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Abstract

:

Owing to the Moon’s rough surface, there is a growing controversy over the conclusion that water ice exists in the lunar permanently shadowed regions (PSRs) with a high circular polarization ratio (CPR). To further detect water ice on the Moon, an innovative design method for spaceborne synthetic aperture radar (SAR) system is proposed, to obtain radar data that can be used to distinguish water ice from lunar regolith with a small difference in the dielectric constants. According to Campbell’s dielectric constant model and the requirement that SAR radiometric resolution is smaller than the contrast of targets in images, a newly defined SAR system function involved in the method is presented to evaluate the influence of some system parameters on the water ice detection capability of SAR. In addition, several simulation experiments are performed, and the results demonstrate that the presented SAR design method may be helpful for lunar water ice exploration.
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1. Introduction


Permanently shadowed regions (PSRs) on the Moon refer to the regions that do not see the Sun for geologically long periods [1]. PSRs have an extremely low temperature (<120 K), and can function as a trap for volatile substances [1]. Therefore, PSRs are considered the primary containers for storing water ice on the Moon [1,2].



Water is very important for building bases on the Moon to explore deep space, and some studies regarding lunar water ice exploration have been conducted. In 1998, Feldman et al. [3,4] analyzed the neutron data collected by the Lunar Prospector Neutron Spectrometer (LP-NS) for the first five months and found the count-rate of epithermal neutrons decreases at lunar poles, which provided strong evidence for the hydrogen abundance in and around the lunar PSRs. Then, the LCROSS mission [5,6,7] in 2009 first detected the potential abundance of water and other volatiles (∼5 wt. % water) from the ejecta plume of the impact. Another powerful and widely used sensor is radar, which can detect water ice beneath the lunar regolith and maps the distribution of water ice in a large region. In 1994, the bistatic radar experiment of the Clementine spacecraft detected that the increasing circular polarization ratio (CPR) was in the PSRs of the lunar south pole [8], but not in sunlit areas, which was interpreted as that the high CPR values were caused by the presence of water ice [9]. However, Stacy et al. in 1997 analyzed the experimental data from the high-resolution Earth-based Arecibo radar and revealed several radar enhancements associated with impact features, many of which were in sunlit areas [10,11]. These results implied that there was less evidence for large expanses of water ice at the Moon’s south pole [11]. In 2006, Campbell et al. [12] used the Arecibo radio telescope to observe the Shackleton crater at the lunar south pole, and the results indicated that there were no large expanses of water ice near the Shackleton or elsewhere in the Earth-visible vicinity of the pole. Furthermore, Spudis et al. analyzed the radar data from Chandrayaan-1 and so on and concluded that water ice may be responsible for the high CPR in lunar anomalous craters [13,14]. In 2013, based on a two-component mixed radar scattering model and additional statistical study, Fa and Cai proposed that the high CPR in anomalous polar craters might be caused by the roughness of the lunar surface [15]. After that, Patterson et al. [16] processed the bistatic radar data of Arecibo observing the Moon in 2016 and concluded that there may be water ice beneath the lunar surface. Thus, identifying the water ice and mapping its distribution using radar techniques is still controversial.



At present, the lunar PSRs [13,14,17,18] are primarily irradiated by the circularly polarized waves transmitted by synthetic aperture radar (SAR), and their co- and de-polarized echoes are analyzed to detect the large expanses of water ice that may be carried by the falling comets and asteroids [19]. However, the contamination of the rough lunar surface leads to an increase in the energy of co-polarized echo signals, which makes the discovery of water ice in the Moon’s PSRs by high CPR controversial [20,21,22,23,24]. As such, this paper proposes an innovative SAR design method to evaluate the influence of the radar incidence angle, the number of multi-looks, quantization precision of the receiver, average transmitting power, and so on, on the lunar water ice detection capability of SAR. Based on this method, the designed SAR system can obtain radar data to distinguish the dielectric constants of lunar regolith and water ice, and the method may be applied in lunar water ice exploration.



The content of the paper is arranged as follows. Section 2 describes the challenges of lunar water ice exploration, Campbell’s dielectric constant model, and radar radiometric resolution. Section 3 presents a SAR system function and proposes an innovative SAR design method for lunar water ice exploration. Section 4 carries out several simulation experiments to evaluate the influence of radar parameters on the water ice detection capability of SAR. Section 5 discusses the lunar water ice exploration in the future, and a conclusion is given in Section 6.




2. Preliminaries


2.1. Pitfalls


The geometry and dielectric constant are two major factors in the detection of lunar water ice by SAR. Because the existing form and content of lunar water have not been determined, and the satellite orbit measurement accuracy is not high enough [25], it is extremely difficult for the radar system to accurately measure the geometry of lunar water ice using interferometry [26]. Thus, for radar systems, whether there is water ice on the Moon can only be determined by analyzing the dielectric constants derived from the radar backscattering coefficients.



