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ABSTRACT 

In this paper, a method using the instantaneous phase information of the reflection ground penetrating radar (GPR) signal 

to detect the variation of sand moisture is developed. The moisture changes the permittivity of the medium, which results 

in different speed when the GPR electromagnetic (EM) wave propagates in the medium. In accordance to this principle, 

we develop an analytical method to extract GPR reflection signal’s instantaneous phase parameters utilizing Hilbert 

Transform for sand moisture characterization. For test evaluation, Finite Difference Time Domain (FDTD) numerical 

simulations using a 3rd party open source program GprMax V2.0, and laboratory experiments on sand samples are 

conducted using a commercial GPR (2.3 GHz Mala CX) as the data acquisition system. 

Keywords: Ground penetrating radar, instantaneous phase, Hilbert transform, sand moisture content, dielectric constant, 

FDTD simulation 

1. INTRODUCTION 

Saturated sand region in road subsurface layer is a sign of the early stage of roadway sinkhole formation, railroad 

ballast contamination and sub-base degradation. Non-destructive test of the subsurface saturated region can prevent safety 

hazards and costly emergency repair on roadway and railway. GPR is a major subsurface imaging tool for non-destructive 

infrastructure inspection [1]. 

To characterize the subsurface moisture content, the approach of GPR backscattering signal amplitude measurement 

has been extensively utilized [2-5]. For EM wave transmitting through the subsurface medium of different moisture levels, 

the signal attenuation factor is different. Hence, the backscattering amplitude implies different levels of moisture. However, 

to derive accurate quantitative relationship between the backscattering signal amplitude and the medium moisture (through 

dielectric property characterization) is very complicated.  

As shown in Figure 1, the GPR signal is emitted from the transmitter antenna into the subsurface medium and the 

receive antenna collects the backscattering signals. For the study in this paper, the top layer is the sand layer with various 

moisture contents and the base layer is the dry concrete. 𝐴1 is the echo from the air-sand interface, 𝐴2 is the echo from 

the interface between the sand layer and the concrete layer, and 𝐴3 is the echo from the bottom of the concrete layer. The 

echo signal 𝐴2 is measured to monitor the moisture variations in the sand layer. To accurately measure 𝐴2 amplitude is 

not trivial, as it can be easily contaminated by noise, interference and other surface layer reflection signals.  

 

Figure 1  GPR detection scheme 



To overcome such obstacle, in this paper, we investigate measuring the moisture through the characterization of the 

instantaneous phase parameters of GPR reflection signal. Microwave laboratory measurements in [8] revealed the presence 

of persistent and coherent phase variations in a temporal sequence of DInSAR (differential interferometric synthetic 

aperture radar) images, where the correlation between radar signal phase variation and soil moisture was investigated. The 

study sheds light on utilizing EM signal phase information to measure soil moisture. As soil moisture changes, the dielectric 

constant of the medium also changes, which results in different EM wave propagation speed in the medium. Thus, when 

an EM wave transmits through subsurface sand layers of different moisture levels, its phase delay will be altered. In this 

study, Hilbert Transform is explored to extract GPR signal phase parameter. An EM wave transmission model is also 

developed to approximately interpret the quantitative relationship between phase behavior and medium moisture content. 

The remaining sections of this paper are organized as follows. In Section 2, the Hilbert Transform is utilized to 

characterize GPR signal phase information, and EM wave phase variation model is developed. In section 3, FDTD (Finite 

Difference Time Domain) numerical simulations using GprMax V2.0 are performed to analyze GPR reflection signal 

phase variations in mediums of different moisture content. In section 4, laboratory moisture measurement experiments are 

conducted, where a ground coupled 2.3 GHz Mala CX is used as the data acquisition system. Section 5 contains the 

concluding remarks. 

2. METHODOLOGY 

2.1 Instantaneous phase extraction 

Hilbert Transform (HT) finds its widely utilization in communication system receiver design for baseband signal 

extraction. In our GPR moisture detection scheme, Hilbert Transform is implemented to extract the pulse signal envelope 

and the instantaneous phase parameter. 

