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Abstract

:

Lunar exploration is of significant importance in the development and utilization of in situ lunar resources, water ice exploration, and astronomical science. In recent years, ground-based radar (GBR) has gained increasing attention in the field of lunar exploration due to its flexibility, low cost, and penetrating capabilities. This paper reviews the scientific research on lunar exploration using GBR, outlining the basic principles of GBR and the progress made in lunar exploration studies. Our paper introduces the fundamental principles of lunar imaging using GBR and systematically reviews studies on lunar surface/subsurface detection, the dielectric properties inversion of the lunar regolith, and polar water ice detection using GBR. In particular, the paper summarizes the current development status of the Chinese GBR and forecasts future development trends in China. This review will enhance the understanding of lunar exploration results using GBR radar, systematically demonstrate the main applications and scientific achievements of GBR in lunar exploration, and provide a reference for GBR radar in future lunar exploration missions.
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1. Introduction


The Moon, as the celestial body closest to Earth, is the most extensively explored and well-understood object in the solar system as a result of numerous human exploratory missions [1,2]. Lunar exploration contributes to the advancement of space science and technology and meets the needs for sustainable development of human society [1]. Initially, humans observed the Moon with the naked eye, later advancing to multisource detection methods such as spectroscopy, radar, and spectrum analysis [3,4]. These lunar exploration methods are mainly based on remote sensing observations in various bands of the electromagnetic spectrum [5]. Among these, radar detection has the unique capability of penetration, which optical and infrared spectroscopy methods lack, allowing the investigation of both the surface and subsurface physical properties of the Moon [6,7]. Radar detection of the Moon can be categorized into ground-based observations, spaceborne detection, combined space–ground detection, and in situ detection [8]. Ground-based observations primarily involve using ground-based radar (GBR) to transmit electromagnetic signals to observe the Moon [8]. In 1946, humans first utilized GBR technology for lunar exploration [9], and since then, GBR has been gradually applied to lunar exploration research [10].



GBR has revolutionized our understanding of planetary motion and distances [11]. In the early stages of lunar exploration, GBR was primarily used to study the Moon’s orbit and physical characteristics [12,13]. The development and application of delay–Doppler technology [14] and interferometric imaging techniques [15,16] laid the foundation for GBR lunar imaging. This advancement led to a diversification in GBR lunar exploration research. With the deployment of lunar spacecraft, and the use of GBR and spaceborne radar for lunar exploration, these technologies have supported site selection for Apollo missions and ensured the safety of the Chang’e-3 lunar landing [17,18,19]. GBR technology has played a crucial role in searching for water ice on the Moon [20], inverting the physical properties of lunar regolith [21], and detecting lunar surface/subsurface structures [21,22,23,24,25]. Particularly, the technology for inverting lunar regolith thickness using GBR provides essential data for understanding the weathering characteristics of the lunar surface [21,24,26]. It also offers preliminary information on the thickness of the regolith that is critical for China’s future astronaut lunar landing mission, especially for drilling and sampling of regolith [27]. Knowing the thickness and structural composition of the lunar regolith is vital for planning sampling strategies, selecting drilling sites, and optimizing drilling techniques [28]. Inversion analysis of GBR data can provide regolith thickness maps for China’s future astronaut lunar landing mission, helping to avoid geologically complex areas, and thus, increasing the efficiency and success rate of sampling. Furthermore, radar-derived regolith thickness data are valuable for lunar scientific research, resource utilization, and the construction of lunar bases [29,30,31,32].



This paper systematically reviews and summarizes the research achievements of GBR lunar exploration both domestically and internationally, covering aspects such as lunar detection imaging, surface/subsurface exploration, and the inversion of regolith thickness and its physical properties. Section 2 introduces the principles of GBR and its imaging. Section 3 presents research on lunar topography, weathering layer thickness, and polar ice observations using GBR. Section 4 discusses methods and related studies on the inversion of lunar regolith dielectric properties using GBR technology and synthetic-aperture radar (SAR). Section 5 describes the current development status of the Chinese GBR and provides an outlook on its prospects.




2. Principle of GBR Observation of the Moon


2.1. Brief Description of the Current Major GBR Systems


GBR lunar exploration refers to the method of observing the Moon using radar equipment situated on Earth. Humans first began to use GBR for lunar exploration research in 1946 [9].



In 1958, the United States established the Goldstone Solar System Radar (GSSR) [33], which operates at a wavelength of 3.5 cm and has a maximum transmission power of 500 kW. Subsequently, in 1963, the United States constructed the Arecibo Observatory [34], which was later equipped with a 12.6 cm wavelength transmitter and a dual-polarization receiver in 1974. The S-band power was upgraded to 1 MW in 1997. During the same period, in the 1960s, the United States also constructed the Haystack Radar, featuring a 36 m antenna aperture [35]. Due to the utilization of Arecibo and GSSR, as well as subsequent upgrades to the Haystack Radar sensor, the Haystack Radar has primarily been used for the detection and imaging of space objects. Beginning in 1978, Evpatoria conducted several deep space exploration missions. With subsequent upgrades to the system, its focus shifted to the exploration of Venus and Mars [36]. For these GBR systems’ parameters, see Table 1.



With continuous improvements in GBR technology and performance, as well as advances in radar echo data processing methods, GBR has been gradually applied in the field of deep space exploration [10]. GBR has played a crucial role in lunar exploration, providing extensive data support for lunar science research through high-resolution imaging, topographic mapping, and material analysis [17,37,38]. Compared to optical, spaceborne, and in situ lunar exploration methods, GBR offers several advantages: high flexibility, unaffected by weather or illumination conditions; high resolution, with imaging resolution reaching submeter levels; cost-effectiveness; the capability for active multipolarization detection, providing rich detection information; and short observation cycles [39,40,41]. However, GBR lunar exploration also has its limitations. Due to the relative motion between Earth and the Moon, GBR can observe only the near side of the Moon. Additionally, the distance between the Earth and the Moon, as well as interference from the ionosphere and cosmic electromagnetic sources, results in weak radar echo signals, making the data processing complex and the extraction of valid information challenging [8,42].





 





Table 1. Major GBR systems and parameters for lunar exploration [33,35,36,42,43].






Table 1. Major GBR systems and parameters for lunar exploration [33,35,36,42,43].





	
Transmitter

Telescope

	
Country

	
Antenna

Diameter (m)

	
Transmitter

Frequency

	
Maximum

Transmission

Power

	
Main

Applications






	
Arecibo

	
USA

	
305

	
430 MHz

	
150 kW

	
Ionosphere detection

Planetary exploration




	
2380 MHz

	
1 MW




	
GSSR

	
USA

	
70

	
8560 MHz

	
500 kW

	
Near-Earth asteroid detection,

deep space exploration




	
Haystack

	
USA

	
37

	
7840 MHz

	
500 kW

	
Detection and imaging of space targets




	
Green Bank

	
USA

	
100

	
5 GHz

	
1 MW

	
High-resolution planetary surface imaging




	
Evpatoria

	
Crimea

	
70

	
5.01 GHz

	
90 kW

	
Space debris detection,

Venus and Mars exploration




	
EISCAT-UHF

	
Norway

	
32

	
928.4 MHz

	
1.8 MW

	
Ionosphere detection,

lunar surface imaging




	
QuJing Incoherent

Scatter Radar (QJISR)

	
China

	
29

	
500 MHz

	
2 MW

	
Ionosphere detection,

lunar surface imaging








Note: The Arecibo radar system has been decommissioned.












