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a  b  s  t  r  a  c  t

The  remote  signatures  measured  at microwave  frequency  above  land  surfaces  are  strongly  dependent  on
the  permittivity  of  the  soil,  which  is  linked  to its moisture  content.  Thus,  soil permittivity  is a key  param-
eter  when  algorithms  are  developed  for  the  retrieval  of  hydrologic  parameters  from  remote  sensing  data.
Soil permittivity  measurements  are  generally  carried  out  in the laboratory  because  in-situ  measurements
are  more  difficult  to  obtain.  The  study  presents  the  development  of  two  probes  (N  and  SMA  probes)  for
in situ  soil  permittivity  measurements  (i.e. measurements  of  dielectric  properties).  They  are  based  on the
end effect  phenomenon  of  a  coaxial  waveguide  and  so  are called  end  effect  probes  in this  paper.  Results
obtained  on  well-known  materials  (water  and  polytetrafluoroethene)  are compared  with  correspond-
ing  data  obtained  by laboratory  approaches  (Von  Hippel’s  method  and  resonant  cavity)  and  show  good
oisture
emote sensing

agreement  from  0.5 GHz  up to ∼3.5  GHz  and  6 GHz  for N and  SMA  probes  respectively.  Then  measure-
ments  made  on  concrete  and  mineral  soil  are  reported  to  underline  the  efficiency  of  end  effect  probes
for  in-situ  dielectric  measurements.  Finally,  through  work  undertaken  in the  framework  of  the  European
Space  Agency’s  SMOSHiLat  project,  we  demonstrate  the  applicability  of the  two  probes  for  measurements
performed  within  these  frequency  ranges  in  complex  material  such as organic  soil  horizons.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Microwave remote sensing has proved to be a powerful tool to
rovide soil moisture information on a large scale. The remote elec-
romagnetic (EM) signatures measured at microwave frequencies
bove land surfaces are strongly dependent on the soil permit-
ivity, especially at L-Band. To retrieve soil moisture, advantage
s taken of the large difference between the relative permittivity

referred to as permittivity in the following) of the dry soil and
ater. Furthermore, soil permittivity also depends on parameters

uch as texture, temperature, frequency measurement and soil bulk

∗ Corresponding author.
E-mail address: francois.demontoux@u-bordeaux.fr (F. Demontoux).

ttp://dx.doi.org/10.1016/j.sna.2016.12.005
924-4247/© 2016 Elsevier B.V. All rights reserved.
density. The use of experimental setups such as a resonant cav-
ity [1,2] or waveguide systems ([3,4]) allows measurements to be
made in the laboratory for various conditions (such as temperature
and moisture), types of soil and ranges of frequencies. Dielectric
mixing models such as the ones developed by Dobson et al. [5,6]
or Mironov et al. [7–10] enable mineral soil permittivity to be esti-
mated but these models are limited to a low frequency range and
do not necessarily give acceptable results outside the validity area
in terms of soil types. In particular, they have to be adjusted for
organic soils, because these media haven’t been take precisely into
consideration yet.

Some in situ measurement probes based on permittivity prop-

erties of soil exist (e.g. Time Domain Reflectometers (TDR) and
Transmissometers (TDT), capacitance and impedance sensors)
[11–14]. They are dedicated to the acquisition of soil moisture data

dx.doi.org/10.1016/j.sna.2016.12.005
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2016.12.005&domain=pdf
mailto:francois.demontoux@u-bordeaux.fr
dx.doi.org/10.1016/j.sna.2016.12.005
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εb = 1 − B2
.

1 = A.exp(j.�) (12)
Fig. 1. Overview of the end effect probe measurement system.

ased on permittivity estimations over a range of frequencies from
round 50 MHz  to 1 or 2 GHz. Other Dielectric Assessment Kits exist
ut they are expensive and they are rather dedicated to laboratory
easurement. Furthermore, the user can’t modify the probe or the

ata processing program to address specific issues related to par-
icular materials (organic soils) or specific measurement conditions
in situ long time records).

