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Abstract

:

Ground-penetrating radar (GPR) has been widely used in estimating the permittivity of mediums. The radar echo amplitude method is an important method used by GPR in this estimation, the basic step of which is to deduce the magnitude of the permittivity according to the relationship between the reflection coefficient and the permittivity. Based on the basic principle of the radar echo amplitude method, this paper proposes a full-wave inversion real-time permittivity estimation method that can be used for stepped-frequency GPR (SFGPR), which offers high efficiency, accuracy, and generalization ability. The characteristics of this method are mainly reflected in the following four aspects: Using the SFGPR system and introducing a layered media detection model, we can complete waveform compensation optimization with high precision. The distance between the antenna and the surface of the reflective medium is extracted from the time domain waveform without manual measurement, avoiding human measurement errors. The inversion of the total reflection waveform at the required height works under the principle of an electromagnetic field, eliminating the need for repeated metal plate calibration experiments and improving work efficiency and waveform accuracy. In a continuous measurement line, the total reflection waveform inversion on each measurement point can be efficiently completed, and the change of permittivity on the measurement line can be obtained. To evaluate the feasibility of the proposed method, we performed experiments on a wall of known thickness, and the permittivity estimation was basically consistent with that of the dielectric probe, physical model calculation, and wall penetration. We also successfully applied this method to the dielectric property analysis of adobe samples. The results indicate that the proposed method can help grasp the condition of a measured medium, which can ensure the accuracy of detection and improve subsequent data processing efficiency.
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1. Introduction


Ground-penetrating radar (GPR) is an effective means of detecting underground tar-gets and a key technology for nondestructive testing [1,2,3], the basic working principle of which is to transmit electromagnetic waves to an underground or target medium through the transmitting antenna. Subsequently, when the electromagnetic wave encounters different electrical media interfaces or geometric forms during the propagation process, part of the energy is reflected and received by the receiving antenna. The waveform of the reflected wave changes with the interface or geometry encountered during propagation; then, the information of the detection medium can be obtained through the analysis of the reflected signal, and the detection target can be imaged [4,5,6,7]. GPR has evolved into a key geophysical method for detecting near-surface environments, and its reflection measurements are commonly used as imaging tools in archaeological, engineering, environmental, and geological applications [8,9]. Conventional GPR is mostly ground-coupled radar; that is, the radar is in direct contact with the ground, and personnel need to follow the radar for real-time detection. However, for large-scale shallow detection of areas with large terrain fluctuations, or dangerous areas such as minefields, remote and harsh conditions limit the range of human-assisted surveying activities, so GPR cannot meet the direct coupling of antennas and the ground, rendering it powerless [10,11,12]. Therefore, in some application scenarios, it is necessary to develop an air-coupled GPR system.



In the past, most mainstream commercial GPRs used the time-domain pulse system, but owing to the large instantaneous bandwidth of the time-domain pulse system, the overall performance requirements of the hardware system were high. Moreover, to achieve such a large bandwidth, only equivalent sampling technology could be used, resulting in the introduction of time jitter, which affected the stability of the signal. With the development of microwave technology, large-scale integration technology, digital signal processing technology, and frequency synthesis technology, the advantages of stepper frequency technology have begun to emerge. Compared with time-domain pulsed GPR, stepped-frequency GPR (SFGPR) has the following advantages: an ultra-wide bandwidth, a low noise floor, and a high dynamic range, in addition to high average transmission power and the ability to directly store frequency domain signals, which is convenient for subsequent window processing and the application of some focusing algorithms. Additionally, different frequency attenuation characteristics can be used for media analysis [13]. With the improvement of the hardware level, the emergence of new signal processing methods, and the reduced price of vector network analyzers (VNA), more researchers began SFGPR research based on vector network analyzers. In 1989, Harmran first used VNA to build an SFGPR system, which was successfully applied to the detection of ice thickness [14]. As an ultra-wideband radar system, the antenna plays an important role in the performance of the entire system [15]. The ultra-wideband antenna produces dispersion, waveform tailing, multiple reflections, and other effects in the system, which widen the transmitted signal and reduce the resolution of the radar. Scholars worldwide have carried out studies to reduce the influence of antennas in GPR, such as designing antennas with better dispersion characteristics, but this method is costly and difficult in terms of design. Adding resistance at the end of the antenna can solve the tailing problem, but this approach reduces the antenna radiation efficiency. A series of digital processing methods have also been proposed, but the actual effect is insignificant. Lambot et al. proposed a layered media model of GPR under far-field conditions, which can complete the compensation of the antenna effect, and they proved through experiments that the resolution of GPR could be improved after compensation for the antenna effect [16,17,18,19,20].



