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Future exploration of our planetary system relies on the Moon as a base and stepping stone to other planets. A high-rate data connection to this celestial body is, therefore, imperative. Free-space optical (FSO) communications will enable continuous broadband connectivity to Earth. Currently pursued concepts incorporate data relay satellites orbiting the Moon, where each individual satellite terminal has to overcome the lunar distance facing restraints on telescope apertures and on beam pointing and tracking accuracies. We propose a concept of one dedicated link originating from a robotic telescope station installed on the lunar surface. We study the conceptual architecture of such an FSO ground node at the lunar surface with a spotlight on the link design at the physical layer. In particular, we increase the FSO channel capacity through multiple transmission- and receiving-apertures. Our findings encourage the application of the Line-of-Sight (LOS) multiple-input multiple-output (MIMO) technology to FSO communications at large link distances typically coming along with space missions, as thereby the maximum MIMO capacity can be achieved. Directing our study on the link geometry such connections seem technically feasible at relatively low system complexity with the receivers located at a single site and the transmitters only few meters apart.
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1 INTRODUCTION
With the beginning of the current decade astronautical and robotic spaceflight is increasingly heading for the Moon and Mars. Setting foot on Mars is the new long-term goal of international spaceflight. In this context, the Moon is seen by most space-faring nations as an important intermediate step for an astronautical mission to Mars. NASA’s primary goal is to land American astronauts on the lunar surface by the mid-2020s (Evans et al., 2020). The planned Gateway, a temporary manned station in lunar orbit, is an important milestone toward that goal (Fong, 2018), as well as its Commercial Lunar Payload Services Program (CLPS), where NASA will solicit rides for its payloads using task orders (Bussey et al., 2019). Within ESA, activities in this regard are underway under the keyword Moon Village aiming at a base on the lunar surface (Woerner and Foing, 2016). JAXA’s plans go along similar lines (Matsumoto et al., 2006). Both China and India have initiated lunar exploration programs and part successfully launched robotic missions to the Moon’s surface (Li et al., 2019; Goswami, 2020).
Taking this increased interest in missions to the Moon for granted, we argue that, to be successful in the long term, lunar exploration requires a high-capacity communication link to Earth. Sensor technology of scientific experiments in particular has improved significantly in recent decades and transmission of raw data requires ever more bandwidth. The main challenges in this respect are the long link range of close to 400,000 km and the tight constraints usually put on the size, weight and power (SWaP) of the spacecraft. Microwave radio relay at X-band carrier frequencies is the classic way to transmit signals from the Moon to Earth-based receiving stations bringing the advantage of reliable, weather-independent transmissions, but also the disadvantage of high fee-space loss necessitating large dishes at the ground antennas to reach a decent link-budget. Moreover, X-band transmissions are severely limited in capacity. Hence, upcoming missions turn to Ku- and Ka-band offering larger bandwidths at the downside of greater susceptibility to atmospheric disturbances (Wells, 2009).
Free-space optical (FSO) communications at carrier frequencies of several hundred terahertz is also affected by the atmosphere, but comes with the advantage of significantly higher bandwidths and drastically lower free-space loss (FSL) than radio frequency (RF) communications (Agrawal, 2002; Hemmati, 2006; Henniger and Wilfert, 2010; Giggenbach et al., 2018). Hence, laser-based communication terminals (LCTs) are compact, lightweight and low-power alternatives to classic RF equipment and have demonstrated their performance at the lunar distance (Boroson et al., 2014). Within the Artemis program NASA is going to advance this technology for applications in human spaceflight (Seas et al., 2018) (2018), such that requirements on data transmissions for a link from the Moon to the Earth are currently controverted within the community (Araki, 2021).
In terrestrial radio transmission multiple antenna systems are a common method to achieve higher received field strengths and higher data rates by spatial diversity (Mietzner et al., 2009). While most implementations are based on multipath propagation of the signals (Jensen and Wallace, 2004), spatial multiplexing by well-designed Line-of-Sight (LOS) multiple-input multiple-output (MIMO) channels has been shown to provide the maximum possible capacities (Sarris and Nix, 2006). The latter has been successfully applied to space-communications gaining performance in terms of signal throughput in both the feeder link and the multiuser downlink of multibeam satellites, as well as satellite broadcast systems (Schwarz et al., 2008, 2019). However, such transmissions are prone to particular design constraints like exact antenna spacings and precoding of the transmit signals.
