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Abstract 15 

This paper presents measurement results of the complex dielectric permittivity 

depending on the humidity for a range of materials used in buildings. It covers a 

whole range from light to heavy materials with different hygroscopic properties and 

with a special focus on green building materials. Two specific adjustable stripline test 

devices of different lengths have been designed and used to perform the extractions of 20 

the permittivity from S-parameters measurements using the two transmission lines 

method. The study covers a frequency band extending from 500 MHz to 2.5 GHz and 

is carried out on dry, ambient and wet conditioned samples. The main trends are 

physically discussed, and phenomenological explanations based on the impedance 

matching and the water absorption among others are proposed for the observed 25 

behaviors. The use of the obtained data is illustrated through the extraction of the 

electromagnetic behavior of a realistic wall. 
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1. Introduction 

Constructors have shown increasing interest in knowing the behavior of the 

materials they use regarding electromagnetic waves, in addition to their mechanical, 35 

thermal and acoustic properties. The properties of materials under outdoor conditions 

vary as a function of the Gravimetric Water Content (GWC). The GWC is directly 

related to the ambient Relative Humidity (RH) by the sorption curve specific to the 

material. As a consequence, the RH greatly influences the electromagnetic behavior 

over a wide frequency range of porous materials such as clay [1], concrete [2-4], soils 40 

[5], wood [6] or wheat [7]. It is therefore of interest to look in more detail how the RH 

influences the electromagnetic behavior of building materials at a specific frequency 

range for two reasons. First, questions were raised about telecommunication signal 

transmission in buildings made of large walls. It is asked to clear out how different 

materials behave and why, depending among others on their density and their ability 45 

to interact with water. Secondly, based on on-site dielectric measurements and an 

inverse problem approach, it would thus be possible to estimate the GWC for an 

existing structure by measuring its dielectric properties. 

The purpose of the study presented here is therefore to characterize the microwave 

dielectric properties of some building materials from 500 MHz to 2.5 GHz, in 50 

particular those used in the green building sector, and to observe their evolution as a 

function of relative humidity (RH). Previous works deal with insulating green 

building materials with quite high variability [8], and this study aims at addressing a 

large batch of materials conditioned through the same protocol in order to provide 

additional results. 55 

After describing the methodology used to measure and extract the dielectric 

permittivity, the materials under test are presented and their conditioning is discussed 



in section 2. Section 3 presents the permittivity extraction results and discusses their 

uncertainties. Finally, section 4 gives a turnkey method and provides computation 

examples to simulate the electromagnetic response of any multilayer wall made of 60 

building materials. 

2. Dielectric permittivity characterization methodology 

2.1 Extraction method 

A strong interest for measuring the complex permittivity of materials has been 

shown for decades. In this purpose, several methods have been proposed. The 65 

capacitive method consists in measuring the capacitance of a sample placed between 

two metallic plates [9]. Although this method provides a good accuracy, the thicker 

the samples, the larger they are required to be to avoid edge effects. Furthermore, this 

method is only suitable for frequencies below several tens of MHz. 

Many resonant methods have also been proposed as reviewed in [10], in particular, 70 

the resonant cavity method [11], dielectric resonators [12] or printed ring resonators 

[13-14]. The resonant frequency varies depending on the material loading the device. 

Although good sensitivity to losses can generally be achieved by such methods, the 

main drawback is that a unique frequency point is provided for a specific test device. 

Thereafter, characterization in free space consists in placing a sample of a certain 75 

thickness between two beaming elements such as antennas [15-17]. Depending on its 

dielectric permittivity, the sample would reflect, dampen and transmit parts of the 

incident wave. This information is accessible on large frequency bands and can be 

retrieved from S-parameters, provided the lengths of the setup (thickness of the 

sample, distance to the antennas) are known with great accuracy. Large samples are 80 

required to avoid edge effects due to the beaming aperture of the antennas. 

