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Abstract

:

The Tianwen-1 of China is expected to land and explore on the planet Mars in May 2021, carrying a Mars Rover-mounted Subsurface Penetrating Radar (RoSPR) system. A VHF band ultra-wideband (UWB) monopole antenna integrated on the Mars Rover, and described in this paper, has been designed for the subsurface exploration of Mars tens of meters deep. Conventional antenna design methods usually prove difficult in taking into account several key parameters such as miniaturization, broadband characteristics and radiation efficiency. Moreover, there is almost no special research on the reliability of antennas. For this purpose, a miniaturized air-coupled monopole antenna integrated with the Mars Rover has been designed. The overall length of the antenna is 0.13 λ at the lowest operating frequency. In addition, the classical Wu–King profile is improved, which not only satisfies the operating bandwidth of the antenna, but also increases the gain by 3–4 dB. In the design, the innovative application of planar embedded resistance greatly enhances the reliability of the antenna and thereby ensures that the antenna can work on Mars for a long term. This is the first application of this antenna design method in the aerospace field. Because it is difficult to test the low-frequency antenna accurately, a 1:4 scale model of the antenna and Rover is fabricated to equivalently measure the radiation characteristics of the antenna. Furthermore, the performance and practicability of the antenna and radar system are verified on the glacier.
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1. Introduction


China’s first Mars exploration mission, named Tianwen-1 (TW-1), was launched on 23 July 2020 and is expected to land on the surface of Mars in May 2021 for scientific exploration [1]. TW-1 is equipped with a Mars Rover-mounted Subsurface Penetrating Radar (RoSPR) system for detecting subsurface geological structures of Mars. The main scientific objective of RoSPR is to characterize the thickness and layered structure of Martian soil. In the deep exploration mode, the operation band of the radar is 30–90 MHz, and the detection depth ranges from 10 m to 100 m with a depth resolution of about 2.2 m. According to the overall configuration of the Rover, the length of the antenna is limited to 1.35 m, which is only 0.13 λ of the lowest operating frequency, and only lightweight rod antennas can be installed on the Rover. Under this restriction, the relative bandwidth of the antenna reaches 100%, which brings challenges to the antenna design. Furthermore, the RoSPR antenna is exposed to the Martian environment for a long term, and it also needs to be able to withstand the thermal and mechanical environment of the launch and working stages.



In ground applications, several types of antenna are frequently employed in ultra-wideband (UWB) radar systems, such as bowtie/dipole antennas [2,3], monopole antennas [4], horn antennas [5], Vivaldi antennas [6] and slot antennas [7]. The size of RoSPR antennas is strictly limited, so bowtie/dipole antennas and monopole antennas are possible solutions. In recent years, a variety of bowtie antennas with good performance have been proposed [8,9,10], but the sizes of these antennas are all above 0.3 λ of the lowest operating frequency. A small bowtie antenna below 0.1 λ has been designed [11]; however, its gain is less than −20 dB, which makes it difficult to apply in practice. Most of these bowties are used as ground-coupled antennas. When the antenna works in the air-coupled state, due to the loss of the ground dielectric loading effect, the antenna size will be larger than the ground-coupled one [12,13,14]. The bandwidth of monopole antennas is usually increased by widening the antenna arm [15,16,17]. The radiation efficiency of this kind of antenna is higher than the loaded one, but the electric size is up to 0.4 λ of the lowest frequency. A monopole antenna with a size of 0.17 λ was miniaturized by parasitic structures [18], but its structure cannot be integrated with the Rover. Therefore, the design of a miniature UWB monopole antenna integrated with the Rover, and able to adapt to the Martian environment, has become the focus of the research.



In the past 20 years, Mars has been explored many times. Missions to explore the geological structures of Mars include the Mars advanced radar for subsurface and ionospheric sounding (MARSIS) system onboard the Mars Express spacecraft, and the Mars Shallow Radar Sounder (SHARAD) system on board the National Aeronautics and Space Administration (NASA)/ Jet Propulsion Laboratory (JPL)’s Mars Reconnaissance Orbiter spacecraft. The MARSIS system employed a dipole antenna with a length of 40 m, an operating frequency bandwidth of 1.3–5.3 MHz, and an instantaneous bandwidth of 1 MHz [19]. The SHARAD system also used a dipole antenna with a length of 7.5 m and a frequency bandwidth of 15–25 MHz [20,21]. The above radar systems all used an inductance and capacitance (LC) network for impedance matching, whose matching band is generally less than 50%. Due to the employment of capacitors and inductors, the phase linearity of the antenna in the broadband is deteriorated, resulting in distortion of the signal to a certain extent. In order to solve the above problems, an improved Wu–King profile was proposed in the design of the RoSPR antenna [22], and the feed port is matched by a transmission line transformer [23].



