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Abstract

:

Ground-penetrating radar (GPR) has been extensively utilized in deep-space exploration. However, GPR modeling commonly employs simplified antenna models and carrier-free impulse signals, resulting in reduced accuracy and interpretability. In this paper, we addressed these limitations by combining a tilted monopole antenna and linear frequency modulation continuous wave (LFMCW) to simulate real conditions. Additionally, a radiation-pattern-compensation back-propagation (RPC-BP) algorithm was developed to improve the illumination of the right-inclined structure. We first introduced the LFMCW used by the Mars Rover Penetrating Radar (RoPeR) onboard the Zhurong rover, where frequencies range from 15 to 95 MHz. Although the LFMCW signal improves radiation efficiency, it increases data processing complexity. Then, the radiation patterns and response of the tilted monopole antenna were analyzed, where the radiated signal amplitude varies with frequency. Finally, a series of numerical and laboratory experiments were conducted to interpret the real RoPeR data. The results indicate that hyperbolic echoes tilt in the opposite direction of the survey direction. This study demonstrates that forward modeling considering real transmit signals and complex antenna models can improve modeling accuracy and prevent misleading interpretations on deep-space exploration missions. Moreover, the migration process can improve imaging quality by considering radiation pattern compensation.
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1. Introduction


Ground-penetrating radar (GPR) has been successfully utilized for subsurface structure investigations on the Earth, including cross-hole [1,2,3] and on-ground [4,5,6] GPR surveys. In addition, GPR has also been applied to deep-space planetary exploration. For instance, Lunar Penetrating Radar (LPR) onboard the Chang’e-3 [7,8] and Chang’e-4 [9,10] missions was employed to detect the subsurface geologic structure of the Moon. In the Mars exploration domain, the Radar Imager for Mars’ Subsurface Experiment (RIMFAX) implemented a linear frequency modulation continuous wave (LFMCW) GPR onboard the Perseverance Mars rover to investigate the shallow features on Mars. Notably, RIMFAX employed a single antenna for both transmission and reception via a gating technique [11]. China’s first Mars probe, Tianwen-1, was launched on 23 July 2020, and it deployed the Zhurong Mars rover at the southern Utopia Planitia of Mars on 15 May 2021. The Mars Rover Penetrating Radar (RoPeR) of the Tianwen-1 mission is equipped with a low-frequency channel (15–95 MHz) and a high-frequency channel (0.45–2.15 GHz) [12]. An LFMCW signal was transmitted by a tilted monopole antenna in the low-frequency channel [13]. In the high-frequency channel, a fully polarized Vivaldi antenna was applied [14]. Additionally, the Water Ice Subsurface Deposit Observation on Mars (WISDOM), a stepped-frequency GPR, is planned for exploring the Martian soil in 2024–2025 [15].



GPR commonly utilizes different types of excitation source signals, including carrier-free impulse, stepped-frequency, and LFMCW signals. Impulse GPR, with a long research history, was initially employed in the early 20th century to identify subsurface target characteristics [16]. Commercial GPR products based on impulse signals, such as MALA, GSSI, and SSI, have gained widespread use. Carrier-free impulse GPR employs ultra-wideband time-domain nanosecond impulses, enabling high-resolution imaging [17]. However, generating ultra-wideband instantaneous impulses poses challenges, requiring stringent radiation-frequency circuits and resulting in low radiation efficiency. Stepped-frequency and LFMCW GPR were proposed as alternatives to overcome the limitations of carrier-free impulse GPR. LFMCW GPR employs impulse compression signals with a wide bandwidth and pulse width [11,12]. Eide et al. [18] conducted simulations using a short-duration waveform and modeled the target response acquired by an LFMCW radar with a stretch processing method, without considering the antenna’s influence on the LFMCW signal. Stepped-frequency GPR utilizes a frequency jump method with a wide synthetic bandwidth and narrow instantaneous bandwidth. The stepped-frequency signal consists of coherent pulse sequences with linearly increasing frequencies, where each pulse contains a fixed frequency [15,19,20]. The choice of the transmitting signal significantly impacts GPR performance, making it a valuable research topic.



The accurate modeling of GPR data is influenced by the characteristics of antenna structures, including geometry, impedance, and materials. However, achieving realistic antenna simulation poses a challenge due to computational resources required for three-dimensional (3D) models. In GPR forward modeling, simplifications have commonly been employed, such as using isotropic point sources [1,4,21] or Hertzian dipoles [22], to streamline the calculation process. Nevertheless, these simplifications may result in decreased accuracy compared to real data [23]. To overcome this limitation, more realistic antenna models have recently been applied to improve modeling accuracy, especially in conjunction with carrier-free impulse signals [23,24,25]. In order to accurately analyze subsurface structures, GPR modeling should be capable of reproducing the spectral characteristics and target responses acquired by a more realistic GPR transmitter and receiver [18]. However, the utilization of wideband LFMCW signals and a tilted antenna configuration in the RoPeR mission has not been extensively investigated in previous studies. The impacts of antenna radiation patterns on migration images and practical solutions to compensate for these effects have not been thoroughly explored.



This study aims to enhance the understanding and interpretation of low-frequency channel RoPeR data by conducting a novel combination analysis of the LFMCW excitation source, tilted monopole antenna, and potential applications. The contributions of this work are summarized as follows:




	(1)

	
An LFMCW signal is applied to GPR forward modeling and some side lobes appear behind the main lobe after impulse compression. The assessment of the modeling approach is conducted through comparison with RoPeR data. The strong background noise appears both in synthetics and real data, which may be caused by impulse compression and antenna reflections.




	(2)

	
A tilted monopole antenna equipped on RoPeR is investigated by considering the antenna structure and tilted angle as well as the rover body. The modeled radargram image exhibits asymmetric hyperbolas, which is further confirmed by real observed data from the laboratory and RoPeR. The tilted antennas’ impact on back-propagation (BP) images is explored, leading to the proposal of the radiation-pattern-compensation BP (RPC-BP) method.









The remaining sections of this paper are organized as follows: Section 2 provides a brief introduction to LFMCW signals and impulse compression, followed by a discussion on the radiation pattern of tilted antenna. Section 3 presents several comparison examples involving rocky blocks. Section 4 interprets laboratory experiments and RoPeR data. Section 5 discusses the impact of a tilted radiation pattern on BP images and proposes a practical solution for radiation pattern compensation. Finally, Section 6 concludes the paper, summarizing the key findings and contributions.




