link characterization and communications. At this juncture, the UV
sources are commonly flash tubes, lamps, and lasers, all of them are high power pulsed,
the data rates at this stage are around kbps~Mbps, the transmission distance is around
kilometers.
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2. Analytical channel scattering model. The scattering model was mainly built on single
scattering process, which means photons undergo one coherent scattering interaction. The
scattering can either be Rayleigh or Mie scattering.
3. LED-based communication and networking. At this stage, people constructed a NLOS
communication links with UV LED arrays, and the transmission distance is 11 m at 2.4
kbps, a UGS network was also built. Table I summarizes the advances of UV systems
with system performance, including the light sources, modulation technique, channel
length, and the achieved data rate.
Table I. Comparison of UV Systems Configurations and Performance
Light Source

Modulation
Scheme

Photodetector

Transmission
Power

Channel
Length

Data Rate

Reference

265-nm mercuryxenon lamp

PPM

PMT

25 W

1.6 km

1.2 Mbps

[29]

253-nm mercuryargon lamp

PPM

PMT

5W

0.5 km

10 kps

[30]

254-nm lowpressure mercury

FSK

PMT

----

6m

1.2 kbps

[11]

265-nm LED
arrays

OOK/PPM

PMT

43 mW

100 m

2.4 kbps

[28]

294-nm LED

OFDM

APD

190 μW

8 cm

71 Mbps

This
work

a

Light sources: LED stands for light-emitting diode.
Modulation scheme: PPM stands for pulse-position modulation; FSK stands for Frequency-shift keying modulation; OOK
stands for on-off keying modulation; OFDM stands for Orthogonal frequency-division multiplexing modulation.
c
Photodetector: PMT stands for photomultiplier tube; APD stands for avalanche photodiode detector.
b

1.3 – UV links configurations: line-of-sight; diffuse-line-of-sight; nonline-of-sight
There are three types of transmitter and receiver placement configuration, as shown in
Fig. 4 below, Fig. 4(a) shows LOS configuration, Fig. 4(b) shows diffuse-LOS
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configuration, Fig. 4(c~d) shows NLOS configuration. It is worthy to mention that the
overlap area between the transmission divergence area and the receiver FOV area and

Figure 4. 4 (a) LOS; (b) Diffuse-LOS; (c-e) NLOS

LOS v.s. NLOS means significant differences regarding achievable data rates. As for Fig
4(b), and Fig 4(c), they require the minimum transmitter and receiver positioning while
they will generate the smallest bandwidth due to its long channel delay spread. While as
the positioning requirements increase, such as in Fig. 4(d) and Fig. 4(e), even ultimately
to Fig. 4(a), which is the LOS configuration, the bandwidth will increase dramatically.
Therefore, there is a tradeoff between the positioning and data rates for the
communication links. Especially for the NLOS configuration, because of the high
dependence on the transmitter/receiver geometry, it is essential to construct a model to
analyze such scattering channel.
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1.4 – Channel modeling
It is essential for people to develop a communication channel model to enable
comparison with different communication approaches or the foresee performance. Some
works have been done to characterize the UV NLOS communication channel22, most of
them are constructed according to the interaction between UV radiation and the medium,
usually the atmosphere. And the models will usually provide path losses through the UV
communication links, and sometimes impulse response function with a given
communication link geometry. These models always include following important
parameters, as shown in Fig. 5 with the notation used in the paper23.

Figure 5. UV NLOS system geometry23
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Where, baseline distance r is the distance between UV source and UV PD, elevation
angles of transmitter and receiver are θT and θR respectively, azimuth angles of the
transmitter and receiver are ΦT and ΦR, the beam divergence angle is βT and FOV is the
PD βR. Usually, the transmitter radiant intensity and angular sensitivity functions are
considered to be uniformly within the beam divergence angle and FOV of the receiver
end and zero outside, but there are also some works about non-uniform transmission
power density and arbitrary receiver angular sensitivity24. More commonly, we would
like to consider there is no azimuth angle difference between transmitter and receiver so
that in such case, coplanar geometry is the natural UV NLOS communication link
configuration.
The path loss for a certain system geometry indicates the ratio of received power and the
transmitted power in average, while the impulse response function describes the temporal
characteristics when the pulse is transmitted.
According to the study25, Markov model was used for the propagation paths to provide
the probability 𝑷𝑫,𝒏 for a photon that experience 𝒏 times scattering:
𝑛

