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ABSTRACT

Motivated by rapid advances in solar blind ultraviolet (UV) light emitting diodes (LEDs), filters and photomultiplier
tubes (PMTs), together with unique UV atmospheric propagation characteristics, a non-line-of-sight (NLOS) UV
communication test-bed has been recently built and utilized for extensive experimental evaluation of performance of
NLOS UV links in outdoor environments. Towards this end, key link components are first characterized and their
limitations are identified. The tradeoffs among communication range, received number of photons, and bit-error-rate are
revealed via field measurement results. Wavelength diversity is achieved by utilizing combinations of sources and
detectors centered at different wavelengths in the solar blind band. It is demonstrated that signals can be reliably
transmitted to their destinations of dozens of meters away through an NLOS channel. Although all reported results in
this paper are based on open field experiments, it is found that reflections from surrounding objects such as trees and
buildings can enhance the received signal strength, up to an order of magnitude increase in the received number of
photons in some cases, thus significantly improving link performance.
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1. INTRODUCTION TO WIRELESS OPTICAL COMMUNICATIONS

A wireless optical communication system relies on an optical wave with wavelength ranging from infrared, visible light,
to ultraviolet (UV) to convey information. Compared with an RF system, it shows several potential advantages’, such as
huge unlicensed bandwidth, low-power and miniaturized transceiver, higher power densities, high resistance to jamming,
and potential increase of data rate. In the wireless optics domain, infrared and UV waves are very valuable carriers.
Large unregulated bandwidth and virtually free of multiple access interference conditions are commercially attractive,
while inherent security characteristics receive the military’s attention'**’.

Similar to a radio frequency (RF) link, a typical wireless optical communication link consists of an information source,
modulator, transmitter, propagation channel, and receiver’. To generate an optical source, light-emitted diodes (LEDs),
laser tubes and laser diodes (LD) can be used”. An LED radiates light energy from interaction of semiconductor
junctions excited by external current. The junction characteristics determine the emitted wavelength. It usually produces
a low-power (milli-watts) and less-focused beam. A laser tube uses gain medium to fill an optical cavity between
mirrored facets and radiates amplified light with more focused high power (watts), but it is much bulkier. An LD uses a
semiconductor junction to reinforce the field between substrates. Hence it combines properties from the former two
devices, i.e., higher power (tens of mWs) and better focus. For communication purposes, information signals are applied
to modulate the light source. Intensity modulation, on-off keying (OOK) and pulse position modulation (PPM) are
widely used modulation schemes. If modulated light is emitted through an atmospheric channel, then various adverse
influences of atmospheric turbulence, molecular constituents and aerosols will occur™. Turbulence induces random
fluctuations in the atmosphere’s temperature and pressure, resulting in random irregularities. Although it may generate
wavefront distortions for longer propagation path, its detrimental effects are not as significant as absorption and multiple
scattering from aerosols such as haze, fogs, clouds, and rain. Molecular species also cause wave scattering and
absorption'®. Scattering can be described by Rayleigh’s fourth power law (scattered signal strength is inversely
proportional to A* for wavelength 1), which is a limiting case of the Mie’s solution (gaseous molecule radius r<<A).
Absorption is caused by interaction of waves with the constituents. During propagation, transmitted photons undergo
single or multiple scattering and absorption by the medium. Those processes cause large angle of arrival (AOA)
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dispersion, wider beam spreading, reduced spatial coherence, and large multipath spreading. Thus a receiver with
adjustable field-of-view (FOV) is usually desirable. The size of aerosols typically ranges in radius between 10”um and
10%um, equivalently covering the typical optical spectrum®.