2. Methodology


This section introduces the concept of LFMCW signals and focuses on the tilted monopole antenna mounted on the Zhurong Mars rover. LFMCW signals offer advantages over carrier-free impulse signals, as they provide higher average excitation energy and achieve a high-range resolution through impulse compression. Additionally, the implementation of a tilted monopole antenna displays specific RoPeR characteristics on the Martian surface. The antenna radiation pattern for LFMCW signals is thoroughly analyzed, taking into account its interpretations for the mission.



2.1. Linear Frequency Modulation Montinuous Wave


GPR systems commonly utilize narrow impulse signals in time domain, providing the advantage of an ultra-wide bandwidth. The receiving antennas in these systems often employ time-repetitive sampling techniques [16]. For instance, the carrier-free impulse LPR has been a valuable scientific payload for the Chang’e-3 [7,8] and Chang’e-4 [9,10] missions. It has been demonstrated that this type of excitation waveform is not optimal in terms of power consumption and dynamic range [26,27]. Additionally, Mars’ atmospheric conditions, with a pressure range of 0.7 to 1 kPa, are significantly denser than those on the Moon. Low-pressure discharges can easily occur in such conditions, particularly at high working voltages. To overcome these challenges, the RoPeR utilizes LFMCW and stepped-frequency signals as an excitation pulse, eliminating the need for high working voltages and improving efficiency. The rover is equipped with two antenna channels to detect different depths in Martian soil. This study specifically focuses on the low-frequency channel system with a frequency range of 15 to 95 MHz. The transmitted LFMCW signal is normalized and expressed as follows:


  s  ( t )  = r e c t  ( t /  T p  )  s i n  ( 2 π  (  f c  +  k 2  t )  t )  .  



(1)




where   f c   represents the carrier frequency, B corresponds to the sweep bandwidth of the excitation signal (  B =  f  m a x   −  f  m i n    ),   T p   denotes the sweep duration, and k signifies the slope of the LFMCW signal in the frequency domain, which is determined by the sweep bandwidth and duration. Additionally, the rectangle window   r e c t ( t /  T p  )   is involved:


  r e c t  ( t /  T p  )  =     1         |   t  T p    |   <   1   ,      0        e l s e w i s e  .       



(2)







The instantaneous frequency   f ( t )   of the LFMCW signal can be written as follows:


  f  ( t )  =  f c  + k t ,  0 < t <  T p  .  



(3)







The LFMCW signal is a non-stationary signal, with the frequency change rate denoted by   k = B /  T p   . Here, k represents how quickly the frequency of the LFMCW signal changes over time. To illustrate the excitation of the LFMCW signal, we focus on the RoPeR low-frequency channel data and provide an illustration in Figure 1. In our modeling cases, the sweep duration is    T p  = 400   ns, and the receiving antenna operates throughout the entire duration denoted by    T  a d   = 1000   ns (the sweep duration is reduced for computational efficiency). The penetrating time window is set as    T w  = 600   ns. The bandwidth is defined as   B =  f  m a x   −  f  m i n   = 80   MHz. An echo is received from a distance d in a homogeneous model with a velocity of v. Taking the two-way travel into account, the delayed time is given by   t = 2 d / v  . The received delayed signal has a lower frequency than the currently transmitted signal. By multiplying the received signal with the currently transmitted signal, a baseband signal is obtained with a frequency equal to the difference between the two signals. This frequency difference, known as the beat signal in Figure 1, is proportional to the delay time and, thus, the distance range to the reflector. The proportionality constant is determined by the ratio of the sweep bandwidth to the sweep duration. The frequency of beat signal can be expressed as    f b  = 2 B d /  ( v  T p  )   , corresponding to the distance from the source to target by pulse compression with stretch processing [11].



Figure 2 depicts the LFMCW signal used in the low-frequency channel. In Figure 2a, the time-domain representation of the LFMCW signal is presented, with a duration of    T p  = 400   ns. The signal exhibits a frequency increase from 15 to 95 MHz over time. This long-duration excitation of the LFMCW signal allows for increased energy compared to carrier-free Ricker or Gaussian wavelets. The spectrum of the LFMCW signal is illustrated in Figure 2b using Fourier transform. The center frequency of the LFMCW signal is observed to be 55 MHz.



Compared to carrier-free impulse GPR, the data processing of LFMCW system GPR is more complex. In addition to stretch processing, a matching filter is another way to obtain the high-resolution compression impulse. The time-domain match filter   h ( t ) = s ( − t )   is expressed as follows:


  r  ( t )  =  r l   ( t )  ∗ h  ( t )  =  ∫  − ∞  ∞   r l   ( τ )  s  ( τ − t )  d τ  



(4)







The compressed impulse   r ( t )   is obtained through the convolution of the received LFMCW signal    r l   ( t )    with the system impulse response   h ( t )  . Figure 2c illustrates the compressed impulse in a special case where   r ( t ) = s ( t )  , indicating that match filtering is equivalent to autocorrelation. In this scenario, the delayed time t and distance d are both set to 0. It can be observed that the impulse compression algorithm introduces side lobes around the main lobe at   t = 0  . In general, there is a trade-off between the bandwidth and pulse width in the cases of Ricker or Gaussian wavelets. As the frequency increases, the pulse width decreases. However, the bandwidth and pulse width of the LFMCW signal are decoupled. As depicted in Figure 2a,c, the compressed impulse exhibits a higher resolution and amplitude. The LFMCW signal in time domain provides increased energy, resulting in a higher signal-to-noise ratio (SNR).




2.2. Tilted Monopole Antenna


The antenna plays a crucial role in the RoPeR system and explains how electromagnetic signals are transmitted to the underground. However, most modeling and applications are designed based on isotropic point or Hertzian dipole sources, which do not match real situations. The antenna structure significantly influences electromagnetic radiating performance. Compared with the real observed data, an oversimplification of the antenna model may lead to inaccurate synthetic data modeling. In the case of the RoPeR low-frequency antenna, it is mounted on the bottom surface of the rover’s top board [12]. The antenna has a length of 1.35 m and a diameter of 0.12 m. The central frequency of the transmitted LFMCW signal is set at 55 MHz. We consider the vacuum velocity as   v = 3 ×  10 8    m/s, resulting in a quarter-wavelength of   l = v / 4 f = 1.36   m. It should be noted that the antenna is not oriented horizontally but rather at an angle of   16 °   from the horizontal direction. This is indicated by the dashed white line in Figure 3 [28].