𝑃𝐷,𝑛 = ∬ … ∫ [∏ 𝑓𝑖 (𝛼𝑖 , 𝛹𝑖 )𝑒 −(𝑘𝛼+𝑘𝑠 )𝑟𝑖 ] 𝑘𝑠𝑛
Ƥ

𝑖=0
𝑛−1

1
× 𝑓𝑅 (𝛼𝑛+1 + 𝛹𝑛+1 ) 2 𝐴𝑅 [∏ sin 𝛼𝑖 𝑑𝛼𝑖 𝑑𝑟𝑖 𝑑𝛹𝑖 ].
𝑟𝑛
𝑖=0

(1)
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Where the 𝒇𝟎 means the transmitter radiant intensity function and 𝒇𝒊 are affected by the
scattering times and 𝒇𝑹 is the PD receiver angular sensitivity function. 𝑨𝑹 stands for the
receiver detector active area. Besides, 𝒌𝜶 and 𝒌𝒔 are the absorption and scattering
coefficient, which will significantly affect the path loss and furthermore, the receiving
power and thus data rate.
Obviously, when we calculate the 10 times decibels of the reciprocal of 𝑃𝐷,𝑛 , path loss is
obtained.
𝑃𝐿𝑛 = 10 log10 (1/𝑃𝐷,𝑛 ).

(2)

So the total path loss should be
𝑃𝐿 = 10 log10 (1/𝑃𝐷 ).

(3)

Especially, paper11 investigate the Mie scattering effect using a modified HenyeyGreenstein function, which is suitable for the suspension particles’ size in the atmosphere
is greater than the wavelength of the transmission radiation;
𝑃𝑚𝑖𝑒 (𝛼) ≜

1−𝑔2
3

4𝜋 (1+𝑔2 −2 cos 𝛼) 2

+ 𝑓 (3 𝑐𝑜𝑠 2 𝛼 − 1)

(4)

Nevertheless, there are also some works are done to research the Rayleigh scattering
effect when the particles are smaller than the wavelength using Rayleigh theory27:
𝑃𝑟𝑎𝑦 (𝛼) ≜

3 (1+𝑐𝑜𝑠2 𝛼)
16𝜋

(5)

Mie scattering effect and Rayleigh scattering effect can be briefly described as shown in
Fig. 6 below.
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Figure 6. Rayleigh scattering and Mie scattering (http://hyperphysics.phy-astr.gsu.edu)

The two kinds of scattering effects always have an interplay between each other at
different atmosphere conditions, but without any doubt, the two are jointly modeled, like
the form below:
𝑃𝑠 (𝛼) =

𝑘𝑚𝑖𝑒
𝑘𝑠

𝑃𝑚𝑖𝑒 (𝛼) +

𝑘𝑟𝑎𝑦
𝑘𝑠

𝑃𝑟𝑎𝑦 (𝛼)

(6)

In general, people would always like to model such UV communication with two kinds
of modeling: single-scattering channel modeling and multipath-scattering channel
modeling.
When there is an overlap area between transmitter beam and PD FOV, the received
power at the receiver end is predominated by the photons only having one scattering
experience. As for such case, 𝑃𝐷,1 involving only a triple integral can be well utilized for
the path loss evaluation. Furthermore, the limits of this integral can be dramatically
decreased if the beam and the PD FOV are well restricted in their corresponding cones
depicted in Fig. 5. Therefore, such a modeling or method to describe the process in the
NLOS communication links is called single-scattering channel models.
It should be noted that although at most of the time, the single-scattering model can be
suitable, however, when the intersection between transmitter beam and PD FOV is
empty, the so-called multi-scattering channel modeling can be more practical. Multiple
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scattering theory is mainly built on Monte Carlo method. Paper24 described a typical
Monte Carlo simulation of the propagation of a transmitted photon in a multiplescattering NLOS UV channel model, as shown in Fig. 7.

Figure 7. A flow chart describing a typical Monte Carlo simulation of the propagation of a transmitted
photon in a multiple-scattering NLOS UV channel model24.