For the sake of analysis, it can be assumed that the top layer of the Moon is primarily composed of a mixture of lunar regolith and water ice, and its dielectric constant can be expressed as


  ε ≈ f ·  ε  i c e   +  ( 1 − f )  ·  ε  r e g   ,  



(1)




where   ε  i c e    and   ε  r e g    represent the dielectric constants of water ice and lunar regolith, respectively, of which the specific parameters are shown in Table 1, f represents the scale factor of water ice, and   f ∈ [ 0 , 1 ]   [15].



According to (1) and Table 1, the variation in the dielectric constants of mixtures with f is obtained. It can be derived that the maximum and minimum dielectric constants of the mixtures of lunar regolith and water ice are    ε  m a x   = 3.15   and    ε  m i n   = 2.7  , respectively, and the small difference between the two components in the dielectric constants makes it difficult to distinguish them. Therefore, it is extremely difficult to determine the existence of water ice and to estimate the content of that on the Moon based on dielectric constants. To realize the accurate detection of lunar water ice, the radar systems that can obtain the echo data to distinguish the water ice from lunar regolith must be specifically designed. As such, this paper based on Campbell’s dielectric constant model and the SAR radiometric resolution described below proposes an innovative SAR design method for the detection of lunar water ice (see Figure 1). The details are described in Section 3.




2.2. Campbell Model


B.A. Campbell et al. studied the radar penetration in the Mars analog environments and proposed a normalized ratio of the horizontal and vertical polarization backscattering coefficients to describe the dielectric inversion model for rock-poor mantling dust in 2002 [27]. This model has been widely used in lunar water ice exploration, and it is described as


  ε =   ( sin ϕ / sin [  cos  − 1     (   σ  LH  0   σ  LV  0   )   0.25   − ϕ ] )  2  ,  



(2)




where  ϕ  is the incidence angle,  ε  is the estimated dielectric constant value,  L  denotes the transmitted left-handed circular polarization signal, and   σ  LH  0   and   σ  LV  0   are the backscattering coefficients of the circular polarization echoes that are received by the horizontal (H) and vertical (V) polarization antennas, respectively [27,28,29].




2.3. Radiometric Resolution


Radiometric resolution is the minimum change in the input that can be detected by the output, and it is determined by the standard deviation of the system input noise temperature [30]. In the aperture synthesis systems [31], the imaging mode and hardware structure will affect the radiometric resolution, i.e., the minimum difference (minimum contrast) between targets in radar images [32,33]. To date, there are some definitions of SAR radiometric resolution, and the most commonly used one is expressed as


  r = 10 ·  log 10   1 +  1   L  l o o k     ( 1 +  1 SNR  )  ,  



(3)




where   L  l o o k    denotes the number of multi-looks, and SNR is the signal-to-noise ratio of the radar system [32,33].



SNR is inversely proportional to the noise equivalent backscattering coefficient (  N E  σ 0   ) of the system, which can be described as Equation (4) [34].


  N E  σ 0   ( ϕ )  =    σ 0   ( ϕ )    SNR ( ϕ )   =   4 ·   ( 4 π )  3  ·  R 3  ·  V s  · sin ϕ · K ·  T o  ·  B r  ·  F n  ·  L s     P  a v   ·  G t  ·  G r  ·  λ 3  · C   ,  



(4)




where   σ 0   denotes the backscattering coefficient of targets,  ϕ  is the incidence angle, R is the slant distance,   V s   is the satellite speed,   K = 1.38054 E − 23   J/K is the Boltzmann constant,   T o   is the network temperature,   B r   is the signal bandwidth,   F n   is the noise coefficient of receivers,   L s   is the system loss,   P  a v    is the average transmitting power,     G t    and   G r   represent the transmitting and receiving antenna patterns, respectively,  λ  is the wavelength, and C is the speed of light [34].



To address the challenges of the lunar water ice exploration, this paper based on the Campbell model and SAR radiometric resolution proposes an innovative design method for spaceborne SAR.





3. System Design Method


The goal of the water ice exploration on the Moon mainly involves (1) determining whether there is water ice; (2) estimating the content of water ice. These require SAR to distinguish the pure water ice and lunar regolith and to estimate the content of water ice in their mixtures. They are detailed in the following.



3.1. System Function for Pure Water Ice


It is a well-known method to use the CPR [15] to detect the possible water ice in the PSRs of lunar polar regions. However, the secondary scattering from the rough lunar surface will lead to the increase in CPR, hindering the detection of water ice. To achieve accurate detection, this paper based on (3) and the requirement that SAR radiometric resolution should be less than the contrast of targets in images [33] presents a newly defined system function, of which the main contents are shown in Figure 1.



First, the ratios of the H and V polarization backscattering coefficients of the lunar regolith and water ice are obtained based on (2) and their dielectric constants, and they are respectively expressed as


    σ  L H r e g  0   σ  L V r e g  0   =   [ cos (  sin  − 1     sin ϕ    ε  r e g     + ϕ ) ]  4  ,  



(5)






    σ  L H i c e  0   σ  L V i c e  0   =   [ cos (  sin  − 1     sin ϕ    ε  i c e     + ϕ ) ]  4  ,  



(6)




where   σ  L H r e g  0  ,   σ  L V r e g  0  ,   σ  L H i c e  0   and   σ  L V i c e  0   separately represent the backscattering coefficients of the echo signals that are received by the H and V antennas after the left-handed circular polarization signals are scattered from the lunar regolith and water ice, and  ϕ  is the incidence angle [27].