2.2. Principles of GBR Imaging


GBR operates by transmitting electromagnetic waves and receiving the echo signals reflected back from the target. Using the differences in distance and velocity of various regions on the lunar surface, we can distinguish the position of the echoes originating from the Moon. Combining techniques such as synthetic-aperture radar (SAR) and polarimetric radar, GBR can achieve high-resolution imaging and material property analysis. This detection process can be conducted in both monostatic and bistatic observation modes. The classic techniques for lunar imaging using GBR are delay–Doppler imaging and interferometric imaging [22,44,45].



2.2.1. Delay–Doppler Mapping


The delay–Doppler imaging technique was first proposed by [14] in 1960, and subsequently, detailed by [46] in 1974. The Moon, being a rigid body, has surface features that remain fixed to each other. When radar signals probe the lunar surface, the reflected echo signals maintain a consistent pattern. The time and frequency information carried by these radar echo signals can distinguish the echoes from different areas of the lunar surface, thereby reconstructing the echo power map of the entire Moon.



The time and frequency information of radar echo signals is determined by the distance between the observation station and the lunar surface, as well as their relative motion. By constructing delay–Doppler coordinates, the two-dimensional distribution of radar echo signals on the lunar surface can be described. The relative motion between Earth and the Moon can be expressed as radial velocity and apparent rotation [47]. Radial velocity is mainly influenced by the Earth’s rotation and the Moon’s orbit, while the Moon’s rotation has a negligible effect under normal circumstances [45]. Apparent rotation is primarily affected by the Moon’s latitude libration, longitude libration, and diurnal libration owing to Earth–Moon dynamics. Based on the prior knowledge of Earth–Moon motion relationships, the delay and Doppler shift information between points on the lunar surface and the observation point can be calculated. Radar echo data are then compensated for range and azimuth to obtain a delay–Doppler image. The delay–Doppler image in the Doppler coordinate system is rotated twice (see Figure 1, for detailed process refer to [22]) and projected onto the lunar coordinate system, ultimately completing the delay–Doppler lunar detection imaging.



The range resolution (  δ r  , the width of delay rings in Figure 1a), azimuth resolution (  δ a  , the width of Doppler half-rings in Figure 1a), and spatial resolution (A, the intersection unit of delay rings and Doppler half-rings in Figure 1a) of delay–Doppler imaging can be expressed by Equations (1)–(3) [46]:


   δ r  =    c Δ τ   2 sin α     



(1)






   δ a  =    Δ f λ   2 ω sin ϕ     



(2)






  A =     c Δ τ   2 sin α         Δ f λ   2 ω sin ϕ      



(3)




where c is the speed of light,   Δ τ   is the pulse width,  α  is the incidence angle,   Δ f   is the Doppler frequency resolution,  λ  is the wavelength of the radar signal, and  ω  is the apparent rotational speed of the Moon.



Due to the lower ground resolution along the delay axis and the high north–south ambiguity near the line of sight between Earth and the Moon, effective radar mapping of the central region near the lunar perigee is not possible [48]. This north–south ambiguity can be mitigated using methods such as narrow-bandwidth detection, multistatic radar detection, and separate illumination/reception for the northern and southern hemispheres [43]. Ephemeris provides precise orbital calculations and real-time data correction, which can reduce Doppler shifts caused by the relative motion between the Earth and the Moon. Additionally, having higher transmission power or designing new radar systems, such as phased-array radar, also helps improve the quality of radar echoes. In GBR lunar observations, terrain-induced effects such as shadowing and layover may occur. Shadowing effects become more pronounced at lower incidence angles, and areas with steep slopes appear more compact or overlapped in radar images, losing their original resolution details [5]. Fortunately, with the continuous advancements in lunar exploration, we now have access to high-resolution elevation data for the entire Moon. When conducting imaging surveys of a study area, we can utilize high-precision DEM data to compensate for the imaging region, thus reducing the errors caused by overlay effects.




2.2.2. Interferometric Imaging


Ground-based radar interferometry (GBRI) is a method that uses GBR systems to perform three-dimensional imaging of target areas. As an extension of two-dimensional delay–Doppler imaging technology, GBR interferometry was first applied to the Venus exploration by Thompson et al. [49]. Interferometric imaging is based on the interference between multiple sources and receivers of radar signals. By conducting multiple observations of the same target area and recording radar data from different positions and times, high-resolution images can be generated. The main steps of interferometric imaging include registration, interferometry, flattening, phase filtering, phase unwrapping, and elevation calculation [45,50].



In GBRI, radar signals are transmitted and received, and the phase difference of the signals is analyzed to obtain height information of the target area. Random noise, radar platform motion, and terrain variations can cause geometric position deviations in the images, potentially preventing precise image alignment. Therefore, phase filtering must be performed before phase unwrapping to improve image quality [4]. Mean filtering smooths phase information by averaging the phase values of adjacent pixels, but can blur the image details [51]. Rotational median filtering calculates the median phase value within a sliding window, better preserving edges and details of the image, while effectively suppressing isolated noise points [52]. Therefore, for applications that require preservation of image details and edge information, the performance of the mean filter may be less than satisfactory. In contrast, the rotational median filter excels in preserving image edges and details while effectively suppressing isolated noise points. As a result, in ground-based radar interferometry, if the goal is to improve image quality while retaining as much detail as possible, the rotational median filter is usually the better choice. After phase filtering, registration, and phase unwrapping of the signals obtained from two measurements, the phase difference   Δ ϕ   and elevation h can be expressed as follows:


  Δ ϕ =  ϕ 2  −  ϕ 1  =    4 π Δ R  λ    



(4)






  h =    λ ϕ   2 π B R     



(5)




where   Δ ϕ   is the phase difference,   ϕ 1   and   ϕ 2   are the phases from two different measurements,   Δ R   is the distance difference from the target to the two measurement positions,  λ  is the radar signal wavelength, B is the perpendicular baseline distance projection onto the plane perpendicular to the radar line of sight, and R is the distance from the pixel point to the radar.






3. GBR Imaging of the Surface/Subsurface of the Moon


3.1. Mapping of Lunar Topography and Geomorphology


Since 1958, humans have conducted various lunar exploration methods, and the rich data obtained have improved our understanding of the topographical and geomorphological characteristics of the Moon, geological structures, internal composition, and evolutionary processes [1]. GBR offers low cost, observational freedom, and high resolution [40], as well as penetration capabilities that optical methods lack, making it an excellent tool for mapping the topography and geomorphology of the Moon [8]. Since the 1960s, GBR technology has gradually been applied to lunar topography mapping [43,50], with the development of delay–Doppler techniques laying the foundation for this application [53]. High-resolution topographic data play a crucial role in interpreting lunar geological activity and understanding the composition of the lunar regolith [54]. With continuous improvements in equipment and technology, the imaging accuracy of GBR has also been steadily enhanced.



