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ABSTRACT

The wireless ultraviolet (UV) communication technologystre-
ceived great attention for either short-range high datgarvices

or medium-to-large range low-rate sensing applicatiormvéter,
performance of a UV link is limited by multiple constraint®in

the current UV laser source and detector technology, ang-atm
spheric link conditions. This paper analyzes performaridsoth
line of sight (LOS) and non-line of sight (NLOS) UV links in
terms of signal to noise ratio and bit error rate of the detect
Roles of different parameters, such as data rate, comntigrica
range, transmitter power, beam and focal angle, receivirgdea
and field of view, are studied. Receiving powers for two tgbic
links demonstrate square and linear decaying laws witherggp
the communication range respectively. Compared with an LOS
link, an NLOS link significantly degrades detection perfamoe
from one up to three orders of magnitude for the range from hun
dreds of meters down to meters.

INDEX TERMS
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1. INTRODUCTION

Unlike a wireless radio frequency (RF) or microwave link, ises
less optical link offers potential advantages [8], suchwgetunli-
censed bandwidth, low-power and miniaturized transcehigher
power densities, high resistance to jamming, and potantie@ase
of data rate. Additionally, directional laser transmissand re-
ceiver’s variable field-of-view (FOV) permit multiple actses by
different optical transceivers with minimal interferen@ompared
with the widely applied infrared technology in the wirelexsti-
cal domain, the ultraviolet (UV) frequency band is much éarg
Thus a UV link can potentially provide high data rate sersice
It also provides superior non-line of sight (NLOS) operitpibe-

far ultraviolet (FUV): 206-100nm and extreme ultraviolet (EUV):
100~4nm. The NUV includes wavelengths found in solar ultravi-
olet, and EUV is strongly absorbed by air.

Throughout the wide UV spectrum, the MUV range is a pri-
mary focus for wireless UV communications [17]. First, tloéas
radiation observed outside the atmosphere shows a wavaleng
dependent energy distribution due to the constituents efthn
[12]. Only about 9% is responsible for the whole UV region véhe
only about less than 1% is in the MUV. Second, to reach thenBart
surface, the solar radiation must traverse Earth’s atmeyspand
loses energy by absorption and scattering. The relativigit h
transmission occurs for the longer wavelengths, and muohgger
absorption is observed for the UV. The attenuation becorpes a
preciable and increases rapidly toward shorter wavelsng#i-
though, due to scattering, sky radiation may produce a vignjfs
icant amount of MUV (strictly speaking below 280nm) reachin
the Earth, larger attenuation together with the strong rqubiem
of ozone causes the MUV region to be solar blind. By operat-
ing in this region, a UV photodetector with a large field ofwie
(FOV) can maximally collect optical power with negligibledk-
ground radiation. Thus it can achieve excellent signaidse
ratio (SNR) [12] and approach quantum-limited photon-cimgn
detection, significantly superior to an infrared recei&milar to
infrared or RF/microwave, UV radiation safety enforces W e
posure power limits [5], [12]. For continuous UV exposurteasi
0.1W per cnt, and for less than 7-hour exposure, it is;/8 per
cm?. So UV related experimentation and communication system
design should follow these safety regulations.

However, benefits of UV cannot be realized in practical UV
systems without technological advances in both miniagaripw-
power solid-state UV devices and advanced UV communication
technology. The development of low-power, low-cost UV comm
nication has been impeded for decades after the pioneeidnky w
[16], [23] due to the lack of compact, low-power light sowsce
and detectors. But recent advances in the solid-stateetesioch

cause of unique medium scattering and absorption by abtindanas laser emitting diodes (LEDs) and photodetectors [1], [Z]

atmospheric channel constituents, often of dimension emaije
to the UV wavelength [12].

Ultraviolet is not a single entity, but consists of a very wid
band of wavelengths. Itis usually defined as electromagnetve-

[4], [14], [15] open a new horizon for UV system development.
With a strong extinction coefficient and unique scatterind ab-
sorption propagation mechanism through an atmospherieneta
[10], [11], [16], the UV spectrum is ideal for diverse shoange

lengths between 4nm and 400nm [12], which are the closest tocommunication environments, including line-of-sight &and

the shortest wavelength of visible light, and much shotantin-
frared. Ultraviolet spectrum can be loosely divided intangtra-
violet (NUV): 400~300nm, middle ultraviolet (MUV): 308200nm,
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NLOS communication channels [17], [22]. Although extemsiv
field measurements have been carried out and various resuks
been reported [7], [9], [16], [20], [21], [19], [23], comprensive
understanding of UV communication especially analytidablg
still stays in its infancy.