The present study describes an in situ dielectric measurement
ystem using probes based on the end effect phenomenon of an
pen coaxial waveguide and so are called end effect probes in
his paper. The probes are presented and dielectric measurements
btained for well-known materials (water, polytetrafluoroethene
TFE) are discussed. Measurements were also made on concrete
nd mineral soil (silt loam) samples because they are respectively
asy to produce and easy to collect and preserve in the laboratory.
n both cases, samples used for the measurements presented have
een prepared to be very similar to the in-situ material in term
f bulk density or heterogeneity. Then the efficiency of end effect
robes for in-situ dielectric measurements is discussed. Finally, the
otential use of this technique for in situ permittivity measurement
f complex media such as organic soil layers is evaluated within the
cope of the SMOSHiLat project (European Space Agency’s Chang-
ng Earth Science Network) [15]. SMOSHilat is closely linked to the
oil Moisture and Ocean Salinity (SMOS) space mission [16–18],
he objective of which is the retrieval of soil moisture information
sing L-band microwave (1.4 GHz) brightness temperature (TB)
bservations. The retrieval is based on the inversion of the L-band
icrowave Emission of the Biosphere (L-MEB) model using param-

ters defined from studies in dry and temperate climate conditions.
herefore, the SMOSHiLat project was carried out to improve our
nderstanding of L-band emissions and support SMOS data quality

n northern climate zones covered by pronounced organic surface
ayers. One of the project goals is to establish a database includ-
ng L-band dielectric constant measurements of organic-rich soils
rom different northern sites (Finland, Denmark, Scotland, Russia)
nd thus enable the dielectric estimation models (e.g. Dobson and
ironov) to be extended to consider organic soil types.
The results are discussed and the potential interest of the in situ

easurement technique is evaluated.

. Material and method

.1. End effect probe method
An end effect probe consists of a coaxial cable in contact with a
ample (Fig. 1). The system (i.e.  coaxial end and material in contact)
an be modeled as a capacitor ([19] Stuchly and Stuchly).
ctuators A 254 (2017) 78–88 79

The value of this capacitor can be defined by:

C = C0�b (1)

where C is the equivalent capacitor, C0 and b are the probe param-
eters and are defined on the basis of measurements on well-known
materials, � is the relative complex permittivity of the sample. In
this paper we  will express it as:

ε = ε’ + j.ε′′ (2)

The complex admittance of the circuit is Y and is expressed as:

Y = jωC0�b (3)

with � = 2�f
The reflection coefficient S11e at the surface of the probe in air

(without contact with a material) is defined by:

S11e = Y0 − Y

Y0 + Y
= 1 − jC0Z0ω

1 + jC0Z0ω
= 1  − B1

1 + B1
(4)

where Y0 is the coaxial admittance = 1
Z0 with Z0 = 50 � and

B1 = jC0Z0�
The reflection coefficient S11 at the surface of the probe in con-

tact with a material (of permittivity �) is defined by:

S11s = Y0 − Y

Y0 + Y
= 1  − jC0Z0ωεb

1 + jC0Z0ωεb
= B2 (5)

where Y0 is the coaxial admittance = 1
Z0 with Z0 = 50 �.

The reflection coefficient S11 (magnitude and phase) measure-
ment was performed using a Vector Network Analyzer (ANRITSU
37325A). At the plane position P1 (Fig. 1), S11 can be expressed as:

s11(P1) = �.exp(i.˛)  (6)

where � is the magnitude of S11 and � the phase.
At the plane position P2, S11 is defined by:

s11(P2) = �.exp(i.˛).exp(i4�d/�) (7)

where d is the electric length of the probe and � is the wavelength.
Only S11(P2) can be measured. The parameter d is difficult to

compute. Therefore, at the beginning of a measurement series, a
measurement was performed without a sample (in the air). Then
each measurement was  normalized based on this value to remove
the exp(i4�d/�)  term from the S11(P2) expression. We  thus obtain:

S11sample (P2)
S11empty (P2)

= S11sample (P1)
S11empty (P1)

= S11s

S11e
(8)

So we  can write:

S11sample (P1)
S11empty (P1)

= �.exp
(

j.	
)

(9)

where � and 
 can be obtained from S11 measurements performed
at plane P2 with and without a sample.

From Eqs. (8) and (9) we  obtain:

S11s = �. exp
(

j.	
)

.S11e = �. exp
(

j.	
)

.
1 − B1
1 + B1

= B2 (10)

and from Eq. (5) we  obtain:

B2 = 1 − B1εb

1 + B1εb
(11)

Then Eq. (11) gives:( )

1 + B2 B1

where A and � are respectively the magnitude and the argument of
the expression for εb.
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Fig. 2. Photographs of N probe and SMA  probe.

Finally, from Eq. (12) we can compute the real and imaginary
arts of the relative permittivity of the material:

 = b√
A.exp

(
j.

�

b

)
= ε

′ + j.ε
′

(13)

This expression was used to compute the permittivity for each
requency.

The advantage of the method is its large frequency range (from
00 MHz  up to 6 GHz for the SMA  probe and from 500 MHz  to 3 GHz
or the N probe). The range depends on the shape and size of the
robe.