In the early days of lunar exploration, Thompson [55] first produced radar images of the entire near side of the Moon, with a spatial resolution of 25–100   km 2  . In the following years, Thompson [56] produced radar images of the entire near side of the Moon with a spatial resolution of 3–5   km 2  . Today, GBR equipment can achieve spatial resolutions at the meter level for lunar imaging [44]. Research on lunar topography mapping not only provides detailed observational evidence of geological activity on the Moon’s surface, but also identifies potential resource distribution areas and helps understand the Moon’s internal structure and evolutionary mechanisms [15,16,57].



The primary research content of GBR in lunar topography mapping includes analyzing lunar surface morphological features, studying geological activity, analyzing lunar surface composition, and detecting subsurface structural characteristics [37,58,59,60,61]. The surface morphological features of the Moon are closely related to its geological evolution processes [50] and impact events [62]. During GBR observations, the reflective properties and material composition of the target surface affect the intensity of radar echoes, and electromagnetic waves of different wavelengths are sensitive to surface features of different scales. By analyzing these characteristics of radar echoes, the formation and evolution processes of impact craters can be explained. Pettengill and Thompson [50] produced radar images of the Tycho crater region at wavelengths of   3.8   cm and 70 cm, with spatial resolutions of 1–2 km and 7–10 km, respectively. By comparing the radar echo enhancements at two wavelengths and combining high-resolution images of the Tycho crater region taken by Lunar Orbiter IV, they discovered a large number of decimeter-scale blocks around and inside the Tycho crater, indicating a rougher surface at its interior and edges [50]. Thompson [55] analyzed the radar polarization echoes of nearly two-thirds of the lunar near side, showing that younger impact craters exhibited enhanced radar backscatter, while the backscatter from the mare regions was weaker compared to the highlands. This indicated that the surfaces of younger impact craters were rougher. Mare regions were generally flat and smooth, whereas highland regions were rougher and more irregular. These early studies mainly used the distribution characteristics of radar echo strength to reflect the surface roughness of the study areas.



GBR can map high-resolution images of the lunar surface, aiding in the identification and measurement of geological activities, thereby revealing and identifying evidence of geological activities such as impact craters, lava flows, and tectonic faults. Zisk et al. [15] applied GBRI techniques to the Moon, mapping three-dimensional images of the Ptolemaeus, Alphonsus, and Arzachel crater regions with spatial resolutions of 1–2 km and elevation resolutions better than 500 m. The imaging results revealed that older craters had higher floors, suggesting that early volcanic activity might have produced a series of thin lava flows gradually filling the craters. As volcanic activity waned or ceased, younger craters were not filled to the level of older craters. Additionally, features such as ridges and tilted fill deposits were found in the Ptolemaeus and Alphonsus craters, indicating the possible presence of late-stage high-viscosity lava flows that upwelled through crustal faults and filled these craters. The highest elevation within the Ptolemaeus crater’s floor, with small negative gravity anomalies, suggested the presence of low-density material, likely brecciated debris from the crater walls. Margot et al. [63] used GBRI techniques for high-resolution topographical measurements and detailed morphological analysis of the Tycho crater region, revealing the region’s topographical features and evolutionary processes. The imaging results showed a clear dichotomy in the crater floor, with the western region elevated by approximately 200 m, suggesting asymmetry in the crater shape and wall slumping phenomena, possibly related to oblique impacts. Ref. Campbell et al. [48] used the Arecibo and Green Bank radars to probe areas between   80 °  S–  80 °  N and   100 °  E–  100 °  W on the Moon, generating high-resolution radar images with an 80 m spatial resolution. They analyzed the radar polarization characteristics of basalt deposits, discovering that low-  TiO 2   basalt deposits on the Moon had circular polarization ratio (CPR) values exceeding those of rough terrestrial lava flows, indicating the presence of abundant small-diameter rocks and significant subsurface volume scattering components. By analyzing the high backscatter characteristics and CPR of radar images, they identified the boundaries of melt deposits around the Glushko crater, which were not apparent in optical images (see Figure 2).



Research by Campbell et al. [20] and Ghent et al. [64] indicates that impact melt can extend over significant distances. In the Antarctic region, such as the Amundsen crater, impact melt deposits appear as high-density radar bright spots, suggesting the presence of substantial impact melt deposits in this area. These impact melt deposits are believed to have been formed by the impact event that created the Orientale Basin Campbell et al. [20]. In contrast, although similar deposits exist in the Arctic region, such as in the Peary and Byrd craters, their density and distribution are noticeably lower. This leads to further speculation that the difference may be related to the distance between the lunar poles; the south pole is closer to the Orientale Basin, and therefore, receives more impact melt material.



These new insights into the distribution and surface morphology of impact melt deposits from craters to basins demonstrate the unique advantages of radar imaging technology in revealing the structure of the lunar surface, particularly the distribution and flow characteristics of impact melt deposits.



By analyzing the interaction between radar echoes and the lunar surface, we can gain insights into the behavior of radar waves upon encountering various materials. The scattering, reflection, and absorption characteristics of these materials provide crucial information. Additionally, the sensitivity of radar signals at different wavelengths to lunar surface materials allows us to reveal their physical and chemical properties. Schaber et al. [65] analyzed radar observation data at wavelengths of 70 cm and   3.8   cm, revealing significant differences in radar reflection characteristics of surfaces formed by volcanic activities during different geological periods of the Mare Imbrium. They found that the distribution of the weakest radar signals, both polarized and depolarized backscatter, closely matched the distribution of blue lava flows from different volcanic periods. Image data from Surveyor and Apollo missions indicated that smaller rocks are widely distributed on the surfaces of several maria, including Mare Imbrium, but larger rocks (over 25 cm) are scarce [66]. This suggests that rock abundance alone is not the sole cause of variations in depolarized radar signals. It is inferred that the low reflectivity in these regions is mainly related to surface chemical composition and thermal inertia, with low albedo and high titanium and iron content leading to higher infrared temperatures and lower radar reflectivity.



Campbell et al. [22] used GBR to transmit circularly polarized pulse waveforms, with the Green Bank Telescope, receiving two types of circularly polarized radar echoes. They proposed a patch-focusing method for lunar imaging, achieving spatial resolutions near the lunar limb of up to 320 m × 450 m. By analyzing 70 cm radar images of the Mare Serenitatis area and combining them with abundance images of ilmenite in the region, they studied the composition and age of the near-side lunar mare, revealing the influence of ilmenite content in basalt on radar echo strength. The analysis showed a correlation between the distribution of low-titanium, and low-iron basalt within Mare Serenitatis and the medium-to-high-titanium lava flows around it, though significant differences were also noted. This led to the inference that there is no strong correlation between radar echo strength and the age of the mare. Campbell et al. [67] utilized new 70 cm radar images collected by the Arecibo Observatory and Green Bank Telescope, combined with multispectral data from Clementine, to analyze the radar scattering characteristics of lunar regolith to explore the distribution and characteristics of cryptomare deposits. Early multispectral analyses showed that maria materials mixed with highland terrains at the western edge of Oceanus Procellarum increased the surface FeO and TiO2 content of the regolith [68].



