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Path loss of non-line-of-sight ultraviolet light commu-
nication channel in polydisperse aerosol systems*
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Performance of non-line-of-sight (NLOS) ultraviolet (UV) communication is closely related with the system geometry, 

the communication range, and the atmospheric parameters. In this paper, we implement a full numerical analysis of the 

relations of path loss of NLOS UV communication with these factors using the Mie scattering theory and the Mon-

te-Carlo method. In the numerical simulations, the actual polydisperse aerosol systems are used as the transmission 

medium. Since for the actual aerosol systems the atmosphere conditions may be similar within a short period, the path 

loss may be exclusively determined by the atmosphere visibility. Hence, we build a relation between the path loss of 

the communication channel and the atmosphere visibility. Simulation results reveal that for a relatively small commu-

nication range, the path loss increases with the visibility. On the other hand, low elevation of the transceiver may re-

duce the path loss. Our simulation results are useful for the evaluation of performance of the real NLOS UV commu-

nication systems.  
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The ozone sphere of the atmosphere may strongly absorb 

the ultraviolet (UV) light of 20—280 nm within the solar 

radiation, i.e., in the lower atmosphere there is almost no 

solar radiation of the waveband. Therefore, the UV light 

with the wavelength smaller than 280 nm is regarded as 

solar-blind. In this context, the UV light communication 

seems to be promising for it can be built without consider-

ing the background noise produced by the solar radiation 

and may operate simultaneously with the existing radio 

frequency systems. With the development of the novel 

photonic devices, non-line-of-sight (NLOS) UV light 

communication systems have drawn special attentions [1-19].    

An NLOS UV communication system is a bistatic 

system with the transmitter and the receiver being lo-

cated in different places. The receiver of the NLOS UV 

communication system measures the scattering of the 

light. An NLOS UV communication system is interesting 

when the free-space communication is necessary and a 

line-of-sight (LOS) link cannot be built. GARG et al[7] 

derived the average symbol error rate of NLOS UV 

communications in turbulent atmosphere for quadrature 

amplitude modulation (QAM) schemes. SONG et al[8] 

studied the pulse response characteristics of the NLOS 

UV single-scatter communication in mobile scene. Path 

loss of the communication channel is the most important 

factor that determines the communication performance. 

A great deal of work in path loss of NLOS UV commu-

nication channels was reported[9-16]. CAO et al[9] pro-

posed a Monte-Carlo model for calculating the sin-

gle-scatter path loss of NLOS UV communication chan-

nels, considering the Lambertian distribution of the light 

emitting diode (LED) source emission. DING[10] and 

XU[11] have modeled the path loss of NLOS UV channels 

for different wavelengths. XU et al[11] used the wide- 

spectra Mie phase function for discussions on the path 

loss and the data rate of NLOS UV channels. ZHANG et 

al[12] have studied the polarization characteristics in 

NLOS UV communication channels based on a vecto- 

rized polarization-sensitive model of NLOS multi-

ple-scatter propagation. DROST et al[13] demonstrated 

the path loss of the NLOS UV communication channels 

with different orders of scattering being considered. 

However, in these investigations, specific atmosphere 

parameters, e.g., aerosol extinction coefficient and 

asymmetry factor, were assumed. The effects of atmos-

phere condition on the path loss of the NLOS UV com-

munication channels have been studied in Refs.[14—16]. 

XU et al[14] studied the effects of the aerosol density and 

the radius on the path loss of the communication chan-

nels. DING et al[15] predicted the path loss for tenuous, 

thick, and extra thick atmosphere by assuming different 

extinction coefficients of the atmosphere. LIN et al[16] 

included the two types of fog in his research on the path 

loss of NLOS UV channels. Nevertheless, so far the 
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microphysical characteristics, e.g., particle size distribution 

and complex refractive index of the particles, in the actual 

polydisperse aerosol systems have not been considered in 

predicting the path loss of the NLOS UV communication 

channels. On the other hand, atmosphere visibility is an 

important macroscopic quantity of atmosphere closely re-

lated with the aerosol microphysical characteristics. A rela-

tion between the path loss of the communication channel 

and the atmosphere visibility would be interesting.  