An optical receiver is composed of a lens-focusing and filtering subsystem, photodetector and postdetection processor.
Optical lens and filters choose particular wavelength-sensitive materials to extract the desired optical field. The
photodetector is made of photosensitive materials and produces free electrons with incident photons’. Electrons move
from a vacuum cavity to a charged anode plate for a vacuum tube or in a positive-negative (PN) junction for a solid-state
detector. A current flow is formed by directional shift of those electrons driven by an external electrical potential. A
large current can be achieved by a photomultiplication process that makes the excited electrons regenerate additional
ones, and produce secondary electron emissions in a vacuum tube or avalanching effect in a solid-state detector. Current
can then be converted to a voltage for post processing when passing through a load resistor or a more complicated
circuit. For a practical photodector, other parameters also affect the quality of the detector output signal such as quantum
efficiency and dark current. Phototube and solid-state devices are basic practical photodectors. A photomultiplier tube
(PMT) is a phototube with multiple dynodes. Silicon or germanium materials determine the sensitivity to different
wavelengths. A photodiode is a solid-state PN junction device called a PIN diode. The gap material is responsive to the
wavelength. PIN diodes have small collecting areas, moderate dark current and extremely high bandwidth. The
avalanche photodiode (APD) is a solid-state diode using repeated electron ionization, generating a reasonably high
multiplier gain. In direct (noncoherent) detection, information is intensity modulated onto the emitted light source. A
photodetector outputs a shot noise process whose count rate is proportional to the instantaneous received power.
Intensity variation of the transmitted field is thus reflected by the power change. The postdetection processor intends to
recover transmitted information from converted current, similar to a standard RF decoding. This process may vary
depending on the tradeoff between complexity and performance, such as diversity techniques'’, maximum likelihood
sequence detection (MLSD)* and simplified suboptimal methods®'. It is believed that more sophisticated signal
processing techniques will bring significant performance gains in some applications.

2. WHY NLOS UV COMMUNICATIONS

Infrared technology has been applied to outdoor’ and indoor communications’**. Many existing wireless optical
communication systems employ an infrared laser or LED in line-of-sight (LOS) operation conditions™"®. Although it
does not suffer from severe channel dispersion and can use low power emitters, as the transmitter can be focused on the
detector to increase the collected optical power, an infrared link is vulnerable to blockage because of no alternative
paths’. Otherwise, multiple sources or tracking detectors are required to expand coverage of narrow channels”, at a price
of increased implementation cost. In some application scenarios, an LOS link is not feasible. Thus NLOS optical
systems need to be deployed. The UV communication technology has a potential to tackle above issues due to
characteristics of UV waves and their unique interactions with practical environmental conditions'®. First of all, over the
whole UV spectrum 4~400nm'®, UV-C (200~280nm) or termed deep UV is solar blind. The solar radiation observed
outside the atmosphere shows a wavelength-dependent energy distribution due to the constituents of the Sun. Only about
9% is responsible for the UV where only about less than 1% is in the UV-C. To reach the Earth’s surface, that solar
radiation must traverse Earth’s atmosphere and loses energy by absorption and scattering. The relatively high
transmission occurs for the longer wavelengths, and much stronger absorption is observed for the UV. The attenuation
becomes appreciable and increases rapidly toward shorter wavelengths. Larger attenuation together with strong
absorption of ozone in the upper atmosphere makes solar radiation in the UV-C region to be negligible. By operating in
this region, a ground-based photodetector can exploit the low background radiation to approach quantum-limited photon-
counting detection. This characteristic encourages development of wide FOV receivers to greatly increase received
energy without much enhancement of background noise. Second, due to short wavelength of UV waves, high degree of
relatively angle-independent scattering occurs when UV waves transverse the atmosphere full of molecular and aerosols,
creating tremendous communication paths from the source to the destination. Consequently, NLOS communication is
enabled. It thus relaxes stringent pointing, acquisition and tracking requirements at the receiver. This property is critical
for communications when LOS is not possible. Third, due to high attenuation by the atmosphere, signal beyond the
extinction range can hardly be intercepted, a desirable feature for tactical applications. Finally, huge and unlicensed
spectrum in the UV band may potentially deliver high rate services, a few times higher than the infrared counterpart. For
conditions in which low-power consumption, low-cost implementation, NLOS operability and security are essential,
while range and bandwidth requirements are modest, the UV technology is ideal. It may find broad-ranging applications
in data communication, surveillance sensor networks, homeland security, unattended ground sensor (UGS) networks,
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and small unit communications in urban terrain environments"*°. It is also promising for communications between
unmanned aerial vehicles (UAVs) and attended terminals, or for detection of chemical and biological agents. Certainly,
the UV technology is also suitable for LOS channels.

Very importantly, for eye and skin safety, the International Commission on Non-Ionizing Radiation Protection (ICNIRP)
and the International Electrotechnical Commission (IEC) enforce UV exposure power limits***. In the deep UV region,
the minimum allowable continuous exposure occurs at 270nm at a level as low as 3mJ per cm® per second, while
increasing to 100mJ at 200nm and 3.4mJ at 280nm. So UV related communication system design and experimentation
should follow these safety rules.