Two simplified models of the horizontal and tilted monopole antennas were constructed to analyze radiation patterns, as shown in Figure 4. The ground plane size is   0.2 × 0.2   m in the y and z directions. Numerical simulations and comparisons were performed, revealing that the ground plane size affects antenna radiation patterns gain. However, it does not impact the characteristics of elevation plane patterns. To enhance the antenna’s bandwidth, a material with a conductivity of   σ = 10   S/m was utilized to reduce antenna current reflections. The load and feed points were positioned at the endpoint closest to the RoPeR.



Radiation pattern images were generated at a frequency of 55 MHz to illustrate the radiation performance of both horizontal and tilted monopole antennas in Figure 5. Different color lines represent distances ranging from 3 to 10 m. The closer positions show higher radiation energy indicated by blue lines. In the case of the horizontal monopole antenna shown in Figure 5a, the maximum radiation direction is 180°, indicating that electromagnetic waves propagate orthogonally into the underground. However, due to the antenna’s tilted orientation, the elevation plane pattern also demonstrates tilted characteristics in Figure 5c. Specifically, it shows strong and weak radiation directions at 164° and 74°, respectively. The strongest radiation direction is not directly beneath the antenna. Instead, the electromagnetic wave is incident on the ground obliquely and in an upward direction. The azimuth plane radiation patterns of horizontal and tilted antennas show similar characteristics in Figure 5b,d.



We conducted tests using two types of antennas: a horizontal monopole antenna and tilted monopole antenna, in a homogeneous model. The excitation signal utilized is a Ricker wavelet impulse with a center frequency of 55 MHz. The antennas are located at the center of coordinates   s o u r c e = ( 50 , 10 , 50 )   m. We obtained two-dimensional (2D) snapshot slices along the   y = 10   plane. At the time   t = 150   ns, the snapshots of horizontal and tilted monopole antennas are depicted in Figure 6. In Figure 6a, the radiation energy of the horizontal monopole antenna appears weak in the horizontal direction. However, the radiation energy is observed to rotate counterclockwise by   16 °   compared to the horizontal antenna in Figure 6b.



The radiation performance of antennas varies depending on frequency. A quarter-wavelength antenna operates on a frequency range of 15 to 95 MHz, with a bandwidth of   B = 80   MHz. Figure 7a shows the voltage standing wave ratio (VSWR) characteristics of the antenna. The lowest VSWR is 1.68 at the frequency   f ≈ 55   MHz. The reflective parameter is   τ = 0.2537   and   93.56 %   electromagnetic energy is radiated. The VSWR is over 10 for the low-frequency channel operating at 15 MHz, and only a small portion of the energy is radiated from the antenna. Figure 7b provides the S11 parameter, which also indicates that the monopole antenna works best at the frequency   f ≈ 55   Mhz. The radiation property analysis shows that a quarter-wavelength monopole antenna may lead to significant reflection for the low-frequency components.



In addition, we applied a homogeneous model to demonstrate the antenna response to the LFMCW signal. The transmitting and receiving antennas are positioned 1 m apart at the center of the model. The monopole transmitting antenna radiates electromagnetic energy into the vacuum. The central frequency of the source signal is    f c  = 55   MHz, as shown in Figure 2a. The received signal in Figure 8a is detected by a parallel antenna. The amplitude of the received signal varies for different frequencies, with the low-frequency components exhibiting weaker energy compared to the high-frequency components. The spectrum of the received signal is depicted in Figure 8b, where the low-frequency (15 MHz) and high-frequency (95 MHz) components are filtered and displayed. Generally, low-frequency waves experience more attenuation than high-frequency waves. The compression impulse in Figure 8c shows a time shift caused by the one-meter distance between the transmitting and receiving antennas. The trailing portion following the primary impulse is caused by reflective currents in a quarter-wavelength antenna.





3. Forward Modeling


To show the responses of different antennas and excitation signals, a three-dimensional (3D) toy model is constructed in Figure 9. The model size is 100 × 20 × 70 m along the x, y, and z coordinates and is discrete with a grid spacing of   Δ x = Δ y = Δ z = 0.1   m, resulting in a total of 140,000,000 elements. Perfectly matched layers (PMLs) absorb boundary reflections. The relative permittivity and conductivity of the atmosphere are    ϵ r  = 1   and   σ = 0  , respectively. The top layer permittivity and conductivity are    ϵ r  = 1.73   and   σ = 3.73 ×  10  − 5     S/m, respectively. Three spherical targets with a radius of 1 m are included, characterized by a relative permittivity of    ϵ r  = 7.00   and a conductivity of   σ = 6.08 ×  10  − 4     S/m. These targets are located at    x 1  =  ( 30 , 10 , 3 )   ,    x 2  =  ( 50 , 10 , 8 )   , and    x 3  =  ( 70 , 10 , 13 )   , with increasing depths. Furthermore, two tilted interfaces are constructed at the model bottom, with electrical parameters of    ϵ r  = 9.00   and   σ = 2.61 ×  10  − 4     S/m. The recent research has indicated that the loss tangent value of Martian regolith at the Tianwen-1 landing site is   0 .  0174  − 0.0053   + 0.0053     [29]. The loss tangent value of 0.0174 is used to evaluate the conductivity of   σ = 5.246 ×  10  − 5    . Therefore, the conductivity ranges from   10  − 5    to   10  − 4    S/m in our cases. All comparisons presented in this subsection are based on the rocky block model depicted in Figure 9.