In the present work, we investigate the path losses of 

the NLOS UV communication channels with respect to 

the system geometry, communication range, and the at-

mospheric parameters. The considered polydisperse 

aerosols are aerosol systems possessing the lognormal 

particle size distributions and the actual aerosols. The 

relation between the path loss of the channel and the at-

mosphere visibility is demonstrated. 

Assume the number density of the particles is N. The 

particle size distribution is defined by the number of the 

particles within the unit radius interval per unit volume as 
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Considering polydisperse aerosol of single composition 

suspending close to the ground, the particle size distribu-

tion of the aerosols can be expressed by a lognormal 

function as 
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where C is a constant dependent on the particle den-

sity, mr is the mean radius, and σ is the standard derivation. 

n(r) and the complex refractive indices m are shown in 

Tab.1 for water-soluble and non-water-soluble aero-

sols[20]. Sometimes the volume logarithmic particle size 

distribution is also used: 
4d 4π

( ).
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V r n r
r
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The actual atmosphere is the polydisperse aerosol system 

composed of a variety of aerosol compositions mixed with 

each other in different forms. The size distribution of the 

actual aerosols can be regarded as the superposition of 

several lognormal functions with different parameters.  
 

Tab.1 Parameters of two types of aerosols 

Aerosol type rm (μm) σ m 
Water soluble 0.021 2 2.24 1.45+0.015i 

Non water soluble 0.471 2.51 1.50+0.030i 
 

In this paper we intend to model the path loss of the 

NLOS UV communication in the actual polydisperse 

aerosol systems in low-visibility weather. Firstly, we look 

through the visibility of each day from Sep. 1, 2017 to Apr. 

30, 2018 in Beijing, China in the website for worldwide 

weather report. Four days of low-visibility are concerned. 

The four days are within a short time horizon. Their at-

mosphere conditions are expected to be similar. We may 

be able to build a relation between the path loss of the 

communication channel and the atmosphere visibility. 

However, offers visibility data with very low resolution in 

time and space (one value for visibility per day per city). 

Secondly, we find the size distributions and the complex 

refractive indices at the concrete times of the four days in 

AERONET[21]. The data of observation station, Bei-

jing_RADI, locating at 40.004 80° N and 116.378 60° E 

are used. The refractive indices of the aerosols at 250 nm, 

the typical wavelength for the UV light communication, 

are derived using the refractive indices of the aerosols at 

440 nm, 670 nm, 870 nm, and 1 020 nm obtained in 

AERONET[21], shown in Tab.2. The calculated standard 

visibilities are also illustrated in the table. The basic equa-

tions for the standard visibility calculation will be detailed 

later. It is seen that in the table the visibilities on Feb. 26 

and Mar. 3 are around 5 km and the visibilities on Mar. 13 

and Mar. 14 are around 3 km. According to the criterion 

for the visibility levels issued by the world meteorological 

organization (WMO), the atmosphere condition is light 

haze on Feb. 26 and Mar. 3, and haze on Mar. 13 and Mar. 

14. The volume logarithmic particle size distributions of 

the polydisperse aerosol systems are shown in Fig.1. It is 

seen that the actual aerosol systems of the four days can be 

regarded as the superpositions of two lognormal size dis-

tribution functions with different densities.   
 