Most natural materials on Earth are nonmagnetic; that is,    μ r  =  μ     μ   μ 0  = 1         μ 0  = 1    , where    μ 0  = 4 π ×  10  − 7     H/m is the magnetic permeability of free space. This means that for GPR, changes in the permittivity ( ε ) contribute the most to reflections. The propagation speed of the electromagnetic wave of the GPR in the medium is related to the permittivity of the medium, and it is no longer the propagation speed of free space; that is,    v r  =  c   ε r     , where c is the propagation speed of electromagnetic waves in free space, and   ε r   is the relative permittivity of the medium. The permittivity reflects the response ability of the medium to electromagnetic waves, and the different permittivity levels of the medium affect the propagation characteristics of radar electromagnetic waves. Therefore, an in-depth under-standing of the permittivity of the medium can not only improve the accuracy of radar detection and measurement but also expand the application of radar technology in many fields, providing strong support for scientific research and engineering practice [21,22]. The traditional measurement method for the characteristics of the dielectric material includes the coring method—that is, drilling the core sample from the tested material and analyzing the characteristics of the core sample based on laboratory conditions. However, this traditional method has great drawbacks; namely, it destroys the original structure of the dielectric material, the measurement cost is high, the efficiency is low, and long-term repeated measurement is not allowed. The electromagnetic exploration method represented by GPR technology can effectively solve these issues, and GPR can achieve nondestructive testing. Scholars worldwide have studied many media characteristics analysis methods based on GPR technology [23]. One of the more common methods for estimating permittivity is the common central point method point method, which uses a common center to analyze velocity. The midpoint or source position remains motionless, constantly changing the distance between the two antennas and recording the two-way travel time of the reflected wave. Even so, this method has a large error and is unreliable for near-surface characterization [24]. Based on the forward model of radar electromagnetic waves, it is a relatively rigorous GPR data analysis method to invert the dielectric characteristics of the medium. The basic principle is to calculate the radar echo through the forward simulation of radar waves. Then, the echo can be compared with the measured echoes to verify the correctness of the parameter settings of the forward model and determine whether the fitting of the two meets the accuracy requirements. However, the adjustment of the model parameters by this method is carried out manually, and the process is cumbersome, subjective, and arbitrary. In 2014, Sebastian et al. developed a full waveform inversion (FWI) scheme to estimate the permittivity and conductivity values by analyzing the reflected waves in the ground GPR data, but this laborious method requires continuous parameter optimization during the inversion process [25]. The radar echo amplitude method is a mature, widely used dielectric constant estimation method based on the reflection principle of electromagnetic waves; by analyzing the amplitude change of echo signals, one can estimate the permittivity of the medium. This method takes advantage of the relationship between the reflection coefficient and the permittivity to estimate the characteristics of the medium. In specific cases, total reflection echoes are usually generated by reflections from highly reflective surfaces such as metal plates [26]. Moreover, general radar systems need to use metal plates in the field to complete calibration procedures, so only single-point tests can be completed in the area of interest, and it is difficult to obtain changes in dielectric characteristics on a continuous measurement line [27].



Full waveform inversion (FWI) is one of the current research hotspots in the field of exploration geophysics. FWI can be described as a data fitting process based on seismic full-wave field simulation, which uses full-waveform information from seismic records. Full waveform inversion leverages all the information contained in the data and employs a high-resolution forward model, resulting in a higher resolution image. At present, FWI is quite mature enough to apply prototypes to 3D real-world datasets [28]. In 2014, F. Watson and W. Lionheart used SVD as an analysis tool in GPR full-wave inversion to help under-stand what a given acquisition system can image [29]. In 2019, Klotzsche, Anja et al, using crosshole GPR full-waveform inversion to visualize a soil aquifer system with variable saturation in critical regions, estimated four effective source wavelets with different source wavelets during inversion depending on the transmitter and receiver present in the saturated and/or unsaturated regions. Experiments have shown that this method can be used for imaging over the entire depth range starting from critical regions and can be applied to a wide range of applications [30]. Full waveform inversion is often used to estimate the geophysical parameters of recorded waveforms (observations) and is often expressed as a least squares optimization problem, but least squares FWI has a cycle jump problem. In 2022, SLEF da Silva et al. introduced a new Wasserstein metric within the framework of optimal transport (OT) for FWI analysis, which is based on the q-statistic and effectively reduces cycle skipping [31]. The characteristic analysis based on FWI ground penetrating radar has a wide application prospect and great research significance.



In this article, we (1) extend the GPR echo amplitude method to analyze the permittivity of the medium; (2) include a stepped-frequency air-coupled GPR system built by a single-horn antenna and VNA and then introduce a layered media detection model to filter out the direct coupling wave and correction time zero point of the system; (3) extract the height between the antenna and the reflective surface of the medium from the processed time domain signal and then invert the total reflection waveform at the corresponding height according to the electromagnetic field theory; and (4) demonstrate the change law of permittivity on a measuring line and compare the estimated permittivity obtained with the average permittivity estimated by the dielectric probe and the physical quantity of the dielectric model.



The main innovations of this paper are as follows.



	1.

	
The direct wave and correction time zero can be removed by obtaining the parameter characteristics of the system, which has little impact on the echo signal of the target.




	2.

	
The distance between the radar and the reflective surface of the medium is obtained from the time domain signal of the radar, which avoids the error caused by human measurement.