The MIMO technology has already been applied to FSO communications, where possible FSO system architectures can be grouped in coherent or non-coherent transmitter (Tx)-receiver (Rx) designs (Caplan, 2008). Research findings on non-coherent system designs applying intensity modulation (IM) with direct detection (DD) and related modulation techniques such as on-off keying (OOK), pulse position modulation (PPM) or Sub-carrier Intensity Modulation (SIM) concern performance analyses of either different fading conditions (Bayaki et al., 2009; Zhang et al., 2015) or of different modulation schemes (Ghassemlooy et al., 2009; Israr et al., 2019). In those systems, the application of MIMO is mainly motivated to combat fading effects due to atmospheric turbulence and scintillations (Wilson et al., 2005; Frigyes et al., 2012). The aim is to increase the availability and reliability of the free-space communication link by multipath propagation. For short-range terrestrial FSO transmissions, typically, multiple lasers and multiple photo-detectors can also provide a spatial diversity gain (Hajjarian et al., 2009; Deng et al., 2013).
In this paper we aim at a coherent Tx/Rx architecture with digital carrier modulation such as binary phase shift keying (BPSK) (Barry and Lee, 1990; Horwath et al., 2005). On this backdrop, Puryear and Chan (2010) investigated how wavefront predistortion in agreement with the transmitter channel state information can effectively mitigate turbulence induced fading for multiple-aperture FSO communication systems and not only provide the respective performance, but also an optimal feedback strategy via a finite-rate feedback link. In contrast, we focus on spatial multiplexing by LOS MIMO to increase the data rate. Zhao et al. (2015) investigated the capacity limits of spatially multiplexed FSO links showing the potential of conventional LOS MIMO transmissions for laser communications.
Here, we investigate the application of the LOS MIMO technology to FSO space-to-ground (S2G) communications at lunar distances suggesting a system setup with the transmitters located at the lunar surface. We assess the capacity limits posed by the geometric properties of a Moon-to-Earth link scenario based on a viable system architecture under consideration of the atmospheric impact on signal propagation.
2 MATERIALS AND METHODS
2.1 Link Scenario and System Design
2.1.1 Description of Transmitter-Receiver Geometry
We consider an M × N MIMO FSO communications link between N = 2 lasers on the Moon and M = 2 receiver telescopes on Earth (see Figure 1 for an illustration). The location of the center of the two-element laser array on the Moon is defined in selenographic coordinates by the two angles latitude ϕs and longitude θs. Moreover, the lasers are separated by ds, and the orientation of the array with respect to the lunar equator plane is specified by the angle δs. If, for example, δs = 0°, both lasers are at the same latitude θs, and if δs = 90°, both lasers are oriented in north-south direction and are located at the same longitude θs. Using these four parameters, the position of the two lasers on the Moon are precisely defined.
[image: Figure 1]FIGURE 1 | Application scenario (2 × 2 MIMO example) showing two lasers on Moon and two receivers on Earth introducing relevant positioning parameters (two-dimensional sketch, top view, dimensions not to scale).
Similar to the positions of the lasers, the location of the receiver array on Earth is specified by the geographical latitude ϕE and longitude θE. The distance between the receivers (receiver-baseline) is denoted by dE, and the orientation of the array on Earth with respect to the Earth’s equatorial plane is defined by the angle δE. We apply here the same convention as for the angle δs. To give an example: If δE = 0°, the receiver array is oriented in East-West direction, i.e., both receivers are on the same geographical latitude. Thus, with the four parameters latitude ϕE, longitude θE, antenna spacing dE and rotation angle δE the position of the receivers on Earth are exactly defined.
We denote the distance between the center of the Rx uniform linear array (ULA) on Earth and the center of the Tx ULA on lunar surface by Ro. Its value varies in dependence on the geographical location on Earth, the time and the array location on the Moon typically in the range of approximately 350,000 to 400,000 km. Moreover, the distances between the lasers and the receiving telescopes are denoted by [image: image].