Tab.2 Refractive indices and standard visibilities of 
the actual aerosols 

Time (GMT) m (250 nm) V (km) 

Feb. 26  00:20:49 1.499 0 + 0.010 9i 5.6 

Mar. 3  00:41:02 1.490 2 + 0.008 0i 5.1 

Mar. 13  07:26:35 1.627 6 + 0.010 5i 2.6 

Mar. 14  04:26:12 1.421 0 + 0.004 9i 3.5 
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Fig.1 Volume logarithmic particle size distributions of 
the polydisperse aerosol systems in the actual atmos-
phere: (a) Feb. 26; (b) Mar. 03; (c) Mar. 13; (d) Mar. 14 

 

The single scattering properties of aerosols are described 

by asymmetry factor g, scattering coefficient ks, absorption 

coefficient ka, and the extinction coefficient ke with the 

relation ke= ks+ka. In reality, the visibility, known as visual 

range, is often used to evaluate the quality of atmosphere. 

Following the Koschmieder’s law, visibility can be de-

duced using the extinction coefficient as 

e

ln
,V

k
�

� �                                    (4) 

where ε is the contrast threshold of the observer, and ke is 

the extinction coefficient at 550 nm. ε=0.02 is used for 

the standard visibility. The normalized asymmetry factor 

of the polydisperse aerosol system can be calculated as 
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where g(r) is the asymmetry factor for specific particle 

radius and Cext(r) is the extinction cross section for spe-

cific particle radius. The single scattering characteristics of 

the water-soluble and non-water-soluble aerosol systems 

are shown in Tab.3. The single scattering characteristics of 

the actual aerosol systems are derived, shown in Tab.4. 

The extinction coefficient, scattering coefficient, absorp-

tion coefficient, and the normalized asymmetry factor at 

250 nm are shown. The extinction coefficient at 550 nm 

and the standard visibility are also shown. The measured 

visibilities are also demonstrated in Tab.4. The visibilities 

were measured by the forward scatter meter DNQ1 made 

by China Huayun Group, maintained by the Beijing Me-

teorological Service. The single scattering characteristics 

shown in the tables are used in predicting the path loss of 

the NLOS UV communication channel. 

 

Tab.3 Single scattering characteristics for typical 
polydisperse aerosol systems (coefficients are in km-1, 
visibilities are in km) 

Aerosol type ke ks ka ke,550 V g  

Water soluble 0.233 3 0.229 7 0.003 5 0.035 1 111.8 0.70 

Non water 

soluble 
1.913 2 1.316 1 0.597 2 1.999 1 2.0 0.88 

 
Tab.4 Single scattering characteristics for actual 
polydisperse aerosol systems (coefficients are in km-1, 
visibilities are in km) 

Time ke ks ka ke,550 V Vm g  

Feb. 26 1.83 1.67 0.16 0.70 5.6 5.7 0.87 

Mar. 03 2.39 2.23 0.15 0.76 5.1 5.5 0.87 

Mar. 13 3.69 3.29 0.41 1.53 2.6 2.1 0.87 

Mar. 14 3.40 3.28 0.18 1.11 3.5 3.0 0.86 

 

The geometry of the considered NLOS UV communi-

cation channel is depicted in Fig.2. The transmitter lo-

cates at the origin of the coordinate system. As seen in 

Fig.2(a), the pointing direction of the transmitter is ex-

pressed by (θT, φT). βT is the beam width of the transmit-

ter. The directions of the emitted photons are determined 

by the pointing direction of the transmitter and the de-

flection angle given by the spatial distribution of the light 

source. The receiver has the distance of d from the 

transmitter. The pointing direction of the receiver is 

given by (θR, φR). βR represents the field of view (FOV) 

of the receiver. The overall detection probabilities are 

determined by the system geometry, the communication 

range, and the atmospheric parameters. In order to obtain 

the desired detection probabilities, the pointing directions 

of the transmitter and receivers are normally set to in the 

same plane. In particular, both pointing directions are in 

the YOZ plane, seen in Fig.2(b). In the numerical simula-

tions we use φT=90° and φR=270°. 
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Fig.2 Geometry of the NLOS UV communication 
channel: (a) Arbitrary transceiver arrangement; (b) 
φT=90° and φR=270°  

 