	3.

	
The total reflected echo signal at this distance can be obtained by inversion using the system parameters and radar range, without the need to carry out repeated metal plate calibration experiments at the experimental site, which improves the efficiency of work.




	4.

	
Our proposed method can realize large-scale real-time permittivity measurement on a continuous measurement line.







The organization of this paper is as follows: Section 2 details the theory and work-flow of the SFGPR system and permittivity estimation method, Section 3 presents the experimental results, Section 4 discusses the experimental results, and Section 5 summarizes the article.




2. Theory and Methodology


The workflow of this methodology, which consists of four parts, is summarized in Figure 1.



We introduce this method in detail following the workflow in Figure 1.



2.1. Introduction to Radar Systems


Vector network analyzers typically reflect the effect of the antenna by measuring the scattering coefficient S-parameter, which includes four modes, S11, S12, S21 and S22. The parameter S11 and S22 represent the amount of signal reflected from one port of the device under test. For the purpose of reducing system cost and system weight, we use an antenna connected to a port to implement transmit and receive functions, and the measured parameters can be S11 or S22. In this system, we chose to collect S11 parameters. Because the horn antenna has strong directivity and wide impedance bandwidth [32], and the vector network analyzer module can work in S11 mode, an ultra-wideband doublespine horn antenna and VNA module were used to build a single-antenna SFGPR system. A horn antenna realizes the sharing of the transceiver and receiver and also reduces costs. The antenna operates in the frequency band of 1–6 GHz. The operating frequency band of the VNA is the same, containing a total of 201 frequency points, and the transmission power is zero dBm. Moreover, the entire radar system is equipped with a remote control rail module to present an air-coupled operating mode.



2.1.1. Radar System Modeling


According to the electromagnetic field theory, we can obtain the expression of the electric field generated in the x-direction after the electromagnetic wave radiated by the electric dipole in the x-direction has been reflected by the plane-layered medium [18,19].


   E  x x   =   I l   8 π    ∫ 0 ∞   G    k ρ  , ρ    ·  k ρ  · d  k ρ  ,  



(1)






  G    k ρ  , ρ   =       J 0     k ρ  · ρ       k  0 z    j ω  ε 0       R ˜    T M   −   j ω  μ 0    k  0 z       R ˜    T E     −       cos   2 φ    J 2     k ρ  · ρ       k  0 z    j ω  ε 0       R ˜    T M   +   j ω  μ 0    k  0 z       R ˜    T E          ·  e  − j  k  0 z     2 d + z     ,  



(2)




where    J 0   ·    represents the first class of   0 − t h   order Bezier functions;    J 2   ·    represents the first class of second order Bezier functions;  ρ  represents the projection of the distance between the receiving point    x , y , z    and source point    0 , 0 , 0    in the   x o y   plane; k is the wavenumber;    k  0 z   =    k 0 2  −  k ρ 2     ;    k ρ  = x + j y  ;    k 0 2  =  ω 2   ε 0   μ 0   ;   ε 0   and   μ 0   are the permittivity and permeability in air, respectively;   R ˜   T M    and    R ˜   T E    represent the global reflectance coefficients of TM waves and TE waves, respectively;   ω = 2 π f  ; f is the frequency of the electromagnetic wave;   cos  ·    represents the cosine function; and  φ  denotes the angle between the projection of the line between the field point and the source point in the   x o y   plane and the x-axis direction. j is the imaginary unit. The location relationship between the source point and the observation point are shown in Figure 2.



Since this system adopts the transceiver antenna multiplexing mode, the source point and the field point coincide; at this time   ρ = 0  , and Green’s function can be simplified to


   G  x x   =   I l   8 π    ∫ 0 ∞      k  0 z    j ω  ε 0       R ˜    T M   −   j ω  μ 0    k  0 z       R ˜    T E     ·  e  − j 2  k  0 z    d 1     k ρ  d  k ρ  .  



(3)







The integral form of Equation (3) is the Sommerfeld integral, and we use the idea of deformed path integration (DPI) to calculate the Sommerfeld integral [33]. At this point, the contribution of the Bezier function disappears, and the exponential term in the integrable function produces violent oscillations. To reduce the oscillation behavior of the integrable function, we can find an integral path so that the phase of the exponential term remains unchanged over the entire integral path. Transforming the integral path into a point that is not in the first quadrant does not result in increasing the integral function drastically. Therefore, the reflected electric field at different distances (  d 1  ) between the radar and the surface of the reflective medium can be obtained according to Equation (3), expressed as the zero-bias Green’s function,    G  x x  0   ω   , when the source point coincides with the receiving field point.



Using the system function of the far-field radiation model for layered media detection applications proposed by Lambot [17], as shown in Figure 3, we locate the target in the far-field region of the antenna, and multiple reflections between the antenna and the target are considered. In the far-field region, assuming that the electric field measured locally by the antenna tends to be a plane wave, we can model the radar in a single-station configuration by a linear system with a frequency-dependent transfer function [17].