Wide band coaxial probe methods can also be cited [18-19]. Probe(s) are placed 

upon the surface of a sample, and the permittivity can be extracted by measuring the 



reflection or the transmission coefficient. This method is still very sensitive to the 

quality of the contact due to the roughness of the sample. 85 

Finally, it is possible to extract the dielectric permittivity of materials by a 

frequency or time measurement of a loaded transmission line [20]. The material is 

filling the gap between the two conductors and tweaks the propagation constant of the 

transmission line. 

Given the geometrical characteristics of the samples of this study and the 90 

limitations of the different setups, it has been chosen to use the loaded transmission 

lines method with a stripline structure, as used in [21]. This structure, composed of a 

center conductor located between two ground planes, in a quasi-transverse 

electromagnetic (quasi-TEM) configuration, allows practical easiness and simple 

numeric extraction from measured S-parameters that is described in part 2.2 of this 95 

section. 

2.2 Setup and extraction scheme 

In order to measure the complex dielectric permittivity of some building materials 

of interest over a large range of frequencies, two aluminum stripline test devices of 

length 8 cm and 10 cm have been built (Fig. 1). The test devices allow measurements 100 

with and without Material Under test (MUT), for various thicknesses of MUT.  

 

 

 

propagation direction 



Fig. 1. Photography of the test devices used for the extraction of the complex relative 105 

permittivity of some Material Under test (MUT). The left transmission line is 8 cm 

length and not loaded. The right transmission line is 10 cm length and is loaded with 

hemp clay pieces. SubMiniature version A connectors (SMA) have been used. 

 

Four measurements of scattering parameters (S-parameters) were performed for 110 

each extraction of  ��̅���, as shown in Fig. 2: (a) the short transmission line loaded 

with air, (b) the long transmission line loaded with air, (c) the short transmission line 

loaded with MUT, and (d) the long transmission line loaded with MUT.  
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Fig. 2. Stripline test devices: measurement setup. 

 

The extraction methodology is based on the property of transmission lines with 

homogeneous dielectric material of which electric field cartography remains 120 

unchanged whatever the dielectric permittivity. For a stripline structure filled with 

homogeneous dielectric material, the electric field map is independent of the complex 

relative permittivity ��̅. The capacitance per unit length � and conductance per unit 



length � of such a structure can then be expressed as a function of ��̅ and a 

geometrical factor 	 which is independent of ��̅: 125 

 
� + ��� = �	����̅ (1) 

Considering equation (1), one can express the propagation constant ����  of a 

stripline structure loaded with some material under test (MUT) of unknown relative 

permittivity  ��̅��� : 

 ���� = ��	�0�̅����
� + ��� 
(2) 

where � is the inductance per unit length and � resistance per unit length.  

The propagation constant ���� of the same stripline structure filled with air of 130 

relative permittivity ��̅��� = 1 can also be expressed as: 

 �� � = ��	�0
� + ��� 
(3) 

Dividing (2) by (3) and taking the square of the result leads to the formula used for 

the extraction of ��̅��� : 

 �̅���� = !����/�� �#2
 

(4) 

 

All measurements were performed at ambient temperature with the Vector 135 

Network Analyzer Keysight N9914A from 500 MHz to 2.5 GHz (401 points). The 

used power is -5 dBm and a 100 Hz IF filter bandwidth is applied. The MUT were 

placed in a climatic chamber to control the RH and consequently the GWC. 

The propagation constants ����  and ���� have been computed from S-parameters 

with high accuracy using the auto-calibrated method presented in [22]. This method 140 

only requires the measurement of two transmission lines of different lengths for the 

determination of one propagation constant. The length difference %& = 2'( between 

the two transmission lines has been chosen to avoid the 180° phase angle difference at 

the maximum frequency of 2.5 GHz for relative permittivity of 4, which corresponds 

to the maximum permittivity encountered for the materials of interest, and is then the 145 

worst case. This dimensioning allows the maximum accessible sensitivity for the 

extraction method as fully developed in [23]. This differential extraction scheme is 

extremely robust as only the length difference %& between the two transmission lines 

must be known, while numerous unknown terms simplify in the calculus of  ��̅���: 



geometrical factor 	 (electric field map), lineic resistance � and lineic inductance � 150 

(conductors effects). Furthermore, no preliminary calibration is required, in the same 

manner as for the well-known Thru-Reflect-Line (TRL) calibration technique. 

