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Abstract

:

When a platform carrying a space laser communication system moves through the atmosphere, the relative motion of the turret and the air produces fluctuations in the air density, which affects the beam propagation, and, hence, the laser communication performance. In this paper, we propose a performance analysis method for the space laser communication link to the airborne platform. By employing this method, which is based on a flow field simulation, we are able to determine the laser link’s communication performance curves for various flying situations. At an altitude of 5 km and a signal-to-noise ratio (SNR) of 10 dB for the laser communication link, the bit error rate (BER) under a flight speed of 0.4 Mach is   5.1 ×   10   − 4    . With each 0.1 Mach increase in speed, the BER decreases by approximately   6 ×   10   − 5    . If the flight speed is 0.8 Mach and the flight altitude increases from 5 km to 10 km, the BER decreases from   7  . 26  ×   10   − 4     to   1  . 89  ×   10   − 4    , but the system becomes more sensitive to changes in flight speed. Under the same flight altitude conditions, the beam spot on the downwind side is more affected by airflow, resulting in a general increase in the BER by approximately one order of magnitude, compared to the upwind side.
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1. Introduction


With the emergence and limited applications of the new concept of integrated air-space–ground communication, free-space laser communication, characterized by high speed, high directionality, and high security, has garnered increasing attention [1]. In particular, airborne platforms play an essential role in space laser networking. However, the complex environment within the atmosphere and the relative motion between different platforms poses significant challenges to the applications of wireless laser communication links. The propagation of laser signals in free space is subject to various interferences, such as atmospheric turbulence effects [2], atmospheric scattering effects [3], and aero-optical effects [4,5,6]. Also, the relative motion and mechanical vibrations can also lead to errors in laser beam pointing [7,8]. Therefore, the motion characteristics of these airborne platforms within the atmosphere will inevitably affect the transmission of laser signals.



Many previous contributions have analyzed the influence of atmospheric turbulence on the laser communication performance. The received light intensity has been simulated and the link performance has been evaluated by selecting a turbulence model to represent the effects of atmospheric turbulence [9,10]. However, most of the aforementioned studies are based on the assumption that there are fixed transceivers at both ends.



Since the moving platforms play an important role in space laser networks, it is necessary to analyze the unique effect of its motion characteristics on optical transmissions. When an aircraft platform traverses through the atmosphere, the air density near the platform will fluctuate, due to the rapidly relative motion against the surrounding air. As a result, the refractive index distribution will be affected. This phenomenon significantly affects the propagation of the light beam, commonly referred to as the aero-optical effect.



The aero-optics effects in airborne laser systems have been well studied [11,12]. Aerodynamic simulation of the forward turntable of the aircraft has been carried out and the flow field data around the turntable and the imaging performance of the light beam at various angles have been obtained [11]. The aero-optics effect of the airborne optical turntable has been comprehensively described, and the advantages and disadvantages of different turbulence-solving methods have also been discussed [4]. An aero-optical simulation of a hemispherical cylindrical turret has been performed, using a Shack–Hartmann sensor to measure and evaluate the variation in the optical path difference caused by the aero-optical effect at different angles [5]. The aero-optics effects suffered by the laser communication equipment on surface-to-air missiles have been studied, and the beam path difference under different motion states has been evaluated by means of flow field modeling [6]. Moreover, numerous wind tunnel experiments and numerical studies on the aerodynamic optical effects of laser turrets have been carried out with different shapes [12,13]. A series of projects have been conducted to study the fluid dynamics issues of different rotating turret [14,15].



Among these studies, it was found that the flow field structures are tightly related to the shape of the optical system. So far, numerous optical windows have been used in aerodynamic flow fields, including flat optical windows mounted on the side sides of fuselages [16] and optical hoods that open on the side of cones [6]. These structures are not susceptible to wind resistance, making the installation of refrigeration equipment simple. However, their field of view is strictly limited. To obtain a full field-of-regard, hemisphere-on-cylinder turrets are used to offer a simple, mechanically efficient choice [14].