In the paper26, performance predictions are compared among single scattering model and
multiple scattering models as well as experimental measurement result. This result is
shown in Fig. 8 and indicating that Monte Carlo can provide some better prediction for
performance NLOS UV communication links.
Further studies on the modeling are still undergoing for a better evaluation in every
environmental situation. Whatever, all the channel modelling studies previously
discussed were motivated by the eager to achieve the communication performance
prediction of the proposed NLOS UV communication systems and certain link
geometries. There are some works to predict BER according to the modeling.

26

Figure 8.Experimental validation of Monte Carlo path loss prediction. Also shown is a single scattering
model prediction that overestimates path loss26.
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1.5 – Applications for optical communications based on ultraviolet band
UV communications are currently being developed as a compact, small foot-print, large
bandwidth, and high stability light source for sensors

27-28

and imaging29-30 short-range

UV communications31-32. Further, UV communications can be utilized in various
applications, such as aircraft landing aid under low visibility atmospheric conditions

33

,

missiles plume detection, and tactical battlefield34.
Fig. 9 shows the basic UV communication geometry used for aircraft landing aid under
low visibility atmospheric conditions33.

Figure 9.(a) Angular dependency of runway light intensity in polar coordinates, horizontal plane. (b)
Positioning of light source along the runway33.

Fig. 10(a) shows the basic UV communication geometry used for an environment which
is rich of obstacles such as buildings in the modern urban area, Fig. 10(b) shows the UV
NLOS communication used in the tactical battlefield for high cross-talk proof, flexible
geometries for transmitter and receiver.
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Figure 10.(a) UV communication geometry used for an environment which is rich of obstacles such as
buildings in the modern urban area. (b) UV NLOS communication used in the tactical battlefield. 5

Fig. 11 even shows UV communication link work for terrestrial and underwater tactical
battlefield.

Figure 11. UV communication link work for terrestrial and underwater tactical battlefield. 5

In conclusion, UV NLOS communications are applicable for the environment rich of
obstacles, which can be a supplementary for LOS communication links. Little
background noise from solar radiation leading to high signal to noise ratio (SNR), helps
to get high data rate with a low power transmitter, thus constructing a communication
link effectively as well as saving energy. Besides, LOS communication will always suffer
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from severe path loss in an environment full of suspension particles, damaging the
channel quality, while on the other side, UV NLOS communications will performs better
due to it is actually based on the scattering from such suspension particles.

1.6 – UV safety
Low-level exposure to UV radiation benefit health somehow, for example, synthesis of
vitamin D3, which is generally agreed. However, on the other hand, over-exposure to UV
light can cause adverse health effects, such as erythema (sunburn), photoconjunctivitis
and photokeratitis (arc eye) in the short term (acute effects) and can be attributed to
premature skin ageing, skin cancer and cataracts, as a result of repeated exposure in the
long term (chronic effects). The levels of risk for acute adverse health effects is
determined by UV light wavelengths present, UV light irradiance values and personal
exposure time. Fig. 12 shows UV radiation exposure limit values.

Figure 12. UV radiation exposure limit values. (ACGIH,

2005)
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The maximum permissible effective radiant exposure value (Heff max) of 30 J/m 2 (3
mJ/cm2) takes into account variations of different UV light wavelengths in causing
hazardous biological effects such as, erythema, photo conjunctivitis, photokeratitis. The
maximum permissible UV-A light radiant exposure value (HUV-A max) of 10,000 J/m2
(1,000 mJ/cm2) is an unweighted value and is in addition to the above. The key is to
avoid overexposure to UV light in the workplace.
Regarding UV safety, the American Conference of Governmental Industrial Hygienists
(ACGIH, 2005) has set a threshold limit value (TLV) of 6.0 mJ/cm2 (60 J/m2), which is
based on the effect of erythema to a “fair skinned” individual. It should also be noted that
a TLV is defined as “…conditions under which it is believed that nearly all workers may
repeatedly be exposed, day after day, over a working lifetime, without adverse health
effects” suggesting that adherence to the TLV should preclude any adverse effects,
stochastic or deterministic. One way to minimize the adverse effects of UV radiation in
communications is to aim at obtaining the highest communication performance using the
lowest possible UV power. And regarding the field being progress, we may adopt another
kind of photodetector with extremely high responsivity too enlarge the transmission
distance, such as photomultiplier tube (PMT).
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2. Device for Ultraviolet
Ultraviolet (UV) is a kind of electromagnetic radiation whose wavelength range from 10
nm to 400 nm, locating between the X-rays range and visible light. UV radiation takes up
10% total output of Sun radiation. It can be generated by electric arcs as well as produced
by some specialized artificial light sources, such as black lights, LEDs, lasers and so on.
Therefore, arc welders are supposed to wear eye protection and cover their exposed skin
to avoid any bad effect from UV such as photokeratitis and serious sunburn, like Fig. 13
shows below. In summary, UV radiation is generated either through heating a body to the
temperature of an incandescent, the same case with solar UV, or thorough discharging a
kind of gas, usually vaporized mercury. The latter process is the artificial mechanism.
Different UV sources will have different advantages and shortcomings, and they will be
introduced in the following paragraphs.