For the spaceborne SAR with the thermal noise power and sensitivity of   P n   and   N E  σ 0    respectively, the total energy of the radar echoes scattered from the water ice and lunar regolith, which are received by the H (V) antenna, can be separately described as ([32]):


   P  i c e   =    σ  L H i c e  0  ·  P n    N E  σ 0    +  P n  ,  



(7)






   P  r e g   =    σ  L H r e g  0  ·  P n    N E  σ 0    +  P n  .  



(8)







Furthermore, the ratios of the echo signals from the lunar regolith and water ice received by the H and V polarization antennas can be expressed as Equations (9) and (10), respectively. They are the contrasts (If the contrast approaches one, two targets cannot be distinguished based on the difference in the echo signal energy, while, conversely, if the contrast tends to zero or infinity, they can be distinguished) of the lunar regolith and water ice [32,33].


   R H  =   P  H r e g    P  H i c e    =      σ  L H r e g  0  ·  P n    N E  σ 0    +  P n       σ  L H i c e  0  ·  P n    N E  σ 0    +  P n    =    σ  L H r e g  0  + N E  σ 0     σ  L H i c e  0  + N E  σ 0     



(9)






   R V  =   P  V r e g    P  V i c e    =      σ  L V r e g  0  ·  P n    N E  σ 0    +  P n       σ  L V i c e  0  ·  P n    N E  σ 0    +  P n    =    σ  L V r e g  0  + N E  σ 0     σ  L V i c e  0  + N E  σ 0     



(10)







According to the rule of thumb, the radiometric resolution (r) required by the system design of spaceborne SAR is less than the contrast of targets in radar images, that is, Equation (11) must be satisfied [32], where   R i   represents the contrast of two targets,   i ∈ { H , V }  .


  r ≤  R i   



(11)







Based on Equations (3), (9)–(11), this paper derives the basic constraints required for the system design of spaceborne SAR, and they are described as


  1 +  1   L  l o o k     ( 1 +  1 SNR  ) ≤    σ  L H r e g  0  + N E  σ 0     σ  L H i c e  0  + N E  σ 0    ,  



(12)






  1 +  1   L  l o o k     ( 1 +  1 SNR  ) ≤    σ  L V r e g  0  + N E  σ 0     σ  L V i c e  0  + N E  σ 0    .  



(13)







Moreover, the modified constraint of spaceborne SAR can be obtained by transforming (5) and (6) separately and substituting them into (12), and it can be expressed as


   1 +  1   L  l o o k     ( 1 +  1 SNR  ) ≤     cos (  sin  − 1     sin ϕ    ε  r e g     + ϕ )  4  ·  σ  L V r e g  0  + N E  σ 0      cos (  sin  − 1     sin ϕ    ε  i c e     + ϕ )  4  ·  σ  L V i c e  0  + N E  σ 0    .  



(14)







Comparing the constraints described by (13) and (14), it is obvious that the right part of (13) is greater than that of (14), that is, the constraint of the spaceborne SAR system designed for lunar water ice exploration can be unified into


  1 +  1   L  l o o k     ( 1 +  1 SNR  ) ≤     cos (  sin  − 1     sin ϕ    ε  r e g     + ϕ )  4  ·  SNR  r e g   + 1     cos (  sin  − 1     sin ϕ    ε  i c e     + ϕ )  4  ·  SNR  i c e   + 1   .  



(15)







For the spaceborne SAR system adopting side-view imaging, the SNR of the echo signals scattered from the lunar regolith is greater than that of the water ice [15,17]. As such, the constraint of system design can be further recast as


  1 +  1   L  l o o k     ( 1 +  1  SNR  i c e    ) ≤     cos (  sin  − 1     sin ϕ    ε  r e g     + ϕ )  4  ·  SNR  r e g   + 1     cos (  sin  − 1     sin ϕ    ε  i c e     + ϕ )  4  ·  SNR  i c e   + 1   .  



(16)








         f  ( ϕ ,  L  l o o k   ,  SNR  r e g   ,  SNR  i c e   )  =   cos (  sin  − 1     sin ϕ    ε  r e g     + ϕ )  4  ·  SNR  r e g   −   cos (  sin  − 1     sin ϕ    ε  i c e     + ϕ )  4  ·  SNR  i c e            −  1   L  l o o k     ( 1 +  1  SNR  i c e    ) −   cos (  sin  − 1     sin ϕ    ε  i c e     + ϕ )  4  ·  SNR  i c e   ·  1   L  l o o k     ( 1 +  1  SNR  i c e    )                         s t .  f ( ϕ ,  L  l o o k   ,  SNR  r e g   ,  SNR  i c e   ) ≥ 0      



