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ABSTRACT

Ultraviolet (UV) systems provide unique opportusstifor
communications and sensing. We present recenttseisul
UV communications, including experiments and arialys
We describe our experimental ultraviolet commumicat
test-bed based on light emitting diodes with dieaitg
beams, a solar blind filter, and a wide field-ofwi
detector. Then we report on statistical modelsnfise and
signal photon counts, non-line of sight (NLOS) strange
ultraviolet communication link losses, and perfonca of
photon counting detectors, operating in the solémdb
spectrum regime. The effects of transmitter anceivec
elevation angles, separation distance, and path éowe
included. We also demonstrate shot-noise limitéaeivor-
rate performance, showing good agreement with &oally
predicted performance.

1. INTRODUCTION

With the unique scattering and absorption propertie
ultraviolet (UV) waves propagating through an atpresic
channel, the UV spectrum provides unique opporitsior
diverse short-range communication environmentsydicg
line-of-sight (LOS) and non-line-of-sight (NLOS) arimels
[1][2]. By operating in the solar blind region [3, wide
field-of-view (FOV) receiver can exploit the veryw solar
background to achieve excellent signal-to-noisi® 8NR)

flashtube/lamp/laser as a light source; these deviare
bulky, power hungry, or bandwidth limited. Semidantor

UV optical sources offer potential low cost, snsifle, low
power, high reliability, and high bandwidth. Recefforts
such as the DARPA Semiconductor UV Optical Source
(SUVOS) program have led to commercialized (redearc
grade) deep UV LEDs (e.g., Sensor Electronics Telclyy
Co.) [12]. A typical UV LED radiates an average iogik
power of 1 mW.

To develop an effective outdoor communication
transceiver under exposure to solar radiation, rdmiad
UV detection and filtering technology is crucial to
maximally suppress out-of-band radiation. Comméndha
photomultiplier tubes (PMTs) achieve a very high
multiplication gain of 18-~10', high responsivity of 62
AW, large detection area of a few Gmeasonable quantum
efficiency of 15%, and low dark current of 0.1 nifc(only
about 18 dark counts per second). These features enable
detection of very weak signals, even with the detec
pointing directly at the sun, down to single photmunting
resolution. An off-the-shelf solar blind filter,ombined
with a solar blind PMT, typically yields an exceilteout-of-
band rejection ratio of about 40 Solid state avalanche
photodiode (APD) detectors are also rapidly being
developed, e.g., through the DARPA Deep Ultraviolet
Avalanche Photodetector (DUVAP) program, that atms

and quantum noise limited photon-counting detectioflemonstrate  APD arrays with performance metrics

These benefits can now begin to be realized based
technological advances in both miniaturized low-pow

gomparable to a typical PMT.
The availability of deep UV LEDs, solar blind PM@asd

solid-state UV devices and advanced UV communinatio filters has inspired recent research on LED basé&d U

technology. In this paper, we present experimeatad
analytical performance evaluation of a solar blimoh-LOS
outdoor UV communications link.

Ultraviolet communications has a rich researcholyst
(e.g., see the recent survey in [4]). Relevantistudate
back to the 1960’s [5][6], and later included exmental

system performance for applications from short eang
communications to sensing and imaging. Potentidtamyi
applications include unattended ground sensor (UGS)
networks and small unit communications, flame gensi
biological fluorescence detection, missile or ktj/gun

fire detection, ground-air communications, opticag

characterization of a scattering-based UV link ([7]identification, and covert networking [4]. In a niebad-
analytical channel modeling [8], a NLOS UV voicehoc network, UV's enhanced geographic coverage with

communication system, and a local
demonstration [9][10][11]. All these UV systems disa

area networleasonable transmitter beam divergence and widsvesc

FOV could enable terminals on-the-move to more ilgad
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maintain connectivity, in contrast to a conventioogtical unavoidable due to practical device constraints. A
system with a much stricter pointing and trackingnechanical module at Tx/Rx uses two perpendicular
requirement. Atmospheric attenuation, and eye géifeits, rotation stages to achieve high-resolution angetentrol in
make such a link appropriate for ranges on theroofld both azimuth and zenith directions.
km or less, and are inherently covert.