The Monte-Carlo method used for modeling the path 

loss of the NLOS UV communication channel is detailed 

in Ref.[10]. Here we briefly state the process, as shown 

in Fig.3. Each scattering event may change the trajectory 

of the photon. The trajectory of the photon is determined 

by the direction cosine and the travelling distance before 

the photon reaches the next scatter. Assuming the travel-

ling direction is given by the angle pair (θS, φS) in the 

spherical coordinates via the scattering angle, determined 

by the generalized Henyey-Greenstein (HG) function as 
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The normalized asymmetry factor, given by Eq.(5) is 

used for the polydisperse aerosol system. The azimuth 

angle of the scattered photon θS is assumed to be uni-

formly distributed within [0, 2π]. The HG scattering 

phase function is well known for describing the scatter-

ing effects of light in atmosphere aerosols. Meanwhile, 

there are miscellaneous molecules as well in the atmos-

phere. Correspondingly, the Rayleigh scattering phase 

function is known for describing the scattering effects of 

light in atmosphere molecules. However, in the paper we 

study the path loss of NLOS UV light communication in 

the low atmosphere. We consider the interaction of the 

light with aerosols for aerosols are dominant in the low 

atmosphere. Therefore, only HG scattering phase func-

tion is relevant in this regime. Additionally, the travel-

ling distance between the transmitter and the first scat-

tering center or between two consecutive scattering cen-

ters is determined by 

e

1
ln ,d

k
�� � �                             (7) 

where� is a uniform random variable between 0 and 1. 

Only photons those impinge on the receiver within the 

FOV of the receiver contribute the detection probability. 

To ensure the photon to impinge on the receiver, i.e., the 

photon trajectory intercepts the receiver, three conditions 

have to be satisfied, shown in the dotted box in Fig.3. 

The extension line of the photon path has to intersect the 

receiver. The photon should travel toward the receiver 

and also far enough to the receiver. It is noted that only 

the photon that is scattered but not absorbed by the aero-

sol may be captured by the receiver. Hence the probabili- 

ty of the photon being scattered is directly related with 

the ratio of the scattering coefficient to the extinction 

coefficient ks/ke. For non-absorb media ks/ke=1, while for 

aerosol with significant imaginary part of the complex 

refractive index, the absorption coefficient ka cannot be 

ignored, and ks/ke<1. Finally, after all photons of all 

scattering orders are traced, an estimate of the overall 

detection probability is given by the ratio of the sum of 

the photons’ detection probabilities to the total number 

of simulated photons. The path loss of the NLOS UV 

communication channel is hence calculated. 
 

 

Fig.3 Simulation path loss of the NLOS UV commu-
nication channel using Monte Carlo method  
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We have numerically simulated the path loss of NLOS 

UV communication channel at 250 nm. The simulation 

parameters are shown in Tab.5, following Refs.[5,7]. In 

the numerical simulations of the path losses of the wa-

ter-soluble, the non-water-soluble, and the actual 

polydisperse aerosol systems using the Monte-Carlo 

method[14-16], the maximum scattering order is set to be 5. 

For a computer with Intel Core 3.2 GHz central process-

ing unit (CPU), 12 GB memory, and 64 bit operation 

system, less than 1 h is needed for the photon number of 
1010 . The path losses were calculated for the communi-

cation range d=20—200 m with the step of 20 m. 

 

Tab.5 Simulation parameters    

Parameter Value 

λ 250 nm 

θT 30°, 60° 

θR 30°, 60° 

φT 90° 

φR 270° 

βT 10° 

βR 30° 

Receiver area 1.77 cm2 

 
Path losses of NLOS UV communication channel are 

demonstrated in Fig.4, considering the first order scat-

tering, the high order scattering (the 2nd, 3rd, 4th and 5th 

order scattering), and all order scattering. The extinction 

coefficient ke=3 km-1 and the asymmetry factor g=0.865 

are used. As expected, the path loss increases with re-

spect to the communication range. Hence, the NLOS UV 

communication channel may operate with good per-

formance only for limited communication range. It is 

noted that the difference of the path losses for the first 

order scattering and all order scattering can be as sig-

nificant as several dBs. Furthermore, the difference in-

creases via the communication range. Hence, the multi-

ple-scattering effects cannot be ignored when the per-

formance of the NLOS UV communication channel is to 

be studied.  

