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Abstract

:

Ultraviolet (UV) communication is considered an effective complement to traditional wireless communication. However, the scattering models of existing non-line-of-sight (NLOS) UV, which are complex, are difficult to combine with the test. In this paper, the single scattering isosceles model with a small elevation angle is proposed first. Then, the relationships between the path loss of single scattering isosceles and elevation angle, emission beam angle, receiving field angle, and transmission distance are studied. Finally, we consider outdoor NLOS UV solar-blind communications test at ranges of up to 100 m and 400 m, with different transmit and receive elevation angles. The results show that the isosceles model is in good agreement with the experiments. In addition, the UV isosceles model exhibits good properties compared with the existing scattering model. The proposed UV isosceles model can be employed as a reference for practical applications in outdoor tests.
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1. Introduction


Rapidly evolving semiconductor lasers and light-emitting diode devices, capable of operating more and more efficiently in solar-blind conditions, have brought casual ultraviolet “solar-blind zone” (200~280 nm) communication to the fore again. Ultraviolet (UV) communication in the “solar-blind zone” has characteristics that other signal light sources do not have, such as low background noise, strong scattering, powerful antijamming capability, and high confidentiality [1,2]. These advantages have made UV communication an attractive research area. Researchers have developed a number of propagation models which perfected the theoretical system of non-line-of-sight (NLOS) UV communication.



The single-scattering channel model based on the prolate ellipsoid coordinate system was presented [3,4]. Because of the multiple factors considered [4], many scholars refer to it as a “standard analysis” model. To deal with a more general case, the literature [5] proposed a noncoplanar geometric model in which the transmitter and receiver can point in any direction. For systematic simplicity, some researchers have developed a simple closed-form expression for single scattering path loss in noncoplanar geometries [6]. Further noncoplanar model studies were given [7,8,9]. Subsequently, the Monte Carlo (MC) multiple scattering model was constructed [10] and further developed in [11,12] to cope with the case of long-range UV communication. Based on the MC model, UV communication is intensively studied in system design and signal detection [13,14,15]. To reduce the path loss, a reflection-assisted model based on the MC method was proposed in [16]. The influences of various atmospheric particles were studied in [17]. Considering the coplanar case, the authors of [18] studied the effect of atmospheric parameters on the UV communication rate, while Xu et al. [19] equates the volume of the common scatterer to the volume of the truncated cone, which frees the calculation of the link loss from the cumbersome limitation of the integral. A model that facilitates numerical integration was proposed by [20], which outperforms the MC method in terms of the validity of results and computational time. A single-scattering model that used the cut and complement method to find the volume of the common scatterer was presented [21]. Some experiments based on the single-scattering model were given in [22,23,24]. The performance comparison of several single-scattering models is given in [25]. However, in the existing single-scattering models, there is less attention to the effect of different elevation angles on the model. Although the properties of elevation angles are analyzed in [24], not all elevation angles are applicable to this model. In addition, existing studies on the effect of changing elevation angles on the applicability of the model have rarely been reported.



In this paper, we improve the previous single-scattering model to investigate the model’s applicability at small elevation angles. The calculation of the common scattering volume is reconsidered, and its calculation process is simplified. In addition, we analyze the performance of the isosceles model and the classical model after changing the elevation angle, the field of view, and distance. Moreover, we simulate and analyze the applicability of the isosceles model with the change of elevation angle. Finally, an outdoor UV scattering communication experimental system is built based on a field-programmable gate array (FPGA) to simulate the isosceles model and test the path loss. The experimental results are in good agreement with the simulation results.



The remainder of this paper is organized as follows: In Section 2, the classical single-scattering model is introduced, and the isosceles single model is analyzed in detail. In Section 3, simulations analyze the applicability of the isosceles model. In Section 4, an outdoor test rig was built to verify the accuracy of the isosceles model. Finally, we draw conclusions in Section 5.




2. Non-Line-of-Sight UV Single-Scattering Model


A schematic diagram of the NLOS single scattering model is given in Figure 1 and shows    θ 1    the transmitter (Tx) apex angles between the transmitting axis and the horizontal axis,    θ 2    the receiver (Rx) apex angles between the receiving axis and the horizontal axis,    ϕ 2   , the Rx field of view (FOV), and    ϕ 1   , the transmit full beam angle. The Tx and Rx baseline separated by r, and the path    r 1    is defined as the distance from Tx to the scattering center. Similarly, the distance from the scattering center to the Rx is defined by    r 2     while     θ s    is the scattering angle between the light source glows forward direction and the receiver observation direction. The transmitter beam and the receiver FOV overlapping cones define a common scattering volume V.