Simplifying Figure 3, the received signal of the radar can be denoted as [16,18,19,20]


   S 11   ω  =   R  ω    T  ω    =  H i   ω  +   H  ω   G  x x  0   ω    1 −  H f   ω   G  x x  0   ω    ,  



(4)






  H  ω  =  H r   ω   H t   ω  ,  



(5)




where   R  ω    represents the received signal,   T  ω    represents the transmitted signal,    H t   ω    represents the transmission function of the transmitting antenna,    H r   ω    represents the reflection of the signal at the antenna port again after being transmitted by the medium,    H i   ω    represents reflections caused by other factors (the impedance mismatch between the VNA calibration plane and the antenna feed point, the impedance gradient inside the antenna, and the impedance mutation between the antenna aperture plane and the free space), and    G  x x  0   ω    represents the reflected electric field in the direction of the electric dipole per unit intensity in the layered medium.



To obtain the echo signal of the radar, we do not need to find the transmit transfer function    H t   ω    and the receive transfer function    H r   ω    separately; we only need to obtain their product,   H  ω   , so three unknowns are required in the above parameter model:    H i   ω   ,    H f   ω   ,   H  ω   . Thus, we need at least three different equations to obtain a solution. In the subsequent inversion process, the system parameters are directly called without recalculation, so the calculation cost of this part could be negligible.




2.1.2. Radar System Model Solving and Validation


To obtain the parameters of the radar system model and verify the accuracy of the above model, we had to perform calibration experiments. The equation was obtained by measuring    S 11   ω    at different distances in front of a large enough metal plate by placing the antenna. The n-th equation can be denoted as


   S  11 , n   =  H i  +  S  11 , n   ·  G  x x , n  0  ·  H f  +  G  x x , n  0  ·   H −  H i  ·  H f    ,  



(6)




where   S  11 , n    represents the data measured by the radar at the n-th time, and   G  x x , n  0   represents the Green’s function calculated at the n-th altitude calculated by Equation (3). Since the radar is approximate modeling, to make the parameters of the solved radar model in-dependent of the measurement distance, we made N measurements, where   N ≥ 3  . These equations can be represented with a matrix as


  y = E x ,  



(7)




where


  y =   [  S  11 , 1   ⋯  S  11 , m   ⋯  S  11 , N   ]  T  ,  



(8)






  E =     1     S  11 , 1    G  x x , 1  0      G  x x , 1  0      ⋮   ⋮   ⋮     1     S  11 , m    G  x x , m  0      G  x x , m  0      ⋮   ⋮   ⋮     1     S  11 , N    G  x x , N  0      G  x x , N  0      ,  



(9)






  x =      H i       H f       H −  H i   H f       .  



(10)







Solving Equation (6) using the least squares criterion yielded the following form of solution:


  x =     E H  E    − 1    E H  y ,  



(11)




where the superscript    H   indicates conjugate transpose.



The antenna was placed within a range of 0.50–0.70 m in front of the metal plate for 21 measurements, and the distance step value was 0.01 m. The time-domain waveform at a distance of 0.52 m is shown in Figure 4. Observing Figure 4, we found that the waveform before 2.5 ns was the direct wave of the system and the reflection of the antenna mouth surface. Near 5.5 ns was the reflected signal of the metal plate received by the antenna. After 6 ns, we observed some oscillation signals, which were the waveform tailing of the reflected signal and the multiple reflections of the metal plate.



We substituted 21 sets of calibrated measured frequency domain echoes into the equation system, and we could obtain the amplitude and phase of the system parameters    H i   ω   ,    H f   ω   , and   H  ω    in the frequency domain, as shown in Figure 5.



In the antenna model, the effect of the antenna was only related to the frequency, the original waveform of the antenna could be converted into an equivalent zero-bias Green’s function   G  x x , r  0  , and the extraction of the Green’s function from the signal expression could achieve the effect of effectively removing the direct wave and compensating for the zero point of time. According to Equation (4), the extraction formula of Green’s function was as follows:


   G  x x , r  0   ω  =    S  11 , r    ω  −  H i   ω    H  ω  +  H f   ω     S  11 , r    ω  −  H i   ω      .  



(12)







The Green’s function was extracted from the calibration waveform shown in Figure 4 to obtain its time domain waveform, which is shown by the red dashed line in Figure 6.



The red dashed line in Figure 6 shows the waveform of the reflected signal of the metal plate at 0.52 m after removing the direct wave and compensating for the zero point of time. After processing, the propagation time of the signal in the antenna was also naturally compensated, and the waveform moved forward. The red dashed line shows that the two-way time of the radar signal was 3.48 ns, which translates to a distance of 0.522 m between the antenna and the metal plate, consistent with the actual distance. At the same time, the reflected waves of the metal plate could be seen more clearly, accurately reflecting the characteristics of the reflected target.The solid blue line in Figure 6 shows the simulated Green’s function at this distance calculated with Equation (3). Figure 6 shows that the actual reflected Green’s function is essentially the same as the simulated Green’s function, with a relative root mean square error of 1.63%.



