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Abstract—Global Navigation Satellite System Reflectometry 
(GNSS-R) can be successfully used to obtain information about 

the composition or the properties of ground surfaces, by 
analyzing GPS signals reflected by the ground. The received 
power of these signals is proportional to the moduli of the 

perpendicular and parallel polarization Fresnel coefficients, 
which in turn depend on the incidence angle and the ground's 
permittivity, a parameter related to the ground surface’s 

physical properties. The goal is then to obtain the value of 
permittivity from the known value of the angle of incidence and 
the values of the Fresnel reflection coefficients, as measured by 

an automatic GNSS-R system. In general, the permittivity is a 
complex number: in some cases (e.g. for non-dispersive soils), its 
imaginary part can be neglected, and the permittivity can be 

assumed to be a real number. In this case, it is possible to solve 
the Fresnel reflection coefficients explicitly in terms of the 
permittivity. The corresponding solution formulas can then be 

used also to verify the validity of other empirical methods of 
determination of the permittivity. In this work, we present these 
formulas, and present a set of their verification, against know 

values of the permittivity obtained by independent 
measurements. 

Index Terms— GNSS-R, GNSS systems, soil properties, 
permittivity, Fresnel coefficients, non-dispersive media. 

I.  INTRODUCTION  

GNSS-R is a technique for remote sensing of the Earth 

surface, in which GNSS signals reflected off the ground are 

detected and processed, thereby providing a means to study 

and monitor the ground’s properties remotely. This technique 

is a particularly relevant in the areas of climate modelling and 

weather prediction; its implementation uses a passive bi-static 

radar configuration, which requires no transmitters other than 

GNSS satellites, thus enabling the system to be light and 

compact (see e.g. [1]-[11]). The Signal to Noise (SNR) data 

recorded by GNSS receivers is related to the direct signals, 

and signals reflected from the ground. Assuming the surface 

to be flat, and considering a receiving antenna vertically or 

horizontally polarized, the SNR is related to the Fresnel 

reflection coefficients for vertical and horizontal polarization, 

which are functions of the relative permittivity of the soil and 

of the incidence angle [12]. The relative permittivity of the soil 

is generally obtained by solving numerically the Fresnel 

coefficients, from which the soil moisture can be obtained 

from models as [13], [14].  

In this work, we consider a special case of the Fresnel 

coefficients, in which we measure the horizontal reflection 

coefficient (or normal coefficient, TE), and the vertical 

reflection coefficient (or parallel coefficient, TM), for a non-

dispersive ground surface. We present the corresponding 

explicit formulas, which provide the value of permittivity of 

the surface, as well as some preliminary results to confirm 

their validity. Thus, these formulas provide a simple and direct 

way to evaluate the permittivity of a non-dispersive medium 

by means of the measurements obtained an automatic GNSS-

R system. 

II. STATE OF THE PROBLEM 

 A standard GNSS-R system collects the signals coming 

from the satellites after reflection from the ground [15,16]. 

More sophisticated systems collect both the direct signal and 

the reflected signal, thus also allowing the analysis of the ratio 

of the direct signal versus the reflected signal (polarimetric 

measurements) [8,17,18] (see Fig. 1). Most GNSS-R systems 

work with circular polarization, i.e. with the direct signal from 

the satellite Right Hand Circularly Polarized (RHCP) and the 

reflected signal mainly Left Hand Circularly Polarized 

(LHCP). However, measurements have also been performed 

with linear polarization (vertical and horizontal) [19]. 

 The power scattered by the surface of the ground, close to 

the reflection point, can be considered as the sum of two 

contributions: coherent and non-coherent power. If the surface 

is assumed to be perfectly smooth, the non-coherent power 

scattered by the glistening zone is negligible.  

 

 

 

Fig. 1. Measurement setup scheme. 



The contribution of the coherent component of the power is 

described by the bi-static radar equation, in which the received 

power is linearly dependent on the radar reflectivity Rij [20]: 

 

        PRX
Coh =

PTXGTXGRX

4π(R1+R2)2

λ

4π
Rij           (1) 

 

where i, j, represent a generic polarization; PRX
Coh is the 

coherently reflected signal power; PTX is the transmitted 

power; GTX (GRX) is the transmitter (receiver) antenna gain; λ 

is the wavelength (19 cm for GPS L1); R1 is the distance 

between the transmitter and the specular reflection point; and 

R2 is the distance between this point and the receiver.  