In this paper, we rely on some experimental findings and part
of analytical results in [6], [16], [23] to derive LOS and NISO
UV link equations in order to analytically reveal detectipar-
formance in different communication environments. We ekpe



our results will help to realistically bound dimensions o Ep-
plications. Through detailed derivations under some appra-
tions, we find that received power of an LOS link follows a sgua
range-decay law while that of an NLOS link abides by a linear
range-decay law. For an NLOS link, the common volume of the
transmitter (Tx) and receiver (Rx) is one of the primary éasthat
determines the strength of the received optical signaleedds

on the link geometry that is in turn a function of their focabtes,

Tx beam angle and Rx FOV. Together with other parameters such
as medium scattering and absorption coefficients, scagtphase
function, detector collecting area, and quantum efficigitsyef-
fects on direct detection and quantum-limit based recegreato
noise ratio (SNR) and bit error rate (BER) are thoroughlylyzread

and numerically tested based on some reasonably practicaip
eter values. For a given BER, range-rate trade-offs arelglea
demonstrated. An NLOS link exhibits a severe performanse lo
compared with an LOS link.

2. LINK PERFORMANCE

In order to perform qualitative and quantitative analy$eta)s first
derive link equations for LOS and NLOS wireless UV links itwo
ing different parameters to be defined. A diagram is preseinte
Figure 1. Denote byr the data rateP; the transmitted power of
the LED source including the electrical-optical efficientyas the
wavelength{2; as the solid angle of the transmitter (Tx) radiation
cone,V as the Tx and receiver (Rx) common volumeas the
Tx and Rx separatior;; andrz as the distances of the common
volume to the Tx and Rx respectivel§; andd» as the Tx and
Rx focal anglesg; and ¢. as the Tx beam angle and Rx FOV,
K. the extinction coefficient that is related to the scattedogf-
ficient Ks and absorption coefficiedt, by K. = K + K,, 05

as the angle between forward direction of incident wavesamd
servation directionA,. as the area of the receiving apertuje as
the detector quantum efficiengy; the scattering phase function,
and G the photomultiplication gain of the detector (for example,
avalanche photodiode - APD, or photomultiplier tube - PMp-
ically G = 30~50 for APD, and103~10° for PMT [8], while up

to 10° gain for commercial PMTs has been reported respectively
by Hamamatsu Photonics, K.K., and Perkin Elmer [4]. Sinee th
propagation mechanism is different for LOS and NLOS UV links
we will discuss them separately. According to [8] and [16f t
received powers for LOS and NLOS links will be derived next.

r

Fig. 1. An NLOS UV link.

2.1. LOSwireessUV link

According to [8], an LOS link undergoes an exponential atéen
tion by the atmosphere in addition to free space power dddsg.
free space path loss is inversely proportionattas(;2-)°. The

atmospheric attenuation can be expressed b§<". The receiv-
ing gain of the detector i%. Combining these factors, the

received optical power through an LOS link can be expressed a

A 2 —K 7‘47TA7‘
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After simplification, it becomes
PA’I‘ — T
Prros = ——e e, 2
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Some observations can immediately be made. First, the power
is only implicitly dependent of the wavelength through. This
parameter is sensitive to weather conditions as well [18]effect

may be pronounced for medium-to-large range «ascreases).
Second, it decreases in proportionsty which is typically less
severe than an RF link whose power decay exponent can be as
large as 4. Assume the bandwidth of the detector is limited to
twice of the data rate. Denote Planck constantibynd speed

of light by ¢. Then for direct detection, the quantum-limit based
receive SNR becomes [8]

N-GPr Los

SNRrLos = 2Rhe/\

@)

Notice that the definition of SNR follows typical ones (théoaf
signal power over noise variance [8]) instead of signalenirover
noise standard derivation [6]. After substituting (2),écbmes
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The BER for detection of on-off keying (OOK) signals is given
(6], [8]

SNR, rLos = (4)

/SNR:Los
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whereQ(-) ander fc(-) are Q-function and complementary error
function respectively.

According to (4) and (5), the range, rate and BER are related.
So range-rate tradeoffs can be numerically studied.

BER;10s = Q( )

%erfc(

2.2. NLOSwirelessUV link

For an NLOS link, a step-by-step analysis as [16] will previdg a
result for the final received optical power. For a given traitted

power P, the power per solid angle iB; /2. Then considering
the path loss and attenuation, the received power densitisat

tancer; becomesg® < *<"L From this source at distance, the

7'2
secondary sources duelto scattering from atmosphericit@rgs
(acting as a large number of tiny relay stations) in the commo
volume are established and amplifiedﬁypsv. After this point,
the propagation mechanism from the common volume to the re-
ceiver is similar to the LOS link. Those factors include theef
space path los§2-)?, atmospheric attenuation <", and the

receiving gain of the detectcﬁ’%. Combining all of the above,
we obtain the following received power

P e*Kc"‘l
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Notice thatp, is a function of, and takes different forms for
isotropic, Rayleigh and Mie scattering models [16]. It igrfid that
Q1 = 271 —cos(¢1/2)] [8], 05 = 014602, 71 = 7sin B2/ sin b5,

M
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ro = rsin 0 / sin 0. For smallV, it takes aform¥ = ra¢o (r161)?
[23]. After substituting’, 65, 71 andrs, (6) becomes

_ Ker(sin 07 +sin 03)
sin(01+602)

_ P, A Kspspadi sin(6y + 02) .