At 0.46 m beyond the calibration distance of the antenna, the measured data and the simulation data were compared as shown in Figure 7. It can be seen from Figure 7 that the simulated waveform and the measured waveform had a high degree of agreement and that the relative root mean square error of the two was 0.24%, proving that the model has high accuracy and generalization ability.





2.2. Introduction to the Method


The radar echo amplitude method is a method of estimating the permittivity of an electromagnetic wave by measuring the propagation and reflection of electromagnetic waves in the medium. The signal reflected from the surface of the dielectric to the receiving antenna is related to the reflectivity of the dielectric material and closely related to the permittivity value. The reflectance coefficient ( γ ) from material 1 to material 2 is defined as [21]


  γ =     ε 2   −   ε 1       ε 2   +   ε 1     ,  



(13)




where   ε 1   is the permittivity of material 1, and   ε 2   is the permittivity of material 2. In the air-reflective surface (the surface of material 2) double-layer detection model, the permittivity of air defaults to 1, so we can intuitively calculate the permittivity of material 2. The reflectivity mentioned above is also defined as the peak ratio of the signal (i.e., that is, the ratio of the reflected echo amplitude on the surface of the medium to the total reflected echo amplitude), so the most critical step of the method is to obtain the time domain waveform of the two signals. The following describes the processing methods and processes of the two echoes.



2.2.1. Measured Data Processing


The established radar system was used to collect the frequency-domain-reflected echo signal (  S  11  s  ) on the surface of the measured medium, and the system parameters obtained in Section 2.1 were substituted into Equation (12) to extract the Green’s function of the measured echo signal (i.e., to remove clutter such as direct coupling waves and multiple reflections, and to correct the time zero point of the waveform). The Green‘s function of the measured signal can be denoted as    G  x x , s  0   ω   .    G  x x , s  0   ω    in the above equation serves as the frequency-domain echo signal of the medium.



The time domain waveform of the radar contains a lot of information, and we will obtain the height information of the radar and the echo amplitude from the time domain waveform in subsequent research. Therefore, the inverse Fourier transform was used to transform    G  x x , s  0   ω    into the time domain, and the time domain echo signal was expressed as    x s   t   :


   x s   t  = s  t  + e  t  ,  



(14)




where    x s   t    represents the time domain echo signal of the radar,   s  t    represents the reflected echo signal on the surface of the medium, and   e  t    represents other reflected echo signals in the environment.



After the time-domain form of the measured Green’s function had been completed, the processing of the measured signal was over. The ultimate goal of this section is to obtain the echo amplitude reflected by the surface of the medium, so we extracted the peak-to-peak value of the time-domain echo signal    x s   t    and expressed it as


   A s  = max    x s   t    − min    x s   t    ,  



(15)




where   max  ·    and   min  ·    represent the maximum value and the minimum value, respectively.



According to the basic principle of estimating the permittivity by the echo amplitude method, it is necessary to obtain both the measured echo and the total reflected echo at the same distance. It can be seen from Equation (3) that we need to know the distance between the radar and the reflection interface in advance. In this section, we present how we obtained the measured time domain echo,    x s 0   t   , after compensation. According to the law of phase change when electromagnetic waves propagate in a multilayer medium, the phase of the reflected echo from the air to the surface of the medium should be flipped [34]. Observing the direct waves of the system, we found that the echo at the antenna mouth surface was a positive phase and that the phase of the reflective surface echo was negative. Therefore, we extracted the time corresponding to its negative peak and took it as the time when the radar signal reaches the reflective surface, expressed as   t p  . According to the time of arrival of the obtained radar signal, we could obtain the distance between the radar and the reflective surface of the medium, denoted as


   h p  =  1 2  c  t p  ,  



(16)




where c is the propagation speed of electromagnetic waves in the air.




2.2.2. Total Reflection Echoes Inversion


Using distance   h p  , obtained in Section 2.1.1, we applied it to Equation (3) to obtain the Green’s function of the total reflected echo at this distance, expressed as    G  x x , m  0   ω   , which was used as the frequency domain echo signal of total reflection and its time domain form as    x m   t   .



We then obtained the amplitude of the total reflection echo; that is, we could extract the peak-to-peak value of the total reflection time domain echo signal:


   A m  = max    x m   t    − min    x m   t    ,  



(17)




where   max  ·    and   min  ·    represent the maximum value and the minimum value, respectively.




2.2.3. Permittivity Estimation


The reflection coefficient was calculated according to amplitude values   A s   and   A m   of the above two echoes, and then we used the relationship between the reflection coefficient and the permittivity to obtain the estimated permittivity of the measured medium.


  ε =     1 + γ   1 − γ    2  ,  



(18)






  γ =   A s   A m   ,  



(19)




where  γ  is the reflectance coefficient.



For the multi-channel data measured by radar at one time, the change of permittivity of the wall surface on a continuous measurement line could be obtained by processing each data point separately by using the above-proposed method.