In order to describe the orientation of the two ULAs with respect to each other, we introduce the three angles αE, αs and β as follows. The angles αs and αE are defined in the plane of the Tx ULA, and they describe the orientation of both ULAs with respect to each other (see Figure 1 again). If, for example,  cos αs ⋅  cos αE = 1, the Tx ULA is broadside to the direction of the Rx ULA on Earth. The angle β specifies the rotation of the Rx ULA out of the plane of the Tx ULA (see Figure 2). If, for example, cos β = 1, the Rx ULA lies in the plane of the Tx ULA. We combine the three angles in a single parameter
[image: image]
which we call array reduction factor, because it describes the apparent reduction of the Tx array size as seen from the receiver and vice-versa. If arf = 1, both arrays are perfectly broadside to each other and the two lasers are seen from the Rx ULA with a separation of ds. If, on the other hand, arf = 0, the Tx array is perpendicular with respect to the receiver array. This can happen if, for example, the Rx ULA is rotated by β = 90° out of the plane of the Tx ULA. In the case of arf = 0, the two lasers are seen as a single point source from the receivers and cannot be resolved. We will use the parameter arf in the results section to discuss the capacity performance in dependence on the geometrical orientation of the two ULAs. It is an important parameter that must be considered in the system design.
[image: Figure 2]FIGURE 2 | Graphical illustration of angle β.
2.1.2 Geometrical Constraints for Maximum Capacity
To benefit from the maximum capacity gain in a LOS channel, it is well-known that particular locations of the radiating and receiving elements are necessary (Driessen and Foschini, 1999). In fact, Driessen et al. have shown that the maximum MIMO capacity gain is possible in pure LOS channels if particular constraints on the positioning of the antennas in space are considered. Several works applied this concept to terrestrial wireless communications systems (Sarris and Nix, 2006; Bohagen et al., 2007) and to satellite communications (Schwarz et al., 2008). The key requirement is a minimum spacing between the radiating elements at the transmitter and the spacing between the receiving elements. In the case of ULAs at both sides of the link, the minimum required spacing between the elements is constraint by the relation (Bohagen et al., 2007)
[image: image]
This relation assumes that both ULAs are broadside to each other, i.e., arf = 1. In the more general case, the orientation of the arrays to each other have to be considered and it follows for (2) that
[image: image]
Figure 3 shows the result of (2) for various carrier wavelengths λ, spacing ds between the lasers on Moon and distances Ro between the arrays on Earth and on Moon. For a given distance Ro between the Tx and the Rx array and carrier wavelength λ, the optimal spacing between the elements of an array can be directly computed. A reduction of the element spacing dE at the receiver requires an increase of the element spacing ds at the transmitter and vice-versa.
[image: Figure 3]FIGURE 3 | Minimum required receiver spacing dE of a 2 × 2 MIMO FSO system according to (2) as a function of distance between the array on Earth and the array on Moon.
2.1.3 System Design
The layout of lunar transmitter telescopes and Earth receiving stations is based on an asymmetric setup, where the smaller and, thus, lighter optical terminals shall be installed at the lunar surface. When employing, for example, 20 cm diameter apertures at the transmitter telescopes and considering a carrier wavelength of λ = 1,064 nm, a full width at half-maximum (FWHM)-divergence angle of approximately θdiv = 3.25 µrad is achieved. This divergence of θdiv = 3.25 µrad will produce spot sizes of about 1.2 km diameter on Earth-ground. They are wide enough for both receivers (i.e. θdiv ≫ ϑ, see again Figure 1) being able to appropriately receive the signals from both laser transmitters, even for a receiver-baseline dE of several hundreds of meters as shown in Figure 3.
This layout assumes correction of phase-front errors induced from index-of-refraction turbulence (IRT) through Adaptive-Optics (hence, the need for a wavefront-sensor). Precise pointing from Moon to ground has been demonstrated even by an orbiting probe (Boroson et al., 2014), and shall be near-perfect with transmitters positioned statically on the lunar surface. A Laser-power of 1 W and more can be achieved from frequency-stable 1,064 nm laser sources together with optical fiber amplifiers.
Effects from atmospheric turbulence manifest in intensity-scintillations with structure sizes ρI in the cm-to-dm-range, and in wavefront-distortions structure sizes (Fried-parameter) also in the cm-to-dm-range. The former is compensated through aperture-averaging over the large receiver-antenna of 1 m in diameter, whereas the latter is corrected through Adaptive-Optics Techniques. We assume a Gaussian noise model for the coherent signal reception with a sensitivity of 50 Photons per bit, as a Poisson-model would only be required for a single photon-counting direct-detection receiver, which is not within the scope of this analysis (Giggenbach and Mata-Calvo, 2015).