In this study, complex transmitting and receiving antennas require 3D modeling, which requires more computational resources. We utilized open-source electromagnetic simulation software named gprMax [30]. MPI and CUDA were combined to improve modeling efficiency [31]. Forward modeling was performed on a distributed cluster. The computational node contains 256 GB of memory and two Intel(R) Xeon(R) Gold 6240 CPUs each running at 2.60 GHz and with eighteen cores. There are two RTX 3090 GPUs with each card having 24 GB of memory. The computational node and every GPU consume 10.7 GB of memory for the current toy 3D model. Each A-scan modeling takes about 3 min, and a total of 270 min is required for a radargram with 181 traces by two GPU solvers. Mesh generation takes a lot of processing time on CPU, and forward calculation by GPU is efficient.



3.1. Modeling Based on Ricker Wavelet and LFMCW Source


In this subsection, we conducted a comparison between a Ricker wavelet (transmitted by Hertzian dipole and quarter-wavelength monopole antennas) and LFMCW (excited by a quarter-wavelength monopole antenna). The excitation is provided by an x-polarized voltage source with an internal resistance of 36.5 Ohms. The Ricker wavelet has a maximum amplitude of 1 volt and a center frequency of 55 MHz, while the LFMCW signal has an amplitude of 1 volt as well. To highlight reflected echoes, the received signals are subjected to a linearly increasing gain. The time sampling interval is    Δ t  = 0.2407   ns, and total recorded time length is 1000 ns. A radargram is formed by systematically moving the transmitting and receiving antennas in equal intervals of 0.5 m from 5 to 95 m, allowing us to visualize the differences between the Ricker wavelet and LFMCW excitation sources.



Figure 10 displays the radargram after amplitude compensation, providing deeper information. In Figure 10a, the recorded radargram of the Ricker source excited by the Hertzian dipole antenna reveals clear airwave and surface-related reflections without significant tailing. Three reflected hyperbolas caused by rocky blocks at different depths are marked with red circles. Additionally, echoes from the tilted interface are prominent. Figure 10b shows the radargram of a Ricker wavelet transmitted by a quarter-wavelength monopole antenna. Horizontal banding noise is visible only in the early stages, attributed to antenna current reflection. Reflections from the rocky blocks are scarcely observed during the initial stage. In Figure 10c, the radargram transmitted by the LFMCW source demonstrates continuous excitation over an extended period. Echoes from rocky blocks and tilted interfaces can be faintly observed. Figure 10d presents the impulse compression result of Figure 10c. The signal displays significant horizontal banding in the form of side lobes after impulse compression, with energy decreasing over time. The hyperbolas from the spheres are concealed by the strong-energy side lobes, and only a portion of the interface reflection is apparent. Therefore, both the current reflection in the antenna and the side lobes of impulse compression may contribute to horizontal banding in radargrams. The white wiggle lines in radargrams indicate the positions where A-scans are displayed in Figure 11.



The transmitting and receiving antennas are located at    x s  =  ( 80 , 9.5 , − 0.8 )    and    x r  =  ( 80 , 10.5 , − 0.8 )    in Figure 9. Figure 11a is the A-scan plot of the Ricker wavelet excited by a Hertzian dipole. There is no tailing signal in the recorded data. Figure 11b exhibits a short tailing due to antenna reflective current and ground reflections. Figure 11c is the A-scan of LFMCW signal and Figure 11d is impulse compression echo. Comparing Figure 11a,d, we found the first arrival of the Ricker wavelet is delayed, which is caused by different counting methods. Two-way travel time in Figure 11b takes into account the first break. However, the impulse compression in Figure 11d is measured in time at the maximum amplitude. Additionally, the side lobe of impulse compression continues for a longer period following the primary reflective wave. LFMCW radiation offers superior efficiency. Therefore, the amplitudes of Ricker and LFMCW sources show significant differences in Figure 11a,d, in which the amplitude of impulse compression echoes is much higher than that of the Ricker source.




3.2. Modeling Based on Horizontal and Tilted Antennas


A horizontally or vertically placed Hertzian dipole is typically implemented in GPR forward modeling. Although the low-frequency antenna mounted on the rover is tilted (like the Chang’e-3 and Chang’e-4 missions [10,32]), previous research has not explored how the antenna structure and radiation patterns influence measured radargrams. In fact, GPR antennas may significantly affect electromagnetic wave propagation in underground space. Monopole antennas radiate more energy in the perpendicular direction of the moving path. They do not have a concentrated radiation pattern, as shown in Figure 5.



The response descriptions of rocky blocks and inclined interfaces to horizontally placed and tilted monopole antennas are shown in Figure 12. First, the horizontally placed antenna can record the strongest echoes when the antenna is directly above block targets in Figure 12a. The reflective signals would decrease with an increasing distance between targets and RoPeR. The left and right sides of hyperbolic echoes are the same in strength for horizontal antennas. However, the situation is different for the tilted antenna in Figure 12b. The strongest echoes are measured by a tilted antenna when RoPeR is located at the upper left of the target, leading to unsymmetrical hyperbolic reflectors. The area covered by RoPeR can be described by its beam width. The hyperbolic amplitude of the left side is higher than that of the right side. The phenomenon may not be caused by subsurface geologic structures but by antennas. In Figure 12c, the horizontal antenna exhibits the same response on left- and right-inclined interfaces. The tiled antenna shows strong echo energy on the left-inclined interface rather than the right one in Figure 12d.



As discussed in the last subsection, the strong horizontal background banding is caused by direct airwaves, the current reflection in antennas, and the side lobe of impulse compression. This background banding noise did not contain any underground information. Therefore, we subtracted background noise from radargrams to show reflected echoes [8,9]. The background-removal radargrams of horizontal and tilted monopole antennas are shown in Figure 13. Classical hyperbolic reflections are marked in Figure 13a,b by red dashed curve circles. Shallow targets have less influence on large-offset data. In Figure 13a, the blocks’ reflective hyperbolas is left and right symmetric. The strongest reflection is directly above buried targets. There are also strong surface-related multiples between the ground surface and shallow rocky blocks. The left- and right-inclined interfaces exhibit similar reflections. However, the reflective hyperbolas are tilted to the left, and the right-side energy is weak in Figure 13b, which corresponds to the theoretical analysis in Figure 12b. In addition, inclined interfaces measured by the tilted antenna exhibit stronger reflection in the left-inclined structure.