We study the effects of the atmosphere condition on 

the path loss. The path losses are calculated for different 

aerosol extinction coefficients and the asymmetry factors 

for d=50 m and d=200 m, shown in Fig.5 and Fig.6. The 

path loss for small communication range (d=50 m) is 

smaller than that for long communication (d=200 m), as 

expected for all communication channels. g=0.865 is 

used. It is seen in Fig.5 that the path loss is not sensitive 

to the extinction coefficient for relatively small extinc-

tion coefficient (ke<2.5 km-1, relatively good weather). 

This is true for both d=50 m and d=200 m. However, for 

larger aerosol extinction coefficient (ke>2.5 km-1, rela-

tively bad weather), the variation tendencies of the path 

loss are obviously different for d=50 m and d=200 m. 

For ke>2.5 km-1 and d=50 m, the path loss decreases by 
ke. For ke>2.5 km-1 and d=200 m, the path loss increases 

by ke. Hence, we may conclude that within a limited 

range, e.g., d=50 m, the performance of the NLOS UV 

communication may be better for bad weather than good 

weather. This can be the advantage of NLOS UV com-

munication. In comparison, this situation will not remain 

for long communication range, e.g., d=200 m. In fact, the 

path loss also depends on the ratio of the scattering coef-

ficient to the extinction coefficient ks/ke, which has been 

explained previously. The effects of the aerosol asym-

metry factor on the path loss are shown in Fig.6, where 
ke=1.5 km-1. The variation tendencies of the path losses 

are similar for d=50 m and d=200 m. The path loss in-

creases slowly by the asymmetry factor. Larger g means 

better ability of the scattering at the forward direction. 

Light is scattered less to the side. Hence, the receiver, 

which is installed at the same level to the transmitter, 

may capture less scattered light, resulting in larger path 

loss of the channel.  

 

 

Fig.4 Path losses for different orders of scattering  
 

 

Fig.5 Path losses for different aerosol extinction co-
efficients 
 

The path losses of water-soluble and the 

non-water-soluble polydisperse aerosol systems are 

demonstrated in Fig.7 and Fig.8. We vary the atmosphere 

visibility by changing the particle densities of wa-

ter-soluble and the non-water-soluble aerosols. We have 
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calculated the path losses for two different particle densi-

ties, by assuming C=1, 2 in Eq.(2). As shown in Tab.3, 

for C=1, the water-soluble aerosol system has the visibi- 

lity of 111.8 km. For C=2, the water-soluble aerosol sys-

tem has the visibility of 55.9 km. For C=1, the 

non-water-soluble aerosol system has the visibility of 

2 km. For C=2, the non-water-soluble aerosol system has 

the visibility of 1 km. 

 

 

Fig.6 Path losses for different asymmetry factors  
 

It is seen in Fig.7 and Fig.8 that within a short range the 

path loss is relatively low for low visibility weather, indi-

cating the good performance of the communications for 

bad weather, which is a good situation for free-space 

communications. However, this good situation will not 

remain. The turning point occurs around d=90 m for wa-

ter-soluble aerosol, shown in Fig.7, and around d=150 m 

for non-water-soluble aerosol, shown in Fig.8. Comparing 

Fig.7(a) and (b), we find the turning point is not sensitive to 

the elevation of the transmitter and the receiver. However, 

it is noted that the path losses for θT=θR=60° are smaller 

than those for θT=θR=30°. This is reasonable since for 

θT=θR=60° the system geometry is more similar to the case 

of the LOS communication. We confirm the statements 

when comparing Fig.8(a) and (b) for the non-water-soluble 

aerosol. However, as seen in Fig.8, we note that for 

non-water-soluble aerosol, the path losses do not have that 

big difference for the low-visibility and large-visibility 

weathers. Furthermore, the path losses are not that sensitive 

to the elevation of the transmitter and the receiver. This can 

be explained by the fact that the non-water-soluble aerosol 

causes much smaller visibility than the water-soluble aero-

sol. It is expected that the performance of the communica-

tion system cannot be improved any more for specific 

low-visibility weather, which gives the lower limit of the 

path loss of the communication channel.   