The resistance-loaded dipole, or monopole antenna, can be designed as continuous loading, discrete loading, or terminal loading [24,25,26]. The continuous loading antenna needs to include a resistance layer on the whole arm, which has high requirements for processing technology. The strength of the resistance layer, as well as the poor adhesion between the resistance layer and the antenna arm, often leads to undesirable damage resulting from mechanical stress and friction. The lumped resistor is usually used in the discrete loading and terminal loading [2]. In high-level vibration or long-term alternating temperature environments, the resistor and its solder joints are easily damaged due to mechanical stress and thermal stress, so the reliability is insufficient in aerospace applications. Considering the aforementioned techniques, a monopole antenna with discrete loading based on planar embedded resistance is designed in this study. The antenna is loaded discretely with seven relatively large areas of plane-embedded resistance, avoiding the use of lumped elements. As a result, the design improves the power capacity and reliability of the antenna, rendering its ability to adapt to the environment of deep space and Mars.



In general, the radiation characteristics of an antenna are mainly measured in the microwave anechoic chamber. However, the working frequency band of chambers is usually higher than 100 MHz, which is not applicable for the RoSPR antenna. On the other hand, the RoSPR antenna is designed and integrated with the Rover as a whole; therefore, it is necessary to install a complete Rover model during the test, which imposes higher requirements on the turntable and site. In order to measure the RoSPR antenna, a 1:4 scaled model of the Rover and antenna is designed and tested in the open area test site (OATS). The antennas are integrated with the radar system, whose detection ability is verified in Touming-Mengke glacier No.29 in Gansu Province, China.



In this article, we will focus on the research of a miniaturized UWB monopole antenna integrated with the Rover. An improved resistance loading profile based on the Wu–King profile is proposed, which satisfies the bandwidth of the antenna and increases the radiation efficiency. Moreover, for the first time in the aerospace field, the planar embedded resistance is applied to antenna design, which improves the reliability of the antenna and expands the application field of the loaded antenna. Section 2 describes the design and the geometry of the antenna. In Section 3, the insufficiencies of the existing methods in reliability are introduced, and the solutions are proposed and verified by reliability tests. In Section 4, the measured and simulated antenna results are presented and analyzed. Section 5 describes the method and results of experimental verification of the RoSPR, which proves the effectiveness of the antenna. Section 6 and Section 7, respectively, provide the discussion and conclusion.




2. Design and Geometry


The ground-penetrating radar (GPR) antenna, especially in the VHF band and below, is usually designed as a ground coupled dipole or bowtie antenna. In order to obtain broadband characteristics, these antennas usually use the Wu–King profile to change the current distribution on the antenna arms. The expression of loading resistances is shown in Formula (1) [22].


   R z  =    ξ 0  Ψ   2 π ( L − z )    



(1)




where    ξ 0  =    μ 0  /  ε 0    = 120 π  Ω,  Ψ  is the scale factor,  L  is the length of the antenna arm and  z  is the distance to the feed point. It can be concluded that the resistance loading on the antenna arm can be expressed as Formula (2):


   R z  =  R  L − z   =   60 Ψ   L − z    



(2)




where  R  is the antenna input impedance and  Ψ  is a plural number, which is usually replaced by    | Ψ |    in engineering, and its empirical formula is as follows:


   | Ψ |  = 2 ln ( 2 L / a ) − 3  



(3)




where  a  is the radius of the antenna arm.