2.2 System and Channel Model
Based on the link scenario we have described in Section 2.1, the receive signal vector [image: image] in equivalent baseband notation is given by
[image: image]
with [image: image] being the transmit signal vector containing the transmit symbols in a given time slot. A simplified block diagram showing the main building blocks of the transmitter-receiver structure is shown in Figure 4. We assume uncorrelated transmit symbols in time and space. They are arbitrarily chosen from the symbol alphabet [image: image] with equal probability of occurrence. Without channel knowledge at the transmitter, the radiated power at each laser is equal, i.e. [image: image], where Pt/N is the radiated power per laser. The vector [image: image] contains the circularly-symmetric complex Gaussian noise. The noise process is uncorrelated with the transmit symbols x. Therefore, the covariance matrix of η is given by [image: image], with [image: image] being the variances of the noise process.
[image: Figure 4]FIGURE 4 | Simplified block diagram of the transmitter-receiver architecture.
The channel matrix [image: image] contains the complex channel coefficients between the N lasers and the M receivers. We apply a deterministic LOS channel model for our analysis, and it follows for the entries of matrix H:
[image: image]
where hmn denotes the complex channel coefficient at row m and column n of H. The parameter
[image: image]
models the free space propagation loss, where φ stands for the common carrier phase that can be assumed to be zero without loss of generality (w.l.o.g.). The value of amn is very similar for all m, n, because the difference between the path lengths is very small compared to their mean total length. Thus, we can apply the approximation amn ≈ a in (6) without loss of accuracy.
The parameter bmn, with 0 < bmn ≤ 1, denotes the additional amplitude attenuation through the atmosphere. The actual value of this parameter depends on various factors, such as the length of the slant path through the atmosphere, wavelength of the laser and aerosol and molecular constituents (Hemmati, 2006). Its value generally varies during a passage of the Moon. This parameter is important to be considered in the link budget and system design to guarantee a minimum required system availability. Its modeling is treated thoroughly in (Shrestha et al., 2018) and in particular in (International Telecommunication Union, 2015). However, as these additional attenuations affect identically the laser beams of both systems, and as our focus is on the direct comparison of the channel capacity between the MIMO and the single input single-output (SISO) system, it is reasonable to neglect the variation of this parameter in this first comparison study. We, therefore, set
[image: image]
in this model, i.e., we consider a fixed atmospheric loss of 3 dB for the rest of the paper. This simplification does not affect the general results in this paper.
The parameter ξmn models the phase variation due to the turbulent atmosphere. Assuming a transmitter-baseline ds in the order of 1 to 10 m, the separation angle of both transmitters is less than or equal to approximately 10 m/400,000 km = 25 nrad. Both transmitters appear as a single source for each receiver since they cannot be resolved optically by one ground telescope, whose angular resolution typically amounts to more than 1 µrad. Both sources will, thus, perfectly fit inside one isoplanatic patch. The isoplanatic angle (IPA) describes the angular cone of common index-of-refraction turbulence (IRT) inside the atmosphere (Andrews and Phillips, 2005). It is derived from the height-profile of the IRT, and corresponds to around 20 µrad in typical situations, down to a few µrad in stronger turbulence, but is always larger than the separation angle of the transmitters. It is, therefore, reasonable to assume that any influence from IRT will affect both transmitted signals (Tx 1 and Tx 2) at a particular receiver aperture (Rx 1 or Rx 2) equally. Hence, the modeling of the phase variation due to the turbulent atmosphere can be simplified to
[image: image]
i.e. we assume no differential phase-offset between the beams ending at the m-th receiver.
In addition to the parameter ξm, a common phase piston variation for both laser beams needs to be considered. Optical phase piston in the atmosphere are discussed in (Conan et al., 1995; Karr, 2007) showing a phase front error of about 1 μrad at 1,064 nm and 1,550 nm. This effect can be modeled as a degradation of the receive signal-to-noise-ratio (SNR) (Fried, 1967), and it will, therefore, be considered in the example link budget in the results section. Applying now (6), (7) and (8) to (5), and assuming M = N = 2, the channel matrix H is then given by
[image: image]
2.3 Performance Criterion
To evaluate the performance of the optical FSO MIMO system, we apply the MIMO channel capacity. The capacity of a MIMO system with no channel knowledge at the transmitter is given by (Telatar, 1999)
[image: image]
where [image: image] is the radiated transmit power per laser to the noise power at the input of the receiver. Please note that the phase shifts ξm due to the turbulent atmosphere do not affect the channel capacity. In fact, a constant phase shift in one row or column of H does not change the eigenvalues of the matrix.