3. EXPERIMENTAL RESULTS

2. EXPERIMENTAL SETUP We first characterize the solar background noisd an

The University of California, Riverside (UCR) hassignal count statistical distributions. Then wetlier link
recently built a NLOS UV communications test-bedlem key system parameters such as path loss and cocationi
support of the Army Research Office and in collation bit error rate (BER) under different transmitterx)Tand
with the Army Research Laboratory [4][13][14], dstpred receiver (Rx) geometries.
in Fig. 1. The transmitter uses a waveform geneffatding
binary sequences to current driver circuitry thatvers an
array of 7 ball-lens UV LEDs. Each LED receivesriidg Solar noise and signal count distributions are irtgy
current of 30 mA, yielding an average radiated agiti for power budget calculations and system designoun
power of 0.3 mW. The beam angular distribution feamd outdoor experiments, the dark count rate of the RMIE
to follow a superposition of multiple Gaussian ftiows Nnegligible when compared with the count rates dusofar
with a full divergence angle of 10The LEDs (UVTOP250 radiation in the deep UV band and the received asign

on a calibrated plate. were recorded as the PMT was aimed directly towtlds

sun at noon. The time interval for measurementsseaso
be 200us (a rate of 5 kHz). This value was set to achieve

3.1 Solar irradiance and signal count distributions

Overlap volume reasonably high signal levels (i.e., the numbersighal
_— counts) per pulse for a variety of test geometrieach
(8 observation window was segmented into several time
- intervals. The received solar noise counts witldaohetime
W Fov 2 45° ; window were then recorded. Measurements from doaéns
v i time windows were used to obtain the distributidntre

random noise photon counts.

Transmitter Receiver 0.2E

—o—Measurements

0.20 —B—Gaussion fit

—a—Poisson fit

0.15 -

Probability

Fig. 1. UCR non-line-of-sight UV communicationsttbed.

At the receiver, either a PMT or APD detector may b |
used. For the results reported here, we employsdla- 0.05 2
blind filter combined with a PMT for photon detexti The
solar blind filter was placed in front of the sengsiwindow S SN SR S N -
of a PerkinElmer PMT module MP1922 (head-on window) o 1 2 3 4 5 6 7 8 9 10 11

The filter has a full-width half-maximum (FWHM) Noise phontons
bandwidth of 15 nm with peak transmission of 109855 F|g 2. Distribution of solar radiation photon cosin

nm. Thespectral mismatch between the LED and the filter
was found to be less than 30%. The PMT has a aircul
sensing window with a diameter of 1.5 cm, resulfimgn
ig“;e l((:ietecnf[)n area of 1('17713'?'”(1 I'tl'r:] as an avg'r;%% thave a mean of 2.9 counts and a standard deviatidr8
ark counts per second ( 2). The composi counts per interval. This yields an average no@etrate

uv transmiss,ion of PMT plus filter was found to B&. o 14 5 kHz with standard deviation equal to 9 kAihe
The detector's effective FOV was estimated to beub pisson distribution has the same mean. It is fahatiboth

30°. The PMT output current was directed to a low @0isfitting errors are below 2%, but the Poisson fisisnewhat

amplifier followed by a photon counter unit. Nok&tsome petter. However, for simplicity of communication
spectral mismatch loss between the LEDs and ttex filas  performance analysis, we adopt a Gaussian disibais a

In Fig. 2, experimental results are compared agans
best-fit Poisson distribution and a best-fit truech
Gaussian distribution. The Gaussian distributiofoisid to



reasonable approximation. It is worth mentioningttthe measurements were obtained during the same timdayof
measured solar background count represents thé toidth Tx/Rx elevation angles of 3(0° and a separation
contribution of solar radiation over a range of elangths distance of 70 m. Figure 3 shows both experimetitah

below 320 nm, and is not necessarily only due tband points and a Poisson curve fit for the signal phatounts.

leakage. Consequently, the system detected noigilegl
solar radiation. 3.2 Path loss

The above measurement results indicate that, ierdodt o . ¢ it
our receiver to achieve an SNR of 10 dB or more, th Path loss measurements were obtained for different

received signal count rate should be greater Fab45 Tx/Rx geometries and sgparation distances. The Ipath
kHz, on average. This rate can be translated intavarage WasS calculated as the ratio between the transniithedons
received power for a given transmission wavelengtch radiated from the UV LEDs and the signal photons
photon carries a total energg=hc/A whereh is the Planck impinging upon the receiver. The former was cakegda
constant,c is the speed of light, and is transmission Pbased on the measured source radiated power, eralttir
wavelength. For example, a photon witi250 nm carries a Was calculated from measured received photons etivizy
total energyE=7.956*10"J. Hence, to achieve 10 dB SNRthe total percentage loss from the filter and PMhe
the average received power must be no less thegceiving area was 1.77 énif path loss per unit area is of
P,=E*F=1.15*10"% W=1.15*10"" mW. For a single LED interest, then results can be normalized by théa.ar
transmitting an average power &=0.3 mW, the total - .
system loss is thus required to be within 2.8%16r vosdo bbbl
equivalently 94 dB. This includes propagation lofisgr X Txd5e-Rx45° | LT T
loss, and PMT loss. If we consider the system teeha 95 - ilﬁiiiﬁii ,,,,, = &
constant loss budget, however, increasing the nurobe -
LEDs helps to increase the received signal powerdier to
reach a desired signal photon count.