 The radar reflectivity depends on the scattering properties 

of the ground (soil coverage/moisture and roughness). The 

roughness of most natural surfaces can be well modelled by a 

Gaussian height distribution, with zero mean and a given 

variance. Under this assumption, the reflectivity Rij can be 

written as: 

 

         Rij = |Γij(θ, εr)|
2

exp(−h cos2θ)  (2) 
 

where Γij is the Fresnel reflection coefficient of the equivalent 

smooth surface, which depends on the incidence angle and on 

the relative permittivity of the surface εr, and h is the 

roughness parameter. Assuming a perfectly smooth surface, 

the contribution related to the roughness parameter h is almost 

zero. 

 The relative permittivity can be evaluated by solving the 

Fresnel reflection coefficients 

 

Γn =
cos θ−√εr−sin2θ

cos θ+√εr−sin2θ
   (3) 

 

 

Γp =
εr cos θ−√εr−sin2θ

εr cos θ+√εr−sin2θ
   (4) 

                                                                                       

This is particularly simple for non-dispersive media, for which 

the permittivity can be assumed to be a real parameter. In this 

case, as detailed in [21], starting from the horizontal reflection 

coefficient, the permittivity is given by the explicit formula 

 

εn = 1 +
4|Γn|cos2θ

(1−|Γn|)2    (5) 

 

The permittivity can be obtained also from the vertical 

polarization reflection coefficient |Γp|. In this case, it is 

necessary to know Brewster angle θB; then, 

 

εp = (μp + sgn(θ1 − θ)√(μp
2 − sin2(2θ))) (6) 

where θ1 depends on the Brewster angle: 

 

 θ1 = {

π

2
                                          if         tan2θB ≥ 2

arcsin (
1

√2
tan θB)           if         θB ≤ θ ≤

π

2

         

(7) 

and 

μp = { 

1+|Γp|

1−|Γp|
         if         0 ≤ θ ≤ θB

1−|Γp|

1+|Γp|
         if         θB ≤ θ ≤

π

2

  (8) 

   

 The two expressions (5) and (6) coincide if and only if the 

following compatibility conditions hold in [0,
𝜋

2
[:  

 

         λn
2cos2θ + sin2θ =  λpμp           (9) 

 

 

 
|Γp| ≤ |Γn|2       if           θB ≤ θ ≤ θ1

|Γn|2 ≤ |Γp|         if           θ1 ≤ θ ≤
π

2

 

 (10) 

 

In this case, the common value of the permittivity is  

 

εc = λn μp   (11) 

 

On the other hand, if the Brewster angle θB is known,  

 

εr = tan2θB   (12) 

  

and the values given by (11) and (12) coincide. 

 The value of the permittivity given by equations (5), (6), 

(11) and (12) can be easily computed in an automatic GNSS 

reflectometry system. 

 If the acquisition system works with circular polarizations, 

the observable parameters ΓLR and ΓRR represent the co-polar 

and cross-polar reflectivity. The reflection coefficients (LR 

and RR) can be written as a combination of vertical and 

horizontal polarizations [12]:  

 

ΓLR =
1

2
(Γn − Γp) , ΓRR =

1

2
(Γn + Γp) (13) 

  

The magnitude of vertical and horizontal Fresnel coefficients 

can then be determined from (13): 

 

                 |Γn | =
1

2
(|Γn − Γp| +  |Γn + Γp|)               (14a) 

 

                  |Γp| =
1

2
|(|Γn − Γp| − |Γn + Γp|)|               (14b) 

 

and the permittivity can be evaluated with the same formulas 

(5,6,11). 

 

 



TABLE I. MATERIALS AND RELATIVE PERMITTIVIY 

Material εr 

Sand 3 

Snow 4 

Soil 6 

Common glass (average) 7.5 

Melting ice 15 

Ethanol 25 

Water 80 

 

III. RESULTS 

 As a first example, we consider the real permittivity values 

of some standard materials (see Table I, [22, 23]) and we 

compute the corresponding linear reflection coefficients Γn 

and Γp as a function of the incidence angle θ (see Fig. 2 and 

Fig. 3 respectively). 

The values of the modules of Γn and Γp were inserted in 

equations (5), (6) and (11) to evaluate the relative permittivity. 

Table II reports the relative errors Δεn, Δεp, Δεc defined as: 

 

∆εk =
εr−εk

εr
   (15) 

where k=n, p, c. 

All the relative errors are of the order of 10-14. The values 

were computed with a MATLAB© routine with a machine 

precision of the order of 10-16. Thus, the explicit formulas 

allow us to obtain exact values of εr by simply measuring the 

Fresnel reflection coefficients; thanks to their simple form, 

they can be implemented on a GNSS-R measurement system. 

 

 
Fig. 2. |Γn| for different materials with different real εr. 