Figure 13.Arc welders wear protective equipment in the case of UV damage.(
http://www.wikiwand.com/en/Ultraviolet)
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2.1 – Black Lights (Long UV wave emitter)
Black light lamps will emit long wavelength UVA and a little bit of visible light,
specifically, black fluorescence lamps have a phosphor on the inner walls of the tube,
which only emitting UVA radiation rather than visible light. Also, there are some lamps
will have a Wood’s glass optical filter in front of the lamp windows to filter out all the
visible light whose wavelengths are longer than 400 nm so that only UV light gets
emitted out. Instead of using expensive Wood’s glass optical filter, some lamps use plain
glass to achieve the same destination while they will appear light-blue when operating.
Utilizing a Wood’s glass to cover an incandescent bulb will also get a black light,
although extremely inefficient, only 0.1% of the input will be converted into practical
ultraviolet lights. For theatrical and concert displays, Mercury-vapor black lights covered
with UV emitting phosphor and an envelope of Wood's glass with the emitting power up
to 1 kW are used.

Figure 14.Two black light fluorescent tubes in use.( http://www.wikiwand.com/en/Ultraviolet)
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Fig. 14 shows two black fluorescent tubes in use. The longer one is F15T8/BLB 18 inch,
15 watts and the shorter one is F8T5/BLB 12 inch, 8-watt tube, being used as a pet urine
detector in a portable battery-powered black light.

2.2 – Shortwave ultraviolet lamps
Using a fluorescent lamp tube without phosphor coating can serve for short wavelength
UV lamp. The fluorescent lamps give emissions at two peaks of 257.3 nm and 185 nm,
both of which are in the UV-C band. The composition ratio is 85% to 90% for 253.7 nm
and only 5% to 10% for 185 nm. If necessary, a fused quartz glass tube can be utilized as
a long pass filter since it will let 253 nm pass while filter out 185 nm and such tubes have
the UVC power two or three times to the power of a regular fluorescent lamp tube. The
efficiency of those low-pressure lamps are much higher than the black light, which is
30% ~ 40%. Fig. 15 shows some commercial germicidal lamp in a butcher shop.

Figure 15. Commercial germicidal lamp in butcher shop.( http://www.wikiwand.com/en/Ultraviolet)
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2.3 – Gas discharge lamps
Gas discharged lamps including different kinds of gases generate UV radiation at specific
UV spectra wavelength for scientific research purpose. Argon, as well as deuterium arc
lamps, are usually utilized as reliable UV sources. These UV sources can be applied in
various applications, especially in chemical analysis. Besides the UV lamps mentioned
above, excimer lamps which are developed over the last several years are gaining more
and more usage in lots of research fields due to its high-intensity, high efficiency and the
flexibility of operation wavelength bands in the ultraviolet band.

2.4 – UV LEDs
Recently, more and more interests are attracted to UV LEDs since environment
protection are becoming more and more important and the applications of UV light
increase significantly, such as high stability light source for sensors, lighting and
displays, short range UV communications, medicine and biotechnology, sanitary light
sources for disinfection and sterilization. Compared to UV lamps, it is not only mercuryfree for UV LEDs, but also it has (1) high conversion efficiency in energy, (2) longer
lifetime, (3) stable light output intensity, (4) much easier heat dispensation, (5) higher
modulation rate, (6) compact and not bulk volume35-39. Therefore, taken into all the
features of UV LEDs, it is apparently UV LEDs are supposed to be used in the coming
future
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. Besides, UV LEDs can also combine with RGB phosphors to get high color

rendering outperforming blue LEDs with phosphors. Obviously, UV LEDs can as well
play an important role in the solid-state lighting market41. Fig. 16 shows UV LEDs

35
applications market42. And in this chapter, UV LEDs develop history and future will be
discussed.