This method also has some disadvantages. The small volume of
he soil considered, because of the small penetration depth of waves
∼1 cm)  inside the sample, limits this technique to measurements
f localized homogeneous media. The small penetration depth is
ainly due to the propagation break at the end of the probe, which

eads to the apparition of an evanescent wave (i.e.  a wave tending
o vanish because its intensity decays exponentially with the pene-
ration in the media) in the material. A very good contact between
he probe and the sample is required, making this technique well
uited to solid samples with flat surfaces. If the magnitude of the S11
oefficient is too weak, there are errors due to noise interferences.
f the value of the measured S11 for the sample is too close to the
ne measured for air, the dynamic measurement range is relatively
mall and the computation of the permittivity can be erroneous.

Nevertheless, if the above warnings are taken into considera-
ion, it is possible to make accurate measurements. Furthermore,
e designed probes with two different shapes. These shapes have

een defined to ensure a good contact between the probe and the
ample. For that purpose, we developed a Finite Element Method
odel of each probe as the results obtained with numerical compu-

ations were in good agreement with experiments. This approach
llowed the development of two probes, named SMA  and N probes
o indicate the types of connector used (Fig. 2). As an example,
ig. 3 presents a comparison between numerical computations and
easurements on wood samples. The fluctuations observed in the
easurements were due to the imperfect contact between the

robe and the sample for the experimental measurements, and the
mpedance mismatch between the probe, the coaxial cable and the
etwork analyzer (which did not exist in the FEM computation).

.2. Weak perturbation method

The results obtained with the end effect probes were com-
ared to those obtained with the weak perturbation method [1]

sing a resonant cavity (RC). The latter is a rectangular waveg-
ide made of Dural material (aluminum and copper alloy) closed at
ach extremity by a short circuit (Dural plate). The dimensions of
he cavity are 0.165 m × 0.082 m × 0.514 m (width, height, length).
Fig. 3. Comparison between experimental results (EEP) and FEM computation for
end effect probe.

Two antennas are connected to the cavity to generate electromag-
netic (EM) waves within it. Each antenna is connected to a network
analyzer by means of a coaxial cable. They are placed at a quarter
wavelength from each Dural plate (i.e. a wavelength correspond-
ing to the resonant frequency needed). Therefore, an EM stationary
wave with TE1,0 mode (i.e. Transverse Electric linked to the electro-
magnetic field distribution) resonates within the empty cavity. For
Transverse Electric mode, the electric field is perpendicular to the
direction of propagation. In the cavity, the electric field is parallel
with the antennas which are connected to the network analyzer
through coaxial waveguides. The transmission of EM waves from
one antenna to the other through the cavity is possible at some res-
onant frequencies linked to the cavity dimensions. TE1,0,3 mode is
currently used (1, 0, 3 are the numbers of half wavelength varia-
tions of the electric field in the width, height and length directions
respectively). The maximum magnitude of the electric field appears
at the center of the cavity.

The resonance characteristics are f0 (frequency) and Q0 (quality
factor).

The resonant frequency of an empty TEmnp mode rectangular
waveguide is given by:

f mnp =
√

c

2

[
m

a

2
+ n

b

2
+ p

l

2
]

(14)

with c the velocity of light and a, b, l the width, height and length
of the cavity.

In our case, the resonant frequency f0 was  1.26 GHz.
Coupling effects between the cavity and the coaxial cables (via

the antenna) are not taken into account in the previous relation.
The quality factor Q0 is defined by:

Q = 2�f
Energy stored in the cavity

Energy dissipated per cycle
= 2�f

W(
W
dt

) (15)

with f the resonant frequency of the cavity and W the energy stored
in the cavity

The denominator in Eq. (15) expresses the energy dissipated in
the cavity. Such dissipation happens mainly in the sample.

The principle of this measurement technique relies on the link
between the changes of the resonance parameters (f1 and Q1
resonant frequency and quality factor with sample) due to the
introduction of a sample within the cavity and the dielectric prop-
erties of the sample.
The frequencies and the quality factors were obtained directly
from the measurements of the complex transmission coefficient
S21 with a network analyzer (ANRITSU 37325A). Before the mea-
surements, a procedure to reduce errors was used to calibrate the
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Fig. 5. Real part of the permittivity measured at OL-OF surface position using SMA
probe. The four black lines represent four consecutive measurements where the
Fig. 4. Organic soil profile description.

etwork analyzer. Each measurement was repeated three times to
nsure repeatability of the measurements and to minimize errors.