(17)






         f  ( ϕ ,  L  l o o k   , Δ SNR ,  SNR  i c e   )  =   cos (  sin  − 1     sin ϕ    ε  r e g     + ϕ )  4  ·  (  SNR  i c e   + Δ SNR )  −   cos (  sin  − 1     sin ϕ    ε  i c e     + ϕ )  4           ·  SNR  i c e   −  1   L  l o o k     ( 1 +  1  SNR  i c e    ) −   cos (  sin  − 1     sin ϕ    ε  i c e     + ϕ )  4  ·  SNR  i c e   ·  1   L  l o o k     ( 1 +  1  SNR  i c e    )                         s t .  f ( ϕ ,  L  l o o k   , Δ SNR ,  SNR  i c e   ) ≥ 0      



(18)






         f  ( ϕ ,  L  l o o k   , Δ SNR ,  SNR  m i x   , f )  =   cos (  sin  − 1     sin ϕ    ε  r e g     + ϕ )  4  ·  (  SNR  m i x   + Δ SNR )  −   cos (  sin  − 1     sin ϕ    ε  m i x     + ϕ )  4           ·  SNR  m i x   −  1   L  l o o k     ( 1 +  1  SNR  m i x    ) −   cos (  sin  − 1     sin ϕ    ε  m i x     + ϕ )  4  ·  SNR  m i x   ·  1   L  l o o k     ( 1 +  1  SNR  m i x    )                           s t .  f ( ϕ ,  L  l o o k   , Δ SNR ,  SNR  m i x   , f ) ≥ 0      



(19)





By transforming Equation (16), the newly defined system function of the spaceborne SAR that can distinguish the water ice and lunar regolith is described by Equation (17), as shown at the top of this page.



It can be assumed that the SNR of the echo signals scattered from the lunar regolith and water ice satisfies    SNR  r e g   −  SNR  i c e   = Δ SNR  . Therefore, they can be distinguished only when the minimum interval of the SNR of echo signals measured by the receiver is less than   Δ SNR  . Furthermore, the final system function related to the incidence angle, the number of multi-looks, the quantization accuracy of receivers, and the SNR of water ice can be expressed by Equation (18), as shown at the top of this page.



The system function described by (18) is an important index for designing the SAR system of lunar water ice exploration. Moreover, the resolution of the dielectric constant obtained from the echoes obtained by the SAR satisfying (18) is less than the minimum difference between the dielectric constants of the lunar regolith and water ice, which guarantees the detection of pure water ice on the Moon.




3.2. System Function for Mixtures


For the purpose of estimating the content of water ice on the Moon,   SNR  i c e    and   ε  i c e    in (18) need to be modified to be   SNR  m i x    and   ε  m i x   .   SNR  m i x    and   ε  m i x    respectively represent the SNR and dielectric constant of the mixture (lunar regolith and water ice). Then, the modified system function is described as Equation (19), where f represents the scale factor of water ice in the mixture, and   ε  m i x    is equal to (1).



According to (19), the influence of the content of water ice in the mixture on the system design of spaceborne SAR can be evaluated, which places higher requirements for the lunar water ice exploration.




3.3. System Design Method


In this section, the schematic diagram of SAR system design for the lunar water ice exploration is described, as shown in Figure 2.



It can be seen from Figure 2 that the proposed innovative system design method for spaceborne SAR is primarily composed of six steps, as follows:




	
the initial input values described by the blue ellipse are assigned to the SAR system parameters represented by the light green ellipses;



	
based on (18) and (19), the values of the proposed SAR system function can be calculated, which is denoted as the orange circle;



	
it needs to be determined whether these system function values satisfy the constraint expressed in (18) and (19), which is described as the red ellipse;



	
if the constraint is satisfied, the final system parameters of spaceborne SAR are obtained, which are denoted by the black ellipse, and the SAR system design process is terminated;



	
otherwise, the initial parameters are modified and optimized, which are described as the red dashed lines with direction;



	
the first five steps are looped until the constraint in (18) and (19) is satisfied, and the final system parameters of spaceborne SAR are derived.








After performing the six steps, the spaceborne SAR system can be designed and used to distinguish the pure water ice and lunar regolith or to estimate the content of water ice on the Moon.



In short, the newly defined system function is the most basic requirement and provides the theoretical basis for the SAR system to detect the lunar water ice. In addition, several simulation experiments are carried out in the following to further evaluate the significance of the proposed SAR design method for lunar water ice exploration.





4. Experimental Results


In the following, many simulation experiments based on the proposed design method are executed to evaluate the influence of various factors on the water ice detection capability of spaceborne SAR. First,   SNR  i c e    and   Δ SNR   in (18) can be clarified based on (4), and they are respectively described as


   SNR ( ϕ )  =    σ 0   ( ϕ )  ·  P  a v   ·  G t  ·  G r  ·  λ 3  · C   4 ·   ( 4 π )  3  ·  R 3  ·  V s  · sin ϕ · K ·  T o  ·  B r  ·  F n  ·  L s    ,  



(20)






  Δ  SNR ( ϕ )  =  K  s c a l e   · Δ  σ 0   ( ϕ )  =  K  s c a l e   ·  |  σ  r e g  0   ( ϕ )  −  σ  i c e  0   ( ϕ )  |  ,  



(21)




where    K  s c a l e   =    P  a v   ·  G t  ·  G r  ·  λ 3  · C   4 ·   ( 4 π )  3  ·  R 3  ·  V s  · sin ϕ · K ·  T o  ·  B r  ·  F n  ·  L s      [34].