Additionally, comparing Fig.7 and Fig.8, for the same 

system geometry, the path losses are smaller for the wa-

ter-soluble aerosol than the non-water-soluble aerosol, 

while water-soluble aerosol gives high-visibility weather, 

which seems to violate previous conclusions. Remember 

that the water-soluble aerosol has the normalized asym-

metry factor of 0.70, which is much smaller than that of 

the non-water-soluble aerosol 0.88, shown in Tab.3. The 

small g of water-soluble aerosol indicates the wa-

ter-soluble aerosol scatters more light to the side than 

non-water-soluble aerosol. Scattering more light to the 

side with respect to the LOS direction means the receiver 

of the NLOS UV communication system captures more 

scatted light. Also note that the water-soluble aerosol has 
ks/ke=0.98, which is larger than ks/ke=0.69 of non-water- 

soluble aerosol. This leads to the higher probability of the 

photons being scattered by the water-soluble aerosol. The 

above two factors result in the low path losses of the 

communication for water-soluble aerosol.  

The above statements are further confirmed by the 

simulated path losses in the actual polydisperse aerosol 

systems, shown in Fig.9, where the measured visibilities 

of the four days are used.  Due to the similar values of g, 

the path loss has direct relation with the visibility. It is 

clearly seen in Fig.9 that within limited communication 

range, i.e., around d<150 m, the path loss increases with 

the visibility. The path losses of the communication 

channel for θT=θR=60° are smaller than those for 

θT=θR=30°. This situation is similar to the situation of the 

water-soluble and non-water-soluble polydisperse aero-

sol systems. We conclude that for actual polydisperse 

aerosol systems of low-visibility weather, within a short 

time interval, the similar atmosphere conditions lead to 

similar asymmetry factors. The path loss of the NLOS 

UV communication channel is hence exclusively deter-

mined by the atmosphere visibility. 
  

 
 

 

Fig.7 Path losses of water-soluble aerosol for (a) 
θT=θR=30° and (b) θT=θR=60°
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Fig.8 Path losses of non-water-soluble aerosol for (a) 
θT=θR=30° and (b) θT=θR=60° 
 

 
 

 

Fig.9 Path losses of the actual aerosol for (a) 
θT=θR=30° and (b) θT=θR=60°  

In this paper, we performed a full analysis of the path 

losses of the NLOS UV communication channels with 

respect to the system geometry, communication range, 

and the atmospheric parameters, considering polydis-

perse aerosol system as the transmission media. Two 

polydisperse aerosol systems were used, aerosols with 

lognormal particle size distributions and the actual aero-

sols. A relation between the path loss of NLOS UV 

communication channel and the atmosphere visibility 

was presented. Simulation results show that for a limited 

communication range the path loss increases with the 

visibility. For longer communication range, the path loss 

will increase first and then decrease with the visibility. In 

most cases the position of turning point is determined by 

aerosol component and the atmosphere visibility level. It 

is also found that decreasing elevation of the transceiver 

may reduce the path loss, which can be expected since 

that NLOS communication with low elevation is similar 

to LOS communication. For the actual atmosphere, the 

atmosphere conditions can be similar within a short time 

interval. The path loss is hence exclusively determined 

by the atmosphere visibility. 

Further research can be focused on the performance of 

the NLOS UV communication system under different 

atmosphere conditions. More spatial aerosol characteris-

tics can be obtained in AERONET, or from the weather 

satellite, providing useful information for predicting the 

performance of the NLOS UV communication system. 
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