It has been shown [1] that the real (�’) and imaginary (�”) parts
f the relative permittivity were then calculated as:

ε′
r = 1 + 1

˛
× f0 − f1

f0

ε′′
r = 1

2˛

(
1

Q1
− 1

Q0

) (16)

here � is the filling factor. As a first approximation it can be
stimated using:

 = 2.
sample volume

cavity volume
(17)

In order to improve the accuracy of the permittivity estimation,
he coefficient � can be estimated from measurements on well-
nown materials (e.g., water, polytetrafluoroethene PTFE). In this
tudy, water samples were used to define this parameter.

The weak perturbation method is a very accurate technique.
nfortunately, it allows the measurement to be made at only one

requency (the resonance frequency) and it is a laboratory tech-
ique that is not suitable for in situ measurements.

.3. Preparation of organic soil samples and measurement
rotocol

The measurements presented in this study were made using
rganic soil collected in the framework of the SMOSHiLat project.
he material included the organic soil layers (OL OF OH) and the top
art of the underlying sandy mineral AH layer and originated from
eathland within the Gludsted Plantation, situated in the Skjern
iver Catchment, Denmark. Soil excavation was undertaken with
upport from the Danish HOBE project ([20], www.hobe.dk).

A geometric representation of the soil profile is presented in
ig. 4.

The soil system is overlaid by a vegetation layer (mainly Scotch
eather grass and moss). In this study, we focused our investiga-
ions on the permittivity measurement of organic soil layers. To
escribe the samples, we used a classification developed by the
uropean Humus Forms Reference Base [21]. All organic horizons
ere present, i.e.  not/weakly decomposed “litter” (OL), semi-
ecomposed “fragmented” matter (OF), and well-decomposed
humus” (OH). However, as the OL and OF layers were thin and
t was not easy to distinguish between them, they were treated as
 unit (OL-OF) and since, for the present type of humus, a sharp
ransition between the OH and the underlying mineral (sand) layer
as typically absent, the lowest part of the sample was considered

s a mixture of the two (OH + AH sand layer).
probe was lifted and replaced each time.

Measurements were made in the IMS  laboratory (Integration
from Material to System Laboratory Bordeaux University, France),
at room temperature (20 ◦C), using a soil sample with dimensions
of approximately 15 cm × 15 cm × 15 cm.

The measurements were performed with the two end effect
probes (N and SMA  probes) successively. The probes were con-
nected to a Vector Network Analyzer (VNA, ANRITSU MS2026A)
for the S11 coefficient measurements. The probes were placed at
four different depths: at the surface of the organic soil structure
(OL-OF surface measurement), 2 cm deep within the OL-OF layer,
within the OH layer and finally in the OH + sand layer.

For each depth, the measurements were repeated four times
in succession to avoid erroneous data due to poor placement of
the probe. A wrong position of the probe could be easily identified
because it induced abnormally low permittivity (real part of the
permittivity measured limited to the range [1;2] due to a thin film
of air between the probe and the soil surface) or abnormally high
permittivity (real part of the permittivity measured greater than 60
due to a film of water if too much pressure was applied to the probe).
If one of the measurements deviated markedly from the others (see
Fig. 5 for an example) it was detected visually and discarded to keep
the reliable data. An average value was  computed using only the
reliable measurements.

The samples collected have been stored in the laboratory so
they dried partially at room temperature. Before the measurement
process, all samples were gradually watered from the top.

Once the dielectric measurements had been carried out, samples
of the different layers were collected. To obtain the water contents,
the soil samples were dried for three days (72 h) at 80 ◦C. O’Kelly
[22] estimated that, around this temperature, the mass loss due to
charring balanced the effects of residual water caused by the strong
water binding capacities of organic matter.

In this study, the classical method for determining soil moisture
content was used. Volumetric soil moisture (SM) was computed as:

SM = WW

WDry
	b (18)

where
WW is the weight of water in the sample (g),
WDry is the weight of the dry sample (g) and �b is the soil bulk

density (g/cm3).

The water contents obtained at each depth are presented in

Table 1.

http://www.hobe.dk
http://www.hobe.dk
http://www.hobe.dk
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Table 1
Sample moisture content at each depth.

Probe position Moisture (m3/m3)

OL-OF surface 0.40
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Table 2
C0 and b values for the probes.