Some scholars have studied the efficiency of the Wu–King profile. If the antenna is loaded according to the non-reflection profile, the efficiency of the antenna is low. However, the radiation efficiency can be improved by adjusting the loading factor and moderately sacrificing the reflection characteristics of the antenna [27]. To improve the efficiency of the monopole antenna and ensure that the feed port is easy to match, the Wu–King profile is improved. Instead of determining the load resistance by the slenderness ratio of the arms, the input resistance of the antenna is directly set to   R = 200 Ω  . The antenna arm is equally divided into N segments with a segment length of  l . The midpoint of segment  i  is    z i   , and the loading resistance value of this point is shown in Formula (4). Such a discrete resistor loading profile can reduce the input impedance of the antenna for easy matching and has a higher radiation efficiency than the typical Wu–King loading profile.


   R   z i    =  R  L −  z i    × l  



(4)







The antenna arm of the RoSPR is 1350 mm in length and 10 mm in width. The antenna arm is divided into seven segments equally, and resistance loading is introduced in the middle of each segment. The structure of the antenna arm is shown in Figure 1. In order to realize the broadband operation of the antenna, a 1:4 transmission line transformer is used for impedance matching. The transmitting antenna and receiving antenna are respectively installed on both sides of the Rover’s top plate, with a spacing of 1050 mm, and are extended forward through the locking and releasing mechanism. To ensure that the Rover can climb slopes more than 30° while moving, the antenna is tilted up by 15° and its installation status is shown in Figure 2.




3. Reliability Design and Test


In order to meet the bandwidth requirements of the system, the monopole antenna must be loaded. In the loading antenna design, there are usually capacitive loading, resistance loading, and hybrid loading. The capacitive loading antenna has high radiation efficiency [28,29]. However, with the band of 30–90 MHz, the lumped capacitor must be used for loading because of the large capacitance required for loading. When the lumped capacitor is mounted on the printed circuit board (PCB) of the antenna arm, it is difficult for its solder joints to withstand high-level mechanical vibration and thermal stress. Consequently, it is easy for cracks to occur in the application, which reduces the reliability of the antenna. In addition, the capacitors will introduce the nonlinear factor of phase, resulting in the distortion of the radiation signal, which is not conducive to the operation of the RoSPR.



The resistance-loaded antenna has low radiation efficiency, but good phase linearity, so it is widely used in UWB GPR systems. Generally, resistance loading can be employed in two ways: continuous loading and discrete loading. Continuous loading is achieved by a coating resistance layer on the antenna arm. This kind of antenna has excellent reflection characteristics, but the adhesion between the resistance layer and the antenna arm is low, making it easy to peel off, even fall off, in long-term operation in a temperature-alternating environment In addition, since the thickness of the resistance layer is less than 1 um, and the strength is insufficient, it is easily damaged due to external forces, resulting in the failure of the antenna. Discrete resistor loading is the most commonly used method. In the ground environment, the discrete loading with a lumped resistor is a perfect solution. However, in aerospace applications, the discrete resistor loading has the same difficulty as the lumped capacitor loading.



In order to solve the above problems, a discrete loading scheme using planar embedded resistance is proposed. In the loading position, planar embedded resistors with the same width as the antenna arm are designed to replace the lumped resistors, avoiding the lumped elements and solder joints in the antenna. Because of the large area of planar resistance, the antenna has a higher power capacity. Even if part of the resistance is damaged, the antenna may still work normally. This design greatly improves the reliability of the antenna. The resistance layer can withstand the average power of 0.138 mW/mil2. Table 1 lists the power capacity of each embedded resistor. The structure of the embedded resistor is shown in Figure 3. The resistance layer is made of Ni/P alloy with a thickness of 0.2 um.



In order to improve the reliability of the antenna, we also focused on the material selection and structure design. The radiation surface of the antenna is made of an 85N polyimide substrate of Arlon with a thickness of 1 mm, a relative dielectric constant of 4.2 and a loss tangent of 0.01. It has excellent temperature performance and mechanical properties. Meanwhile, to improve the structural strength of the antenna arm, a tubular radome was designed. The radome is made of quartz-fiber/epoxy composite material with a thickness of 0.6 mm as shown in Figure 1b. The antenna arm is a long and thin slender rod-shaped structure, which will inevitably form a cantilever when folded. The longer the cantilever is, the greater the deformation and stress will be. To reduce the deformation and stress, the antenna was designed with two sections. When the antenna is folded, the length of the cantilever is shortened. When working, the antenna is deployed by initiating an explosive device and then driven by a scroll spring at joints. The structural design of the antenna is shown in Figure 4.