The MIMO channel capacity is maximum if all eigenvalues of the channel transfer matrix H are equal. In this case, the MIMO channel forms [image: image] eigenmodes and up to [image: image] parallel data streams can be transmitted over the channel. The maximum MIMO channel capacity is given by (Telatar, 1999)
[image: image]
The channel capacity of an equivalent SISO FSO laser link is given by
[image: image]
Comparing (12) with (11) and assuming a symmetric MIMO system with M = N antennas, the capacity gain of MIMO compared to SISO becomes evident, which is
[image: image]
Please note that in this comparison throughout the paper the total radiated transmit power has been normalized by the number of lasers N. Hence, the total receive SNR per optical receiver of the MIMO system equals that of the equivalent SISO system. We will use [image: image] and [image: image] for the analysis in the results section.
3 RESULTS
3.1 Simulation Parameters
For the following analysis we assume the simulation parameters as summarized in Table 1. The two-element laser ULA is located on the Moon’s prime meridian on the equator and is rotated by −40° with respect to the Moon equator plane. The lasers are separated by ds = 5 m and radiating with 0.5 W each at 1,064 nm. The two receiving telescopes are at ϕE = 28° N, θE = 16.5° W (a location on Tenerife, Spain) and have a spacing of dE = 47 m. As an example, and without loss of generality, we consider the night from 26th to April 27, 2021.
TABLE 1 | Simulation parameters of the 2 × 2 MIMO Moon-to-Earth laser link.
[image: Table 1]Figure 5 shows the Moon’s elevation and azimuth angle as seen from the optical ground station (OGS) location on Earth (upper plot) as well as the distance Ro between the arrays (lower plot). The elevation angle at zenith is almost 50°, and the transmitter-receiver distance varies between approximately 351,600 to 354,400 km for an elevation angle not less than 20°. Please note again that this Moon orbit during this particular night and the location of the OGS have been chosen as an example. Other parameters are possible too, and they would lead to similar results.
[image: Figure 5]FIGURE 5 | Elevation and azimuth of the Moon as seen from Earth (upper plot) and distance between receiving array and transmitting array (lower plot) at April 26th to 27th.
Table 2 shows an example link budget based on the transmitter-receiver design as discussed in Section 2.1. At an elevation angle of 30°, the Tx-Rx-array distance is approximately Ro = 354,000 km (please refer to Figure 5 again) leading to a free space propagation loss of [image: image] 312.4 dB. The total available optical transmit power of Pt = 1 W and typical losses inside a transmitter terminal of 1 dB produce an intensity of 133 nW/m2 at the receivers after lunar distance. Please remind that, for a fair comparison, we assume the same available transmit power for both the SISO system and the MIMO system. Therefore, each of the two MIMO lasers provide 0.5 W while the laser of the SISO system provide 1 W transmit power. Presuming approximately [image: image] 3 dB total atmospheric losses (including scintillation and attenuation losses), and another 2 dB loss at the useful signal, since part of the incoming light needs to be used for spacecraft-tracking and a wavefront-sensor, a received power of approximately 13 nW is achieved by a 1 m-diameter receiver telescope. We assume fixed atmospheric losses for the following analysis that are independent on the elevation angle. This simplification is valid in our analysis, because our focus is on the comparison between SISO and MIMO and both the SISO and the MIMO link are similarly affected by these losses. A detailed estimation of effects from atmospheric influence has been shown in the literature (Andrews and Phillips, 2005; Giggenbach and Moll, 2017) and its repetition here would deviate from the actual goal of the paper.
TABLE 2 | Example link budget estimation.
[image: Table 2]3.2 Simulation Results and Discussion
The MIMO channel capacity [image: image] is shown in Figure 6 for different orientation angles δE of the receiving ULA (upper plot). For comparison purposes, the SISO capacity [image: image] and the maximum capacity [image: image] according to (12) and (11) are provided as well. As can be observed from the curves, the capacity of the MIMO FSO communication system outperforms the equivalent SISO system in all cases. Even the lowest possible MIMO capacity is still higher than the SISO capacity although the same total transmit power of Pt = 1 W have been used for both systems. The reason is that the MIMO system still exhibits an SNR gain of 3 dB due to the usage of two receiver telescopes instead of only one telescope like in the SISO case.
[image: Figure 6]FIGURE 6 | MIMO channel capacity in comparison to SISO capacity (upper plot) and the corresponding array reduction factor [image: image] (lower plot) for different array orientation angles δE on Earth (April 26th to 27th).