Figure 16. Two black light fluorescent tubes in use37.

Regarding the materials utilized for UV LEDs making, Fig. 17 shows the energy band
corresponding to its materials. From this figure, we can know that GaN or AlGaN or
AlxInyGa1-x-yN are the palternatives to be developed for UV LEDs materials making.

Figure 17.Energy band corresponding to its materials.( http://slideplayer.com/slide/9054050/)
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GaN LEDs (UV LEDs included) are fabricated by depositing layers of GaN crystals on
top of the C-plane sapphire (Al2O3) by means of metalorganic chemical vapour
deposition (MOCVD) methods, while it is widely known that there is a huge lattice
mismatch between GaN and sapphire, leading it is extremely hard for us to grow highquality GaN layers on the sapphires. Furthermore, sapphire has a very high hardness of
about 20 GPa, result in that it is also difficult to manipulate sapphire; sapphire is also not
good heat dispensator with the thermal conductivity of 40 W· mK-1, this indicates such
structure cause a lot of energy waste.
The shortest wavelength for InGaN series corresponds to 3.4 eV, which is the same band
gap of GaN. To further shorten the wavelength, we can use AlxInyGa1-x-yN series, such
AlN, whose band gap is 6.2 eV. The fabrication process is depicted as below. There is a
GaN buffer layer on top of the sapphire layer to decrease the dislocation densities caused
by the lattice mismatch, used to form an N-type contact layer. An AlxInyGa1-x-yN
sandwiched between an AlGaN n-clad layer and a p-clad layer that acts as the barrier
layer, thus double hetero-structure forms. After that, a P contact layer covered with a
transparent electrode layer is deposited on top of this structure. As shown in the Fig. 18.

Figure 18. Structure diagram of a common UV-LED chip.40
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Actually, it has been thought that non-uniformities in the In density leads to high emitting
efficiency regardless of any lattice mismatch. And in order to further shorten the
wavelength, In concentration should be decreased as shown in Fig. 16, thus all the effects
from the change of In concentration will decrease also43. And Fig. 19 shows the
published external quantum efficiencies values for reported UV LEDs44-50.

Figure 19. External quantum efficiency of UV-LEDs.

From Fig. 18, we can know that the external quantum efficiency will decrease with the
decreasing of wavelength. Below are the possible reasons for this droop in efficiency.
1). High dislocations density causes the efficiency decrease in InGaN LEDs, especially
for the UV LEDs, AlGaN cladding layers also help increase the dislocation densities.
2). Shorter wavelength devices require low In concentrations as discussed above. Low In
concentration resulting in electrons and holes reacting with dislocations more before
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combine with each other, in contrary, with high In concentration, the carriers will
combine rapidly.
3). The buffer layer function for the active layer when shorter wavelength UV radiation
desired will absorb out-emission light.
As a result, the following three points are key to improve the efficiency and power of
UV-LEDs: (1) dimish the dislocation density; (2) improving the variation in In
composition; (3) decreasing UV absorption by the buffer layer.
Fig. 20 shows some high power LED module with wavelength at 365 nm, power of 12 W
and wavelength of 385 nm 17 W when the operating current is 14 A.

Figure 20. High power LED module with wavelength at 365 nm, power of 12 W and wavelength of 385 nm
17 W when the operating current is 14 A.40

2.5 – UV Lasers
For lasers, in the visible light regime, laser diodes (LDs)

51-54

and superluminescent

diodes (SLDs)55 are highly developed and being applied in various applications, such as
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solid-state lighting56-57, free-space optical communications58-62, underwater wireless
optical communications63-70. Currently, while for UV range, only UVA diode lasers are
available in the market, shorter UV wavelength diode lasers, such as UVB and UVC
diode lasers, are not off-the-shelf due to the severe lattice mismatch between the active
layers AlxInyGa1-x-yN and sapphire substrate. As for UVB and UVC, diode-pumped solidstate lasers (DPSSL) can emit such wavelength. The principle of DPSS lasers are
illustrated following, as shown in Fig. 21.