3. HISTORY OF NLOS UV COMMUNICATIONS

Study on NLOS UV communications started decades ago, dating back to 1960’s. A pioneering experimental work
focused on scatter UV link characterization?’. It used a xenon flashtube as a UV source to radiate waves of continuous
spectrum with shortest wavelength of 280nm at high power. The PMT based receiver was separated from the transmitter
by a 26km range, resulting in an equivalent NLOS propagation path of 40km under the experimental path geometry.
Performance of tested NLOS link was calculated. Afterwards, a pioneering analytical work developed an elegant
theoretical channel response model to describe the temporal characteristics of scattered radiation in the middle UV of
200~300nm'®. The model was built upon a prolate spheroidal coordinate system under an assumption that each photon
underwent single interaction with constituents in the transmitter/receiver overlapped cone volume. Different types of
scattering events could be incorporated and described by phase functions. It was shown that total scattering from
molecular and aerosol predominates at long wavelength while absorption at short wavelength. The model was further
extended to examine angular spectra and path losses'”'®. Meanwhile, an NLOS UV system based on an isotropic
radiating mercury arc lamp at modulation rate of 40kHz was also demonstrated*, and later an improved UV local area
network test-bed spanning a kilometer range based on a collimated mercury-xenon lamp was built to increase
modulation rate up to 400kHz at effective wavelength 265nm'*. A UV laser communication system at 266nm that
radiated short pulses at high peak power was also reported’. However, the modulation rate was only 600Hz.

All above NLOS UV systems used flashtube/lamp/laser as UV sources. In general, those devices are bulky, power
hungry, and bandwidth limited. Semiconductor UV optical sources offer the potential of low cost, small size, low power,
high reliability, and high bandwidth. State-of-the-art development by the Sensor Electronics Technology (SET)™ has
enabled miniaturized UV LEDs, thanks to the Semiconductor UV Optical Source (SUVOS) program launched by the
Defense Advanced Research Projects Agency (DARPA) to develop semiconductor UV emitters initiated in 2002. Those
LEDs are no bigger than one square millimeter, offer a series of wavelengths in the deep UV region, typically consume
electrical power of 150mW and radiate optical power of 0.5 mW. Their availability has inspired recent extensive study of
LED based NLOS UV system performance'®'**, for applications from sensing to communications in short range. There
are three typical system configurations'® as shown in Figure 1. Case (a) requires minimum transmitter and receiver
positioning in a fully NLOS mode.

Figure 1. NLOS link configurations in three cases successively: (a) smallest bandwidth, (b) medium bandwidth, (c) large bandwidth'®.

The very latest reported test-bed** used 10 of TO3 packages of LEDs, each of 24-element array at 274nm with relatively
large divergence angles about 50°. Such UV sources produced a total optical power of 40mW. The link was configured
as in case (a) of Figure 1. At the receiver, a Perkin Elmer channel photomultiplier MP-1921 was combined with a solar
blind filter to achieve the overall rejection ratio exceeding 10'° in the visible through infrared bands. The setup can
reliably deliver a data rate of 2.4kbps using 4-PPM for a vertically pointing transmitter and receiver separation of 11m
(or 200bps at 100m). A series of experiments'®>* have demonstrated a feasibility of using UV LEDs for short range
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NLOS communications, although the data rate is far below the theoretically predicted capacity of hundreds of kilobits
per second at a kilometer range based on channel characteristics'®. The major limitation stems from extremely low power
efficiency, or equivalently limited optical power from a UV LED, much less than a typical infrared LED of up to
100mW.