The Hilbert Transform of signal 𝑠(𝑡) can be considered as the convolution of 𝑠(𝑡) with the function ℎ(𝑡) =
1
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, 
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To avoid the singularities when 𝜏 = 𝑡 and𝜏 = ±∞, Hilbert Transform is defined using the Cauchy principal value. thus, 
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Applying HT to GPR signal 𝑠(𝑡), the analytic signal is obtained as 

 𝑠𝑎(𝑡) = 𝑠(𝑡) + 𝑖�̂�(𝑡) (3) 

where �̂�(𝑡) is the direct output of the Hilbert Transform of 𝑠(𝑡). The magnitude of 𝑠𝑎(𝑡) equals 

 |𝑠𝑎(𝑡)| = √𝑠(𝑡)2 + �̂�(𝑡)2 (4) 

|𝑠𝑎(𝑡)| is the envelope of 𝑠(𝑡), which can be used for signal power characterization. 

The instantaneous phase of 𝑠𝑎(𝑡) equals 

 𝜑𝑎(𝑡) = 𝑎𝑟𝑔{𝑠𝑎(𝑡)} = tan−1(
�̂�(𝑡)

𝑠(𝑡)
) (5) 



 

Figure 2  Instantaneous phase measurement using Hilbert Transform: (a) GPR A-Scan waveform; (b) Signal envelope; (c) 

Instantaneous phase. 

In our GPR detection scheme, the amplitude envelope is first computed to detect the peak of echo from the sand-

concrete interface. The instantaneous phase value at the same time point is then recorded. As an example, Figure 2(a) 

depicts a GPR A-Scan signal waveform, Figure 2(b) and 2(c) plot the signal envelope and instantaneous phase obtained 

upon Hilbert Transform respectively. In the envelop waveform, the first peak at 0.50 ns represents the air-sand interface 

echo, and the second peak at 3.75 ns is the sand-concrete interface echo. 

2.2 Phase behavior model 

In this section, analytic model is presented to describe the phase changes of the signal in relation to the sand dielectric 

properties. 

Considering the sand layer as a lossy medium with complex dielectric constant 𝜀 = 𝜀𝑟 − 𝑗𝜀𝑖, the propagation of the 

signal through a distance 𝑧 into the medium can be modeled by 

 𝑆(𝑧) = 𝑆0𝑒−𝛾𝑧 = 𝑆0𝑒−(𝛼+𝑗𝛽)𝑧 = 𝑆0𝑒−𝛼𝑧𝑒−𝑗𝛽𝑧 (6) 

where the propagation constant 𝛾 is [9] 

 𝛾 = 𝛼 + 𝑗𝛽 = 𝑗
2𝜋

𝜆
√𝜀𝑟 − 𝑗𝜀𝑖 = 𝑗𝑘√𝜀𝑟 − 𝑗𝜀𝑖 (7) 

where 𝜆 is the wavelength, and 𝑘 = 2𝜋 𝜆⁄  is the wavenumber. The first exponential term in (6) specifies the propagation 

signal amplitude attenuation through the medium, whereas the second term specifies the propagation phase change. To 

solve the 𝛼 and 𝛽, following transformation of Eq. (7) is performed:  

 𝛾2 = (𝛼 + 𝑗𝛽)2 = (𝛼2 − 𝛽2) + 𝑗2𝛼𝛽 (8) 

 𝛾2 = (𝑗𝑘√𝜀𝑟 − 𝑗𝜀𝑖)
2 = −𝑘2(𝜀𝑟 − 𝑗𝜀𝑖) = −𝑘2𝜀𝑟 + 𝑗𝑘2𝜀𝑖 (9) 

Comparing the real parts and imaginary parts of Eq. (8) and (9) respectively, following equations can be obtained: 

 {
𝛼2 − 𝛽2 = −𝑘2𝜀𝑟

2𝛼𝛽 = 𝑘2𝜀𝑖

 (10) 

Solving Eq. (10), the signal amplitude attenuation parameter 𝛼 and phase delay parameter 𝛽 can be expressed as 
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2
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2
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where tan 𝜃 = 𝜀𝑖 𝜀𝑟⁄ . Eq. (12) indicates that the instantaneous propagation phase change is determined by the loss tangent 

angle 𝜃 and the dielectric constant 𝜀. In our GPR measurement, the thickness of the medium under test is assumed 

uniform. In other words, for measurements at different locations, the reflection signal phase variation from the sand-

concrete interface is solely dependent on the variation of dielectric constant of the sand. 