Under daytime operating conditions, the noise coatd

—0—Tx30°-Rx30° ||

T R S % o= I RRR

Path loss (dB)

ST o= v A AR [ S i i A
varied from late morning to early afternoon by astna 1 o
factor of two, down to a photon count rate of 8 kHhe 65 Tnoooosde
rate, however, varied significantly with time ovbe course ol P
of one day. During several experiments it droppebdelow 55 4 ;
1 kHz in the early morning or late afternoon. Kneelge of ! 10 100
noise count is needed to determine acceptablel|dgrels Distance (m)

and maintain desired SNR at the receiver, espgaidien
using photon counting receivers. If the data rase
increased, both the noise count and the signaltcpen
pulse decrease. More transmit power is also neddibe Figure 4 presents the path loss at different degtaron a
pulse duration is made shorter to keep a constanbar of logarithmic scale, for different Tx and Rx elevatiangles.
signal photons per pulse. Note also that, at nigark \We observe that the path loss increases by abodB1f@r
counts become the dominant noise source. each order of magnitude increase in distancee., path
loss is proportional to*® under this geometry (the path loss
exponent is 1.8). For other geometries, the pa#s lo
—&—Measurements exponent may change. For example, for a very slaoige
up to 10 m and Tx/Rx angle of 90t was found to be close
to 1. However, the effect of geometry on the paiksl
exponent is still under investigation. For a fixes angle,
the loss is not very sensitive to the change infthangle at
these moderate angle values. A total variationnbf a few
decibels is observed when the Tx angle is changed 30
to 45. If we fix the Tx angle, however, the loss is fduo
depend highly on the Rx angle, with a 10 dB diffee

5 s between Rx angles 3@nd 48. In general, as expected, we
6 2 4 6 8 10 12 14 16 18 20 22 24 26 28 gpgerve that the loss increases as either the Rxangle
Received photons increases. This is due to the longer propagatidim gz well
as the inherent scattering loss. In our experimémésbeam
divergence and receiver FOV were fixed. They migkb
contribute to path loss variations, although tledfects can

.Fig. 4. Path loss versus distance, for differenaifia Rx elevation
! angles.

0.12

0.10 T

—B8—Poisson fit

Probability

Fig. 3. Distribution of signal photon counts.

Signal counts were also recorded. The signal photamt



only be observed if additional optical modules tmtcol

communication systems. A total path-loss differeoicever

those angles are designed and integrated with Bigsland 50 dB is observed as the angle is changed ffo(h@S) to

the filter.
It is worth mentioning that the separation distafite

90°. The rate of change of the path loss decreases thiee
angle is increased and saturates at approxima@3ydB

LOS range between Tx and Rx) in our measurementsvidien the Tx/Rx angle is increased ovef.75Thus, path
relatively short (up to 100 m). Because the attBona loss is more sensitive to angle variation when esgire
coefficient is typically in the range of 1~10 Kr2], losses small. The path loss is also observed to increasei-s
due to atmospheric attenuation were insignificard thus monotonically with the variation of the Tx/Rx andgleaxis)

not reflected in our measurements.
separation distance is increased to multiple Kkilense

However, if thfor a fixed Rx/Tx angle, with the exception of dmserved

minimum at around 50Tx angle. This may be attributed to

atmospheric attenuation may become dominant, faigw angular dependent scattering in the common voluase,

the typical exponential power decay law assumedh@

literature

2.

represented by the scattering phase function [%. phase

Such observations also suggest tha@iinction which describes the angular distributioh tie

attenuation effects can be neglected for short eangcattered beam is typically calculated as a weghbten of

communication systems (<1 km), and that scattdosg is
dominant in this case.
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Fig. 5. Path loss versus Tx elevation angles fiferdint Rx
elevation angles.

Path loss (dB)
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Rx elevation angle (degree)

Fig. 6. Path loss versus Rx elevation angles fifergint Tx
elevation angles.