3. Experiment


To evaluate the feasibility of the proposed method, we used the SFGPR system to collect the wall surface reflection data, and we estimated the permittivity value of the wall surface of known thickness by using the method proposed in Section 2. At the same time, we carried out the wall penetration experiment and the dielectric probe detection experiment to calculate the average permittivity of the wall, and we compared it with the estimated value to prove the accuracy and precision of the proposed method. In addition, we performed a probing experiment on an adobe sample of a known height, and the permittivity estimation method introduced in Section 2 was also used to obtain an estimate of the permittivity on the sample surface, which was used to illustrate the generalization ability of the method.



3.1. Wall Permittivity Estimation Experiment


As shown in Figure 8, the radar system was placed horizontally on the sliding guide frame; the antenna port was facing the wall, and the measurement line was slid horizontally 1 m to collect the reflected signal from the wall.



We selected one of these data points for analysis, and its time-domain reflected echo is shown in Figure 9, which also shows the measured waveform of the antenna placed about 28 cm in front of the wall. It can be seen that the waveform before 2.5 ns was the direct wave of the system and the reflection of the antenna mouth surface, that the waveform near 3.5 ns was the reflected signal of the wall, that near 6 ns was the reflected signal of the back wall caused by electromagnetic waves penetrating the wall, that the waveform between 3.5 ns and 6 ns may be a reflection of the internal structure of the wall, and that the waveform after 7 ns was the tailing and other reflected signals behind the wall. According to the method described in Section 2.2, the measured waveform after compensation could be obtained by removing the direct wave and compensating for the zero point of time, as shown in Figure 10.



According to the electromagnetic law of electromagnetic waves in the propagation process, when electromagnetic waves enter vertically from one medium to another medium, if the wave is shot by the wave-thin medium to the wave-dense medium, the reflected electromagnetic wave has a half-wave loss and additional phase difference [34]. That is, the reflected wave and the incident wave are inverted, but the transmitted electromagnetic wave has no phase change. If the electromagnetic wave is emitted from the wave-dense medium to the wave-thin medium, no phase change occurs between the reflected wave and the transmitted wave. Therefore, the first reflected echo of the electromagnetic wave on the wall is inverted with respect to the transmitted signal, and the reflected echo of the back wall is the same as the transmitted signal. It can be seen that the signal at the antenna port surface was a positive phase, which can be seen at point A in Figure 9; therefore, the first wall-reflected echo was a negative phase, which can be seen at point B in Figure 10, and then the reflected echo of the back wall was a positive phase, which can be seen at point C in Figure 10.



Thus, the first reflected echo arrival time of the wall was 1.848 ns, and the distance between the antenna and the wall could be calculated as 27.72 cm, consistent with the actual measurement. At the same time, we could also obtain the amplitude of the measured echo (i.e., extract the peak-to-peak value of its time domain signal):


   A s  = 0.03293 −  ( − 0.02879 )  = 0.06172 .  



(20)







After obtaining the distance from the antenna to the wall, we imported the distance and system parameters into Equation (3) to invert the total reflected echo signal at this distance, as shown in Figure 11.



The amplitude of the fully reflected echo signal could be extracted from the waveform shown in Figure 11.


   A m  = 0.129 −  ( − 0.1278 )  = 0.2568 .  



(21)







Substituting   A s   and   A m   into Equations (18) and (19) yielded an estimated permittivity of 2.66 for the wall at this scan point.



From Figure 10, it can be seen that the time difference between the front surface echo and the rear surface echo of the radar lateral scan was   Δ t   = 4.027 ns − 1.848 ns = 2.179 ns. The actual thickness of the wall was l = 19 cm, and the average permittivity of the wall at the scanning point was calculated as 2.96. The estimated permittivity differed by 0.25 from the calculated average permittivity, with a relative error of 8.4%. The former was an estimate of the permittivity of the wall surface, and the latter was the average permittivity value of the entire wall; owing to the uneven internal structure of the wall, a certain degree of difference existed between the two.



By inverting the total reflected echoes of each sweep separately and estimating the permittivity value, we could obtain the change in the estimated permittivity on the scan measurement line, as shown in Figure 12.



It can be seen from the change of permittivity on the measuring line that the value basically fluctuated between 2.5 and 3 and that the estimated permittivity changed relatively smoothly, with an average estimated value of 2.70. The computational cost of processing this lab process using an Intel Core i5 processor was 3.917133 s.




3.2. Verification Experiment


After using the proposed method to obtain the permittivity estimation of the wall, we verified the accuracy of the proposed method through two experiments: the wall penetration experiment and the dielectric probe detection experiment.



3.2.1. Wall Penetration Experiments


On the same wall, we used two horn antennas for the wall penetration experiments, as shown in Figure 13. The two antennas faced each other, and the distance between the two remained constant, detecting separately in the case of opposite air and penetration through the wall. According to the echo delay in the two cases and the thickness of the wall, we could obtain the average permittivity of the wall by measuring the actual thickness of the wall, and we found that it was l = 19 cm.



Owing to the difference in the permittivity of air and the wall, in the two cases above, the time difference of the received echo is denoted as


   l v  −  l c  = Δ t ,  



(22)






  v =  c   ε r    .  