Parameters SMA  probe N probe

b 1.05 1.2
C0  9.10−15 3.10−14

Fig. 6. N and SMA  probes (�’) measurements versus resonant cavity and Von Hip-
pel’s (Von Hippel et al., 1960) measurements – Material: PTFE.
OL-OF 0.58
OH 0.72
OH + sand 0.50

.4. Measurement errors

There are several possible causes for errors occurring during
he measurement of the soil permittivity. They can be related to
he weighing of the sample, the methods of measurement and cal-
ulation of the permittivity, or the sample heterogeneity. These
ifferent sources of errors have been analyzed and discussed by
emontoux et al. [23]. We  can classify the errors in two main
roups:

.4.1. Instrumental errors
The calibration of the vector network analyzer corrects for some

andom and intrinsic imperfections of the apparatus. The latter
re due to errors in the measurement of the standards, degrada-
ion of the signal0to-noise ratio (interfering signals), various drifts
thermal, atmospheric and electronic) or connection errors. Further
ncertainties can be caused by rounding approximations during
umerical calculations. These two types of error are difficult to
uantify but we estimated their influence on the measurement
esults to be lower than 5%.

.4.2. Calculation errors in the sample weighing
The error in the calculation of the moisture content was  mainly

ue to errors in sample weighing. The standard deviation of the
easured values was ±0.05 g.
The maximum uncertainty of a function y with several variables

, z is calculated in the following way:

y = f (x, z)


y = | ∂f

∂x
|
x + |∂f

∂z
|
z

(19)

It then follows from Eq. (18) that:

SM  = | SM

WW

|
WW + | SM

WDry

|
WDry (20)

For the soil, the moisture content is computed after weighting
amples collected on the soil blocks used. Taking into account the
easurements considered in this study, we obtain the following

anges for each variable:

oil :

⎧⎪⎨
⎪⎩

0 ≤ SM ≤ 0.72

0 ≤ WW ≤ 108g

0 ≤ WDry ≤ 31g

We  assume an error of ±0.10 g on the weights, because the
ater and dry weights are calculated, respectively, by differences

etween the wet and dry weights, and between the weight of the
ample and the support and the weight of the support alone.

We computed an error in the soil moisture estimation of ±0.29%
23].

When concrete slabs are wetted, water may  penetrate into the
nterstitial voids of the material (i.e.  pores).
When all the pores in a concrete are filled with water, it is
efined as saturated. The degree of saturation is the ratio of pore
olume filled with water and the total volume. It can also be cal-
ulated from the volumetric moisture content. There is no error to
Fig. 7. N and SMA  probe (�’) measurements compared with resonant cavity and Von
Hippel’s measurements – Material: water.

compute in saturation determination in our experiments because
we studied 0% and 100% of saturation.

3. Results

3.1. Estimation of the probe parameters

Measurements were made on water and polytetrafluoroethy-
lene (PTFE) to calibrate the parameters C0 and b of each probe.
These parameters depend on the measurement frequency and on
the permittivity of the samples.

To simplify the data processing, we  used a common value of
these parameters over the whole frequency and permittivity ranges
(Table 2).

Fig. 6 presents the real part of the permittivity measurements
obtained with a PTFE sample using the two  probes (N and SMA).
Good agreement can be seen between probe measurements and
other data (literature and resonant cavity measurements). All the
imaginary part values of the permittivity measurements performed
(probes and resonant cavity) were small, falling within the range
[0.01;0.05], which is close to the assumed measurement error. So
the curves are not represented. The average value obtained was
observed to be in agreement with the data found in the literature

(Von Hippel et al. [24]).

Figs. 7 and 8 present the real and imaginary part of permit-
tivity measurements obtained for water taken with both probes
(N and SMA) compared with data obtained from resonant cavity
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Fig. 8. N and SMA  probe (�”) measurements compared with resonant cavity and
Von Hippel’s measurements – Material: water.

Table 3
Soil characteristics as measured by the INRA laboratory of Arras.

Clay (g/kg) 166
Fine silt (g/kg) 288
Coarse silt (g/kg) 186
Fine sand (g/kg) 230
Coarse sand (g/kg) 130
P2O5 (g/kg) 0.019
MgO  (g/kg) 0.14
K2O (g/kg) 0.07
CaCO3 <1 g/kg
Organic carbon (g/kg) 8.36
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Fig. 9. N and SMA  probes (�’) measurements versus Dobson model – Material: soil
36% sand 17% Clay.
Organic matter (g/kg) 14.4
Organic nitrogen (g/kg) 1.03

easurements or in the literature. On Figs. 6–8, a variance can be
bserved, which depends on the probe used and the frequency. We
onclude that the two probes have different frequency ranges. For
he N probe, the maximum range is [500 MHz; 3.5 GHz] and for the
MA  probe it is [500 MHz; 6 GHz]. In this paper, considering the
alues of C0 and b chosen and the range of permittivities encoun-
ered, the upper frequency measurement was limited to 3.5 GHz for
he N probe and 6 GHz for the SMA  probe. So, although the results
or the N probe measurements are presented over a larger fre-
uency range, we will discuss them only over the frequency range
500 MHz; 3.5 GHz].