2.3 Preparation and conditioning of sample materials 

Ten samples of thicknesses varying between 1 cm and 2 cm were studied in this 

experiment: cement concrete, hemp-clay mixture, clayed earth and sand mixture 155 

prepared by a professional builder, wood wool, wood fiber, rock wool and Fermacell® 

panels, woodchip agglomerates referenced as OSB3 and MFP in trade, and cork 

(see fig. 3). The choice was made to cover a large and representative diversity of the 

materials used in the eco-construction sector. 

 160 

Fig. 3.  Photography of the eco-materials. a) Cement concrete ; b) Clayed earth + 

sand ; c) Hemp-clay ; d) Dense wood fiber ; e) Light wood fiber ; f) Rock wool ; 

g) Gypsum-fibers Fermacell® ; h) Wood panel OSB3 ; i) Wood panel MFP ; j) Cork. 

 

Propagation 

direction 



The hemp-clay sample is representative of light earth thermal insulation. The 165 

clayed earth is the natural earth clay 1 studied in [24], with 37 % of clay and with 

normal activity (the activity is related to the cohesion level of the clayed earth). 

Table 1 gives more details on the composition and the building process of the studied 

materials. 

A sample of PolyVinyl Chloride (PVC) was also studied as a reference material in 170 

order to validate the measurement method. 

The samples were then conditioned in order to reach ambiences characterized by 

determined RH so that the GWC of the materials is modified. Three different 

ambiences of RH were established with 5 % (dry), 40 % (ambient) and 80 % (wet), 

allowing to study the dielectric properties of the materials under various realistic 175 

conditions. RH here refers to the ratio between the partial pressure of water vapor and 

the saturation vapor pressure. For the ambient and wet ambiences, the samples were 

placed in a climatic chamber during at least 6 days. Starting from the 5th day, the 

mass of the sample was measured, and it was assumed that the balance was reached 

since the weight was not varying by more than 0.1 % over the following 24 hours. For 180 

the dry ambience, the samples were heated at 70°C in an oven by cycles of 3 hours. 

The sample masses were controlled between each cycle and as many cycles as 

necessary were conducted until the measured mass was stabilized (less than 0.1 % of 

relative variation). This latter process brings the dry mass of each material and its 

water content over the three ambiences is then accessible by mass monitoring. 185 

3. Dielectric permittivity extraction results 

3.1 Dielectric permittivity measured values 

Extraction traces over the frequency band at the three RH values have been plotted 

for all materials presented in 2.3. As examples, the extraction traces are given in 

Fig. 4 for light wood fiber (a) and wood panel OSB3 (b). 190 



 

Fig. 4.  Extraction traces at the three RH rates for (a) light wood fiber and (b) wood 

panel OSB3. 

The measurements carried out with the transmission lines have shown almost 

constant extracted parameters over the frequency band of study for all materials. In 195 

order to explore the data on the ten materials at three different RH each, a single value 

of relative permittivity and loss tangent has been chosen for each frequency extraction 

using a function that identifies the most commonly encountered (the position of the 

peak of the probability density function) value over the frequency band. Furthermore, 

to take the uncertainties presented in 3.3 into account, the loss tangent was set to 1 )200 

10*+ if it was estimated below this value. 

The extractions of the dielectric permittivity for all the materials are given in 

Table 1 and represented in Fig. 5.  
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Material Description 

Dry density 

(kg/m3) 

RH 

(%) 