Behavior model of 𝜀 in [10] for a sandy soil shows the complex dielectric constant is dominated by the real part, 

which allows the approximation 𝜀 ≅ 𝜀𝑟. Thus, the tangent angle 𝜃 is very small and cos
𝜃

2
 equals approximately 1. Eq. 

(12) can be approximated as 

 𝛽 = 𝑘√|𝜀| cos
𝜃

2
≅ 𝑘√|𝜀| ≅ 𝑘√|𝜀𝑟| (13) 

The phase change for a two-way path is obtained by [9] 

 ∆𝜙 = 2𝑘𝑑(√|𝜀𝑚| − √|𝜀𝑛|) (14) 

where 𝑑 is the vertical thickness of wet sand layer, and the subscripts represent the dielectric constant values at different 

measurements 𝑚 and 𝑛. 

According to Eq. (14), an approximately linear relationship exists between change of instantaneous phase and square 

root of the magnitude of the medium dielectric constant. In next section, the relationship between medium dielectric 

constant and moisture content is elaborated, and the instantaneous phase behavior is correlated with the medium moisture 

content. 

2.3 Dielectric constant vs. moisture content 

Dielectric constant measurements on five different soil types at frequencies between 1.4 and 18 GHz have been 

perform in [10], which found that soil texture has a pronounced effect on dielectric behavior, especially at frequencies 

below 5 GHz. Based on these measurements, separate polynomial expressions relating the real and imaginary part of 𝜀 to 

the volumetric moisture content 𝑚𝑣, and the percentage of sand and clay are derived in [11]. These polynomial expressions 

are of the form 

 𝜀𝑟 = (𝑎0 + 𝑎1𝑆 + 𝑎2𝐶) + (𝑏0 + 𝑏1𝑆 + 𝑏2𝐶)𝑚𝑣 + (𝑐0 + 𝑐1𝑆 + 𝑐2𝐶)𝑚𝑣
2 (15) 

 𝜀𝑖 = (𝑑0 + 𝑑1𝑆 + 𝑑2𝐶) + (𝑒0 + 𝑒1𝑆 + 𝑒2𝐶)𝑚𝑣 + (𝑓0 + 𝑓1𝑆 + 𝑓2𝐶)𝑚𝑣
2 (16) 

where 𝑆 is the percentage (by weight) of sand, 𝐶 is the percentage (by weight) of clay, and 𝑎𝑖, 𝑏𝑖, 𝑐𝑖, 𝑑𝑖, 𝑒𝑖, 𝑓𝑖 are 

frequency dependent coefficients. Knowing the EM wave penetrating depth, numerical values for these coefficients at 

different frequencies can be evaluated [8]. Eq. (15) and (16) can be used to estimate the dielectric constant of the sand at 

the given observation frequency should the weight coefficients be known. 

According to the results in [10] ~ [12], 𝑚𝑣
2 is the dominant term in Eq. (15). Thus, approximation can be made as 

𝜀𝑟~𝑂(𝑚𝑣
2). Considering ∆𝜙 is linearly proportional to ∆√|𝜀| as Eq. (14) shows, ∆𝜙 is about linearly proportional to 

the moisture content variation ∆𝑚𝑣. Therefore, once the instantaneous phase variation in GPR signal is detected, the 

moisture content in medium can be estimated. 

3. FDTD SIMULATIONS 

In this section, FDTD simulations on a mock-up sand-concrete structure with various dielectric constants of sand layer 

are performed to verify the instantaneous phase behavior upon medium dielectric constant. 