Within these frequency spectra, the end effect probe measure-
ents on well-known materials (water, PTFE) coincide with other
easurements (resonant cavity (RC) method and Von Hippel’s
ethod (Von Hippel et al. [24]). However, with the example of

he measurements on the organic soil samples presented below
e will demonstrate that the upper frequency limit decreases with

ncreasing permittivity.

.2. Measurements on mineral soil and concrete

Firstly, the permittivity was evaluated with end effect probes
sing mineral soil and concrete media.

.2.1. Mineral soil
The soil collected was analyzed. It contained 36% sand and

7% clay (details in Table 3). The soil block collected was
5 cm × 15 cm × 20 cm (length, width, height respectively). Before
he dielectric measurements were carried out, the soil block was
ried for one day (24 h) at 105 ◦C. This protocol was  specifically

esigned not to damage (scorch mark. . .)  the mineral soil material
19] [23]. Then the sample was moistened from the top. After the
ielectric measurements on the top layer, a sample was collected
rom the top layer studied. This sample was weighed and dried, and
Fig. 10. N and SMA  probes (�”) measurements versus Dobson model – Material: soil
36%  sand 17% Clay.

the moisture content was computed from the change in weight. We
found a moisture content of 0.104 (m3/m3).

Figs. 9 and 10 present the mineral soil dielectric measurements
(respectively the real part of the permittivity, �’, and the imagi-
nary part of the permittivity, �”) obtained with N and SMA  probes.
The permittivity measurements of the soil were compared with the
permittivity estimations computed using the Dobson model [5,6].

Concerning �’, the End Effect Probe (N and SMA) measurements
are in agreement with the �’ values computed using the Dobson
model over the whole frequency range of the study [500 MHz;
6 GHz].

In the case of �”, the results show very good agreement over the
whole frequency range [500 MHz;6 GHz] for the SMA  probe. For
the N probe, the agreement with the Dobson model estimations is
limited to frequencies lower than 4.5 GHz.

3.2.2. Concrete
The measurements were carried out on a concrete slab of

dimensions 21 cm × 28 cm × 7 cm.  They are placed on one face of
the concrete block. The concrete was a class 30 MPa  cast with
400 kg/m3 of CEM II 32.5 R cement. Aggregates were siliceous rolled
gravel and sand with sizes of about 0–12.5 mm.  Due to the small
penetration depth of the electromagnetic wave emitted by the
probes (∼1 cm)  and the depth at which the aggregates were found;
we concluded that the probe measurements were not impacted by
the aggregates.
After 28 days, the slabs were conditioned to have a uniform
moisture distribution of about 0% or 100% saturation of the material.

The 0% moisture slab was dried in an oven at 70 ◦C until the
mass had stabilized (approximately 1 month). The 100% slab was
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Fig. 11. N and SMA  probe (�’) measurements compared with resonant cavity mea-
surement – Material: concrete – Moisture saturation: 0% and 100%.
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Fig. 13. Real part of the permittivity – OL OF surface position – from SMA  and N
probes and RC measurements.

Fig. 14. Imaginary part of the permittivity – OL OF surface position – SMA  and N
probes, resonant cavity measurement.
ig. 12. N and SMA  probe (�”) measurements compared with resonant cavity mea-
urement – Material: concrete – Moisture saturation: 0% and 100%.

laced in water to reach full moisture saturation. In order to achieve
omogeneous moisture distribution throughout the concrete vol-
me, the samples were sealed with a plastic film and a layer of
luminum paper to preserve the saturation state and after stored
n an oven at 70 ◦C for at least 2 weeks.

Figs. 11 and 12 present the real and imaginary part of permittiv-
ty measurements obtained for concrete made with both probes (N
nd SMA) compared with data obtained by the resonant cavity mea-
urement (1.26 GHz) and the analytical dielectric model [25,26].
his dielectric model (referenced as MGM  in this paper) allowed
oncrete permittivities from 0 to 3 GHz to be estimated.

We observe good agreement between the probe and the cav-
ty measurements for both the real and the imaginary part of the
ermittivity.

There is a slight difference between probes measurement and
ielectric model computation for imaginary part up to 3 GHz and
ood agreement for the real part.

For frequencies from 3 GHz up to 6 GHz, probe measurements
f imaginary part increase which is not expected for concrete. This
eflection is greater for the N probe and would be attenuated for
he SMA  probe if we introduced the frequency dependence of probe
arameters.