RoPeR moves from the left to right in Figure 12, where the two-way travel time for a surface position is given by   t = 2    x 2  +  h 2    / v  , with x representing the horizontal offset between the antenna and rocky targets, h representing the depth of buried targets, and v representing electromagnetic wave propagation speed in the subsurface medium. The travel time depends on the horizontal offset and depth. The zero-offset two-way travel time is    t 0  = 2 h / v   when RoPeR is directly above rocky targets. The time–distance curve can be described by the standard hyperbolic equation as shown in Equation (5).


    t 2   4  h 2  /  v 2    −   x 2   h 2   = 1  



(5)







The radargram reveals distinct hyperbolic characteristics for targets at different depths. The kinematic properties, represented by travel time, are described by Equation (5), which is a hyperbolic equation focused on the time axis. The time–distance curve exhibits the same asymptote of   t = ± 2 / v   for targets at different depths. But it is not the same for vertices of    t 0  = 2 h / v   and top curvature radius of   ρ = h v / 2  . As a result, hyperbolas associated with deeper targets appear wider. By considering the dynamic features (amplitude and phase) in Figure 13, shallower targets only have imprints on the small-offset data, while deeper targets can influence data on larger offsets.




3.3. Mars Rover Influence on Recorded Data


Angelopoulos et al. have explored the artifacts caused by signal interaction with a rover body [33], in which a metal plate is employed to simulate the LPR body. A variable height was explored to show horizontal banding noise formation. In addition, a varied distance between the plate and antenna was tested. The rover shows obvious imprints on recorded data. Energy reflected either directly from the rover or after reflection from the surface is expected to be the most significant source of data artifacts. Horizontal banding and multiple reflections (i.e., repeated reflections from one target at successively increased depths) between the rover and subsurface targets are of particular concern. It is possible to misinterpret these types of noise as stratigraphy or numerous buried objects [34]. Following the structure of the Zhurong rover, we build a Mars rover model in Figure 14 by uniform grids. The rover mainly consists of four parts, including the top board, body, six wheels, and two antennas. The size of top board is   3 × 3 × 0.05   m in the x, y, and z directions. The vertical distance between the top board and the ground is 0.8 m. The permittivity and conductivity of top board are    ϵ r  = 7   and   3 ×  10  − 4     S/m, respectively. The rover body size is   2 × 1 × 0.5   m in the x, y, and z directions. The rover body’s permittivity and conductivity are 3 and   2 ×  10  − 2     S/m. The radius of the wheels is 0.15 m and the space between adjacent wheels is 1 m. The length of the modeled tilted antennas is 1.35 m and the inclined angle is about   16 °   between the antenna and the horizontal level. Both the rover wheel and monopole antenna are constructed in metal.



Considering the influence of the Mars rover’s top board and body, the low-frequency radargrams before and after horizontal banding removal are shown in Figure 15. The radargrams with the Mars rover’s top board contain some tailing behind the primary reflection in Figure 13b and Figure 15b. The rocky block’s response contains the side lobe interfaced with the rover body, which is marked by multiple red dashed lines. In addition, the response signal of rocky blocks tilts to the left in Figure 15 caused by the tilted antenna. In contrast with previous research results [33], the rover’s side plate imprints are not significant. This is because the RoPeR equipped on the Zhurong rover utilized HH polarization surveys to minimize artifacts.




3.4. Complex Subsurface Structure Modeling


Referring to the Martian subsurface model of the Zhurong rover landing site given by Li et al. [13], we built a 3D model containing different sizes of rocky blocks, as shown in Figure 16. The model size is 100 × 20 × 80 m along the x, y, and z axes. The model is discrete with   1000 × 200 × 800 = 160 , 000 , 000   elements in total and the memory cost is 11.4 GB for forward simulation. Figure 16 only shows the subsurface part with a depth of 70 m; the atmosphere layer with a thickness of 10 m and deeper structure of more than 70 m are not shown in this model. The background permittivity is gradually increased from 2.28 to 8.69 and the background conductivity varies from   0.43 ×  10  − 4     to   1.61 ×  10  − 4     S/m. The subsurface structure is divided into three layers. The first layer’ thickness is 8 m, with an average dielectric permittivity ranging from 3 to 4. This layer contains some moderate blocks with sizes ranging from 0.25 to 1.00 m. The second layer is a fining-upward sequence within depths from 8 to 30 m, which includes some small rocks from 8 to 20 m and some relatively large blocks from 20 to 30 m. The small target sizes range from 0.25 to 0.7 m and bigger targets vary from 0.25 to 2 m in radius. The bottom layer, extending from 30 to 70 m, is also a fining-upward sequence layer, in which small-sized rocks are from 0.25 to 0.75 m and big-sized rocks are from 0.25 to 2.25 m in radius. The detailed information can be found in Table 1. There is no obvious interface between different layers [13]. The yellow dashed line in Figure 16 shows RoPeR’s moving path. The red rover and cross represent the starting and ending positions of the survey line. A stochastic rough surface is built with a depth of 1.8 m and a peak of 0.2 m (the base height is 0 m) to simulate Mars’ complex ground surface.



The modeling radargrams of horizontal and tilted antennas with rover impact are shown in Figure 17. The spatial sampling interval is about    Δ r  = 0.5   m and the trance number is 181 in total from 5 m to 95 m. The LFMCW is transmitted by the horizontal and tilted monopole antennas in this case so as to simulate a real data processing flow. A matched filter is used to improve the SNR of echoes from subsurface reflectors. The radargrams after impulse compression are exhibited. The direct airwaves and reflected waves from the surface are strong and almost cover the all echoes from subsurface targets. Additionally, impulse compression introduces low-energy side lobes that follow directed air events. Those side lobes would also significantly influence reflected echoes reorganizations. The horizontal banding (direct airwaves and reflected echoes from the surface) are subtracted in Figure 17 [8,9,13]. In Figure 17, the hyperbola recorded by the horizontal antenna is left–right symmetric. In Figure 17b, the left-side energy of the hyperbola is stronger than that of the right side, which was caused by the tilted monopole antenna.