We next investigate the path loss as a functicdiftérent
Tx/Rx geometry. Measured results are shown in Bajh. 5
and 6, where the separation distance is fixed ton2%and
we obtain the path loss as we vary the Tx and Bwxagion
angles, respectively. Several observations candmerfrom
each figure with regard to the properties of NL@&ttering

both Rayleigh (molecular) and Mie (aerosol) scatter
phase functions [15]. The weights can be choseibeto
proportional to the corresponding scattering cogffits.
Due to individual behaviors of Rayleigh and Mie tsmang
phase functions in the deep UV band, the averagedep
function shows a maximum at a certain scatteringlean
indicating the strongest scattered UV radiation (oe
smallest path loss) in that direction relative e tbeam
incident angle. This property suggests that thes@ha
function may have a direct impact on the anguldh pass
behavior. While quantitative and qualitative analysould
be more convincing than the current reasoning, this
approach is unavailable because it depends on ligtiea
phase function model and a path loss model. The Ipas

is also observed to be less sensitive to the demrahgle
in the range of 30-60° versus other values, partially
explaining the angle insensitivity phenomenon ig. Bi.

The path loss for special configurations of verygéa
Tx/Rx elevation angles and very short distances loan
approximated analytically from the single scattgfiimpulse
response model [8] and approximation for the irtetesd
cone volume. It can then be compared with experiaten
results. Let us denoteas the Tx and Rx separatiaofy,and
6 as the Tx and Rx elevation anglegs,and ¢ as the Tx
beam angle and Rx FOY, the extinction coefficienks the
scattering coefficient,=6,+8 as the angle between
forward direction of incident waves and observation
direction, A, as the area of the receiving apertaned P(L)
the scattering phase function wherecos(@). For optical
scattering, classical phase function models inclade
isotropic, Rayleigh (molecular) and Mie (aerosohagpe
function given below [15]

. 1
p (HS) 25,
o™ (1) = 3L+ 3y+ -y ’]
1677(1+ 2)
o (1) =179 1 +f_ 057~ 1)

A | (1+g?-2gu)”  (1+07-20p)"



wherey; g, andf are model parameters. Due to the existencEhe threshold used to decide whether a pulse vezsviesl
of different types of particles in the atmosphereither of or not was optimized based on the background raise
the above individual functions is suitable for aagiical signal photon counts. Note that the SNR of the ivece
physical scattering process. Instead, the overhlhisp signal is affected by the different geometric pasters
function to capture all particle effects can be mled as a described earlier. Therefore, to present the BER fo
weighted sum of the Rayleigh and Mie scatteringsphadifferent SNRs, we chose to vary the Tx and Rx esgh

functions order to vary the SNR as desired. Considering the
Ray Vie randomness of received signal and noise photoasBER
P(,u) — K p" (ﬂ) +55 p“’”e(,u) (4) and SNR presented below are measured averages.
ks ks 1.0E+00
according to the corresponding scattering coefitsié,™ Lokor e
and kM where kski¥+kM®.  Then after some ' o,
mathematical manipulations, path loss is foundeto b 10E.02 %
. . r(sin@ + sin@
96r sing, sif 6, + cod | e o< ( - ) oo \
L 2 sing, o O 2
= - - - °8
ksP(,u)A(qzqzzsmHs(ﬂswf 0,+¢% sn"rHl) 10804
(a) Path loss for (6,,6,)=(80°,60%) (b) Path loss for (6,,6,)=(80°70°%) 1.0E-05 1| — BER_theoretical
P i68 ] o BER_test \
_ 106 o 08} A 1.08-06 ‘
i‘% 104 ///E i‘f, 104 : /‘;,///e 0 ° 10 15 20
s
E . -/////e/ E 102 -/////e/ : SNR (dB)
& 100} & ol : Fig. 8. BER for varying SNR.
#— measurement #— measurement
10 15 20 25 10 15 20 25 1.0E+0(
Range (m) Range (m)
(c) Path loss for (6,.6,)=(80°,80°) (d) Path loss for (©,,6,)=(80°,90°%)
110 1.0E-01 -
106 112 e
g 106 /7/‘ g e i 1.08-02+
2 - ‘2 108 i
2 104 s k] e x
§ i B @ 1.0E-031
102 G/ —&— measurement b -/ .+measuren;|ent . _A_TXBOO
10 15 20 25 10 15 20 25 1.0E-04 - —&-Tx40°
Range (m) Range (m)
. . ) —%—Tx 50¢
Fig. 7. Measured and predicted path losses pecufit 1.0E-05 1 :
——Tx 60°
Path loss per unit area trersus short communication LOE.06 ]
range is compared with measurement for diffegnih Fig. 20 25 30 35 40 45 50
7. The following geometric and model parametersewer Rxangle (degree)

chosen: @,@,6)=(1¢°,3C°,80°), at wavelength=260 nm Fig. 9. BER versus Rx elevation angles for difféfBxaelevation
(kP K M9)=(1.39, 0.24,0.25) ki, 1=0.017,9=0.72 and angles.