(23)







Thus, according to Equations (22) and (23), the average permittivity of the wall can be denoted as


   ε r  =      c · Δ t  l  + 1   2  ,  



(24)




where v and c are the propagation speed of electromagnetic waves in the wall and air, respectively;   Δ t   is the delay of the echo through the wall relative to the airborne echo; l is the actual thickness of the wall; and   ε r   is the calculated average permittivity of the wall.



Case 1: The distance between the two antennas was 90 cm. The received echo pair in both the space-relative and wall-penetrating cases is shown in Figure 14.



According to the two echoes, it can be obtained that the echo delay after penetrating the wall was comparable to that of air detection.


  Δ t =  t 2  −  t 1  = 5.06  ns − 4.62  ns = 0.44  ns .  



(25)







Therefore, the average permittivity of the wall could be calculated as


   ε r  =      c · Δ t  l  + 1   2  =      3 ×   10  8    m / s  · 0.44  ns   19  cm   + 1   2  ≈ 2.87 .  



(26)







Case 2: The distance between the two antennas was 110 cm. The received echo pair in both the space-relative and wall-penetrating cases is shown in Figure 15.



According to the two echoes, it can be obtained that the echo delay after penetrating the wall was comparable to that of air detection:


  Δ t =  t 2  −  t 1  = 5.7  ns − 5.26  ns = 0.44  ns .  



(27)







Therefore, the average permittivity of the wall could be calculated as


   ε r  =      c · Δ t  l  + 1   2  =      3 ×   10  8    m / s  · 0.44  ns   19  cm   + 1   2  ≈ 2.87 .  



(28)







In two experiments at different distances, the delay of the waveform was consistent, both being 0.44 ns. Based on this delay, we could calculate the permittivity of the wall, which had a value of 2.87. Based on the experimental results, the average permittivity obtained by the antenna penetrating the wall was 2.87, the estimated permittivity of the wall was 2.70 with the method provided in Section 2.2 of this paper, and the error of the latter relative to the former was 5.9%.




3.2.2. Dielectric Probe Verification Experiment


Typically, the coaxial probe method is used to determine the relative permittivity and dielectric loss of solid or liquid high-loss electrical materials in the band from high frequencies to microwave levels [35]. This technology is popular owing to the commercial availability of related monitoring instruments and similar products in a wide frequency band [36]. The entire system is based on a network analyzer that measures the response of the material to RF or microwave energy, and the probe sends a signal to the medium under testing [37].



Five sets of experiments were performed using the Agilent 85070E dielectric probe instrument, and the probe detection scenario is shown in Figure 16.



The dielectric probe test results are shown in Table 1.



Based on the analysis of experimental results, the average permittivity of the wall measured with the dielectric probe was 2.7938, and the permittivity of the wall was 2.70 according to the proposed estimation method, whose error with the former was 3.4%.





3.3. Application Experiment


In this experiment, we used a 30 cm × 30 cm × 30 cm square soil sample, which was placed above a metal plate. The experimental setup is shown in Figure 17. The sample was placed below the radar. The radar moved horizontally, and the electromagnetic waves moved vertically downward to detect along the vertical cut profile of the sample.



During the scanning process, the radar moved from one end of the sliding rail sup-port rod to the other end, the scanning distance was about 1.2 m, and the sample with a length of 30 cm was roughly located in the center of the scanning line, accounting for a quarter of the length of the measuring line. Considering the influence of the sample edge effect, to more accurately explain the characteristics of the sample, we analyzed the characteristics within one-third of the sample center. So, according to the number of sampling data channels, we intercepted roughly 50 data channels in the middle of the data for permittivity analysis. According to the full-wave inversion permittivity estimation method proposed in Section 2.2 of this paper, we could obtain the change of the estimated permittivity in the central part of the sample, which is shown in Figure 18.



From the change in the permittivity of the sample center surface shown in Figure 18, it can be seen that the permittivity fluctuated in a small range and that the average permittivity of the sample surface was calculated to be   ε = 4.22  .



Figure 19 shows the single A-scan waveform of the sample after the compensation treatment; the reflected echo of the upper surface layer of the sample was near 2 ns, the strong reflection echo of the bottom metal plate was near 6.5 ns, and other reflections were inside the sample between the two reflections. The time difference between the two reflections was   Δ t   = 6.266 ns − 2.258 ns = 4.008 ns. According to the actual height of the sample, 30 cm, we could calculate the average permittivity of the sample as a whole at 4.02, which is 0.2 less than the estimated value. Thus, the two are basically close. The relative error was 4.74%, which is within the acceptable range. The computational cost of processing this lab process using an Intel Core i5 processor was 4.773957 s.



In addition, we also performed other homogeneous sample detection experiments, and the estimated results are basically consistent with the verification results. The results are shown in Table 2.





4. Discussion


The experimental results in Section 3 confirm the feasibility and accuracy of the full-wave inversion permittivity estimation method proposed in this paper.