Moreover, in order to analyze the dependence of the MIMO capacity on the geometry between both ULAs, three orientation angles of the Rx ULA from 0° to 90° are simulated. The curves clearly show the dependence of the MIMO capacity on the geometry between the two ULAs. Since the orientation of the Tx array with respect to the receiver array is changing over time as the Moon passes by, the capacity is varying and [image: image] cannot be achieved at all times. The achievable capacity and its stability over time depend on the initial parameter setup in terms of array orientation angle and antenna spacing. The parameter setup corresponding to the blue curve (δE = 0°) shows the highest capacity during the time of interest (in which the elevation angle is at least 20°, see Figure 5 again) between about 21 h and 5 h. A capacity of close to [image: image] 8.8 b/s/Hz is achieved for a comparably long period of around 4 h during the night from 26th to 27th of April, and it never drops below 8 b/s/Hz as long as the elevation angle is larger than 20°.
For all three curves the corresponding absolute value of the array reduction factor [image: image] according to (1) is shown (lower plot of Figure 6). For δE = 0° (blue curve), the two arrays are broadside to each other at around 23 h in the evening of April 26th. At that time, the distance between the ULAs is approximately Ro = 353 ,000 km (see the lower plot of Figure 5 again). Using (2), the minimum optimal antenna spacing on Earth would, therefore, be dE = 353,000 km ⋅ 1,064 nm/[image: image]5 m[image: image] 37.5 m. The actual value is 47 m, which is slightly larger and, thus, [image: image] is not exactly achieved (blue curve is slightly below [image: image] at 23 h). At the zenith angle at around 1 h, the array reduction factor is [image: image], and it follows that the optimal antenna spacing dE is then 352,000 km ⋅ 1,064 nm/[image: image]5 m[image: image] 46.8 m, which is very close to the actual value of 47 m.
Our simulation results show that it is basically possible to achieve the maximum MIMO capacity for an FSO communications laser link between Earth and Moon. The necessary spacings between the lasers and the telescopes are in the order of some meters up to a few tens of meters for typical carrier wavelengths between 1,064 and 1,550 nm. These dimensions are manageable in practice to realize an FSO MIMO communications system having all necessary receiving equipment at a single site and all transmitter equipment closely together on the Moon surface. Assuming a minimum elevation angle of 20°, a beneficial positioning parameter setup can be found providing capacity gains that are close to the maximum during a complete passage of the Moon. For a constant connection with high MIMO capacity during a complete lunar orbit, multiple MIMO receive telescopes could be deployed around the globe. Such a network with the name Linearly Dispersed Optical Subnet (LDOS) has already been proposed assuming single lasers at each location (Hemmati, 2006).
4 CONCLUSION
As lunar exploration is again getting into focus of different space agencies and commercial players in the field, a broadband communication connection to Earth’s Moon will become highly desireable. Spatial multiplexing by LOS MIMO applied to FSO communications could provide such a high-rate data link. Its realization via multiple transmitters at the lunar surface and multiple receivers on ground appears viable under reasonable assumptions for the system design, providing signal capacities many times higher than achieved by SISO topologies.
Our analyses has been centered to the geometrical characteristics of Moon-to-Earth links employing ULAs. Hence, atmospheric effects have only been treated superficially to assess their fundamental influence on the optical LOS MIMO channel. We find that atmospheric attenuation and IRT pose no show stoppers for this technology, however, we acknowledge the importance of advanced investigations in this respect and propose further work considering different fading models than AWGN. Moreover, when it comes to the practical exploitation of the capacitiy gain described herein, usually the timely evaluation of the channel state information (CSI) at the receiver or the transmitter is a necessary prerequisite for the signal processing. Bearing in mind the long link distance and typical coherence times of atmospheric turbulence in the order of tens of milliseconds, CSI determination can be challenging. On this backdrop, link elevation potentially becomes a driving parameter and should be trated with special care.
As cloud-cover poses a fundamental stoppage for FSO transmissions, potential ground sites are to be chosen with care and an appropriate site-diversity scheme, for example an LDOS, should be considered to mitigate link outages and provide decent link availabilities.
Eventually, the work at hand concentrates on the space-to-ground link. We expect the opposite transmission (from the Earth to the Moon) to hold new challanges, as atmospheric turbulence affects the signalling much closer to the transmitters. Then, for example, beam-wander and phase delays will probably come into play and could deteriorate the LOS MIMO channel.
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