2.1. Classical Single Scattering Model


We denote the classical single-scattering model in [19] by the “CSS” model. Following [19], the path loss for the approximation is modeled as:


  L ≈   96 r sin  θ 1    sin  2   θ 2   (  1 − cos    ϕ 1   2   )  exp  [     k e  r  (  sin  θ 1  + sin  θ 2   )    sin  (   θ s   )     ]     k s  P  ( μ )   A r   ϕ 1 2   ϕ 2  sin  θ s   (  12   sin  2   θ 2  +  ϕ 2 2    sin  2   θ 1   )     



(1)




where    k e  =  k s  +  k a   ,    k e    means the extinction coefficient of the atmosphere, and it is determined by the scattering coefficients    k s    and absorption coefficients    k a   . In addition,    θ s  =  θ 1  +  θ 2   .   P  ( μ )    is defined as the scattering probability density function, which is modeled as a weighted sum of the Rayleigh (molecular) and Mie (aerosol) scattering phase functions and is given by [26]:


  P  ( μ )  =    k s R     k s     p R   ( μ )  +    k s M     k s     p M   ( μ )  ,  



(2)




where   μ = cos  θ s    and    k s  =  k s R  +  k s M   , and    k s R    and    k s M    are defined as the Rayleigh and Mie scattering coefficients, respectively. The Rayleigh phase function and generalized Henyey–Greenstein function are used to approximate the Rayleigh and Mie scattering phase function [26,27], respectively:


   p R   ( μ )  =   3  [  1 + 3 γ +  (  1 − γ  )   μ 2   ]    16 π  (  1 + 2 γ  )    ,  



(3)






   p M   ( μ )  =   1 −  g 2    4 π    [   1     (  1 +  g 2  − 2 g μ  )    3 / 2     + f   0.5  (  3  μ 2  − 1  )       (  1 +  g 2   )    3 / 2      ]   



(4)




where  γ ,  g , and  f  are model parameters.




2.2. Isosceles Single-Scattering Model


The UV communication system is built on a small elevation angle; the NLOS link can be approximated by an isosceles model. In other words, when the elevation angles of the transmitter and receiver are not very large, with one elevation angle fixed and the other slowly changing, we can approximate such a system as an isosceles model with two elevation angles changing simultaneously. We denote the cut and complement model [21] by the “CAC” model, and according to the “CAC” model in [21], the path loss is given by


  L ≈   2 π  r 4    sin  2   θ 1    sin  2   θ 2   (  1 − cos    ϕ 1   2   )  exp  [     k e  r  (  sin  θ 1  + sin  θ 2   )    sin  θ s     ]     k s  P  ( u )   A r  V   sin  4   θ s     



(5)




where V is given by


  V =  π 3    tan  2   (     ϕ 1   2   )   {     [   r 1  +    r 2  tan  (   ϕ 2  / 2  )     (  tan  θ s  + tan  (   ϕ 2  / 2  )   )  cos  θ s     ]   3  −    [   r 1  −    r 1  sin  (   ϕ 2  / 2  )    sin  (   θ s  −  (   ϕ 2  / 2  )   )     ]   3   }   



(6)







The isosceles model is depicted in Figure 1. We performed the isosceles approximation based on the “CAC” model, so the elevation angles of the receiver and transmitter are equal (   θ 1  =  θ 2   ). Therefore,    r 2  =  r 1  =  (  r cos  θ 1   )  / 2    , or    r 2  =  r 1  =  (  r cos  θ 2   )  / 2  . We only need to choose one angle of the isosceles triangle because the link is symmetrical in the case of isosceles. By choosing    θ 1    to bring into the calculation, substituting    r 2    and    r 1    into Equation (6), and then substituting    r 2   ,    r 1   , and  V  into Equation (5), the path loss under the isosceles model is expressed as


  L ≈   2  r 4    sin  4   θ 1  π  (  1 − cos    ϕ 1   2   )  exp  (     k e  r  (  2 sin  θ 1   )    sin 2  θ 1     )     k s  P  ( u )   A r  V   sin  4  2  θ 1     



(7)




where   V   is


  V =   π  r 3    24     cos  3   θ 1    tan  2   (     ϕ 1   2   )   {     [  1 +   tan  (   ϕ 2  / 2  )     (  tan  (  2  θ 1   )  + tan  (   ϕ 2  / 2  )   )  cos  (  2  θ 1   )     ]   3  −    [  1 −   sin  (   ϕ 2  / 2  )    sin  (  2  θ 1  −  (   ϕ 2  / 2  )   )     ]   3   }   



(8)









3. Simulation Analysis


In this section, we focus on the accuracy and applicability of the isosceles single-scattering model.