However, the low-echo regions of the 70 cm radar extended beyond the mixed areas revealed by multispectral data, encompassing regions such as Krieger crater, southwest of Grimaldi, and extending southeast. This suggests the possible presence of mare basalt or a mix of mare and highland materials at depth in these regions, surfacing only near the western edge of Oceanus Procellarum [67]. Campbell et al. [23] analyzed the relationship between radar echo CPR, intensity, ilmenite content, relative age of mare deposits, and radar signal incidence angle with radar echo characteristics of lunar mare regions based on new 70 cm radar observation data. The analysis indicated that existing regolith thickness models could not explain why older deposits had higher CPR values, nor was there evidence of an unknown mineral significantly affecting the microwave loss tangent and altering CPR values. It was inferred that areas with high backscatter and high CPR in Mare Serenitatis, Mare Imbrium, and Mare Crisium had an enhanced abundance of decimeter-scale subsurface rocks compared to typical mare regions. The research conducted using GBR to explore the lunar topography and geomorphology has revealed detailed characteristics of the lunar surface morphology, geological activities, surface composition, and subsurface structures. This research has played a significant role in understanding the formation and evolution processes of impact craters. With the advancement of technology, GBR detection techniques will be combined with multiple detection methods to provide more comprehensive data support for understanding the geological features, resource distribution, and tectonic evolution mechanisms of the lunar surface.




3.2. Observing Thickness of the Lunar Regolith


The lunar regolith is a loose, unconsolidated layer of debris covering the lunar surface, composed of various sizes of rock fragments and dust [69]. Except for some very steep impact crater walls or lava channels, the lunar regolith covers the bedrock of the Moon [70]. The formation and evolution of the lunar regolith is due to continuous impact events and bombardment by solar system particles, which break up, melt, mix and redistribute the bedrock, creating a complex layer of debris [69,71,72]. Due to ongoing impacts, the average particle size of the lunar regolith is about 0.1 mm [73]. The structure of the lunar regolith includes a surface layer of fine powdery material, an intermediate layer of larger particles and rock fragments, and a bottom layer of rocks and large particles [2]. The mixing rate of the lunar regolith is high at shallow depths due to small impacts and decreases with depth [74]. The density of the shallow lunar regolith is about 1.3–1.8 g/cm3, increasing with depth and reaching a maximum at a depth of ∼50 cm [73], with the effective dielectric constant showing similar behavior [75]. The porosity of the shallow lunar regolith is about 40–50%, decreasing with depth [2]. The thickness of the lunar regolith is deepest at around 10–20 m, with an average thickness of about 4–5 m in mare regions and 10–15 m in the highland regions [69]. The thickness of the lunar regolith roughly indicates the surface age of the Moon; i.e., the older the surface, the thicker the regolith [26]. Since the Moon lacks an atmosphere and magnetic field, the lunar regolith records important information about the lunar space environment and the evolution of the solar system [24]. Therefore, studying the lunar regolith is crucial for understanding the geological history of the Moon [72], its formation and evolution [76], the development and utilization of in situ lunar resources [77], and future lunar exploration missions [2].



Before the Apollo missions, the thickness of the lunar regolith was primarily estimated indirectly through the morphology and size-frequency distribution of impact craters. Shoemaker et al. [78] proposed a method to approximate the cumulative distribution of the thickness of the regolith using the crater size-frequency distribution function and estimated the thickness of the regolith at the landing site of Surveyor 7. Basilevsky [79] used a similar method to estimate the regolith thickness at the Luna 16, 17, 20, and 21 landing sites. Another method of estimating regolith thickness is direct measurement, including lunar in situ seismic experiments [80], passive seismic experiments (PSE) from Apollo missions 12, 14, and 15, active seismic experiments (ASE) from Apollo missions 14 and 16, and lunar seismic profiling from the Apollo 17 mission, electromagnetic multi-frequency soundings from the Apollo 17 mission [81], drilling at landing sites [2], and radar probing at Chang’e-3 and -4 landing sites [31,82,83,84,85]. However, these direct or indirect methods are complex and can only estimate the thickness of the regolith in small areas. Ground- and space-based radar technologies and microwave radiometers are used to study the thickness of the regolith in larger areas of the lunar surface [24].



Shkuratov and Bondarenko [26] used 70 cm Arecibo radar data and lunar surface ilmenite abundance data to create the first large-scale mapping of regolith thickness on the lunar near side. To invert the thickness of the lunar regolith, Shkuratov and Bondarenko [26] developed a multiple scattering model to determine the depolarized radar echo strength (see Figure 3). This model assumes that the lunar regolith is a homogeneous layer with uneven upper and lower interfaces. The upper interface (vacuum to regolith) is modeled as a slightly undulating surface with a normal distribution, having a small standard deviation. The lower interface (regolith to bedrock) is modeled as a rougher surface, potentially containing large rock inclusions, with a uniform slope distribution.



The inversion results indicate that the thickness of the lunar regolith in the mare regions varies from   1.5   m to 10 m, with an average of ∼5 m, while the thickness of the regolith in the highland areas ranges from 1 m to 18 m, with an average of ∼12 m. The analysis of regolith thickness and surface age shows that older surfaces have thicker regolith layers. However, Campbell et al. [86] raised several concerns about this model: firstly, the scattering model did not account for rocks buried within the regolith, which can significantly affect radar scattering characteristics and lead to underestimation of the backscatter signal caused by these rocks. Secondly, the model assumes that the co-polarized radar echo mainly comes from the regolith–bedrock interface, whereas studies by Fa et al. [87] and Thompson et al. [88] indicate that rocks on the lunar surface or within the regolith are the primary contributors to the depolarized radar backscatter coefficient. Lastly, the model’s dependence on the cosine of the radar incidence angle for backscatter is overly simplified, neglecting the complex scattering processes in reality, thus reducing the model’s accuracy.



Fa et al. [24] optimized this radar scattering model by considering scattering from both the lunar surface and buried rocks. By reanalyzing the dielectric properties of regolith samples collected during the Apollo missions at 450 MHz, Fa et al. [24] established relationships between the dielectric constant, bulk density, and regolith composition. Fa et al. [24] selected nine regions with known regolith thicknesses as calibration points, analyzing radar data from these regions to constrain lunar surface roughness and subsurface rock abundance. Using data from the calibration points, Fa et al. [24] inverted the regolith thickness in four regions of the lunar near side and analyzed the uncertainty of the inversion results. Despite calibrating the Arecibo radar data, calibration errors persisted. Moreover, although the radar scattering model considered surface roughness and subsurface rocks, its simplified assumptions might not fully reflect the actual conditions, particularly the multiple scattering among buried rocks. Additionally, this method is difficult to apply in areas with very rough surfaces (e.g., young rocky impact craters and highly rugged highlands), affecting the accuracy of the inversion results. Kobayashi et al. [89] estimated lunar regolith thickness using synchronous observations from the Lunar Radar Sounder (LRS) and the Lunar Orbiter Laser Altimeter (LOLA) aboard Japan’s Kaguya mission. The study found that the average regolith thickness in the near-side regions of Mare Tranquillitatis, Mare Serenitatis, Mare Imbrium, and Oceanus Procellarum ranged from   6.3   to   6.9   m, higher than previous estimates [89]. Kobayashi et al. [89] used a one-dimensional finite-difference time-domain (FDTD) model to simulate LRS surface range measurements and defined a functional relationship between surface range drift and regolith thickness. The inversion method is primarily suitable for mare regions and has limited applicability in highland or rough surface areas, with multiple solutions when the regolith thickness exceeds 9 m. Additionally, errors may arise during the matching of LRS and LOLA data, and the complexity of surface range drift phenomena adds to the uncertainty. The influence mechanism of local geological conditions on regolith thickness has yet to be thoroughly explored. Finally, there is some uncertainty in the selection of model parameters, and sensitivity analysis of different parameters needs to be strengthened. Addressing these shortcomings can further improve the accuracy and applicability of lunar regolith thickness estimation, providing more reliable data support for lunar scientific research.