GWC 

(%) ,- 

./0 1 
) 23*4� 

Light wood 

fiber (wool) 
20 mm thermal insulation panel 156 

5 0.0 1.26 1 

40 6.3 1.36 4 

80 13.4 1.59 10 

Rock wool 
15 mm thermal insulation panel 

Rocksol® (Rockwool) 
195 

5 0.0 1.09 2 

40 0.6 1.15 1 

80 1.1 1.16 1 

Dense wood 

fiber 

10 mm thermal insulation panel 

Isorel® (Steico) 
247 

5 0.0 1.17 1 

40 8.0 1.30 4 

80 11.6 1.55 7 

Cork 
20 mm pumiced cork panel 

(Alsacork) 
248 

5 0.0 1.12 1 

40 6.2 1.20 2 

80 8.1 1.37 3 

Hemp-clay 20 mm hemp shiv (90 kg/m3) 424 5 0.0 1.35 1 



Hemp/clay ratio: 0.55 40 5.9 1.55 7 

80 8.9 1.73 11 

Wood panel 

OSB3 
15 mm "Oriented Stand Board 3" 573 

5 0.0 2.39 6 

40 6.9 2.66 9 

80 9.4 3.15 13 

Wood panel 

MFP 

12 mm Multifunctional Plate Board 

Pfleiderer MFP® premium board P5 
687 

5 0.0 1.90 3 

40 6.8 2.19 8 

80 10.8 2.85 12 

Gypsum-

fibers 

10 mm board made of gypsum 

reinforced by cellulose 

 (Fermacell®) 

1274 

5 0.0 3.35 1 

40 1.2 3.50 3 

80 2.2 3.73 3 

Clayed earth 

+ sand 

20 mm mix validated by the builder 

1 volume of clayed earth  

+ 3 volumes of 0/2 sand 

1825 

5 0.0 2.29 3 

40 1.1 2.69 5 

80 2.0 2.94 6 

Cement 

concrete 

20 mm mix 

1 volume of Calcia i.pro Technocem 

3 volumes of 0/2 sand 

2088 

5 0.0 3.41 1 

40 0.8 3.65 1 

80 1.4 3.84 2 

PVC 20 mm Kömadur (Polydis) 1445 40 0.0 2.97 2 

Table 1. Studied materials and measured the complex dielectric permittivity. 

 

 

Fig. 5. Real relative permittivity and loss tangent of tested materials under various 

relative humidity conditions. 



3.2 Discussion 210 

Looking at fixed dry or ambient state, it is clear that the higher the density of the 

materials, the higher the relative permittivity, which is in compliance with the results 

of [25]. The very light materials, such as hemp-clay, rock wool, light wood fiber and 

cork have their real relative permittivity close to the unit and a very low loss tangent. 

This is explained by their high porosity as they are mostly filled with air. 215 

For cellulosic materials, such as light wood fiber, dense wood fiber and cork, the 

general tendency is that both the real relative permittivity and the loss tangent 

increase with RH, that is to say with the GWC. The order of magnitude of the 

variation of the relative permittivity from the dry to the wet conditioning is about half 

a unit, while the loss tangent can vary up to one order of magnitude [26]. 220 

As the measured GWC are below 10 %, we can assume that most part of the water 

retained in the materials is bound water rather than free water [27]. In a wet ambience, 

water molecules link to the material and the resulting material is thus a mixture 

between the bulk material and water, both of which having their own impact on the 

global dielectric response. Bound water is known for having very high real relative 225 

permittivity and loss tangent, around 
17.3, 5.2 ) 10*:� at 1 GHz [28]. Bound water 

is then responsible for the rises of the dielectric parameters of the studied materials. 

The evolution of the dielectric loss from the dry to the wet state seems to be 

correlated with the water content variations. Indeed, with the highest water contents in 

terms of mass, the woods and the hemp clay present greater loss tangents in wet state 230 

than any other material. 

We can also make comparisons between materials presenting the same 

macroscopic structure or the same behavior. 

First, the loss tangent of light wood fiber and dense wood fiber increase by 6 )
10*+ and 9 ) 10*+ respectively whereas rock wool’s dielectric properties almost do 235 

not vary with RH. In fact, as organic materials, the wooden compounds are much 

more able to soak water up (28.7 and 20.9 =>/(? – more than 11 % in mass) than 

rock wool which is mineral (2.2 =>/(? – 1.1 %). 



Second, the wood particles panels have their relative permittivity comprised 

between 2.28 and 2.82 at ambient state (40 % RH). The obtained values are consistent 240 

with the manufacturing variability and the composition (cellulose, hemicellulose, 

lignin, air and moisture) of wood particles panels, as previously published in studies 

[29-31]. 