In a real scenario, a wall that can be passed through can often be manually measured for its thickness, and the radar system used can penetrate the wall to obtain reflections from the back wall. So, according to the actual thickness of the wall and the time difference between the reflected waves of the front and rear walls, it is easy to calculate the average permittivity value of the wall, which can be used as a reference for the estimation results of the proposed method. We also could obtain the change of the estimated permittivity of the wall on a measurement line. In the wall detection experiment, the average permittivity of the wall was 2.96, the estimated permittivity obtained by the full-wave inversion method was 2.70, and the error between the two was 8.8%. The estimated permittivity was the value of the wall surface, and since the inside of the wall must be uneven, the error between the two was within the acceptable range. The estimated permittivity on this measurement line basically fluctuated between 2.5 and 3, and the change was relatively stable.



In the wall penetration experiment, we used two antennas to calculate the average permittivity of the wall by observing the difference between the relative space and the arrival time difference of the receiving wave through the wall. We analyzed the cases at two distances, and the average permittivity calculated in both cases was 2.87, with a relative error of 5.9% from the estimate. The dielectric probe is a simple and intuitive permittivity detection instrument. Using the probe to test the wall many times, we found that the average value of the permittivity was 2.7938 and that the relative error between it and the estimated value was 3.4%. The error between the above two verification experimental results and the results obtained by the proposed method was within a controllable range.



Finally, we used an adobe model of a known height as an experimental object, which was placed above the metal plate. The estimated permittivity using the full-wave inversion method was 4.22, while the average permittivity of the sample was 4.02 based on the time difference between the reflected wave of the upper surface and the metal plate. The permittivity obtained by the two methods was relatively close, with an error of 4.74%.



The above experimental results confirm the feasibility of the full-wave inversion permittivity estimation method proposed in this paper and indicate that the method has high accuracy and generalization ability.




5. Conclusions


The full-wave inversion real-time permittivity estimation method for SFGPR proposed in this paper has a simple estimation process and high calculation accuracy. The built radar system can efficiently remove direct waves and clutter (e.g., multiple reflections), and it can accurately compensate for the zero time-point of the signal. The total reflection waveform at different distances can be obtained by inversion, without the need to carry out cumbersome metal plate calibration experiments. Also, it is easy to obtain the permittivity estimate on a continuous measurement line, which can solve estimation needs under the amount of large data, greatly reduce the workload and improve work efficiency. Moreover, this method is suitable for penetrating radars such as through-wall radar and GPR, and it has a wide range of applicable scenarios, which can solve the permittivity estimation requirements of most media. Thus, the method can provide a basis for grasping the condition of the measured medium, which can ensure the accuracy of detection and improve the subsequent data processing efficiency.
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Figure 1. Scheme illustrating the processing workflow of the calculation for permittivity. 
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Figure 2. The location relationship between the source point and the observation point: (a) XZ-plane position relationship. (b) XY-plane position relationship. 
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Figure 3. VNA–antenna multilayer media detection far-field radiation system function. 
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Figure 4. Measured waveform of the metal plate at 0.52 m. 
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Figure 5. System frequency domain parameters. 
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Figure 6. Comparison of simulated and measured waveforms at 0.52 m. 
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Figure 7. Comparison between measured waveform and simulated waveform at 0.46 m. 
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Figure 8. Experimental scene. 
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Figure 9. Measured reflection echo of wall in time domain. (Point A indicates the point where the electromagnetic wave reaches the antenna port.) 
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Figure 10. Measured reflection echo of the wall in time domain after compensation. (Point B indicates the point where the electromagnetic wave reaches the first wall; Point C indicates the point where the electromagnetic wave reaches the back wall.) 
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Figure 11. Total reflection echo. 
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Figure 12. The change of the dielectric constant of the wall on the measuring line. 
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Figure 13. Penetration experiment scene: (a) The two antennas were placed opposite each other. (b) Two antennas penetrated the wall. 
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Figure 14. Comparison of received echoes when two antennas are 90 cm apart. 
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Figure 15. Comparison of received echoes when two antennas are 110 cm apart. 
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Figure 16. Experimental scene of dielectric probe detection. 
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Figure 17. Experimental scene. 
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Figure 18. Permittivity at the center of the sample. 
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Figure 19. The reflected echo signal of the sample after compensation. 
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Table 1. Dielectric probe test results.
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	Number of Experiments
	Mean Dielectric Constant





	1
	2.8262



	2
	2.9186



	3
	2.7523



	4
	2.8194



	5
	2.6524



	Mean
	2.7938










 





Table 2. Analysis of sample permittivity results.
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	Sample Serial Number
	Measured Permittivity
	Permittivity Verification
	Relative Error





	1
	4.48
	4.14
	8.21%



	2
	4.05
	4.06
	0.25%



	3
	4.18
	4.02
	3.98%



	4
	4.08
	4.21
	3.09%



	5
	4.37
	4.04
	8.17%







Note: set measured permittivity = M; permittivity verification = N; relative error = abs(M − N)/N.
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