3.1 FDTD scheme 

For validation purposes, GPR signal phase behavior simulations with a mock-up geometry structure shown in Figure 

3 are performed. The structural geometry emulates a concrete base covered with a sand layer. The top air layer is 5 cm 

thick, the sand layer is 15 cm thick and the concrete layer is 30 cm thick. A UWB GPR signal is generated to scan the 



structure and the instantaneous phase of the echo from sand-concrete interface is extracted for analysis purpose. Dielectric 

parameter values for air, sand and concrete layers are listed in Table 1 referring [13]. To emulate the sand dielectric 

property changes due to moisture content variations, 14 groups of simulations with sand dielectric constants varying from 

8 to 20 are performed. 

 

Figure 3  Geometry model for FDTD simulations 

Table 1  Typical values of relative permitivity and conductivity for geological materials 

Material 𝜀𝑟 𝜎𝑒 (mS/m) 

Air 1 0 

Dry Sand 4 0.01 

Saturated Sand 20 0.1 

Concrete 6 0.01 

 

The FDTD method is employed to develop the computational model characterizing GPR signal propagation in the 

geometry structure. FDTD is a grid-based differential numerical modeling method that discretized Maxwell’s equations 

using central-difference approximations to both the space and time partial derivatives. In this study, the transverse electric 

(TE) mode is adopted, and perfectly matched layer (PML) absorbing boundaries model is applied to eliminate reflections 

from the edges of the modeling grid. The governing TE mode field equation are [14]: 

 
𝜕𝐸𝑥
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where 𝐸𝑥 and 𝐸𝑦 are transverse electrical field components, and 𝐻𝑧 is the longitudinal magnetic field component. 𝜀, 

𝜎, and 𝜇 specify medium’s permittivity, conductivity and permeability respectively. 

To compute the electrical field and the magnetic field, Yee scheme [15] is applied to discretize, both in time and space, 

the above TE mode governing equations with central difference approximations. In our simulations, the GPR test signal is 

generated as 2.3 GHz central frequency Ricker (first derivative of the Gaussian) waveform. In order to achieve fine 

resolution and accuracy, we set the FDTD spatial increment ∆𝑥 as 2.5 mm, which produces 50 samples per wavelength 

at high end of the excitation spectrum. While the temporal step is computed correspondingly as ∆𝑡 =
∆𝑥

𝑐√2
= 5.9 𝑝𝑠 to 

ensure the stability condition ( 𝑐 is the light speed in air. The FDTD simulation tool is GprMax V2.0 program [16]. 



3.2 Simulation results 

In each simulation, the sand-concrete interface echo is first identified using the signal envelope with the Hilbert 

Transform. The corresponding instantaneous phase value is extracted. According to the explanation in Sec. 2, the phase 

difference ∆𝜙 is linearly proportional to∆√|𝜀|. Using the measurement with 𝜀 = 8 as the reference, the ∆𝜙 vs ∆√|𝜀| 
for all other measurements are normalized and plotted in Figure 4. 

 

Figure 4  Simulated variation in phase from the sand-concrete interface 

In Figure 4, the circular dots are the measured ∆𝜙 at various ∆√|𝜀|, and the straight line approximates the linear 

regression curve, which shows that  the instantaneous phase variation slope is about 0.7090 rad per unit ∆√|𝜀|, which is 

in good agreement with the calculation result 0.6283 rad per unit ∆√|𝜀| using Eq. (14). Thus, the numerical simulation 

result is consistent with the quantitative phase behavior model in Sec. 2. Furthermore, considering the moisture sand 

thickness is 15 cm, the measured instantaneous phase variation rate can be normalized as 0.7090 ÷ 15 =  0.0473 rad 

per unit ∆√|𝜀| for sand with 1 cm thickness. 

4. LABORATORY EXPERIMENTS 

The approximately linear relationship between the instantaneous phase and medium moisture content is validated 

through laboratory experiments on sand box setup with sand moisture level varying from 30% (dry) – 100% (saturated). 