Currently, using GBR to invert lunar regolith thickness offers broad coverage, high-resolution data, and deep penetration capabilities but also faces challenges such as data calibration issues, the complexity of scattering models, limited applicability in highly rough areas, and the impact of local terrain [24,26,86,89]. To enhance the accuracy and applicability of this technique, it is essential to improve radar data calibration methods and develop more precise radar scattering models. Integrating multiple detection data sources for fusion analysis and increasing radar spatial resolution are also crucial steps. Additionally, the development of real-time correction techniques is necessary to further refine the results. These improvements will help achieve a more reliable inversion of lunar regolith thickness, providing more accurate data support for lunar scientific research and exploration.




3.3. Observations of Water Ice in the Lunar Polar Region


As lunar exploration continues to advance, the detection of water on the Moon has become a significant focus in lunar science research. Determining the distribution and abundance of lunar water ice can not only deepen our understanding of the Moon’s evolution and internal composition [57,90,91] but also provide critical resources for establishing lunar bases [30,92,93]. Currently, the primary sources of lunar water are believed to be the lunar interior’s magma ocean, comet or meteorite impacts, and the interaction of solar wind protons with oxygen-bearing materials on the lunar surface [94,95,96,97,98]. The main forms of water on the Moon include structural water within mineral lattices, adsorbed water on particle surfaces, and water ice [99]. Due to factors such as topography, the Moon’s orbital motion, and the solar elevation angle, some areas at the lunar poles remain in permanent shadow, forming permanently shadowed regions (PSRs) [100,101]. These regions can reach temperatures as low as 40 K, becoming natural cold traps. Such extremely low temperatures facilitate the long-term preservation of water and water ice, making PSRs potential reservoirs of lunar water ice [102]. Watson et al. [103] first proposed the hypothesis that water ice could exist in the PSRs at the lunar poles. Since then, various exploration methods have been employed to study the distribution and abundance of lunar water ice, with radar playing a crucial role; e.g., GBR, Mini-SAR, and Mini-RF have been widely used to seek evidence of water ice on the Moon [8].



In 1994, the bistatic radar on the Clementine mission revealed an increased CPR in radar echoes from some PSRs on the Moon, similar to the echo characteristics of water ice, suggesting the possible presence of water ice on the Moon [104]. This is because electromagnetic waves undergoing multiple reflections within ice lead to an increase in the CPR. However, Campbell et al. [105] argued that the echo characteristics of rough rock surfaces (such as lava flows) at high incidence angles could also resemble those of water ice. To further verify whether the CPR could indicate the presence of water ice, Stacy et al. [106] used the Arecibo GBR to image the lunar poles with a spatial resolution of 125 m. The imaging results showed no extensive regions with a CPR close to or greater than 1   km 2   at the lunar poles, indicating no large-scale water ice deposits. However, in some areas, smaller than 1   km 2  , at the lunar south pole, 26 craters with a CPR greater than 1 were found. Combining these regions with optical images revealed that at least nine of these areas were sunlit, suggesting that the high radar reflectivity might be due to surface roughness or other factors rather than water ice. Due to the lack of detailed topographic information, Stacy et al. [106] could not further determine which areas were in permanent shadow. Margot et al. [63] used GBR interferometry to map the lunar poles’ topography in detail, seeking potential cold trap regions for water ice. Using ray-tracing methods, they located the PSRs at the lunar poles. The results showed that the lunar south pole has a more rugged terrain and a larger area of PSRs (5100   km 2   compared to 2650   km 2   at the north pole). The Lunar Prospector (LP) mission detected hydrogen signals at both lunar poles, with a higher abundance at the north pole [107]. This conclusion is inconsistent with the distribution of PSR areas at the lunar poles, implying that water ice might be mixed within the regolith or alternating between water ice and regolith, representing different deposition events. These early studies had some limitations, such as insufficient research on the radar scattering characteristics of different materials on and beneath the lunar surface and inadequate studies on the relationship between PSR cold traps and lunar surface geological evolution.



Therefore, Campbell et al. [20] re-mapped 13 cm wavelength radar images of the lunar south pole with a resolution of 20 m to search for evidence of water ice deposits in the PSRs. The imaging results showed no clear evidence of water ice deposits in the Shackleton crater or other areas of the south pole. The analysis suggested that high CPR values in the lunar south pole region might be due to geological features (such as rocks and boulders) rather than water ice [20]. If the hydrogen enhancement detected by LP indicates the presence of water ice, it could be inferred that water ice might exist as small dispersed particles within the regolith rather than forming thick ice deposits. Spudis et al. [108] used Mini-RF radar to image the lunar poles in S-band (  12.6   cm) and X-band (  4.2   cm). The results showed that most fresh impact craters exhibited high CPR values both inside and outside. However, some anomalous crater regions at the lunar poles displayed high CPR values only inside the craters, with no high CPR values at the rims (see Figure 4). These areas are located in PSRs, permanently in low-temperature environments. This anomalous phenomenon was interpreted as indicating that the high CPR in these craters was not due to rough surfaces from fresh impacts but more likely due to the stable presence of water ice.



Fa et al. [109] proposed an alternative view regarding the elevated CPR within anomalous impact craters in PSRs being an indicator of water ice. By systematically analyzing more than 4000 craters with diameters ranging from   2.5   to 24 km, and combining Mini-RF radar images with Diviner rock abundance (RA) data, they studied the correlation between radar CPR, surface slope, surface rock abundance, and crater depth-to-diameter ratios. The results showed that anomalous CPR craters are relatively evenly distributed across the lunar surface, with no significant difference in CPR between polar and non-polar craters (see Figure 5). Consequently, Fa et al. [109] concluded that elevated CPR inside craters but low CPR outside cannot be interpreted as the presence of water ice inside the craters. Instead, it suggests that the craters are in an intermediate stage of evolution. The material within the crater walls weathers more slowly than the material outside the rims, resulting in different CPR values.



Shackleton crater, located in the South Pole–Aitken Basin of the Moon, is one of the most scientifically significant lunar impact craters [110]. The interior of Shackleton crater is almost permanently in shadow and is considered a potential site for water ice deposits [111,112]. Spudis et al. [108] reported elevated CPR values in the PSRs of Shackleton crater through spaceborne SAR observations, suggesting the presence of water ice. However, high CPR values are not definitive evidence of water ice, and may also result from rough materials at the crater bottom [113]. Currently, there is insufficient in situ evidence to confirm the existence of water ice in Shackleton crater’s PSRs. The surface temperature of the Moon varies over time [114,115]. If water ice exists beneath the Shackleton crater region, GBR detection at different temperatures would reveal varying electromagnetic wave attenuation characteristics. Thus, analyzing the relationship between seasonal temperature changes in the study area and electromagnetic wave attenuation could provide new evidence for the presence of water ice in the shallow subsurface of the lunar south pole.