Assuming that the dynamic range of the receiver is denoted as   D  R r   , its sampling accuracy can be expressed as


   B D  =    |   σ  r e g  0   ( ϕ )  −  σ  i c e  0    ( ϕ )  |    D  R r    .  



(22)







Furthermore, the quantization bit rate of the corresponding receiver can be described as


   N  b i t   = C e i l  ( l o  g 2   B D  )  ,  



(23)




where   C e i l ( ∗ )   denotes the smallest integer greater than   ∗   [34].



Based on (18)–(22), the constraint of the improved spaceborne SAR system function for the lunar water ice exploration can be obtained, and it is expressed as


  f ( ϕ ,  L  l o o k   ,  σ 0   ( ϕ )  ,  P  a v   ,  G t  ,  G r  , λ ,  H  s a t   ,  V s  ,  T o  ,  B r  ,  F n  ,  L s  ) ≥ 0 ,  



(24)




where   H  s a t    represents the satellite height [34].



According to (24), it can be seen that the factors related to the system hardware primarily include the average transmitting power, antenna gain and pattern of transceivers, carrier frequency and bandwidth of radar signals, network temperature, noise factor, and system loss and that those related to the SAR platform consist of the orbit height and speed of satellites. In addition, the radar incidence angle, the number of multi-looks in data processing, and the backscattering coefficients of the observed targets also affect the system function.



When designing the spaceborne SAR system to distinguish the water ice from lunar regolith, the incidence angle  ϕ , the number of multi-looks   L  l o o k   , average power   P  a v   , quantization bit rate of receivers   N  b i t    and satellite height   H  s a t    need to be analyzed in detail. Other factors are mainly affected by the industrial level, characteristics of the targets to be observed, user requirements, and satellite height.



4.1. Experiments for Pure Water Ice


According to (23) and (24), system parameters in Table 2 and the system design process in Section 3, several simulation experiments are conducted to evaluate the influence of  ϕ ,   L  l o o k   ,   P  a v   ,   H  s a t    and   N  b i t    on the design of a spaceborne SAR system for distinguishing pure water ice from lunar regolith.



First, the simulation results of the system function varying with  ϕ  and   L  l o o k    are shown in Figure 3, at the top of the next page. It can be derived that the system function is greater than zero when the incidence angle is less than   32 ∘  , and the different numbers of multi-looks are needed to distinguish the water ice from lunar regolith at different incidence angles.



Furthermore, the results that the system function changes with  ϕ  and   P  a v    are obtained, as shown in Figure 4, in the middle of the next page. It can be seen that the minimum average transmitting power for the SAR system to distinguish lunar regolith and water ice is 22,000 W. The higher transmitting power places a higher requirement for the SAR system, which can be weakened by reducing the satellite height and signal bandwidth.



Moreover, an experiment is executed to evaluate the influence of satellite height   H  s a t    on the SAR system function, as shown in Figure 5, at the bottom of the next page. It is obvious that the upper limit of the satellite height required by the system function greater than zero is about 58 km when the average transmitting power is 6000 W. At this point, the SAR system may be able to distinguish the water ice from lunar regolith at the incidence angle of less than   38 °  . These also indicate that the high energy requirement for the system function can be reduced by decreasing the satellite height.



The   N  b i t    required by the receiver is also derived as shown in Figure 6. It can be seen that the digital collector with high   N  b i t    can be used to distinguish the water ice from lunar regolith in terms of backscattering coefficients. This operation increases the volume of radar echo data. Fortunately, some advanced data compression methods and transmission systems [35,36] can solve this problem and provide assistance for lunar water ice exploration.




4.2. Experiments for Mixtures


More simulation experiments are executed based on (19), (24) and system parameters in Table 2 to evaluate the effects of  ϕ ,   L  l o o k   ,   P  a v    and   H  s a t    on the system design of spaceborne SAR under the conditions that the scale factors of water ice are 5% and 10%, respectively.



The results of the simulation experiments with the 5% scale factor of water ice are shown in Figure 7, Figure 8 and Figure 9 separately at the 12th page, and those with the 10% scale factor are shown in Figure 10, Figure 11 and Figure 12, respectively, at the 13th page. It can be obtained that based on the proposed method, the system parameters can be optimized to design the spaceborne SAR to collect radar data that can be used to detect the different amounts of lunar water ice. Since optimizing the SAR system parameters is not the focus of this paper, it is not detailed here.