Figure 21. Diode-pumped solid-state lasers working principle(www.wikipedia.com)

A high power (greater than 0.2 W) 808 nm infrared laser diode emits 808 nm radiation,
which then is used to pump the gain medium neodymium-doped yttrium aluminum garnet
(Nd:YAG), or neodymium-doped yttrium orthovanadate (Nd:YVO4) crystals with the
emission wavelength of 1064 nm. Afterwards, 1064 nm will pass through optical
frequency multiplier, which is a kind of nonlinear optical device wherein several photons
will react with the nonlinear material and then form together to a larger energy single
photon, and thus higher frequency. There are two methods being commonly used to
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complete such conversion called second harmonic generations (SHG, also commonly
known frequency doubling) or sum frequency generation which can add two frequencies
together and then get a higher frequency. Therefore, 266 nm DPSS lasers are available
through two times second harmonic generations, 355 nm DPSS lasers are also in the
market due to the frequency tripling. However, DPSS lasers are clamped by its limited
modulation bandwidth.
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3. Experimental Details
3.1 – Experimental Preparations
Keithley 2400 source-measure unit and Newport 2936-C power meter (with a Newport
818-UV photodetector whose active area diameter is 10.3 mm) were utilized to measure
the voltage vs. current and optical power vs. current for the UVB-LED, with the distance
of zero between LED and power meter. Also, these units were also used to measure the
power vs. the distance and power vs. angle. An Ocean Optics QE-Pro high-resolution
spectrometer was used to get the emitted spectrum. The UV communication diffuse-LOS
test bed is shown in Fig. 22.

Figure 22. Schematic of the diffuse-LOS UV communication test bed for the LED based UV
communication measurement. The set up consists of an Agilent Technologies 81150A Arbitrary Waveform
Generator (AWG), a Tektronix DPO70404C Digital Phosphor Oscilloscope (DPO), a UVB-LED, Thorlabs
LA4052-UV plano convex, as well as a Thorlabs APD 430A2/M avalanche photodiode detector

The new Matlab OFDM modulation signal is optimized and then transmitted to the
Agilent Technologies 81150A Pulse-/Function-/Arbitrary-Generator for compile. One
important advantage for us to develop the homemade matlab OFDM modulation is noise
mitigation. A Marki BTK-1610 4 kHz – 40 GHz bias-tee combines the DC bias and
modulation signal, which then are injected into the LED. At the receiver end, to collect
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and focus UV beam into the Si avalanche photodiode detector (Thorlabs APD 430A2/M),
having a wavelength range of 200 - 1000 nm, bandwidth of 400 MHz, responsivity of 15
A/W and an active area diameter of 0.2 mm, two anti-reflection coated plano-convex
lenses (Thorlabs LA4052-UV) with focal lengths of 35 mm were used. The received
modulation signal is observed by a Tektronix DPO70404C Digital Phosphor Oscilloscope
with a bandwidth of 4 GHz and a sampling rate of 25 GS/s, which is then analyzed using
a Matlab program. These test units are also used for the LED bandwidth measurement,
under the condition that LED is strictly close to APD, i.e. without the lens.

3.2 – Results and Discussions
The light output power - current - voltage (LIV) characteristics of the UV LED used in
this thesis is shown in Fig. 23(a). For modulation purpose, a total light output power of
190 μW was achieved with an injection current of 14 mA at 7 V bias. To improve signalto-noise ratio (SNR) in this link, the AC signal amplitude was used as the maximum
value in the signal generator, which was 2V. The distance between LED and PD can be
negligible when measuring the LIV characteristics. Fig. 23(b) shows that the packaged
UVB-LED was bonded on a printed circuit board (PCB).
Fig. 24(a) shows the spectra of the UVB-LED, indicating that there is a ～294 nm peak
emission with FWHM of ～ 9 nm. The small signal frequency response for this
communication links is depicted in Fig. 24(b), and this takes into account all the
components in the system, such as the UV LED, i.e. the transmitter, and the APD, i.e. the
receiver. A Digital Phosphor Oscilloscope (DPO) was used to get the UV link bandwidth
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using sweeping the modulation frequency and then receiving signals with different
amplitudes. In Fig. 24(b), the -3 dB bandwidth is 29 MHz, i.e. the frequency at which the
received signal voltage amplitude decreases to 1/√2 of the origin amplitude, the distance
between the LED and APD was kept as close as possible (distance = 0).