In addition to radar detection, countries such as the United States, Japan, and India have used other methods such as infrared spectroscopy [116,117,118] and impact experiments in PSRs [119,120] to detect water ice at the lunar poles. These studies indirectly demonstrated the presence of water ice on the Moon, but the distribution, state, and quantity of water ice within the regolith still require further investigation. Future missions, such as Chang’e-7, will carry in situ radar payloads, specifically focusing on observing the presence of water ice in Shackleton crater’s PSRs. GBR continues to play an irreplaceable role in lunar water ice detection, with its high resolution, multi-frequency capability, and all-weather observation capacity making it an essential tool. Particularly, the multi-band and multi-polarization detection capabilities of GBR provide multi-angle, corroborative scientific interpretations for lunar polar water ice detection. Combining GBR with other detection methods allows for more effective and accurate confirmation of the existence and distribution of water ice.





4. Radar Inversion of the Dielectric Properties of Subsurface Materials of the Moon


The dielectric constant of the lunar regolith is a crucial parameter to describe its electromagnetic properties [121,122,123]. It affects the propagation and reflection characteristics of electromagnetic waves on the lunar surface [124,125]. The complex dielectric constant can be represented as


  ε =  ε ′  − j  ε  ″    



(6)




and the loss tangent   tan δ   is given by


  tan δ =    ε  ″    ε ′     



(7)




where   ε ′   and   ε  ″    are the real and imaginary parts of the permittivity, respectively, and j is the imaginary unit. The loss tangent (  tan δ  ) is defined as the ratio of the imaginary part to the real part of the complex permittivity. In the absence of water, the primary factors affecting the permittivity of the lunar regolith are its density and material composition. By measuring and analyzing the permittivity of the lunar regolith, one can infer information about its composition, density, and water content [81]. Understanding the dielectric properties of the lunar regolith aids in interpreting GBR observations, estimating regolith thickness, detecting polar ice, and exploring in situ lunar resources [24,63,124,126]. Experimental analysis of Apollo and Luna mission lunar samples [127] revealed that the real part of the permittivity of lunar samples is closely related to bulk density, while the imaginary part is related to bulk density and ilmenite content [75]. China’s Chang’e-5 and Chang’e-6 missions also successfully collected lunar samples [128,129]. However, these samples are from limited non-polar locations [2] and may not represent the dielectric properties of the broader lunar surface. Estimations of the dielectric properties over larger lunar areas can be achieved using radar, optical, and microwave radiometers. Among these, GBR and lunar microwave radiometers have lower detection resolution [130,131]. Synthetic-aperture radar (SAR), with its active, high-resolution imaging capabilities, can be used for probing the dielectric properties of the lunar regolith. The primary SAR instruments for high-resolution lunar regolith dielectric property studies include the Mini-SAR on the Chandrayaan-1 spacecraft, the Mini-RF on the Lunar Reconnaissance Orbiter (LRO), the dual-frequency SAR (DF-SAR) on the Chandrayaan-2 orbiter, and the dual-frequency polarized SAR expected to launch on Chang’e-7 in 2026 (see Table 2).



Campbell et al. [136] studied the scattering properties of planetary surfaces using GBR observations and proposed a dielectric constant inversion model based on the co-polarization ratio of radar echoes. However, their model ignored the cross-polarization component and assumed that the radar backscatter from the substrate was much stronger than from the surface. Campbell et al. [21] found that radar echoes from lunar basaltic highlands are mainly influenced by block scattering in the regolith, with sizes comparable to the wavelength, while substrate scattering has minimal effect on the radar echoes. Thus, Campbell et al. [136]’s model has limitations and is only applicable to flat lunar surface regions [137]. Fa et al. [24] reanalyzed the dielectric properties of regolith samples collected during the Apollo missions at 450 MHz. They found a linear correlation between the real part of the permittivity and bulk density and FeO content, while the imaginary part correlated linearly with bulk density and TiO2 content. Using these relationships and spectral data from the Lunar Prospector, Fa et al. [24] generated a dielectric constant distribution map for the near side of the Moon.



Bhattacharya et al. [138] proposed a new model to estimate the dielectric constant of the lunar surface regolith using Mini-RF data from the LRO. This model considers the surface regolith as a random medium composed of ellipsoidal particles smaller than the incident S-band wavelength. By deriving the coherent matrix under reflection symmetry conditions, Bhattacharya et al. [138] calculated the anisotropic parameters of the particles, which were used to estimate the dielectric constant. Their results indicated dielectric constants of   2.87   ±   0.31   for the Taurus–Littrow valley and   3.04   ±   0.31   for the Mare Imbrium, consistent with previous estimates. However, the model assumes isotropy in the regolith and can only estimate the real part of the dielectric constant, potentially neglecting anisotropy effects and causing deviations from the laboratory measurement of dielectric constant value. Kumar et al. [125] estimated the dielectric constant of the lunar surface using Mini-RF and Chandrayaan-2 SAR data. By calculating the co-polarization ratio of hybrid polarization SAR data and combining it with incidence angle information, they estimated the real part of the permittivity. This method directly uses LH and LV data, avoiding the HV ≈ 0 assumption, thus improving estimation accuracy. Although accurate, this method relies on known incidence angles and has only been validated in small areas and samples.



Gao et al. [124] proposed a new hybrid polarization SAR dielectric constant inversion model using Mini-RF SAR data, introducing the hybrid polarization scattering similarity parameter (HPSS). This parameter quantifies the proportion of single scattering components in radar echoes, improving dielectric constant inversion accuracy. Their results showed consistency with laboratory measurements of Apollo and Chang’e lunar samples [19,139,140]. Additionally, the dielectric constants of fine particles in the permanently shadowed regions of the poles are lower than those of the mare and highlands, indicating looser regolith materials in these areas. However, this method is limited by the resolution of SAR images, and the inversion accuracy may be affected by meter- or centimeter-scale rock fragments.



The real part of the permittivity affects the speed of electromagnetic waves, while the imaginary part is closely related to the loss of electromagnetic waves in the material. Understanding the loss tangent of lunar regolith aids in the scientific interpretation of GBR results. The loss tangent of lunar regolith is related to the abundance of (FeO +   TiO 2  ), with laboratory measurements showing a range from   0.002   to   0.2   [73,141]. Laboratory measurements of Apollo regolith samples yielded a fitting equation for the loss tangent dependent on bulk density and the sum of the weight percentages of FeO and   TiO 2   [75,142,143]:


  tan δ =  10  ( 0.033  [ %  TiO 2  + % FeO ]  + 0.231 ρ − 3.061 )    



(8)







But this fitting equation has some uncertainty. The distribution of (FeO +   TiO 2  ) abundance is derived from spectral data, but spectral detection lacks penetration capability and cannot reflect the subsurface (FeO +   TiO 2  ) abundance distribution.