The simulation experiments mainly evaluate the influence of  ϕ ,   L  l o o k   ,   P  a v   ,   H  s a t    and   N  b i t    on the capability of spaceborne SAR to detect water ice on the Moon. To obtain radar data to distinguish the dielectric constants of water ice and lunar regolith, and to estimate the water ice content, the parameters that meet the system performance requirements can be derived according to the system design process in Section 3.



In addition, the exploration of lunar water ice is further discussed in the following, which also indicates that the proposed SAR design method is of great significance.





5. Discussion


The PSRs are considered the primary containers of water ice on the Moon [1,2]. Before humans or robots locate and extract the water ice on the Moon, fundamental questions about the abundance and distribution of lunar water ice must be addressed.



5.1. Exploration of Water Ice by Non-Radar Techniques


For the first time in 2010, the LCROSS mission [5,37,38] detected the potential abundance of water and other volatiles (∼5 wt. % water). However, this impact method can only detect water ice beneath the Moon’s surface from a single location, rather than all PSRs that may have water ice. In 2017, Li and Milliken proposed to use a new thermal correction model and experimentally validated the relationship between absorption strength and water content to construct the first global quantitative maps of the lunar surface water derived from the Moon Mineralogy Mapper (  M 3  ) near-infrared reflectance data [39]. However, the second method can only be used to obtain the distribution of water on the Moon’s surface instead of under it. Moreover, the 3-micron band used by Li et al. [39] is related to both OH and H   2  O. Thus, it is still difficult to determine the relative content of OH and H   2  O on the surface of the Moon. Li’s result has also been challenged by other thermal correction methods [40,41], since the usage of other methods leads to different results than that of Li et al. Therefore, these water ice detection methods have drawbacks as mentioned before, and J. Lawrence proposed that some missions need to be accomplished in the next 50 years for the exploration of PSRs on the Moon [1]. He expressed that some new orbital measurements need to be completed, which would provide crucial new information to further explore the water ice on the Moon [1].



Figure 13 describes the characteristic of using the impact method to detect the lunar water ice. As can be seen, it is difficult for the impact method to detect water ice in multiple areas. Fortunately, the near-infrared [39,42] and neutron (the method of using the neutron spectrometer to detect the lunar water ice is dependent on the influx of galactic cosmic rays (GCR) that spall neutrons in the top meter of lunar regolith.) [7] spectrometers can make it. However, they can barely be used to observe the water ice under the Moon’s surface or in the areas without sunlight.




5.2. Advantage of Using SAR to Exploration Water Ice


With the advantages of day/night, all-weather, active detection, and penetration, SAR can be used to detect the water ice on and under the lunar surface at all locations [34]. According to the foregoing, it is difficult for the radar system to distinguish the dielectric constants of lunar regolith and water ice, and the spaceborne SAR system for the lunar water ice exploration in orbit does not take this into account. Thus to detect the water ice more accurately, the first step is to design a spaceborne SAR system that can collect the radar data used to distinguish the dielectric constants of lunar regolith and water ice. Based on this, the paper proposes an innovative design method for spaceborne SAR, which may be used in lunar water ice exploration. Compared with other techniques, SAR can achieve a high spatial resolution for water ice detection. Taking the simulation parameters in Table 2 as an example, the signal bandwidth is 300 MHz, corresponding to a range resolution of 0.5 m, so a spatial resolution of 2 m for water ice identification will be achieved if a 4-looks multiple-looking procedure is applied. It should also be noted that taking ground range projection into account will lead to a little worse spatial resolution.




5.3. Effect of Roughness on Detection


As mentioned before, CPR obtained from SAR images is an ambiguous indicator for the presence of water ice on the Moon, because the roughness of the surface will also lead to high CPR values [15]. The method of water ice identification developed in this paper is based on the difference in the dielectric constants of water ice and lunar regolith. Hence, the roughness of the surface will not make this method ambiguous. However, the Campbell model is accurate only when the surface has a slight roughness. In other words, the water ice detection in very rough regions using our method could be a challenging task.




5.4. Effect of Other Volatiles on Detection


Since this water ice detection method is based on the dielectric constant difference, it can also be used to identify other volatile species such as S, SO   2  , H   2  S, CO, and CO   2   mixed with water ice, if they have different dielectric constants in comparison with the lunar regolith. However, it will be more rigorous to design the radar system if the dielectric constant of the volatile has low contrast with that of lunar regolith. At the same time, the detection of water ice may fail if there exist other volatiles, of which the dielectric constants are close to that of water ice. Therefore, the dielectric constants of S, SO   2  , H   2  S, CO, and CO   2   ices (indicated by the LCROSS impact experiment [43]) should be considered carefully. The dielectric constants of solid S (  ε = 2.7  ) [44], solid H   2  S (  ε = 3.52  ) [45] and CO   2   (  ε = 2.25 + j 0.0045  ) [46] are very different from water ice, so these species of volatile would not make the detection of water ice ambiguous. The dielectric constants of mixtures of different volatiles are not easy to be estimated. If the dielectric constant of the mixture is very close to that of pure water ice, then this mixture can not be distinguished from water ice by our synthetic aperture radar (SAR) method. Moreover, Table 2 in [43] reports the mass fractions of compounds in polar regolith, e.g., H   2  O (5.6 wt. %), S (<0.3 wt. %), SO   2   (0.2 wt. %), H   2  S (0.2 wt. %), CO (0.08 wt. %) and CO   2   (0.04 wt. %). Compared with water ice, the content of other volatiles is low. Therefore, it can be expected that other volatiles will not affect the detection of pure water ice.