The vibration test (random and sinusoidal), acceleration test and impact test were conducted to verify the reliability of the antenna during the launch and landing stages, In the sinusoidal vibration test, the antenna underwent the harshest trial. The peak value of the mechanical response at the A6 point as shown in Figure 5a reached 352 g (@ 40.2 Hz) with the excitation of 10 g. Figure 5b is the X-axis vibration test of the antenna.



Furthermore, various thermal tests including the thermal vacuum test, thermal cycle test and high and low temperature storage tests were carried out to validate the temperature adaptability. During the thermal test, the temperature alternating range is from −130 °C to +70 °C. The accumulated alternating cycles are over 30 times, and the highest temperature changing rate is over 10 °C/min. Figure 6 shows the thermal test status. Throughout all the mechanical and thermal tests, the appearance and performance of the antenna maintain as almost the same, which proves its adaptability to the environment of outer space and ability to operate on Mars for a long term.




4. Simulation and Measurement


In the VHF band, the reflection characteristics of the antenna are obviously affected by the testing environment; therefore, it needs to be tested in an open area. In addition, because the RoSPR antenna is integrated with the Rover, the antenna must be installed on the Rover model during the test. Figure 7 shows that good impedance matching is achieved. In detail, the voltage standing wave ratio (VSWR) of the antenna is less than 3.0 in the operation band from 30 MHz to 100 MHz. Within 40–80 MHz, the VSWR remains under 2.0.



When testing the gain and pattern of the antenna, the existing microwave anechoic chamber is unable to cover the operating band, and the turntable is not suitable for installation on the huge Rover model. As a solution, a 1:4 scale model of the antenna and the Rover was designed as shown in Figure 8a, and as a result the test frequency was increased to 120–400 MHz. Figure 8b shows the test results of the antenna prototype and the scaled model. The comparison illustrates that the VSWR of the proposed antenna and its scaled-down prototype have good consistency in the trend, and the scaled model can accurately reflect the performance of the RoSPR antenna. The scaled model was tested in the standard open area test site (OATS), as shown in Figure 9. For reducing the influence of the ground, the antenna kept vertical polarization, and the zero point of the antenna orientated the ground. The definition of the Rover coordinate system is shown in Figure 2a. When the Rover is working,   θ = 180 °   points to the surface of Mars, so the gain at this angle was tested. Figure 10 shows that the trend of the simulation and test realized gain is basically the same, and the gain is enhanced by 3–4 dB compared with the traditional Wu–King profile. Figure 11 compares the simulated and measured patterns. The fluctuation of the test result in the 30–60 MHz band is obvious, and the gain in the 70–90 MHz band tends to be smooth. The differences between the simulated and measured curves gradually increase, which is proportional to the frequency. This discrepancy is mainly caused for the following reasons: (a) the insertion loss of the feed transformer is 0.5 dB; (b) the ripple of the gain related to reflection of the OATS’s metal ground; and (c) the pattern deflects in the high frequency band, and the change reaches 2–2.5 dB at   θ = 180 °  , as shown in Figure 11e. As displayed in Figure 11, the discrepancies between the simulated and measured patterns are obvious at   θ = 0 °   (+Z to the Rover), and the patterns at   θ = 180 °   (–Z to the Rover) are generally consistent. The testing strut is made of glass fiber composite material, with a relative dielectric constant of 4.2 and a width of 10 cm. The shielding and reflections of the strut will affect the strength of the received signal, thus changing the tested patterns. The influence of the strut is significant in the high frequency band. For a GPR system, antenna pattern is not a key parameter. The main radiation direction of the antenna is roughly toward the surface of Mars, which can meet the requirements of the system. Therefore, the monopole antenna can be applied to the RoSPR.