4.1 Test configuration 

As shown in Figure 5, the GPR test is configured with a sand bag buried in a sand box, whose dimension is 85 cm 

long, 40 cm wide and 11.5 cm deep. The thickness of the buried sand bag is 3 cm. The sand box is put on the dry concrete 

floor. For each test, 50 mL water is added into the sand bag, and the corresponding moisture content of the sand in bag is 

then measured using Lincoln 24-Inch Soil Moisture Meter #8002 [17]. A ground coupled 2.3 GHz Mala CX GPR system 

[18] is used as data acquisition system. In total, six sets of GPR data are collected with the sand moisture content varying 

from 30% to 100%. 



 

Figure 5  Lab sand box experiments: (a) 2.3 GHz Mala CX GPR system; (b) Sand mixed with 50 mL water each time; (c) Moisten 

sand buried in a box containing dry sand; (d) Sand box test scene. 

In the experiments, the sand dielectric constants with different moisture contents are also measured. The dielectric 

constant of sand is deduced by measuring the EM wave propagation time in sand [19]. For a medium with a dielectric 

constant 𝜀, the speed of waves propagating in this medium is 

 𝑉 = 𝐶 √𝜀⁄  (20) 

where 𝐶 = 2.998 × 108 𝑚/𝑠. And the round-trip traveling time is 

 𝑡 = 2𝑑 𝑉⁄  (21) 

where 𝑑 is the thickness of sand layer. Thus, the dielectric constant 𝜀 can be obtained as 

 𝜀 = (𝐶 ∙
𝑡

2𝑑
)2 (22) 

The measured dielectric constants of sand under various moisture contents are shown in Table 2. 

Table 2  Dielectric constant of sand under various moisture content 

Moisture Content Dielectric Constant of Sand 

30% 8.148 

40% 9.342 

55% 10.792 

70% 12.869 

80% 14.488 

100% 16.553 

 

4.2 Experimental results 

For processing the measured GPR signal, the sand-concrete interface echo is first identified through the signal 

envelope extraction using Hilbert Transform. Then the corresponding instantaneous phase value is then recorded. 

According to analysis in Sec. 2, the phase difference ∆𝜙 between each measurement is linear proportional to the moisture 



content variation ∆𝑚𝑣. Using the measurement for sand moisture level 𝑚𝑣 = 30% as the reference, the ∆𝜙 vs ∆𝑚𝑣 

relationship for all other five measurements are normalized and plotted in Figure 6(a). 

 

Figure 6  Variation in phase from the sand-concrete interface in lab sand box experiments: (a) Relationship between ∆𝜙 and ∆𝑚𝑣; 

(b) Relationship between ∆𝜙 and ∆√|𝜀|. 

In Figure 6(a), the circle dots are the measured ∆𝜙 and the straight line is the linear regression curve approximating 

the relationship between ∆𝜙 and ∆𝑚𝑣. The changing rate of the instantaneous phase according to the regression curve 

in Figure 6 is 0.0023 rad per 1% moisture content variation.  

Figure 6(b) plots the ∆𝜙 and ∆√|𝜀| for all the six groups of measurements after normalization. The circular dots 

are the measured ∆𝜙 at various ∆√|𝜀|, and the straight line approximates the linear regression curve. The regression 

curve slope is 0.1313 rad per unit ∆√|𝜀|. Since the thickness of the sand bag is 3 cm, the normalized instantaneous phase 

variation rate is calculated as 0.1313 ÷ 3 =  0.0437 rad per unit ∆√|𝜀| for sand with 1 cm thickness. Comparing to the 

simulation result in Sec. 3 that phase variation rate is 0.0473 rad per unit ∆√|𝜀| for sand with 1 cm thickness, the 

measurement error is 
(0.0473−0.0437)

0.0473
× 100% = 7.61%. 

5. CONCLUSIONS 

This paper develops the method using the instantaneous phase parameter of GPR reflection signal to measure sand 

moisture. A linear approximation between the instantaneous phase 𝜙 and the square root of medium dielectric constant 

√|𝜀| is derived through quantitative modeling, and is validated through FDTD simulations. The presence of approximately 

linear relationship between instantaneous phase difference ∆𝜙  and medium moisture content change ∆𝑚𝑣  are also 

demonstrated in lab experiments. In the future, we will refine the study and explore its application for monitoring medium 

moisture in other structures, such as asphalt pavement and railroad ballast. 
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