According to the path loss formula of the isosceles single model, the path loss mainly depends on the baseline distance and elevation angle from the common scattering area to the transceiver. To compare the isosceles single-scattering model, we also simulated the “CSS” model and the “CAC” model. The influence of complex air environments such as atmospheric turbulence and multiple scattering are not considered. We assume that the maximum baseline distance between Tx and Rx is 1 km, and the UV wavelength λ is set to 260 nm. At the same time, the Rx effective detection area    A r    is set to   1.77      cm   2   ,    (   k a  ,  k s R  ,  k s R   )  =  (  0.9 ,   0.24 ,   0.25  )       km    − 1    . Other simulation parameters are   γ = 0.017   [27],   g = 0.72 ,   and   f = 0.5   [26].



As shown in Figure 2a,b, when the elevation angle is small, regardless of whether the two elevation angles are equal or not, changing the baseline distance, the isosceles model is in good agreement with the “CSS” and “CAC” models. This indicates that the path loss is insensitive to elevation angle changes when the elevation angles of the transmitter and receiver are small. Figure 2b,c, show that the gap among the “CSS”, the “CAC”, and the isosceles model gradually increases as the transmitter elevation angle increases. When the Tx elevation angle is 60°, as shown in Figure 2d, the error between the isosceles model and the “CAC” model reaches 12 dB; it shows that when the elevation angle of the transceiver becomes larger, the isosceles model will exceed the applicable range. The isosceles model exhibits the same accuracy as the “CSS” and “CAC” models as shown in Figure 2e,f, where, when    ϕ 1    is changed, it has little effect on the isosceles model, but when    ϕ 2    is changed, the path loss of the isosceles model has a significant change. It shows that the path loss is less dependent on    ϕ 1    but shows a strong sensitivity to    ϕ 2   . The reason for this phenomenon is that the photons emitted by the transmitter move randomly, and the size of    ϕ 2    determines the number of randomly moving photons received at the receiver, which will affect the path loss.



The effect of the transceiver elevation angle on the isosceles model is further quantitatively analyzed. As shown in Figure 3, when the elevation angle is less than 24°, the path loss of the isosceles model and the “CAC” model are very similar. However, as the elevation angle continues to increase, the difference in path loss between the isosceles model and the “CAC” model gradually becomes more significant because the model is developed based on the small angle, and the applicability of the isosceles model becomes worse when the elevation angle gradually becomes larger.




4. Experiment Analysis


4.1. Experimental Conditions


We constructed an outdoor test system for NLOS UV communication to verify and clarify the isosceles model. As shown in Figure 4, the transmitter and receiver were placed on both sides of the straight road, and the transmission distance was selected as 100 m and 400 m, respectively. The outdoor test date and time were 15 March 2022, 2:00–5:00 p.m. in Beijing, with clear weather and assuming stable air. The multiple scattering and atmospheric turbulence were not concerns. The transmitter and receiver test bench are shown in Figure 5. On the transmitter side, we used 9 UV light-emitting diode (LED) array components as the light source. The beam angle was 20°, the center wavelength was 265 nm, and the module output power was 410 mW. To improve the utilization rate of signal light, we added a total internal reflection lens in front of the LED. On the receiver side, the H10720-09 module of Hamamatsu Company was used as the photomultiplier tube (PMT). The spectral response range was 160 nm to 320 nm, and the receiving aperture area was 2 cm2. In addition, the quantum efficiency was 20%. To reflect the path loss of the UV system and minimize the noise floor, we added a solar-blind 16% transmittance filter in front of the PMT with a peak transmission band between 258–275 nm, and the FOV was 20°. The weak current signal detected by the PMT was increased through the cross-group amplifier and then sampled by the analog-to-digital conversion (ADC). The XC7K325T core board of Xilinx was used as the processor for photon binarization and counting statistics.



The received energy of photon per unit time is defined as the receiver power, which is expressed as


   P r  =  W t  ,  



(9)




where  t  is the time for photon counting, and   W = N × E  , where  N  represents the number of photons, and  E  is the energy of a single photon, where   E = h × f  . Finally, the total power at the receiving end can be expressed as


   P r  =   N × h × c   t × λ   .  



(10)







We have already known the transmit power    P t   , so the path loss of the NLOS UV link can be expressed as   P L = − 10 log  P r  /  P t   . The relevant parameters for outdoor testing are given in Table 1.




4.2. Experimental Results


The time was set to 500 ms to count received photons. Because the received power was calculated by counting the number of received photons, it was necessary to test the light background noise in the environment. The number of background light noises in the environment of 500 ms was about 300. We also set two scenarios with baseline distances of 100 m and 400 m, respectively. To prevent line-of-sight communication, we set the receiver angle to 8°. The isosceles model was approximated by increasing the same elevation angle of the transmitter and receiver at the same time; the “CAC” model was approximated by fixing the receiver elevation angle but increasing the transmitter elevation angle.