5. Experimental Validation


The validation experiments were conducted on Touming-Mengke glacier No.29 in Gansu Province, China, to test the effectiveness of the antenna as well as the detection capability of the RoSPR. The test location is at an altitude of 4620 m, and the path and site of the test are shown in Figure 12. Through the experiment, the B-scan image on the test path was obtained (see Figure 13). According to the test by a dielectric probe kit (Key Sight 85070E), the relative permittivity of the glacier was tested to be 3.2. The verification result shows two clear interfaces caused by the reflection of the ice surface at the depth of 0 m and the reflection of bedrock at the bottom of the glacier at the depth of 60–70 m. The echoes at the 0–20 m depth are cluttered, which are the results of multiple reflections and the movement of the testers, as shown in Figure 12b. At the depth of 20–60 m, there is no sharp echo signal in the B-scan image. We can conclude that the glacier has no obvious layered structure at this depth. The bedrock reflection at the bottom of the glacier is shown at the second interface. With the extension of the survey line from high altitude to low altitude, the depth of the glacier becomes shallow from 70 m to 60 m, which is basically consistent with the observation results of the glacier. Due to glacier movement, a mixed layer of ice and rock will be formed at the interface between the glacier and bedrock, so a large number of clutter echoes are displayed. These signals show the detailed structures of the glacier bottom, but these structures are difficult to clearly explain and verify. This phenomenon also exists in other glacier exploration [30].




6. Discussion


The proposed high-reliability UWB monopole antenna is suitable for subsurface targets and layered structure detection in harsh environments, especially for deep space exploration such as Lunar exploration, Mars exploration and asteroid exploration, because the dielectric loss is usually low in deep space exploration. Due to the resistance loading, the gain of the antenna is relatively low, but it can work in harsh environments for a long term. Therefore, it is of great significance in the field of planetary and lunar subsurface exploration.




7. Conclusions


In this study, a highly reliable UWB monopole antenna operating in the VHF band has been designed to detect the subsurface structures of Mars. Through the integrated design with the Rover, the antenna length is significantly reduced to 0.13 λ of the lowest operating frequency. An improved method based on the Wu–King profile is proposed in the design. This method can not only achieve more than 100% impedance bandwidth, but also increase the gain by 3–4 dB compared with the traditional Wu–King profile. At the same time, the reliability of the antenna is enhanced by using the planar embedded resistance and the optimized structure design. Therefore, it can adapt to the requirements of the launch and landing and long-term work on Mars. Through the verification test on the glacier, it is concluded that the antenna is suitable for detecting subsurface layered structures and targets. In the near future, TW-1 RoSPR data will be widely available via the Data Publishing and Information Service System of China’s Mars Exploration Program.
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Figure 1. Geometry of the antenna. (a) Antenna radiation surface and resistance distribution. (b) Antenna arm structure. The structural parameters of the antenna are as follows:  L  = 1350 mm,  l  = 193 mm,  w  = 10 mm and  D  = 12 mm. 
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Figure 2. Positions of the antennas on the Rover. (a) Deployment status. (b) Folded status. 
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Figure 3. Structure of embedded resistance. 
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Figure 4. Deployment and folding mechanism. (a) Deployment status. (b) Folded status. 
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Figure 5. Mechanical test status. (a) Distribution of response points. (b) X-axis vibration test status. 
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Figure 6. Thermal test preparation. The transmitting antenna is deployed and the receiving antenna is folded. 
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Figure 7. Voltage standing wave ratio (VSWR) of the antenna. 
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Figure 8. Structure and test of the scaled model. (a) Scaled model of the antenna and Rover. (b) VSWR comparison between prototype and scaled model. 
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Figure 9. Gain test state of the scaled model. 
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Figure 10. Comparison of realized gains between simulation and measurement. 
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Figure 11. Simulated (solid line) and measured (dashed line) radiation patterns of the antenna. (a) E-plane @ 30 MHz. (b) H-plane @ 30 MHz. (c) E-plane @ 60 MHz. (d) H-plane @ 60 MHz. (e) E-plane @ 90 MHz. (f) H-plane @ 90 MHz. 
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Figure 12. Path and site of verification. (a) The red arrow indicates the survey line of the Mars Rover-mounted Subsurface Penetrating Radar (RoSPR) on the glacier. (b) The RoSPR is detecting the thickness of the glacier. 
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Figure 13. Results of the verification test. The red dotted box shows the echoes of the surface of the glacier and the testers, and the blue dotted box shows the echoes of bedrock. 
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Table 1. Power capacity of each embedded resistor.
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	Resistor
	Area/Mil2
	Power Capacity/W





	R1
	7.6 × 104
	10.5



	R2
	9.3 × 104
	12.8



	R3
	1.0 × 105
	14.0



	R4
	1.2 × 105
	16.7



	R5
	1.9 × 105
	26.4



	R6
	2.6 × 105
	35.4



	R7
	6.2 × 105
	85.6
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