Research on estimating the loss tangent of lunar regolith using GBR techniques is limited. By analyzing the attenuation rate of radar echo power over time, the loss tangent of lunar regolith can be estimated [144,145]. Here, we discuss a method to estimate the loss tangent of lunar regolith using GBR to calculate the attenuation rate of electromagnetic waves in lunar regolith. First, a radar scattering model for the lunar subsurface needs to be established. Existing studies indicate that radar echoes from the lunar subsurface mainly include backscattering from the surface and substrate, as well as volume scattering and multiple scattering from materials within the regolith [21,24,26]. We first establish a simple radar scattering model to demonstrate the feasibility of this method, assuming that the radar echo received by the GBR is composed only of reflections from the surface and substrate, without considering the volume and multiple scattering within the regolith. The radar echo power P received by the GBR and the echo powers from the regolith surface and substrate,   P s   and   P  s s    can be expressed as


   P s  =  P t  ·      G λ   4 π R     2  ·   |  R s  |  2   



(9)






   P  s s   =  P t  ·      G λ   8 π ( R + z )     2   · ( 1 − |   R s    |  2    )  2  ·   |  R  s s   |  2  · exp  −    4 α z   cos θ      



(10)






  P =  P s  +  P  s s    



(11)




where   P t   is the transmitted power, G is the antenna gain, f is the radar frequency,  λ  is the radar wavelength, R is the distance to the target, z is the substrate depth,   R s   and   R  s s    are the Fresnel reflection coefficients at the lunar surface and subsurface under normal incidence,   tan δ   is the loss tangent,  α  is the electromagnetic wave attenuation rate, and  θ  is the incidence angle. The attenuation rate  α  can be expressed as


  α =    2 π  λ        ε ′  2      1 +  tan 2  δ   − 1    1 / 2    



(12)







For lossless materials where   tan δ   is greatly less than 1, the attenuation rate  α  simplifies to


  α =    ω   μ  ε ′     2   tan δ  



(13)







From this equation, it is clear that the attenuation rate  α  and the loss tangent   tan δ   are frequency-dependent. By simplifying the above relationships, the relationship between the radar echo power P and the attenuation rate  α  and the depth of the substrate z can be derived. The distribution of lunar regolith thickness over the near side of the Moon has been well studied [24,26,89,146]. By using the substrate depth as a known condition, the relationship between radar echo power and the loss tangent can be solved. Multi-band GBR observation data can be used to calculate the loss tangent at different wavelengths for the same area, increasing the accuracy of the results.



Significant progress has been made in estimating the dielectric properties of the lunar regolith in lunar science research. SAR radar, by measuring the reflection and scattering characteristics of electromagnetic waves from the lunar surface and subsurface, can effectively estimate the dielectric properties of the regolith. However, these estimations often rely on assumed models and are highly dependent on terrain and material composition, leading to some uncertainty in the results. Additionally, SAR radar research faces challenges such as complex data processing and low accuracy. In particular, in areas with complex lunar terrain and mixed materials, accurately separating and inverting the dielectric properties of the regolith requires further research. Studies on using GBR to calculate the loss tangent of lunar regolith are limited. The key to this method lies in establishing an appropriate radar scattering model and distinguishing different radar echoes, which also requires further research efforts.




5. Development and Future Prospects of Chinese GBR


In the field of deep space exploration, China possesses a comprehensive deep space tracking and control network and has established a robust technical support system. However, most of these deep space exploration devices lack transmission capabilities and can only passively receive signals [40]. China’s GBR development began relatively late but is developing rapidly. Currently, China’s GBR technology is experiencing rapid growth and is expected to achieve high-resolution observations of deep space targets in the future [147]. China’s existing equipment capable of active detection or functioning as a receiver and transmitter in a GBR system includes the Five-Hundred-Meter Aperture Spherical Radio Telescope (FAST), QJISR, Sanya Incoherent Scatter Radar (SYISR), and the China Compound Eye, among others (see Table 3). These devices are used primarily for ionospheric detection, near-Earth object detection, and space target tracking. However, these devices can all be used for lunar exploration in the future.



FAST, the world’s largest single-dish radio telescope can detect extremely faint radio signals [148], (see Figure 6a). Although FAST lacks active detection capabilities, it can serve as the receiving end of a GBR system for single-station or multi-station measurements [149,150]. FAST operates in the 70 MHz to 3 GHz observation band, with an antenna gain exceeding 65 dB, significantly enhancing deep space detection accuracy when used with smaller-aperture transmitting antennas [151]. QJISR, China’s first incoherent scatter radar, (see Figure 6c), boasts high antenna gain, high transmission power, and low noise levels [152,153]. Initially, QJISR was mainly used for ionospheric and space debris detection. Supported by projects like the Meridian Project, it has gradually been used for lunar exploration, enhancing China’s autonomous lunar exploration capabilities [154]. SYISR is a solid-state transmission and digital reception phased-array incoherent scatter radar, (see Figure 6b), featuring a peak power exceeding 2 MW, antenna gain over 43 dB, and noise temperature below 12 K [155]. The physical limitations of single-aperture GBR, such as aperture size and transmission power, restrict the distance and accuracy of lunar and planetary detections. The development of distributed aperture GBR systems can effectively address these limitations. By employing coherent processing technology, multiple radars can collaborate, synthesizing multiple small-aperture radars into a large-aperture radar. Phase I of the China Compound Eye project, (see Figure 6d) has completed the construction of four 16 m aperture radars, primarily for lunar exploration [147]. Phase II involves constructing 25 radars with 30 m apertures for a distributed aperture GBR system, with plans to expand to several hundred radars in phase III [40].



Despite starting late, China’s GBR development has progressed rapidly. Early lunar exploration research primarily focused on imaging algorithms [156,157,158]. As GBR facilities and technology in China have gradually developed, research utilizing GBR for lunar imaging and exploration has also advanced. Sun et al. [19] conducted a dual-station lunar exploration experiment based on the Kashgar Deep Space Station and the Kunming Station. The 18 m antenna at Kashgar Station and the 40 m antenna at Kunming Station were used to transmit and receive X-band continuous wave signals. By processing the signals reflected from the lunar surface, parameters such as delay and Doppler shift were obtained, and the lunar radar reflectivity (see Figure 7a) and circular polarization ratio were calculated. Yang et al. [154] used the QJISR for lunar imaging. By analyzing the time delay, Doppler shift, and polarization characteristics of the lunar echoes, data on the lunar surface’s reflectivity and roughness were acquired. Preliminary imaging was performed using range-Doppler imaging technology, in which QJISR was pointed at the north and south hemispheres of the Moon in sequence to avoid the north–south ambiguity, and images were spliced together to make the final radar imaging of the lunar near side (see Figure 7b). Bistatic observation of the Moon has been carried out in a collaboration between QJISR and FAST, in which QJISR sends left circular polarized (LCP) radar signals and FAST receives orthogonal linear polarizations. Since the beamwidth of FAST is narrower (about 10 arcminutes) than the angular width of the Moon, FAST points to the center of each of ten divided regions of the lunar near side in sequence so that radar imaging is performed with corresponding echo data and an image mosaic can be produced afterward (see Figure 7c). Li et al. [159] conducted a lunar imaging experiment based on the SYISR. Using the time-delay–Doppler imaging method, they generated images of the lunar near side and performed preliminary analyses of the geological characteristics of the lunar surface and subsurface. The results demonstrated that SYISR can detect and image the Moon, though the research is somewhat limited by its current ability to receive only orthogonal circularly polarized echoes. Long et al. [40] utilized the phase one distributed aperture radar of the China Compound Eye project for lunar imaging, focusing on the Tycho crater. The resolution of two-dimensional imaging results is about 50 × 100 m, and the resolution of three-dimensional imaging is about 100 m, respectively (see Figure 7d,e). By evaluating the imaging results of two different detection modes—single transmit/receive and four transmit/receive—they found that the fully coherent signal-to-noise ratio gain can approach the theoretical gain, thus validating the fully coherent performance of the distributed aperture GBR system.