f=0.5. The larger&, the closer the predicted path loss Figure 8 compares measured and predicted BER, where
approaches measurement, with error from 2 dB dawn the prediction is based on the SNR and the Gausgian
0dB. This indicates that the single scattering rhosell  function formula valid for Gaussian noise, which
predicts link performance for short range and laagex &PProximates the measured noise count distribution.
angles. Experiments for longer range and largex apgle Predicted and measured results show good agreeiftest.

are limited by the available LED emission power. f|gu_re also reve_als how much _received SNRis rem_uto
achieve a certain BER, or equivalently the averageired

received signal photon count for a given noise remment.
For example, at SNR=10 dB, a BER ofi@ achievable;
Experiments were also conducted to measure tléed as SNR increases to 15 dB, a BER below &0
communication BER using on-off keying (OOK)achievable. To see how Rx elevation angle explicitl
modulation. The received signal model is descrilsyd impacts BER, we fixed the Tx elevation angle at, 30r,
y=x+n wherex is signal anch is noise. Demodulation was 50°, and 60, respectively, at a communication distance of
performed off-line after the received counts wexeorded. 35 m. Corresponding BER results are plotted in 8iglhe

3.3 BER performance



4. CONCLUSIONS

This paper presented various experimental and teelly
results for NLOS UV communications based on low pow
divergent LED source arrays. Solar background naise
approximate path loss expression we developed eearlisignal count distributi0n§ were characteri;ed. path loss
and BER of corresponding photon counting detecianse

lliEahcth zsgtﬁ nisca;:fnscﬁgeégyngavxpe?h: :Vé?z szi?egges udied under different system geometries determiiryeTx
gnt, X 9 d Rx elevation angles and communication distances

number of signal photons per bitRs//7.A/(Rhc) where 7y These experimental results are valuable for thegdesf
is the filter transmissiory, the detector quantum efficiency, practical receivers for NLOS systems.

R the data rate, anB, the received power obtained from Additional studies have been conducted [16] showliag
transmitted poweP; asP,=P/L. For direct detection by an path loss predictions based on the single scatteriadel
|deql receiver, _the_ BER under optimum detectiommfoff [8] are only applicable to very limited geometriasd
keying signals is given significantly deviate from measurements under mafmer
geometries. An appropriate multiple scattering nhaday
prove to be more generally applicable. The patts los
exponent may depend on geometry, beam profile, Rand
FOV. It may vary from a value close to 1 as repbitethe
literature [2][8][15], to a value close to 2 repatin the
current work. Our continuing studies will focus on
developing a path loss model [16], scattering ahdsp
function models based on measurements under differe
i meteorological conditions, incorporating the effeat beam

: angle and FOV. We are also studying the channellsep

, response and atmospheric attenuation effects wsihigh
il power UV source.

figure illustrates that the BER with Tx angle fixatl 30
can drop from 18 to about 16 when the Rx angle
decreases from 4@o 2@, with further reductions in BER
when pointing approaches line-of-sight.

It is also possible to predict BER performance frihma

P
BER = 0.5exp{— VAl }

L(hc/A) R
as a function of the system parameters.

Data rate (bps)
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Fig. 10. Rate-range-BER tradeoffs.

We assume an LED array with power 50 mi/=0.1,
A=1.77 cm, n=0.2, @.8)=(3030). The other
parameters match Fig. 7. Figure 10 depicts datavetsus
range, with curves parameterized by BER. For a B&R
(no coding) requirement of I¥) the corresponding data rate

is 100 kbps at 10m range, and drops to 10 kbp9atnd [2).

range. If path lossl is doubled (a 3dB increase) or
transmitted power decreases by half, then the BIERases

to 0.5(2x10%%°=2.24x10% Similarly, the impact of other

system parameters on performance can be
determined.

It is worth mentioning that the above results aaeda on [4]-

the (30,30°) Tx/Rx elevation angles in a NLOS setup. If

the configuration changes to LOS, i.e.’,(®) elevation és]

angles, then the SNR will increase by at least 35d
Accordingly, either range or data rate will incredsy 2~3

orders of magnitude (shift curves right or up bgttbrder).  [g].
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