Frzos 32737 sin 01 (1 — cos Z)
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It is interesting to note that the received powRrxros is in-
versely proportional te instead of-2 as inPr.,.os. This result for
short range is also observed in [13],[17]. Without turbakerthe
direct detection and quantum-limit based receive SNR an& BE
have the same forms as (3) and (5) after repladihg.os by
P, nros- With turbulence, the average BER instead of BER can
be similarly defined after incorporating the distributichimadi-
ance (see p. 463 of [6]).

Although a number of factors have been considered in our
analysis, there are still considerable practical constisaarising
from devices and environments that limit the data rate. Risr t
reason, the above results are very optimistic (and alsooappr
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mate). For example, the beam divergence is much larger for anFig. 2. Typical range-rate-BER performance of LOS and NLOS

LED than for a UV lamp, significantly lowering the radiate dysy
density. Conversely, their modulation bandwidths are déi of
GHz and 100kHz respectively. Besides the mean gain andeactiv
area, detectors bandwidth and dark current affect perfiocmas
well [2],[8]. Commercial APDs have bandwidth of GHz, gain of
tens to hundreds, 10nfarea, and large dark current, while PMTs
exhibit 100MHz bandwidth, 10average gain (high responsivity),
2cnt area, and extremely low dark current. The operational envi-
ronment and conditions clearly pose additional constsamt the
data rate. For a typical NLOS link, the common volume is appro
imated under a small value assumption. The precise anélysis
arbitrary geometry and size can be carried out by deployinga
late spheroidal coordinate system, that was introduced éillyR
[16] and later on applied in [13],[18]. However, high comyitg

is anticipated. Meanwhile, model selection for the scattgphase
function highly depends on additional assumptions. It fhow
corporate multipath scattering effects. These parts tatestu-
ture topics to further investigate. Even under an approtiona
the derived link equations can still provide some usefuiginis
into link performance, and guidelines to system design. s€ho
findings will further help to realistically bound the dimémss of
UV applications.

3. SSIMULATION STUDY

To study link performance quantitatively, let's input tgal fig-
ures of parameters in the analytical results. Assume igintszat-
tering (ps = 1) and no turbulence. Use 10 of 24-element LED
arrays [20], each radiating 0.5mW optical power [1]. The LED
electro-photo efficiency is only about 0.3%. OOK modulatisn
assumed. Other parameters are setas: 265nm, n, = 0.2,

G = 100, Ar = 1.8cm? [2], K. = 0.79km™", K, = 0.917",
[16], 61 = 45°, 62 = 60°, ¢1 1°, ¢2 = 60°. Figure 2
demonstrates the rate-range-BER performance for both r@S a
NLOS links. BER ranges from0~" to 10~ from the top to the
bottom corresponding to each of ten curves in each subplmt. F
an LOS link with BER requirements d0—2 (voice service) and

1079 (data service), data rate can achieve 6Gbps and 2Gbps for [4]
10m range, 50Mbps and 20Mbps for 100m range, and 300kbps and

100kbps for 1km range respectively. For an NLOS link with the

same BER requirements, data rate can achieve 8Mbps and 3Mbps [5)
for 10m range, 700kbps and 300kbps for 100m range, and 20kbps

and 9kbps for 1km range. There are at least three orders of mag
nitude rate decreases. According to additional simulatibtne
gainG reduces to 1, data rate roughly reduces by a factor of 100

UV links.

for each case. As G increases, the data rate increases by an or
der of G. When turbulence is present, additional SNR is required
to achieve the same BER performance as the free space case (se
p. 464 of [6]). At the mean BER af0~3, performance degrades

by less than 1dB for weak to medium turbulence, about 3dB for
strong turbulence, while at0~° BER, they increase to 3dB and
6dB respectively.

For an NLOS link, we continue to demonstrate effects of dif-
ferent parameters for a fixed BER o9~3. Figure 3 shows ef-
fects of the Tx focal anglé, increasing from10° to 80°. For
a large#,, performance degrades due to longer propagation path
thus more loss, while the common volume remains relativaly u
changed. The effects of Rx focal andle are demonstrated in
Figure 4. Performance is not as sensitive a&;toThis is because
the large Rx FOV increases the common voluméagcreases
although path loss may increase due to longer path. Thetgfiéc
Tx beam anglep, are presented in Figure 5. It is observed that
the performance is insensitive ¢g. It seems not surprising since
an NLOS UV link relies on abundant medium scattering. ¢As
increases, the common volume increases although the pamer d
sity decreases. This can be observed from (7) that has a facto

2 2
17;7 = 25i$¢_1. For¢: € [0, $]rad, this function changes
slowly with Tx beam angle,. However, the performance is very
sensitive to Rx FOW., as shown by Figure 6. Ag. increases,
more energy is collected, and detection performance ingxov
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