Although the aero-optics effects in airborne laser systems attracted much concern, the study on laser communication performance with airborne platforms is hardly found. A laser communication model is established by oversimplifying the aero-optics impact, due to the considerable uncertainty of the flow field. The air around an airborne platform is considered to be a thin turbulent boundary layer, and the aero-optics effect is limited to the power loss caused by spot diffusion [17]. Moreover, the communication performance of aviation links has been simulated, including the influence of different channel models [18]. This approximation method creatively substitutes the effects of aero-optics into the communication model. However, only the light spot diffusion caused by the turbulent boundary layer is considered in this method, and the phase interference caused by other flows in the flow field is entirely ignored. Therefore, the impact of flight altitude and flight speed cannot be involved, and the direction of the aero-optics effect cannot be exactly reflected. Accordingly, it is imperative to simulate the flow field structure around specific moving platforms and analyze the propagation process of the beam.



In this paper, we present a method for analyzing the performance of airborne platform space laser communication links based on a numerical simulation of flow fields. In Section 2, the communication system model and the wavefront distortion evaluation technique are provided. In Section 3, we obtained the flow field data around the hemisphere-on-cylinder turret installed under the belly of the aircraft by means of numerical simulation, which changed with the flight altitude and speed. Flow field data are extracted to obtain the wavefronts of laser beams emitted at different angles and their corresponding optical field distributions. In Section 4, the Monte Carlo phase screen method is used to analyze the effects of short-range aero-optics and long-range atmospheric turbulence. The energy distribution of the light spot is analyzed by considering the diffusion and phase difference of the beam, and the influence of different moving speed and moving height on the laser communication performance is analyzed. The fifth part is the conclusion. In Section 5, a conclusion is given.




2. Atmospheric Laser Communication Link Model


Due to the rapid motion of airborne platforms, the compression of the air near the optical turret results in a non-uniform density distribution, causing the significant distortion of the light beam as it passes through the flow field. The assessment of this distortion typically employs optical path difference as a criterion [19]. In the context of short distances, the Navier–Stokes equations indicate that the motion of an airborne optical turret in the atmosphere induces changes in the air density [20]. The velocity influences the gradient distribution of the air density, while the flight altitude dictates the environmental temperature, static pressure, and static air density. Upon selecting the flight altitude and velocity, steady-state solutions can be computed for the flow field to determine the gradient distribution of the air density.



The aircraft is assumed to be in constant motion with velocity  v  at altitude  h . We build a fluid computing space around the gondolas, with   ( x , y , z )   representing the spatial position. The relationship between air density and refractive index can be established through the Gladstone-Dale relationship [19,21], as follows:


  n  (  h , v , x , y , z  )  = 1 +  K  GD   ρ  (  h , v , x , y , z  )  ,  



(1)




where   ρ ( h , v , x , y , z )   represents the air density function at the position   ( x , y , z )   within the computational domain under the current altitude  h  and flight velocity  v  conditions;   n ( h , v , x , y , z )   denotes the refractive index at that point; and    K  GD     represents the wavelength-dependent Gladstone–Dale constant, expressed as follows:


   K  GD   ( λ ) = 2.23 × 1  0  − 4   ( 1 + 7.52 ×     10   − 3      λ 2    ) .  



(2)







In geometrical optics theory, the optical path length (OPL),    L  OPL    , is defined as the integral of the refractive index along the propagation path of a light ray. Given the relatively uniform density distribution in the upstream direction within the flow field, optical path lengths are computed separately for different emission directions,  θ , to distinguish the beam distortion caused by different regions of the flow field. Equation (1) provides the variation in the optical path length for the emitted beam at a propagation distance  L , as follows:


  O P L ( h , v , x , y ) =    ∫ 0 L   n ( h , v , x , y , z ) d z    ,  



(3)




The optical path difference (OPD) is defined as the difference in the optical path length experienced by different rays as they propagate through an inhomogeneous and dynamic flow field, as follows:


  O P D ( h , v , x , y ) = O P L ( h , v , x , y ) −  〈  O P L ( h , v , x , y )  〉  ,  



(4)




In Equation (4),    〈  O P L ( h , v , x , y )  〉    represents the spatial average of   O P L ( h , v , x , y )   within a specific range. The phase difference can be characterized using the optical path difference, expressed as follows:


  φ ( h , v , x , y ) =  ∑    2 π  λ    ( O P D ( h , v , x , y ) ) ,  



(5)




Thus, the light field distribution after the optical beam with an amplitude of   A ( x , y )   is affected by aerodynamic optical effects, which can be represented as follows:


  U ( h , v , x , y ) = A ( x , y ) exp [ − i φ ( h , v , x , y ) ] ,  



(6)




Assuming the receiving aperture area is    D R   , the basic model of the communication system under an intensity modulation–direct detection (IM-DD) scheme can be represented as follows:


   i  RX   = f ( h ) R  P  RX   + N = f ( h ) R U   ( h , v , x , y )  2   D R  + N ,  



(7)




Equation (7) provides the following parameters:    i  RX     represents the received photocurrent,  R  denotes the detector sensitivity,    P  RX     signifies the received optical power, and  N  describes the zero-mean additive Gaussian white noise with variance    σ N 2   . The signal-to-noise ratio (SNR) of the received signal under the influence of aero-optics can be determined as follows [22]:


   R  S N R − aero   =      (  R  P  Rx    )   2    2  σ n 2    =     [ R × U ( h , v , x , y ) ]  2     D R   2    2  σ n 2    .  



(8)







Expanding on this, taking into account the impact of atmospheric turbulence,    γ  atm     denotes the channel parameter affected by atmospheric turbulence, representing its attenuating effect on the optical signal. The gamma-gamma model is used to characterize the distribution of the optical signals [23], as follows:


  f (  γ  atm   ) =   2   ( α β )     ( α + β )  2      Γ ( α ) Γ ( β )      γ  atm     [   α + β  2  ] − 1    K  α − β   ( 2   α β  γ  a t m     ) ,  



(9)




In Equation (9),   K n ( · )   denotes the second-type modified Bessel function,   Γ ( · )   represents the gamma function, and  α  and  β , respectively, stand for the large-scale and small-scale eddy parameters. Consequently, the bit error rate (BER) at the receiver can be formulated as follows [24]:


   R  B E R   =  1 2     ∫ 0 ∞   f (  γ  atm   ) e r f c (    R  S N R − aero   ×  γ  a t m    2  ) d (  γ  a t m   )    ,  



(10)







Substituting Equations (8) and (9) into Equation (10), the expression for the BER is obtained, as follows:


   R  B E R   =  1 2     ∫ 0 ∞     2   ( α β )     ( α + β )  2      Γ ( α ) Γ ( β )      γ  atm     [   α + β  2  ] − 1    K  α − β   ( 2   α β  γ  atm     ) e r f c (     [ R × U ( h , v , x , y ) ]  2     D R   2    4  σ n 2     γ  a t m   )    d (  γ  a t m   ) .  



(11)







As discussed above, the motion characteristics of the aircraft and the flight environment have implications for the distribution of the optical field,   U  (  h , v , x , y  )   , and the atmospheric turbulence effect influences the channel parameters. Equation (11) provides a means to analyze the performance of the airborne laser communication system across different altitudes and velocities.




3. Simulations and Data Analysis


Fluent 2021R1, known as a prominent computational fluid dynamics (CFD) software, excels in geometric construction, numerical computation, and data post-processing with its high-precision capabilities. Using FLUENT, we calculated the air density distribution around the fairing at varying velocities and altitudes.



The geometric shape of the laser communication equipment studied in this paper is shown in Figure 1. There are slight differences in the shapes of the different optical turrets. To maintain generality, the computational model is chosen as the fairing outside the electro-optical gondola. The fairing consists of a cylindrical base and a hemispherical surface, in which the height of the cylindrical base is denoted as    L  TU   = 114    mm   , and both the radius of the cylindrical base and the hemispherical working surface are    R  TU   = 152    mm   , while the aperture of the optical window is    D R  = π ×    (  0.9 ×  R  TU    )   2  = 0.0059      m   2   .