This discrepancy between N and SMA  measurements for fre-
uencies greater than 3.5 GHz confirms the limit of N probes for
easurements at the highest frequencies.

.2.3. Organic soil measurements
.2.3.1. OL OF surface measurements. Figs. 13 and 14 present the
eal and imaginary parts of the relative permittivity corresponding
o the OL-OF surface position for both SMA  and N probes. Values
Fig. 15. Real part of the permittivity – OL OF position – from SMA and N probes, and
RC measurements.

of the real permittivity vary between 15 and 25 for frequencies up
to 6 GHz. The imaginary part increases with frequency from 0 to
6 GHz, with values varying from 2 to 7. The measurements made
by the two probes are in good agreement with each other and with
the RC measurements at 1.26 GHz.
3.2.3.2. OL OF layer measurements. Figs. 15 and 16 present the real
and imaginary parts of the relative permittivity corresponding to
the OL-OF position (at 2 cm depth) for both SMA  and N probes.
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Fig. 16. Imaginary part of the permittivity – OL OF position – from SMA  and N probes,
and  RC measurements.
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Fig. 18. Imaginary part of the permittivity – OH position – from SMA  and N probe,
and  RC measurements.

Fig. 19. Real part of the permittivity – OH + AH sand position – from SMA  and N
probes, and RC measurements.
ig. 17. Real part of the permittivity – OH position – from SMA  and N probe, and RC
easurements.

onsiderable oscillations can be observed at very low frequencies
oncerning measurements with the SMA  probe for both real and
maginary parts. Real permittivity varies between 20 and 45 for
requencies up to 6 GHz. Except for oscillations at low frequency,
he imaginary part increases with frequency from 0 to 6 GHz with
alues varying from 4 to 15. The measurements made with the two
robes are comparable with each other up to 3.5 GHz and with the
C measurements at 1.26 GHz.

.2.3.3. OH layer measurements. Figs. 17 and 18 present the real and
maginary parts of the relative permittivity corresponding to the OH
osition for both SMA  and N probes. Again, oscillations are more
istinct for the SMA  probe measurements at small frequencies for
oth real and imaginary parts. Values of the real permittivity mea-
ured with the SMA  and N probes are comparable up to 3.5 GHz,
ith values varying between 50 and 60. Between 3.5 and 6 GHz,

alues of the real permittivity measured with the N probe decrease
o 20 while those measured with the SMA  probe stay around 60.
xcept for the oscillations, the imaginary part of the permittivity
ncreases from 0 to 6 GHz. The measurements made with the two
robes are in good agreement up to 3.5 GHz, with values varying
rom 5 to 13. Between 3.5 and 6 GHz, the imaginary part measured
ith the N probe stabilizes around a value of 13 while the value
easured with the SMA  probe increases to 20. The measurements
ith the two probes are in good agreement with the RC measure-

ents at 1.26 GHz.

.2.3.4. OH and AH sand layer measurements. Figs. 19 and 20
resent the real and imaginary parts of the relative permittivity cor-
Fig. 20. Imaginary part of the permittivity – OH + AH sand position – from SMA  and
N probes, and RC measurements.

responding to the OH and AH sand layer for both SMA  and N probe
measurements. More oscillations are visible in the SMA  probe mea-
surements of both the real and imaginary parts, especially at low
frequencies. Values of the real permittivity measured with the SMA

and N probes are in good agreement up to 3.5 GHz, with values close
to 50. Between 3.5 and 6 GHz, the values of the real permittivity
measured with the N probe decrease to 25 while those measured
with the SMA  probe vary around 50. Except for the oscillations,
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Table 4
N probe upper frequency limit at each depth.

Probe position Moisture (m3/m3) Upper frequency limit (GHz)

OL-OF surface 0.40 6
OL-OF 0.58 3.8
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Fig. 21. Trend line – Real part of the permittivity – OH + sand position – SMA  and N
probe, RC measurement.

Table 5
real part of the relative permittivity measurements made with SMA  and N probes
at  different frequencies and moisture contents at OL-OF layer.

Moisture 1 GHz 1.4 GHz 3 GHz 5 GHz probe

0.4 19.67 20.06 20.74 16.9 N
0.58 35.6 36.6 34.3 21.96 N
0.4  25.07 24.9 22.93 25.05 SMA
0.58 36.42 36.67 35.16 38.67 SMA

Table 6
Imaginary part of the relative permittivity measurements made with SMA  and N
probes at different frequencies and moisture contents at the OL-OF layer.