China has made significant progress in GBR detection technology and lunar exploration research. Despite facing increasingly fierce competition in lunar exploration and the complex demands of deep space exploration, China’s GBR deep space detection technology continues to advance. Existing GBR equipment is already capable of conducting lunar and planetary exploration. As technology continues to evolve, we can expect the development of specialized GBR equipment for observing solar system bodies, thereby meeting broader scientific research needs. Currently, it is an opportune time for developing GBR for deep space exploration. Strengthening the construction of distributed aperture radar systems is also a crucial direction for future development. Distributed radar systems have great potential for improving detection range and accuracy. Moreover, optimizing imaging algorithms and data processing capabilities for GBR is another essential area for future development. Existing imaging experiments have demonstrated that GBR can achieve certain capabilities in obtaining two-dimensional and three-dimensional images of the Moon. However, the precision and efficiency of imaging algorithms still need improvement. In summary, the prospects for China’s GBR development are promising, but further efforts are required in areas such as transmission capabilities, the construction of distributed aperture radar systems, and the optimization of imaging algorithms. With these advancements, China’s GBR is poised to play an increasingly important role in deep space exploration.




6. Conclusions and Prospects


GBR technology has made significant progress in lunar exploration, demonstrating flexibility, high resolution, and penetration capabilities that are crucial for lunar scientific research and in situ resource detection. This paper reviews the advancements in GBR research in areas such as the dielectric property inversion of lunar regolith, polar water ice detection, and topographic mapping, showcasing its applications and achievements in multiple domains. The main points are summarized as follows:




	(1)

	
Estimation of physical parameters of lunar materials: GBR has effectively estimated the physical parameters of the lunar surface and subsurface materials through the measurement of reflection and scattering characteristics. Breakthroughs have been achieved in the inversion of the thickness and dielectric properties of the lunar regolith. These studies have deepened our understanding of the shallow lunar structure and provided data support for future lunar resource development.




	(2)

	
Detection of polar water ice: GBR has demonstrated unique advantages in detecting permanently shadowed regions at the lunar poles. Radar imaging and echo analysis have preliminarily revealed evidence of possible water ice in these areas. Further research is needed to determine the reserves, distribution, and extent of lunar polar water ice, which is significant for future lunar base construction and resource utilization.




	(3)

	
High-resolution radar imaging: High-resolution radar imaging technology has detailed the topographic features of the lunar surface, identifying geological activities and potential resource distribution areas. These data are crucial for understanding the formation and evolution of the Moon.




	(4)

	
Optimization of imaging algorithms and data processing: There is a need to further optimize existing imaging algorithms and data processing capabilities to improve detection accuracy and efficiency. Enhancing the construction of distributed aperture radar systems will help improve detection range and accuracy. Prospects include the integration and analysis of multi-source data, providing more comprehensive and precise lunar exploration information.









In future lunar exploration, GBR can further investigate and understand the geological structure of the lunar surface, the history of volcanic activity, and the impacts of collision events. Furthermore, the detection of lunar water ice and other volatiles to support future manned missions and resource utilization will be a key focus of GBR detection. GBR can provide high-resolution surface imaging, detect subsurface structures, and support lunar human landing missions. Moreover, the high power and flexible frequency selection of GBR can offer deeper subsurface detection and wide-area coverage, presenting unique advantages in lunar subsurface structure detection and surface imaging. By integrating existing Chinese lunar radar detectors, such as those from the Chang’e series missions, comprehensive and detailed studies of the lunar surface and subsurface characteristics can be achieved, leading to a more complete scientific understanding. This complementary advantage will greatly enhance the overall capability of lunar exploration, promoting scientific research and the development of future manned lunar missions.
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Figure 1. Diagram of (a) time-delay–Doppler coordinate, and (b) the lunar coordinate and delay–Doppler coordinate transformations; modified from Campbell et al. [22], Pettengill et al. [46]. 
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Figure 2. (a) Radar image and (b) Lunar Orbiter IV image of Glushko crater. Yellow outlines are indicated bounds and red outlines are inferred bounds of ejecta deposits; modified from [48]. 
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Figure 3. Cross-sectional diagram of lunar regolith, with a vertical structure of the lunar shadow subsurface (left) and a simplified model (right); modified from Shkuratov and Bondarenko [26].   r  1 e   ,   r  1 i   , and   r  2 e    are the average Fresnel reflection coefficients from vacuum to regolith, from regolith to the substrate, and from regolith to vacuum, respectively. h is the thickness of the regolith, and   ε 1   and   ε 2   are the average dielectric constants of the regolith and the substrate. 
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Figure 4. Distribution of CPR anomalous craters in the (a) northern polar region and (b) southern polar region of the Moon; modified from Spudis et al. [108]. 
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Figure 5. (a) Distribution of CPR anomalous craters in the lunar north pole to 70°N, (b) lunar south pole to 70°S, and (c) 70°S–70°N region; modified from Fa et al. [109]. 
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Figure 6. Images of (a) FAST, (b) SYISR, (c) QJISR, and (d) phase I of China Compound Eye. Images arefrom the internet. 
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Figure 7. (a) Radar reflectance map of the   10 °   ×   10 °   area of Tycho crater with a minimum resolution unit size of 4.5 km × 3.7 km; modified from Sun et al. [19]. (b,c) Lunar near−surface imaging results with Qujing ISR. Tycho crater area 2D (d) and 3D (e) imaging results; modified from Long et al. [40]. 
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Table 2. Parameters of lunar orbit SAR instruments.
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	SAR

Instrument
	Country
	Frequency

(GHz)
	Polarization
	Resolution
	Reference





	Mini-SAR
	India
	2.38
	Hybrid-pol
	86 m
	Goswami et al. [132]



	Mini-RF
	America
	2.38

7.14
	Hybrid-pol
	15–150 m
	Nozette et al. [133]



	DF-SAR
	India
	1.25

2.5
	Single dual

hybrid-pol

quad-pol
	2–75 m
	Putrevu et al. [134]



	CE-7 SAR
	China
	1.3

16.7
	Single, dual

hybrid-pol

quad-pol
	0.3 m/1 m
	[135]










 





Table 3. Main deep space exploration radar equipment of China.
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	GBR System
	Diameter (m)
	Frequency Band





	SYISR
	778 (phased array)
	UHF



	QJISR
	29
	UHF



	China Compound Eye (Phase I)
	16 (4 units)
	VHF



	Kashgar
	18/35
	S/X/  K a  



	FAST
	500
	70 MHz–3 GHz
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