The geometric structure and grid division of the flow field were established using Ansys-ICEM (Integrated computer engineering & manufacturing) 2021R1 software. The computational domain is rectangular, with a length of 4180 mm, and both the width and height are 912 mm. The flow field is divided using a hexahedral grid, resulting in a total of 361,0720 hexahedral elements within the computational domain.The velocity is set to 0.4 MA–0.9 Ma, and the altitude to 0 km–10 km above sea level. The FLUENT solver type is a three-dimensional transient velocity–pressure solver with single precision. It is tailored for subsonic motion, ensuring precise computations for compressible fluids and swift convergence. Boundary conditions for the flow field include ambient temperature and static pressure, which are determined by the flight altitude. Specific parameters are provided in Table 1. The boundary condition for the flow field is set as a pressure far field to simulate free boundary conditions under infinite inflow conditions. The wall is configured as non-adiabatic, with a thermal flux density of zero.



Aerodynamic–optical numerical simulation methods mainly consist of Reynolds-averaged Navier–Stokes (RANS) equations and large eddy simulations (LESs). This study adopts the large eddy simulation approach, with a time step of 0.001 s and a maximum of 20 iterations per time step.



Simulation of Flow Fields and Beam Propagation


Under the flow field simulation conditions described in the previous section, the distribution of the air density near the optical turret is shown in Figure 2.



The density data obtained from the aforementioned flow field simulation are extracted, and the corresponding refractive index distribution is derived using Equation (1), with the wavelength of the optical beam being  λ  = 1550 nm. For the emission directions proposed in Equation (3), this study selected four typical emission angles, namely angles 1 to 4, as illustrated in Figure 3. Subsequently, the light field distribution is derived from Equations (4)–(6). Based on the phase distortion caused by flow field interference, corresponding phase screens are generated to filter the Gaussian beam, yielding the SNR expressed in Equation (8).



Utilizing the Monte Carlo phase screen method, a sequence of subsequent phase screens is generated based on Equation (9) to simulate the impact of atmospheric turbulence on beam propagation over long distances. Figure 4 displays the normalized intensity distribution of the light spot emitted in direction (2) under the combined influence of aero-optics and atmospheric turbulence at an altitude of 5 km and a velocity of 0.4 Ma.





4. Simulation of Communication Performance


Following this, the Monte Carlo method is employed to generate the phase screens simulating the atmospheric turbulence-induced phase distortions, thereby facilitating the simulation of the error rate relationship expressed in Equation (11) and yielding insights into the evolving error rate trends of the airborne laser link. The atmospheric structure constant    C n 2    is   5 ×   10   − 15     m−2/3, and the transmission rate of the OOK signal is 5 Gb/s. At an altitude of  h  = 5 km and a speed of  v  = 0.4 Ma, Figure 5 depicts how the relationship between    R  B E R     and    R  S N R − aero     varies as light propagates at different angles. From this graph, it is evident that, as    R  S N R − aero     increases,    R  B E R     decreases accordingly. Under static conditions, the propagation of the beam is hardly affected by the directional airflow. Hence, it can be observed that aero-optical effects independently interfere with optical signals.



For instance, when the    R  S N R − aero     is   7.81 ×   10   − 6    , the average    R  B E R     is approximately   2.24 ×   10   − 5     without aerodynamic optical disturbances. However, under the four typical angles specified in this study, the emitted beam along direction angle 1 experiences minimal density fluctuations in the flow field, resulting in slight variations in the refractive index and an    R  B E R     of approximately   2.24 ×   10   − 5    . Similar simulation results apply to direction 4, with an    R  B E R     of approximately   6  . 04  ×   10   − 5    . Conversely, the    R  B E R     exceeds   1 ×   10   − 4     for other directions under the same conditions.



Direction 2 is mainly considered for the following simulation since motion conditions have a significant impact on the changing of the light spot in that direction. Figure 6 illustrates the variation in the BER under various aircraft speeds, assuming a flying altitude of h = 5 km. The turret’s more intense compression effect on the air causes the corresponding average BER to increase dramatically at high speeds compared to low speeds. This makes the impact of moving conditions evident when compared to static situations.