Moisture 1 GHz 1.4 GHz 3 GHz 5 GHz probe

0.4 1.76 2 4.17 7.24 N
0.58 4 3.78 7.73 10.21 N
0.4  2.24 2.66 4.04 6.78 SMA
OH 0.72 3.5
OH + AH sand 0.50 3.5

he imaginary part of the sample permittivity increases with fre-
uency from 0 to 6 GHz. The two probes present measurements in
ood agreement up to 3.5 GHz, with values varying from 5 to 10.
etween 3.5 and 6 GHz, values of the imaginary part measured with
he N probe increase slightly to 12 while those measured with the
MA  probe increase to 15 and stabilize between 4 and 6 GHz. Except
or the oscillations, the measurements with the two  probes are in
ood agreement with the RC measurements at 1.26 GHz.

. Discussion

The study based on measurements on water and PTFE samples
howed that the frequencies up to which the methods were valid
ere ≈3.5 GHz for the N probe and ≈6 GHz for the SMA  probe.

Measurements performed on concrete and mineral soil con-
rmed the validity domain of the end effect probes used.
evertheless, the latter showed that the measurement frequency

ange could be extended to [100 kHz;6 GHz] in the case of homo-
eneous, slightly rough samples.

The measurements performed on organic soils showed that
hese values of the frequency range varied with the permittivity
f the sample in the case of the N probe (Table 4). Nevertheless, we
ssume that a frequency range of [0.5 GHz; 3.5Ghz] for the N probe
llows accurate measurement.

The higher the permittivity values were, the higher were the
scillations of the measurements. In contrast, the lower the fre-
uency, the higher the oscillations. This was mainly due to the
trong reflection at the boundary between the probe and the sample
nd to the reflection at the cable/probe interface.

While the valid frequency range for the N probe was more
estricted than that of the SMA  probe, the oscillations were found to
e smaller for the N probe measurements than for the SMA  probe
easurements. This effect was mainly due to the greater size of

he N probe compared to the SMA  probe, which resulted in a more
table contact between the probe and the sample for the N probe.

Nevertheless, we observed good overall agreement among mea-
urements made with the N probe, the SMA  probe and the RC
ethod. Furthermore, we observed clear trends in the shapes of

he curves and a trend line, filtering out the oscillations, could be
asily computed (Fig. 21).

Overall, we observed that the real and imaginary parts of the
ermittivity measured at all four sample depths were almost con-
tant between 500 MHz  and 1.5 GHz. At the same time, for both
he SMA  and N probes, we found that the real part was still almost
onstant up to 3 and 6 GHz, whereas the imaginary part increased
etween 1.5 GHz and 6 GHz. The magnitude of this increase was
ound to depend on the moisture content and on the type of layer
onsidered. The largest increase was obtained for the OH layer at a
oil moisture of 0.72 m3/m3.

As an example, Tables 5 and 6 present results obtained with both
robes on the OL-OF layer at different frequencies and different
oisture contents.
. Conclusion

The study based on measurements on water and PTFE samples
howed good agreement with probe measurements. The frequency
0.58 3.93 5 7.45 14.8 SMA

limits up to which the methods were valid depend on the probe type
and the permittivity of the sample measured. These limits appear to
be ≈3.5 GHz and ≈6 GHz for the N probe and the SMA  probe respec-
tively. These limits were confirmed by measurements on concrete
and mineral soil.

By complying with a specific measurement protocol (position
of the probe, study and selection of the measurements, use of
mean value over various measurements) and in spite of oscilla-
tions, in particular in the case of the SMA  probe, we obtained
consistent data in the case of measurements on organic soil. Fur-
thermore, in the case of organic soil measurements, SMA  and N
probe measurements were very close and corresponded to RC mea-
surements. The oscillations observed are mainly due to the not yet
ideal contact between the probe and the material under inves-
tigation and depend on the media studied (interaction surface,
heterogeneities. . .). They occur especially at low frequency. Stud-
ies are carried out to modify the tip of the probes (especially the
SMA  probe) to improve the probe-material contact and to avoid the
oscillations observed.

We have shown that end effect probes are efficient for in situ
dielectric measurements over a wide range of frequencies on dif-
ferent materials and different sample structures (with a more or
less rough interface).

We have identified parameters that can optimize the end effect
probes, such as the coaxial connector used or the interface surface.
The SMA  format of the probes allows measurements to be made

at higher frequencies than the N format. The N format limits the
measurement oscillations for low frequencies.
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Further work will enable a new end effect probe to be developed,
ombining the advantages of the two probes (frequency range of
MA  probe, better probe-material contact of N probe, low oscil-
ation measurement of N probe). The final objective is to develop
eliable stand alone probes for in-situ permittivity measurement.
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