 As a second example, we considered the values of the 

linearly polarized reflection coefficients measured in [20] for 

a medium composed of sand, for which εr = 3+0.05 j. Since 

the imaginary part is comparatively small relative to the real 

part, it can be neglected, yielding a real value of εr ~ 3.  

 Fig. 4 reports the value |Γn| and |Γp| analytically computed 

from equations (3) and (4) considering εr = 3 (solid line), and 

the measured values (dots) of [20]. 

 

TABLE II. RELATIVE ERRORS IN THE EVALUATION OF THE FORMULAS (5), 

(6), (11) FOR REAL VALUES OF PERMITTIVITY 

Material εr Δεn  

(∙1013) 

Δεp 

(∙1014) 

Δεc 

(∙1014) 

Sand 3 0.027 0.281 0.266 

Snow 4 0.033 0.089 0.255 

Soil 6 0.028 0.089 0.178 

Common glass 7.5 0.032 0.059 0.154 

Melting ice 15 0.013 0.071 0.083 

Ethanol 25 0.084 0.071 0.441 

Water 80 0.137 0.195 0.693 

 

Fig. 3. |Γp| for different materials with different real εr. 

Fig. 4. Comparison of |Γn| and |Γp|  obtained from the measured values 

of permittivity and the theoretical curves considering εr=3. 

Fig. 5 show the comparison between the values of εn, εp, εc 

with value of εr measured by De Roo and Ulaby in [20]. The 

values of the reflection coefficients are measured. In the first 

example, of theoretical nature, we considered reference values 

of the permittivity, which are standard, for different materials 

(see table II); for this reason, the errors are very small (less 

than 10-14).  

In contrast, in the second example we considered actual, 

measured values of the reflection coefficients, resulting in 



larger errors in the evaluation of εn, εp, εc, with respect to the 

reference εr.   Since the formulas are exact, this provides a way 

to assess the validity of the empirical methods employed to 

evaluate the permittivity, and the accuracy of the 

measurements; for instance, for the measurements we 

considered the errors are always lower than 1%, with a 

maximum of   Δεk = 0.03 

 
Fig. 5. Comparison of measured value of εr and values of permittivity 

computed with the explicit formulas. 

IV. CONCLUSIONS 

GNSS Reflectometry can be used to determine the 

characteristics of soil (permittivity and soil moisture). If the 

ground is flat, the received power can be assumed to be 

proportional to the moduli of the Fresnel reflection 

coefficients. Usually, the equipment setup utilizes a Right 

Circular polarized antenna to measure the direct signal and a 

Left circular polarized antenna for the signal reflected from 

the ground. Alternatively, linearly polarized antennas (vertical 

or horizontal) can be used. 

For non-dispersive media, characterized by real values of 

the relative permittivity, the Fresnel formulas can be solved 

explicitly and independently. In this paper, we introduced the 

formulas for the case of linear polarization, and have checked 

their self-consistency, observing an accuracy of the order of 

10-14. We also compared the values obtained with these 

formulas to the empirical measurements of [17], finding an 

accuracy up to 0.1 %. 

REFERENCES 

[1] S. Katzberg, O. Torres, M. Grant, and D. Masters,  “Utilizing calibrated 
GPS reflected signals to estimate soil reflectivity and dielectric constant: 
Results from SMEX02,” Remote Sensing of Environment, vol. 100, pp. 
17-28, 2005. 

[2] A. Egido, M. Caparrini, G. Ruffini, S. Paloscia, E. Santi, L. Guerriero, 
N. Pierdicca, and  N. Floury, “Global navigation satellite systems 
reflectometry as a remote sensing tool for agriculture,” Remote Sensing, 
vol. 4,  pp. 2356-2372, 2012. 

[3] S. Jin, E. Cardellach, and F. Xie, “GNSS remote sensing: Theory, 
methods and applications,” Springer, 2014. 

[4] K. Yu, C. Rizos, D. Burrage, A.G. Dempster, K. Zhang, M. Markgraf, 
“An overview of GNSS Remote Sensing,” Eurasip Journal on 
Advances in Signal Processing,  vol. 2014, no. 1, pp.1-14,  2014. 

[5] Y. Pei, R. Notarpietro, P. Savi,  F. Dovis, “A Fully Software GNSS-R 
receiver for Soil Monitoring,” International Journal of Remote Sensing,  
vol. 35, no. 6, pp. 2378-2391, 2014. 

[6] R. Notarpietro, S. De Mattia, M. Campanella, Y. Pei, P. Savi “Detection 
of buried objects using reflected GNSS signals,” Eurasip Journal on 
Advances in Signal Processing, vol. 2014, n. 1, pp. 1-13, 2014. 