(a)

(b)

Figure 23. (a) Voltage vs. current and optical power (Pout) vs. current characteristics of the UVB-LED. (b)
Photo of the packaged UVB-LED soldered onto a PCB with sub-miniature version A (SMA) connector.

(a)

(b)

Figure 24. (a) Optical spectra of the LED under a bias voltage of 7 V. (b) Small signal frequency response
of the system. The dashed line indicates the -3dB bandwidth, which is approximately 29 MHz at a distance
= 0.
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As shown in Fig. 25(a), this test bed was used to study the optical power versus the
distance between the UVB-LED and the APD. Fig. 25(b) indicates that the optical power
reduces with increasing distance, and the decreasing tendency is almost following the
characteristic of a Lambertian light radiator, rather only affected by scattering and
absorption from the aerosols and atmospheric particles. The radiation flux on the PD
active area also influence the received power, and this is determined by the solid angle
equation:
𝐴

Ω = 𝑥2.

(7)

where Ω represents the solid angle (steradian), A is the active area (cm2) of the receiver
and 𝑥 (cm) is the distance between transmitter and receiver. Therefore, the decrease of
the solid angle with a given receiver active area will reduce the received power. Also, by
Beer-Lambert Law, when the UV light propagates through this channel, it will also
comply with below formula:
𝐼(𝑥) = 𝐼0 𝑒 −𝛼𝑥 .

(8)

where 𝐼(𝑥) is the remaining power (mW) at a transmission distance of 𝑥 (cm) and 𝐼0 is
the transmission power, respectively. 𝛼 means the attenuation coefficient.
As depicted in Fig. 25(b), the received power reduces exponentially to less than 1.5 μW
in the 8 – 20 cm range. Thus, the measurement distance is limited to 8 cm, and in this
range, OFDM modulation schemes were used for this diffuse-LOS UV communication
link.
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(a)

(b)

Figure 25. (a) A captured photo of the experimental setup for the LED-based UV communication link. (b)
Measured receiving power vs. distance between LED and PD.

The pointing direction between the LED and PD was changed to estimate the angular
response and the corresponding communication performance, which is precisely changed
using a rotation stage as shown in Fig. 25(a). Fig. 26(a) shows the measured received
power vs. the angle subtended by the pointing directions of the UVB-LED and PD along
with the simulated received power based on Lambert's cosine law. Both of the two curves
decrease gradually regards increasing angles. However, the simulated received power is
lower than the measured power. The slight difference between the two curves is
understandable since Lambert’s cosine law is only perfectly applicable for the
unpackaged planar light source. Due to the received power variation, without any doubt,
the data rate will also change correspondingly. To keep high data rate with a nonzero
pointing angle, QAM constellation size in the OFDM scheme is adjusted while taking
into account keeping BER lower than the FEC criteria for a meaningful QAM OFDM
implementation).
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The implementation is further described as follows. The following equation governs the
data rate (in bits/s) with the relationship with other parameters in the data transmission
scheme:
𝐷𝑎𝑡𝑎 𝑅𝑎𝑡𝑒 =

𝑆 × 𝑁 ×log2 𝑀
𝐿

.

(9)