In complex subsurface models of Mars, it can be challenging to evaluate the directional characteristics of echoes from radargrams, particularly when hyperbolas intersect each other. Radargrams can be separated using a 2D directional filter to quantitatively assess the coherency of scattering or reflection waves along the same phase axis. The filter operator   h l   is defined as    h l  =  [ 0 , 1 , 0 ; 1 , 0 , − 1 ; 0 , − 1 , 0 ]    for left-inclined structures, where the maximum amplitude energy is obtained at the   45 °   interface. Similarly, the filter operator   h r   for right-inclined structures is represented as    h r  =  [ 0 , 1 , 0 ; − 1 , 0 , 1 ; 0 , − 1 , 0 ]   , with the maximum amplitude energy obtained at the   135 °   interface. These two filter operators are orthogonal in two directions. Taking the radargram in Figure 17b as an example, we applied directional filters to separate echoes. The separated left-inclined radar echoes are shown in Figure 18a, while the separated right-inclined radar echoes are displayed in Figure 18b. It can be observed that the left-inclined radar echoes have a slightly stronger energy compared to the right-inclined radar echoes. The power ratio between the two types of echoes, denoted as   R =  r l 2  /  r r 2   , is calculated to be 1.21 in this case.





4. Analysis of Laboratory and Mars Rover Data


4.1. Laboratory Data Analysis


To validate the proposed propagation model for tilted antennas, a laboratory experiment was conducted using both horizontal and tilted antennas. The experimental setup consisted of a PC controller, a vector network analyzer (VNA), a three-axis slide rail, and a pair of antennas. The experimental equipment employed an ultra-wide bandwidth stepped frequency system with a frequency range of 0.1 to 6 GHz and 591 sampling points. Figure 19a illustrates the laboratory sandpit and three-axis slide rail system, which achieve precise movements during the data collection process. Figure 19b shows the slide rail system equipped with a pair of dipole antennas, each with a length of 0.27 m. Due to the difficulty of conducting real-scale Mars rover radar experiments, the model is scaled down to facilitate experimentation in the laboratory sandpit. This study focuses on comparing horizontal and tilted antenna radiation patterns. The antennas are tilted up at an angle of   16 °  . A metallic ball was placed in the dry sand with a diameter and depth of 0.1 m and 0.3 m, respectively. A dihedral reflector with a size and depth of 0.3 and 0.3 m was immersed. The relative permittivity of the sand is approximately 3.5. The sandpit bottom is a cement floor and the depth is approximately 0.92 m, as shown in Figure 19c.



The observed data of the horizontal and tilted antennas are shown in Figure 20, in which the horizontal background banding was removed and time zero correction was performed with 2 ns. Both the ball and dihedral show significant reflections. The hyperbolic echoes of the left and right sides have the same energy in Figure 20a. However, the amplitude of the left-side echoes is stronger than that of the right side in Figure 20b. The dihedral angle exhibits more complex echo patterns, with one vertex and two tails showing strong scattering energy. Overall, the tilted antenna observes weaker scattering echoes on the right side compared to the results observed by the horizontal antenna (indicated by white circles). The wall reflection of the tilted antenna gives more imprints on the radargram in Figure 20b.




4.2. Mars Rover Data Analysis


The 2C-level RoPeR data were published by raising the frequency from the recorded intermediate frequency signal [35]. The landing site of the Zhurong rover is marked with the red star in Figure 21a. The moving distance is more than 1 km in 113 solar days. Figure 21b provides the low-frequency channel radargram of the first 200 m after LFMCW impulse compression, self-test trance removal, tracing space regularization, direct current shift removal, and time zero correction [13]. The displayed image contains only 1000 trances with a horizontal sampling interval    Δ r  = 0.25   m. The displayed time length is 500 ns. Similar to the numerical simulation results, the horizontal banding noise covers almost all reflected signals. Through the previous discussion, the strong-energy horizontal banding is caused mainly by airwaves, the side lobe of impulse compression, and multiples between the rover bottom and surface. Figure 21c displays the radargrams after horizontal banding noise removal. Martian soil contains numerous scattering points of different sizes, which form substantial hyperbolic reflectors. Through the analysis of kinematic and dynamic features, the hyperbolic interface in Figure 21c is generally left tilted due to the tilted antenna. The probable hyperbolic reflectors are marked with white rectangles. The deeper scattering bodies show an imprint on more receivers with respect to offset increases. According to our theoretical analysis and numerical modeling, some of those tilted hyperbolic images might actually be caused by inclined antennas rather than subsurface geological structures. Because the RoPeR is sensitive to left-tilted structures, left-tilted interfaces are more common except for the hyperbolic. The illumination of a tilted antenna varies for different structures. During the subsequent interpretation process, these phenomena need to be analyzed to avoid misinterpretation.



According to the full-scale radargram in Figure 21c, it can be challenging to observe the scattering hyperbolas clearly. Local radargrams are cropped to allow for clearer observations of the asymmetric hyperbola characteristics (Figure 22). The five cropped local GPR images correspond to the positions marked by the rectangles in Figure 21c. The selected typical scattering hyperbolas exhibit a strong energy on the left branch and a weaker energy on the right branch. The results from the Mars field measurements provide validation of our proposed hypothesis.



The locally enlarged images of typical hyperbolic scattering patterns exhibit the clear directional characteristics of radar echoes. The numerous scattering points on the subsurface are not quantitatively evaluated. The radar images were separated using a 2D directional filter. The data analysis is based on the first 300 traces. The separated echoes show that the left-inclined radar echoes have slightly stronger energy in Figure 23a. The right-inclined radar echoes are weaker in energy in Figure 23b. The power ratio between the two types of echoes is given by   R =  r l 2  /  r r 2  = 1.33  .





5. Discussion


In the previous section, our focus was on forward simulation using LFMCW signals and tilted antennas. The radiation characteristics of tilted antennas have implications not only for RoPeR data interpretations but also for migration processing. It has been observed that radargrams exhibit a higher reflected energy on left-inclined structures and a weaker response on right-inclined structures. Additionally, the scattering hyperbola appears to have stronger echoes on the left branch than on the right branch for scattering targets. If conventional omnidirectional antennas or horizontal dipoles are employed for migration processing, the left-inclined structure interface will inevitably appear stronger than the right-inclined interface.



Therefore, it is important to explore how to assemble the actual antenna structure into the migration process. The BP algorithm is a classical and simple migration method. A schematic illustration of the BP algorithm without antenna radiation pattern correction is shown in Figure 24a. A bistatic measurement mode (zero offsets) is considered, and the transmitter and receiver lay on the interface of a homogeneous half-space. A conventional BP algorithm assumes that the source radiates energy equally in all directions and focuses the image by stacking the energy along the hyperbolic trajectory using the following equation:


  I  ( x , z )  =  ∑  k = 1  N   r k   (  t k   ( x , z )  )  .  