5.5. Effect of Variable Dielectric Constant of Lunar Regolith on Detection


In fact, the dielectric constant of lunar regolith can also be a variable. According to Carrier et al. [47], laboratory measurements of lunar regolith samples show that the real part of the dielectric constant,   ε  r e g o l i t h  ′  , is strongly dependent upon bulk density and is largely independent of chemical composition, and the imaginary part is strongly dependent on the bulk density and composition (in particular, the abundance of ilmenite). For more details, the reader is referred to [47]. In the craters in PSRs,   2.7 + j 0.003   used in this study is a reasonable value for the dielectric constant of lunar regolith. The dielectric constant of lunar regolith is smaller than that of water ice most of the time, but it (  ε  r e g o l i t h   ) can approach and even exceed the dielectric constant of water ice when the lunar regolith gets denser. Therefore, more detailed constraints about the dielectric constant or bulk density of the lunar regolith in PSRs should be proposed via further studies. Other water ice exploration techniques, such as near-infrared and neutron spectroscopy, are indispensable, as complements and validations of the SAR method proposed in this paper.




5.6. Limitation of the Campbell Model


It should be noticed that when the resolution of the radar data is changed, the scattering characteristic of the lunar surface in the radar image may be different. Therefore, the Campbell model may not be accurate enough for high spatial resolution SAR, because this model is established based on the radar data with a spatial resolution lower than 10 m. Moreover, the Campbell model is accurate only when the subsurface of the lunar regolith has a very slight roughness. As Fa [20] reports that the subsurface of the lunar regolith may have a   1 °   RMS (root mean square) slope, which corresponds to a slight roughness, the Campbell model can still be useful at some times. An improved model in [29] based on the Campbell model can be applied in a rougher subsurface and larger incidence angle, because it uses the SPM (small perturbation approximation) to characterize the rough subsurface scattering and accounts for the topography. Fortunately, both the Campbell model and the improved one have similar formulas, so a substitution between these two models will not change the main conclusion in this paper. It should also be noted that both the Campbell model and the improved model do not take the scattering contributions from the surface and volume into account. Though a polarimetric scattering model in [20] can describe the lunar regolith scattering more accurately, its form is too complex to give a further derivation. In the future, if a simpler analytic model about the lunar surface scattering is applicable, similar steps can be taken to obtain the system function for the design of SAR.