where S is the sampling rate (s-1), N is the number of OFDM subcarriers, M is the QAM
constellation size (number of QAM symbols), and L is the OFDM symbol length (number
of samples). We set the sampling rate as 2 GS/s, symbol length as 2048, the number of
information-bearing subcarriers as 25 (corresponds to 0 - 25 MHz bandwidth) in this
experiment. Hence, a 2-QAM (equivalent to binary phase shift keying) constellation size
obtaining 24.4 Mbit/s, 4-QAM (equivalent to quadrature phase shift keying) obtaining
48.8 Mbit/s, and 8-QAM obtaining 73.2 Mbit/s. The cyclic prefix length is 1/32 of the
symbol length. Hence, the real data rate we achieved in this study is 23.6 Mbit/s with 2
QAMs, 47.3 Mbit/s with 4 QAMs, 71 Mbit/s with 8 QAMs. Although the data rate here
seems not so great, it can actually overpass Bluetooth and almost near Wifi speed. As
indicating in Fig. 26(b), within 5 degrees, 8-QAM can be used having BER below the
FEC. However, the BER will increase with the increasing angle due to the larger power
loss in the process. As we can see, when the angle is 4 degrees, the BER is 2.64 × 10−3,
it is nearly exceeding the FEC limit. For avoiding the exceeding BER values with
increasing angles, 4-QAM is utilized at the angle range of 6 - 8 degrees, and 2-QAM for
10 - 14 degrees. Especially, when it comes to 14 degrees, 7.08 × 10−3 of the BER is
achieved even using 2-QAM OFDM modulation, indicated as the red dots in Fig. 26(b),
which is above the FEC limit. Figs. 27(a) – 6(f) shows the constellation maps and
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corresponding BERs for angles of 2, 4, 6, 8, 10, and 12 degrees. Therefore, a reliable,
high data rate transmission link over a total of 24 degrees (+/- 12 degrees) was
established. The corresponding received constellation maps under different measured
angles is shown in Fig. 27.

Figure 26. (a) Received power vs. angle, and (b) data rate and BER vs. angle, between LED and PD.

Figure 27. (a)~(f): The corresponding constellation maps for angles of 2, 4, 6, 8, 10, and 12 degrees.

3.3 – Conclusions
In summary, we have demonstrated a near-solar-blind diffuse-LOS UVB-LED based
communication link with a high transmission data rate of 71 Mbit/s with QAM-OFDM
modulation. A 294-nm LED with an output power of 190 μW at 7 V bias voltage was
utilized with a -3dB bandwidth of ～ 29 MHz in the presented system. Constellation
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maps, data rate and BERs with varying pointing angles between LED and PD were
characterized. The subtended angle between the pointing direction of LED and APD for
feasible communication below the FEC limit is +/- 12 degrees over an 8-cm channel. The
highest data rate is maximum when the UVB-LED is aligned with the APD (71 Mbit/s)
and lowest when the angle between LED and PD is 12 degrees (23.6 Mbit/s) even in the
presence of weak light intensity of 1.5 μW UVB light. Our investigation thus sets the
foundation for future work on NLOS communication, which can be facilitated with a
higher power UVB or UVC LEDs, and eventually laser diodes of over tens and hundreds
of milliwatts.
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4. Summary
Inherent advantages of the optical wireless communication systems based on ultraviolet
(UV)-band, such as low background solar radiation and low device dark noise, less
restrictive requirements for pointing, acquisition, and tracking (PAT) because of its high
atmospheric scattering of UV radiation by abundant molecules and aerosols, are driving
people to explore and utilize UV band to construct and implement a high-data-rate, less
PAT communication links, such as diffuse-line-of-sight links (diffuse-LOS) and non-lineof-sight (NLOS) links .
The responsivity of the photodetector at UV range is far lower than that of visible range,
high power UV transmitters which can be easily modulated are under investigation.
These factors make it is hard to realize a high-data-rate diffuse-LOS or NLOS UV
communication links.
In order to achieve a UV link mentioned above with current devices and modulation
schemes, this thesis presents some effective modulation schemes and available devices
for the time being. Besides, a demonstration of ultraviolet-B (UVB) communication link
is implemented utilizing quadrature amplitude modulation (QAM) orthogonal frequencydivision multiplexing (OFDM). The demonstration is based on a 294-nm UVB-lightemitting-diode (UVB-LED) with a full-width at half-maximum (FWHM) of 9 nm and
light output power of 190 μW, at 7 V, with a special silica gel lens on top of it. A -3-dB
bandwidth of 29 MHz was measured, and a high-speed near-solar-blind communication
link with a data rate of 71 Mbit/s was achieved using 8-QAM-OFDM at perfect
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alignment, and 23.6 Mbit/s using 2-QAM-OFDM when the angle subtended by the
pointing directions of the UVB-LED and photodetector (PD) is 12 degrees, thus
establishing a diffuse-line-of-sight (LOS) link. The measured bit-error rate (BER) of 2.8
× 10−4 and 2.4 × 10−4 , respectively, are well below the forward error correction (FEC)
criterion of 3.8 × 10−3 . The demonstrated high data-rate OFDM-based UVB
communication link paves the way for realizing high-speed non-line-of-sight free-space
optical (FSO) communications.
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