To develop a miniaturized transceiver, the detector technology is also crucial. A UV detector is mainly characterized by
its active area and sensitivity for in-band absorption, out-of-band rejection, and dark current. To maximally suppress out-
of-band radiation, UV enhancement combined with proper filtering techniques need to be considered. The above NLOS
UV systems utilized a PMT as the main receiver unit. Although it has high multiplication gain, large detection area, and
low dark current, it is fragile, bulky, and costly. It also requires a high voltage supply. These features definitely prevent
low cost design. Currently, the commercial solid state based photodiode at the deep UV band is not available. There still
needs significant efforts on developing semiconductor detectors. The DARPAs’ Deep Ultraviolet Avalanche
Photodetectors (DUVAP) program®® initiated in 2007 aims to demonstrate avalanche photodiodes (APDs) to operate in
the UV band centered at 280 nm with dark count rate below 10kHz, and will be insensitive to the solar flux with a cutoff
ratio greater than 10°. Two classes of materials are being considered for this device: silicon carbide (SiC) and aluminum
gallium nitride (AlGaN). Similar to the DARPA’s SUVOS program for solar blind UV LEDs, this program is anticipated
to finally lead to a technology transfer for commercialized solar blind APDs at the end.

Photon Counter Pre-AmpIifie} Demodulator

Figure 2. A test-bed for NLOS UV communications.

4. CHARACTERIZATION OF KEY SYSTEM COMPONENTS

In this paper, we present our experimental results on NLOS UV communication systems. A picture of our test-bed is
presented in Figure 2. At least three distinctions from reported work in the literature exist. First, a configuration similar
to case (b) in Figure 1 is constructed. Second, combinations of LEDs, filters and PMTs at different wavelengths are
considered. That allows us to conduct comparative study of NLOS systems with different components and study
performance sensitivities to different system parameters. The following devices are used in the experimental setup: UV
LEDs of UVTOP250 and UVTOP280 with nominal center wavelengths of 250nm and 280nm respectively, solar blind
filters of 255nm and 271nm, and UV enhanced PMTs of Perkin Elmer MP1922 and Hamamatsu R7154. Third, the
effects of transmitter and receiver zenith angle (elevation), azimuthal angle, separation distance and SNR on system
performance in terms of bit-error-rate (BER) and photon counts are extensively tested.
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In order to fully understand the system behavior, we first examine different key components in the system from the
transmitter, channel to the receiver.

4.1 UV LEDs

SET® offers UV LEDs with minimum peak wavelengths from 250nm to 355nm at a step of Snm with accuracy of
+10nm. There are flat window, hemispherical lens and ball lens packaging types, yielding different divergence angles.
The actual product may show variable offsets from specifications. To create maximum channel separation in the UV-C
band, we choose UVTOP250 and UVTOP280 with nominal peak wavelengths 250nm and 280nm respectively. Each
LED is characterized by power-current, power distribution over wavelength and angle, duty cycle, life time, peak and
average power, and minimum pulse width. Figure 3 shows measured output optical power for different driving currents
under continuous operations. The average power of 0.3mW and 0.37mW is delivered at driving current 30mA for two
different LEDs. In a reliable operation mode without cooling, using pulse width of 50ns and duty cycle of 1:100, the
forward current for UVTOP280 can be as large as 200mA, yielding stable average power of 0.06mW. Increasing the
duty cycle, the average power approximately proportionally increases before reaching the upper limit on the duty cycle,
saying 1:25. On this basis, the peak power is calculated about 6mW. On the other hand, the driving current can vary,
with the maximum going beyond 1A for pulsed operation at a low duty cycle with an external heat sink. Accordingly,
the peak power can significantly increase, more than 12mW. The full-width half-maximum (FWHM) bandwidth of
UVTOP280 is found to be 10nm, a similar level was found for UVTOP250. The minimum pulse width is 20ns that
yields a maximum bandwidth of 5S0MHz. The beam angular distribution is found to follow a Gaussian shape, whose
standard deviation is about 5°, yielding a divergence angle of £5°.

Safety of UVTOP LEDs has been taken into account. At the beam focus of a UVTOP LED that is about 40mm away
from the LED surface, the beam is confined within an approximate area of 9.62mm?®. If the average radiated power is
0.5mW, then UV irradiance at the focus becomes 5.19mJ/cm?/s, which is slightly higher than the maximum exposure
limit 3mJ/cm?/s. Therefore, to be safe, either reduce the average power to about 0.3mW by reducing the forward current,
or avoid being too close to an LED. With a divergence angle of approximately +5°, the safe distance is calculated to be
46.29mm or a relaxed minimum distance of S5cm from the LED surface. When multiple LEDs are jointly used, then the
above rule is still applicable as long as their focal areas do not overlap, for example, pointing to slightly different
directions. Otherwise, the above distance needs to be increased.
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Figure 3. Measured output power of UV LEDs for different forward currents.
4.2 UV channel