6. Conclusions


The premise of the accurate detection of possible water ice and mapping of its distribution in the lunar PSRs, is to obtain radar data that can be used to distinguish the water ice and lunar regolith. As such, the paper based on the Campbell model and SAR radiometric resolution proposes an innovative system design method for spaceborne SAR to realize the distinction between the water ice and lunar regolith with a small difference in the dielectric constants. This method is mainly used to evaluate the influence of the radar incidence angle, the number of multi-looks, quantization accuracy of receivers, average transmitting power, and so on, on the capability of the spaceborne SAR system to distinguish pure water ice and lunar regolith, and to estimate the content of water ice on the Moon. Based on the method, some simulation experiments were executed. The results indicate that to detect pure water ice from the lunar regolith, there are upper limits for the incidence angle and satellite height, and lower limits for the average power and the number of multi-looks. For example, if the average transmitting power and the number of multi-looks are    P  a v   = 6   kW and    L  l o o k   = 10  , the incidence angle should be no more than   38 °   and the satellite height should be lower than 58 km. Conversely, the average transmitting power should be higher than 22 kW when the satellite height is fixed at 100 km. Moreover, based on the system parameters in Table 2, to detect 5 and 10 wt. % water ice fraction from the lunar regolith, the incidence angle should be no more than   33 °   and   34 °  , respectively, and the number of multi-looks should be larger than four when the average transmitting power and satellite height are 10 kW and 100 km. In short, the results indicate that the proposed SAR design method may be helpful for lunar water ice exploration. Besides general radar equation constraints, this paper points out that one more constraint of water ice detection, i.e., the system function proposed in the paper, should be added to guide the design of SAR for lunar water ice exploration.
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Figure 1. The main flow of the newly defined SAR system function for lunar water ice exploration is presented based on the Campbell model and the requirement of SAR radiometric resolution. 
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Figure 2. Schematic diagram of SAR system design for lunar water ice exploration. The blue, red, black, and light green ellipses represent the initial parameter values, constraint, final parameter values, and system parameters, respectively, and the orange circle denotes the calculation of the SAR system function. 
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Figure 3. (a) The SAR system function varies with the incidence angle  ϕ  and the number of multi-looks   L  l o o k    when the average transmitting power and satellite height are   P  a v    = 100,000 W and   H  s a t    = 100 km. (b,c) are the simulation results of the system function changing with  ϕ  and   L  l o o k   , separately. 
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Figure 4. (a) When the number of multi-looks and the satellite height are   L  l o o k    = 10 and   H  s a t    = 100 km, the system function changes with the incidence angle  ϕ  and average power   P  a v   . (b,c) are the simulation results of the system function changing with  ϕ  and   P  a v   , separately. 
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Figure 5. (a) When the average transmitting power and the number of multi-looks are   P  a v    = 6000 W and   L  l o o k    = 10, the system function changes with the incidence angle  ϕ  and satellite height   H  s a t   . (b,c) are the simulation results of the system function varying with  ϕ  and   H  s a t   , separately. 
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Figure 6. The variation in the quantization bit rate   N  b i t    with the incidence angle  ϕ . 
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Figure 7. (a) The SAR system function varies with the incidence angle  ϕ  and the number of multi-looks   L  l o o k    when the average transmitting power, satellite height, and scale factor of water ice are   P  a v    = 100,000 W,   H  s a t    = 100 km and 5%. (b,c) are the simulation results of the system function changing with  ϕ  and   L  l o o k   , separately. 
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Figure 8. (a) When the number of multi-looks, satellite height, and scale factor of water ice are   L  l o o k    = 10,   H  s a t    = 100 km and 5%, the system function changes with the incidence angle  ϕ  and average power   P  a v   . (b,c) are the simulation results of the system function changing with  ϕ  and   P  a v   , respectively. 
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Figure 9. (a) When the average transmitting power, the number of multi-looks, and scale factor of water ice are   P  a v    = 6000 W,   L  l o o k    = 10 and 5%, the system function changes with the incidence angle  ϕ  and satellite height   H  s a t   . (b,c) are the simulation results of the system function varying with  ϕ  and   H  s a t   , separately. 
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Figure 10. (a) The SAR system function varies with the incidence angle  ϕ  and the number of multi-looks   L  l o o k    when the average transmitting power, satellite height, and scale factor of water ice are   P  a v    = 100,000 W,   H  s a t    = 100 km and 10%. (b,c) are the simulation results of the system function changing with  ϕ  and   L  l o o k   , separately. 
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Figure 11. (a) When the number of multi-looks, satellite height, and scale factor of water ice are   L  l o o k    = 10,   H  s a t    = 100 km and 10%, the system function changes with the incidence angle  ϕ  and average power   P  a v   . (b,c) are the simulation results of the system function changing with  ϕ  and   P  a v   , respectively. 






Figure 11. (a) When the number of multi-looks, satellite height, and scale factor of water ice are   L  l o o k    = 10,   H  s a t    = 100 km and 10%, the system function changes with the incidence angle  ϕ  and average power   P  a v   . (b,c) are the simulation results of the system function changing with  ϕ  and   P  a v   , respectively.



[image: Remotesensing 14 02148 g011]







[image: Remotesensing 14 02148 g012 550] 





Figure 12. (a) When the average transmitting power, the number of multi-looks, and scale factor of water ice are   P  a v    = 6000 W,   L  l o o k    = 10 and 10%, the system function changes with the incidence angle  ϕ  and satellite height   H  s a t   . (b,c) are the simulation results of the system function varying with  ϕ  and   H  s a t   , separately. 
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Figure 13. South polar regions of the Moon. The LCROSS [5] impact region is shown by a red circle. 
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Table 1. The dielectric constants of the water ice and lunar regolith on the Moon [15].






Table 1. The dielectric constants of the water ice and lunar regolith on the Moon [15].





	Components
	Dielectric Constants





	Water ice
	    ε  i c e   = 3.15 + j 0.001   



	Lunar regolith
	    ε  r e g   = 2.70 + j 0.003   
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Table 2. The system parameters used for the simulation experiments to evaluate the influence of the incidence angle, the number of multi-looks, transmitting power, quantization accuracy of receivers, and so on on the design of spaceborne SAR system for lunar water ice exploration.






Table 2. The system parameters used for the simulation experiments to evaluate the influence of the incidence angle, the number of multi-looks, transmitting power, quantization accuracy of receivers, and so on on the design of spaceborne SAR system for lunar water ice exploration.





	Parameters
	Values





	Satellite height (  H  s a t   )
	15∼100 km



	Satellite velocity (  V s  )
	1671.8∼1633.5 m/s



	Carrier frequency (  f c  )
	1.25 GHz



	Signal bandwidth (  B r  )
	300 MHz



	Field-of-View ( ϕ )
	[  20 °  ,   50 °  ]



	NE  σ 0  
	−25 dB



	Noise factor (  F n  )
	1.7 dB



	System loss (  L s  )
	1.5 dB



	Average power (  P  a v   )
	3000∼300,000 W



	The Number of multi-looks (  L  l o o k   )
	1∼150



	Network temperature (  T o  )
	293 K



	Dynamic range of receivers (  D  R r   )
	60 dB
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