[7] Y. Jia, P. Savi, D. Canone, R. Notarpietro, “Estimation of Surface 
Characteristics Using GNSS LH Reflected Signals: Land versus Water,” 
IEEE Journal of Selected Topics in Applied Earth Observations and 
Remote Sensing, vol. 1, no. 99, pp. 4752-4758, 2016. 

[8] Y. Jia, P. Savi, “Sensing soil moisture and vegetation using GNSS-R 
polarimetric measurement,” Advances in Space Research, vol. 59, no. 3, 
pp. 858-869, 2017. 

[9] A. Alonso-Arroyo, V. U. Zavorotny, and Adriano Camps, “Sea Ice 
Detection Using U.K. TDS-1 GNSS-R Data,” IEEE Transactions on 
Geoscience and Remote Sensing, vol. 55, no. 9, pp. 4989-5001, 2017. 

[10] W. Li , A. Rius , F. Fabra , E. Cardellach, S. Ribó , and M. Martín-Neira,  
“Revisiting the GNSS-R Waveform Statistics and Its Impact on 
Altimetric Retrievals,” IEEE Transactions on Geoscience and Remote 
Sensing, vol. 56, no. 5, pp. 2854-2871, 2018. 

[11] W. Ban , K.Yu and X. Zhang, “GEO-Satellite-Based Reflectometry for 
Soil Moisture Estimation: Signal Modeling and Algorithm 
Development,”  IEEE Transactions on Geoscience and Remote Sensing, 
vol. 56, no. 3, pp. 1829-1838, 2018. 

[12] W.L. Stutzman, Polarization in Electromagnetic Systems, Artech 
House, 1993. 

[13] J. Wang, T. Schmugge, “An Empirical Model for the Complex 
Dielectric Permittivity of Soils as a Function of Water Content,” IEEE 
Transactions on Geoscience and Remote Sensing, vol. GE-18, no. 4, pp. 
288–295, 1980. 

[14] M. T. Hallikainen, F. T. Ulaby, M. C. Dobson, M. A. El-rayes and L. 
Wu, “Microwave Dielectric Behavior of Wet Soil-Part 1: Empirical 
Models and Experimental Observations,” IEEE Transactions on 
Geoscience and Remote Sensing, vol. GE-23, no. 1, pp. 25-34, 1985. 

[15] A. Camps, H. Park, I. Sekulic, J.M. Rius, “GNSS-R Altimetry 
Performance Analysis for the GEROS Experiment on Board the 
International Space Station", Sensors Vol. 17, no. 7, 1583, 2017. 

[16] M. J. Shafei, M. Mashhadi-Hossainali, “Application of the GNSS-R in 
tomographic sounding of the Earth atmosphere,” Advances in Space 
Research, vol. 62, no.1, pp. 71-83, 2018 

[17] A. Egido, S. Paloscia, E. Motte, L. Guerriero, N. Pierdicca, M. 
Caparrini, E. Santi, G. Fontanelli and N. Floury, “Airborne GNSS-R 
Polarimetric Measurements for Soil Moisture and Above-Ground 
Biomass Estimation,”  IEEE J. of Sel. Topics in Appl. Earth Observ. 
Remote Sens., vol. 7, no. 5, pp. 1522-1532, 2014. 

[18] M. Zribi, E. Motte, N. Baghdadi, F. Baup, S. Dayau, P. Fanise, D. 
Guyon, M. Huc and J. P. Wigneron, “Potential Applications of GNSS-
R Observations over Agricultural Areas: Results from the GLORI 
Airborne Campaign,” Remote Sensing, vol. 10, no. 1245, 2018.  

[19] V. U. Zavorotny and A. G. Voronovich, “Bistatic GPS signal reflections 
at various polarizations from rough land surface with moisture content,” 
International Geoscience and Remote Sensing Symposium (IGARSS), 
Honolulu, HI, USA, vol. 7, pp. 2852-2854, 2000. 

[20] R. D. Roo, and F. Ulaby, “Bistatic specular scattering from rough 
dielectric surfaces,” IEEE Transactions on Antennas and Propagation, 
vol. 42, no. 2, pp. 220–231, 1994.  

[21] P. Savi, A. J. Milani, “Real-valued solutions to an inverse Fresnel 
problem in GNSS-R,” International Geoscience and Remote Sensing 
Symposium (IGARSS) , 22-27 July, Valencia, Spain, 2018. 

[22] D. L. Sengupta, Va. V. Liepa, Applied Electromagnetics and 
Electromagnetic Compatibility, John Wiley & Sons, 2006. 

[23] S. Evans, “Dielectric properties of ice and snow - A review,” Journal of 
Glaciology, vol 5, no. 42, pp. 773–792, 1965. 