(6)




where   I ( x , z )   is the image intensity at position   ( x , z )  , N is the number of recorded traces,    r k   (  t k   ( x , z )  )    is the amplitude received by k th radar position,    t k   ( x , z )  = 2 R / v   indicates the two-way travel time from the imaging point   ( x , z )   to radar location, and R and v represent the distance and propagation velocity, respectively. This algorithm ignores the antenna radiation pattern. However, the radiation energy is not equal in all directions to real antennas. The recorded data are expressed by    r k   (  t k  )  =  f s   ( θ )   r k i   (  t k  , θ )   , with    f s   ( θ )    indicating the radiation pattern and    r k i   (  t k  , θ )    meaning the data received from an isotropic source. Because the beam width of the GPR antenna is generally wide, it is difficult to obtain    r k i   (  t k  )    through the    f s   ( θ )    in the data domain. We do not know which direction the echoes come from. However, the radiation patterns can be compensated in the depth domain through the BP algorithm. The RPC-BP equation is expressed as follows:


   I c   ( x , z )  =  ∑  k = 1  N   f c   ( θ )   r k   (  t k   ( x , z )  )  .  



(7)




   I c   ( x , z )    is the image intensity with the radiation pattern compensation, and    f c   ( θ )    is the correction factors corresponding to the opposite radiation patterns of the transmitter. When the GPR antenna is at position k, the correction factors can be derived from a known radiation pattern according to the angles  θ  between the ray paths and the horizontal direction, as illustrated in Figure 24b. Numerical simulations can be used to calculate the radiation pattern. We tested transitional BP and proposed RPC-BP algorithms based on numerical data from Figure 9 and obtained the migration images in Figure 25. The BP image with a horizontal antenna radargram shows the same energy on the left- and right-side interfaces in Figure 25a. In addition, the focused scatter point is symmetric. However, the BP image with a tilted antenna radargram has stronger energy at the left-side interface than on the opposite side. The scattering points in Figure 25b also show asymmetric characteristics. Through the proposed RPC-BP algorithm in this study, the left-side interface is reduced and the right-side impedance interface is compensated with the radiation pattern information in Figure 25c.



In this section, we have proposed a feasible solution, referred to as RPC-BP, to address the limitations of traditional BP algorithms, where the antenna radiation pattern was assembled with a BP algorithm. This approach significantly improves the illumination of right-inclined structures. Traditional BP algorithms are typically based on homogeneous medium models, directly transforming the time-domain signals into the depth domain for imaging through energy focusing. However, BP algorithm performance is poor in complex models involving non-uniform media. Finite-difference time-domain (FDTD) methods can be used to simulate the complete characteristics of electromagnetic waves, including antenna features and radiation patterns. Combining FDTD modeling of tilted antennas and reverse time migration (RTM) offers better model adaptability and broader application prospects. One practical solution is that the tilted antenna propagates the wavefield forward while an opposite-tilted antenna propagates the wavefield backward. Then, RTM imaging condition is implemented on both forward and backward wavefields. Radiation pattern compensation can be achieved in FDTD simulations.




6. Conclusions


In this study, we presented a high-accuracy forward modeling approach considering the LFMCW source, tilted antenna, and rover body effects. We analyzed the LFMCW signal, which provides high average radiation energy and resolution through impulse compression. However, it introduces side lobes and long tailings behind directly coupled waves. The RoPeR tilted antenna demonstrated a higher sensitivity to left-inclined structures, resulting in stronger reflective energy on the left side of targets. Numerical simulations revealed a tendency of rocky block reflectors leaning toward one side. The right-inclined structures reflect weak echoes. To enhance the illumination of right-inclined structures, a practical solution, called RPC-BP, was developed to obtain high-quality migration images of research areas. This method compensates for antenna radiation patterns in the depth domain and improves the imaging quality of right-inclined structures.