When r is set to 100 m or 400 m, the experimental and simulation results are shown in Figure 6, and the results show the same trend as the simulation result. When r = 100 m and the launching elevation      θ 1    is lower than 20°, which is shown in Figure 6a, the deviation between the isosceles model and the “CAC” model is less than 3 dB, which shows that the isosceles model can well approximate the “CAC” model when r = 400 m; the same conclusion is also obtained in Figure 6b. The above analysis shows that the application of the isosceles model is not sensitive to baseline distance. As for the deviations between the simulation results and the experimental results, the main reasons are, first, multiple scattering may occur when the density of particles in the air is relatively high; meanwhile, UV photons interact with abundant atmospheric molecules and aerosol particles. Both of these can lead to increasing path loss. Second, because it is difficult to strictly match LED and filter wavelengths, some photons are lost at the receiver, which makes reception less efficient. Finally, the transmitter integrates with nine LEDs, which makes the local temperature rise too fast and results in lower LED efficiency. These two factors lower the reception efficiency and thus increase the path loss.





5. Conclusions


In this paper, a practical approximate isosceles model in the case of small-angle coplanar single scattering is proposed, which is based on single scattering, but the complicated path solution process from the transceiver to the scattering region is avoided. In addition, the effects of different communication parameters on applicability are simulated, and the results demonstrate that the smaller the transceiver elevation angles are, the better the isosceles model performance is. Outdoor testing verified the applicability and accuracy of the isosceles model. The results show that when the receiving and transmitting angle is less than 20°, the model can well approximate the existing single scattering model. The effect of the baseline distance on the applicability of the isosceles model is not dominant.



For future work, in order to increase the communication distance, we will consider the theory related to the UV grouping network, which provides the basis for establishing a UV grouping network communication test platform.
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Figure 1. NLOS single scattering communication geometry. 
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Figure 2. The relationship between path loss and elevation angle, FOV angle, beam angle, and distance:    ( a )       (   θ 1  ,    θ 2  ,    ϕ 1  ,    ϕ 2  =   10  °  ,     10  °  ,     20  °  ,     20  °   )   ,    ( b )       (   θ 1  ,    θ 2  ,    ϕ 1    ,  ϕ 2  =   15  °  ,     10  °  ,     20  °  ,     20  °   )   ,    ( c )       (   θ 1  ,    θ 2  ,    ϕ 1  ,    ϕ 2  =   40  °  ,     10  °  ,     20  °  ,     20  °   )   ,    ( d )       (   θ 1  ,    θ 2  ,    ϕ 1  ,    ϕ 2  =   60  °  ,     10  °  ,     20  °  ,     20  °   )   ,    ( e )       (   θ 1  ,    θ 2  ,    ϕ 1  ,    ϕ 2  =   15  °  ,     10  °  ,     60  °  ,     20  °   )   ,    ( f )       (   θ 1  ,    θ 2  ,    ϕ 1  ,    ϕ 2  =   15  °  ,     10  °  ,     60  °  ,     30  °   )   . 
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Figure 3. Relationship between path loss and transmit elevation angle. 
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Figure 4. The location of the receiver and transmitter. 
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Figure 5. Outdoor NLOS UV communication test platform. 
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Figure 6. Simulation and experiment of the relationship between different launch angles and path loss at r = 100 m and r = 400 m: (a)    (   θ 2  ,    ϕ 1  ,    ϕ 2  ,   r =  8 °  ,     20  °  ,     20  °  ,   100    m   )   , (b)    (     θ 2  ,    ϕ 1  ,    ϕ 2  ,   r =  8 °  ,     20  °  ,     20  °  ,   400    m   )   . 
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Table 1. Selection of key parameters of the UV system.






Table 1. Selection of key parameters of the UV system.





	Symbol
	Physical Explanation
	Value





	  h  
	Planck’s constant
	  6.62 ×   10   − 34     J ·s



	  c  
	speed of light
	  3.0 ×   10  8    m/s



	  λ  
	wavelength
	265 nm



	    P t    
	transmitted power
	400 mW



	    A r    
	receiving area
	2 cm2



	    ϕ 1    
	Tx full beam angle
	     15  °    



	    ϕ 2    
	Rx field of view
	     20  °    



	    α T    
	Off-axis angle of the transmitter
	    0 °    



	    α R    
	The off-axis angle of the receiver
	    0 °    



	r
	Communication distance
	100 m and 400 m
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