The UV channel concerns about both the background solar radiation and characteristics of UV wave propagation
through the atmosphere. Solar spectral irradiance in the UV-C band in the upper atmosphere (40km elevation) has been
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reported®. Table 1 tabulates irradiance @ (10'’photons/cm?/s) and S (mW/m?) in terms of two different units for
wavelength from 240nm to 280nm with interval size 5Snm. Clearly, the minimum occurs at around 250nm. Above
280nm, the solar irradiance will increase quickly’. Due to atmospheric attenuation, the solar irradiance at the ground
level is significantly reduced, with only about 200photons/s/cm*/s typically observed around 280nm in full sunlight*.
This number leads to an average extinction coefficient of 0.71km™ from the upper atmosphere to the ground if an
exponential decay law is assumed.

Table 1. Solar irradiance in the upper atmosphere’.

Wavelength 240-245 | 245-250 | 250-255 | 255-260 | 260-265 | 265-270 | 270-275 | 275-280
Interval (nm)
() 37.71 34.36 34.23 70.8 95.8 163 138 126
(10'* photons/cm?/s)
S (mW/m?) 308.7 275.7 269.2 546 723 1210 1006 905

The UV waves suffer from energy loss caused by scattering and absorption by molecular and aerosols when they
propagate through the low atmosphere at the ground level. Table 2 reproduces the scattering, absorption and extinction
coefficients'® for molecular, aerosol and their combinations at three wavelengths. They carry a unit km™. Following the
first column, the first three columns are for molecular, the second three for aerosol, and the last three for their
combinations. The third column in each group is the sum of other two columns.

Table 2. Scattering, absorption and extinction coefficients for molecular, aerosol and their combinations'’.

A (nm) I<s,m I<a,m I<m Ks,a Ka,a Ka KS I<A I<E
200 0.95 7.2 8.12 1.6 0.49 2.1 2.6 7.7 10.2
250 0.34 0.79 1.12 1.5 0.24 1.7 1.8 1.0 2.8
300 0.15 0.02 0.17 1.4 0.10 1.5 1.6 0.12 1.7

4.3 UV detector and solar blind filter

The UV PMTs we considered include Perkin ElImer MP1922 and Hamamatsu R7154. Both are solar blind. MP1922 has
a built-in current preamplifier and a head-on type PMT with a circle sensing window with a diameter of 1.5cm (resulting
in an active area of 1.77cm?). It has a spectral response from 165nm to 320nm, 10 dark counts per second. The peak
quantum efficiency of 15% and peak gain of 10° occur at 200nm, while decreasing quickly towards longer wavelengths,
about 10% at 260nm and 7% at 280nm. R7154 is a side-on type PMT with a rectangular window size 0.8cmx2.4cm
which is 1.92cm’. It has peak sensitivity at 254nm over its spectral response from 160nm to 320nm. The maximum
quantum efficiency reaches 30%, and high gain of 10’. It has a similar pulse rise time of a few nanoseconds, while the
electron transit time of 22ns. The inherent bandwidth is thus about 40MHz. However, its dark current is much larger,
showing at least three times higher in the Equivalent Noise Input. Two solar blind filters centered at 255nm and 271nm
are used. Their FWHM is 15nm. The in-band peak transmission is up to 10%, and out-of-band peak transmissions are
10" from 300nm to 770nm, and 2x10* from 770nm to 1100nm. Combined with UV enhanced PMTs, the out-of-band
rejection ratio of about 10® is typically achievable for the band of interest.

5. EXPERIMENTAL RESULTS

Under support of the Army Research Office, a fully functional test-bed has been built to establish a point-to-point (P2P)
NLOS UV communication link. A block diagram is depicted in Figure 4. The system consists of UV LEDs at the
transmitter, a solar blind filter at the receiver, a PMT, modulation and demodulation circuits, circuit interfaces, and
optical mounts. Together with additional test and measurement equipments including UV enhanced optical spectrum
analyzer, beam profiler, low noise preamplifier, bit-error-rate (BER) tester, high-performance optical power and energy
meter, function/waveform generator, and oscilloscope, we conducted extensive field experiments with some
measurement results reported next. Those results reveal range-rate-BER tradeoffs and effects of key system parameters,
such as transmitter/receiver zenith and azimuthal angles, communication range, filters, and PMTs.
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