Taking the flight speed as a single variable and fixing the SNR, the communication performance under the condition of the selected SNR is studied, in order to more intuitively portray the influence of motion speed on laser communication connection. The outcomes are displayed in Figure 7. The BER steadily rises as flight speed is increased. For every 0.1 Ma increase in flying speed, the SNR increases by around   0.87 ×   10   − 4     when the SNR is 10 dB. When the SNR is high, the BER increases as the speed increases. For example, when the speed increases from 0.4 Ma to 0.5 Ma, the BER increases by approximately   1.4 ×   10   − 5    ; however, the BER increases by just   1.02 ×   10   − 5     when the speed increases from 0.8 Ma to 0.9 Ma. The simulation results indicate that, as the flight speed increases, the BER gradually rises. Moreover, under high SNR conditions, the influence of the flight speed on the communication performance becomes more pronounced.



The simulation results are shown in Figure 8, which shows how the BER varies with the SNR at various altitudes. The BER of laser communication systems operating at high altitudes is often lower than that at low altitudes because the static air density decreases with height. Compared to lower altitudes, the rarefied air at higher altitudes is more prone to compression, which causes more noticeable variations in air density with increasing flight speed. The BER threshold is considered to be   1 ×   10   − 6    . At the altitude h = 10 km, the required SNR increases by approximately 3.5 dB as the moving speed increases from 0.4 Ma to 0.8 Ma. However, the required SNR increase is only approximately 2 dB at the altitude h = 5 km. Thus, it can be concluded that, during high-altitude flights, the effect of the aircraft speed on the airborne communication performance is more noticeable.



The communication performances are compared for several different communication light wavelengths under identical motion conditions, as shown in Figure 9. Formula (2) shows that KGD increases as the communication beam’s wavelength decreases. A higher KGD will also intensify the optical path change brought on by density fluctuations, increasing the degree of wavefront distortion and ultimately resulting in a further reduction in the beam’s communication quality under the same motion conditions.




5. Conclusions


A communication performance analysis method has been proposed, based on a numerical simulation of flow fields for widely used airborne laser communication systems. Using this method, the communication performance variation in laser links with different emission angles was analyzed under different motion speeds and flight altitudes. Under subsonic conditions, the system’s communication performance steadily declines as flight speed increases. For every 0.1 Ma increase in flight speed, the increase in BER is around   0.87 ×   10   − 4     when the SNR is 10 dB. The system’s communication performance improves with an increasing flight altitude, but it also becomes more susceptible to variations in flight speed. For every 5 km increase in altitude, the BER drops to half of the initial rate when the SNR reaches 10 dB. The wavefront distortion of laser beams emitted in different directions varies. In contrast to existing models of airborne laser communication systems, our proposed model is based on a specialized flow field simulation and incorporates a full aerodynamic flow field structure, including boundary layer effects and other complex flows. To improve accuracy, the model can modify the simulation parameters based on various motion states. The proposed model serves as a theoretical foundation for the testing and implementation of laser communication links on aerial platforms.
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Figure 1. Airborne turntable model. The turntable geometric model (a) and the turntable grid structure (b). 
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Figure 2. Simulation results of the air density under different motion conditions. (a) h = 0 km, v = 0.4 Ma; (b) h = 5 km, v = 0.4 Ma; (c) h = 10 km, v = 0.4 Ma; (d) h = 0km, v = 0.8 Ma; (e) h = 5 km, v = 0.8 Ma; (f) h = 10 km, v = 0.8 Ma. 
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Figure 3. Schematic diagram of the laser direction angle. 
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Figure 4. Comparison of the spot distortion under different motion conditions. (a) v = 0 Ma; (b) v = 0.4 Ma; (c) v = 0.6 Ma; (d) v = 0.8 Ma. 
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Figure 5. BER curves of different emitted angles under the flight conditions of h = 5 km and v = 0.4 Ma. 
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Figure 6. BER curve for the communication performance under several typical moving speed conditions. 
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Figure 7. Trend of the communication performance with the motion speed. 
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Figure 8. Variation curve of the average BER as the SNR varies under different flight altitudes. 
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Figure 9. Comparison of the communication performance of different wavelength communication beams under the same moving conditions. 
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Table 1. Relationship between the temperature and the gauge pressure at different altitudes.
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	Altitude/km
	Temperature/K
	Static Pressure/Pa





	0
	288.15
	101,325



	5
	255.67
	54,048



	10
	223.25
	26,499
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