In addition, we conducted a laboratory experiment to verify the asymmetric scattering hyperbolas produced by tilted antennas. The observed data from the Zhurong rover showed a prominent background banding noise, which was removed to reveal a tilted hyperbola in the observed radargrams. These experimental results validate the reliability of our theoretical framework. The presence of scattering hyperbolas with specific curvatures indicates the existence of isolated rock blocks in Mars’ subsurface layer. It is important to note that artifacts, such as background banding, tilted hyperbolas, and multiples between the ground interface and rover body, are unrelated to subsurface targets but easily lead to misinterpretations.
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Figure 1. Illustration of the LFMCW signal   s ( t )   and beat frequency   f b  . The time-delayed reflected signal is represented by   r ( t )  . The signal bandwidth, ranging from   f  m i n    to   f  m a x   , is denoted by B.   T p   and   T w   represent the duration of frequency sweep and penetration time window, respectively. 
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Figure 2. Time-domain LFMCW signal (a) and frequency spectrum (b) with frequency ranging from 15 to 95 MHz. (c) is the impulse compression result of LFMCW. 
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Figure 3. Tilted monopole antenna structure for low-frequency channels. The antenna is tilted up 16 degrees compared with horizontal direction. RoPeR module is mounted in front of the Zhurong Mars rover. 
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Figure 4. Horizontal and tilted monopole antennas. Both load and feed points are located at the extreme point of the antennas. 
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Figure 5. Radiation patterns of horizontal and tilted antennas. (a,b) are elevation and azimuth plane patterns of horizontal antenna for frequency of 55 MHz. (c,d) are elevation and azimuth plane patterns of tilted antenna. The maximal radiation directions of horizontal and tilted antennas are   180 °   and   164 °   in (a,c), respectively. 
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Figure 6. 2D snapshots of horizontal (a) and tilted (b) antennas at   y = 10   m, with apparent drag shadows caused by antenna reflection. The Ricker wavelet is transmitted by two antennas. The form of snapshots corresponds to the radiation pattern in Figure 5. 
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Figure 7. Radiation performance of a monopole antenna varies with frequency from 15 to 95 MHz. Both VSWR (a) and S11 parameters (b) show that a quarter-wavelength antenna shows best performance at frequency   f ≈ 55   Mhz. 
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Figure 8. Impulse compression principle for LFMCW radar. (a) is the modeled synthetic data in time domain. (b) is the spectrum of received signal, in which low- and high-frequency components are filtered by a transmitting antenna. (c) is the synthetic response in time domain after impulse compression. 
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Figure 9. Rocky block model for response tests of different antennas and excitation signals. Three rocky blocks are located at    x 1  =  ( 30 , 10 , 3 )   ,    x 2  =  ( 50 , 10 , 8 )   , and    x 3  =  ( 70 , 10 , 13 )   , respectively. The red circle and cross represent the starting and ending points, respectively. The dashed yellow line is a moving track with a spatial sampling interval of 0.5 m in horizontal direction. 
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Figure 10. Radargrams of the Hertzian dipole (a) and quarter-wavelength monopole (b) for Ricker wavelet excitation. The LFMCW response excited by a quarter-wavelength monopole and impulse compression results can be seen in (c,d). There is no tailing from the rocky blocks in (a). (b) shows short tailing after strong air and surface-reflected waves. Echoes from impulse compression in (d) last a long time. 
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Figure 11. A-scan curve of the Ricker wavelet transmitted by a Hertzian dipole (a) and quarter-wavelength monopole antenna (b). The first break is marked with red arrows. (c,d) are recorded A-scan of LFMCW source and impulse compression echo, respectively. The echo is marked by red circles in (c) and two-way travel time is indicated by a red arrow in (d). 
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Figure 12. (a,b) are the response descriptions of horizontal and tilted antennas to rocky blocks, respectively. (c,d) illustrate the mechanization of horizontal and tilted antennas to inclined interfaces, separately. The red and blue triangles indicate transmitting and receiving antennas, respectively. Details about low-frequency antennas are given in [12]. 
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Figure 13. Radargrams of horizontal (a) and tilted antennas (b) after impulse compression. The hyperbolic reflectors from three buried rocky blocks are marked by dashed red curves. Different-depth targets are used to show hyperbola characteristics. 
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Figure 14. Three-dimensional Mars rover model with uniform meshes. There are six wheels and tilted antennas mounted on the bottom and front of the Mars rover, respectively. The top board is a solar system that powers the Mars rover. 
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Figure 15. Radargrams considering Mars rover body influence. Impulse compression (a) and background removal (b) images exhibit rover-related artifacts following primary wave, in which artifacts mainly come from the rover bottom reflections. 
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Figure 16. Martian subsurface model with rocky blocks of different sizes in three layers. A yellow dashed line indicates the rover’s moving path, where a red rover is the starting point and a cross is the ending point. 






Figure 16. Martian subsurface model with rocky blocks of different sizes in three layers. A yellow dashed line indicates the rover’s moving path, where a red rover is the starting point and a cross is the ending point.



[image: Remotesensing 15 03423 g016]







[image: Remotesensing 15 03423 g017 550] 





Figure 17. Horizontal (a) and tilted (b) monopole antennas’ radargrams after background banding noise removal. The red arrows indicate the different characteristics of reflected hyperbolas for horizontal and tilted monopole antennas. 






Figure 17. Horizontal (a) and tilted (b) monopole antennas’ radargrams after background banding noise removal. The red arrows indicate the different characteristics of reflected hyperbolas for horizontal and tilted monopole antennas.



[image: Remotesensing 15 03423 g017]







[image: Remotesensing 15 03423 g018 550] 





Figure 18. Left-tilted (a) and right-tilted (b) echo waves decomposed by 2D directional filters. Left-inclined echoes are stronger than right-inclined echoes. 
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Figure 19. Three-axis slide rail (a), tilted dipole antenna (b), and side view of the tested laboratory model (c). The 3D slide rail provides high-accuracy position control above the sandpit. The laboratory experiment tested both horizontally placed and tilted antennas. 
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Figure 20. Radargrams of horizontal (a) and tilted antennas (b). Right-branch echoes are marked by dashed white circles, in which the scattered energy in (a) is higher than that in (b). 
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Figure 21. (a) shows the Zhurong rover moving path, with a yellow star and red line indicating the Zhurong rover landing site and research area within the first 200 m. (b,c) are radargrams before and after horizontal banding noise removal. The white arrows indicate covered radar echoes from subsurface targets in (b). The white rectangles mean probable hyperbolic reflectors in (c). 
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Figure 22. Local radargrams (a–e) of five positions marked with the white rectangles in Figure 21c. All hyperbolas display unsymmetric characteristics, where the left branch is stronger than the right one. 
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Figure 23. Left-tilted (a) and right-tilted (b) RoPeR echo waves decomposed by 2D directional filters. Left-inclined echoes are stronger than right-inclined echoes. 
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Figure 24. Illustration of BP (a) and RPC-BP (b) algorithms considering antenna radiation patterns. RoPeR data collection confirms that position 1 observes stronger echoes, while position 2 observes weaker echoes at the specific underground target   ( x , z )  , based on the radiation pattern    f s   ( θ )    in (a). By using the RPC-BP algorithm in (b), radar echoes at position 1 are compensated with a smaller antenna gain    f c   ( θ )   , and echoes at position 2 are compensated with a larger gain    f c   ( θ )    to effectively enhance the target   ( x , z )  . 
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Figure 25. (a,b) are BP images of horizontal and tilted antennas, respectively. (c) is a RPC-BP image using the proposed method. Block targets are indicated by dashed white circles. The left- and right-inclined interfaces have equal energy in (a), whereas they do not in (b). The tilted antenna gain is corrected in (c). 
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Table 1. Three-dimensional complex model parameters in depth, quantity, radius, relative permittivity, and conductivity.
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	Layers
	Depth (m)
	Quantity
	Radius (m)
	Permittivity
	Conductivity (S/m)





	1st layer
	0∼8
	80
	0.25∼1.00
	1.75∼10
	(0.37∼3.35)   ×  10  − 4    



	2nd layer
	8∼30
	400
	0.25∼2.00
	1.75∼13
	(0.37∼3.73)   ×  10  − 4    



	3rd layer
	30∼70
	260
	0.25∼2.25
	1.75∼13
	(0.37∼3.73)   ×  10  − 4    
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