Finally, cement concrete and gypsum-fibers (Fermacell®) have a similar relative 

permittivity increasing from 3 to 4 with RH, in spite of a high density discrepancy, 245 

Fermacell® being much less dense because of the light cellulosic fibers incorporated 

in the gypsum. Gypsum’s relative permittivity was measured at 6.5 at 750 MHz in 

[32]. The dielectric properties of gypsum and cellulose explain why Fermacell®’s 

permittivity is comprised between 3 and 4. On the other hand, the cement used in the 

studied sample is mainly composed of limestone, the relative permittivity of which 250 

was measured in [33] around 7 at 100 MHz at dry state. The permittivity of sand is 

measured at 
2.6, 2 ) 10*+� [34]. Considering the cement-sand mix ratio, the 

measured value for cement-concrete is consistent.  

The clayed earth’s relative permittivity and loss tangent are 
2.69, 2 ) 10*+�. As 

a mixture of clay, sand, plus some air and moist, these values are in compliance with 255 

the mix ratio and the measured permittivity of clay 
4.4, 6 ) 10*+� [1] and sand (the 

dielectric characterization results may vary in the literature due to the origin of the 

studied materials). 

For these three materials, the loss tangent poorly rises in the case of cement-

concrete and Fermacell® although the relative permittivity notably increases. To 260 

understand, there is to remember that, for low loss tangent, the relative permittivity 

characterizes with what intensity the material polarizes with the applied electric field, 

while the loss tangent quantifies the delay between the field and the polarization 

vector. Following this definition, it can be said that this delay is not significantly 

modified by the presence of water for cement concrete. 265 



3.3 Evaluation of the measurement uncertainties 

According to [17], the measured complex relative permittivity of PVC is 


�� , tan
D��EFG = 
2.87, 0.9 ) 10*+�. Our method, presented in part 2.2, leads to a 

value of 
�� , tan
D��EFG = 
2.97, 1.1 ) 10*+� which is in very good agreement.  

Nevertheless, a Monte-Carlo numerical analysis was performed to estimate the 270 

systematic error from theoretical S-parameters data, knowing the uncertainty of the 

Vector Network Analyzer (VNA) from its datasheet: %IJKL  I ≈ 0.2 dB and 

%M�>!JKL# ≈ 1° in the conditions of use mentioned in 2.2. The module and phase 

uncertainties of each measured S-parameter are correlated. This last point is very 

important as four measurements of four S-parameters each have been performed 275 

consecutively for one extraction. Unfortunately, no correlation is given by the 

constructor between S-parameters of a same measurement and no correlation 

hypothesis have been formulated about this. On another side, the error on the same S-

parameter for all four measurement has been considered equal because the 

measurements have been performed consecutively.  Assuming this correlation 280 

hypothesis, the Monte-Carlo simulation evaluates the standard deviation to 0.08 for 

real relative permittivity and 2 ) 10*+ for loss tangent. 

4. Towards applications to the building sector: electromagnetic 

losses in walls  

The previously presented dielectric permittivity characterizations are fundamental 285 

to the knowledge of electromagnetic behavior of construction materials over various 

RH conditions. It is thus possible to simulate the behavior of those materials in a 

realistic application, i.e. when used in walls and then to model the propagation 

channels of EM waves as a function of the ambient RH. 



4.1 Monolayer wall: homogeneous material 290 

The homogeneous monolayer wall studied here is & = 10 '( thick, surrounded by 

air and its behaviour is computed at a frequency P = 1 �QR. From the measured 

complex permittivity ��̅��� = S�
1 − � tan D�, where S� is the real part of the 

dielectric permittivity and tan D the loss tangent of a material, the voltage reflection 

and transmission coefficients � and � of such a wall can be computed as follows [35]: 295 

 

 � = ���̅��� − ���̅���
���̅��� + ���̅���

 (5) 

 

 � = U*L +VWXY �Z[\]^_ (6) 

 

The reflected power �̀ and the transmitted power �̀  (both normalized to an 

incident power of 1 W), can be expressed as in (7) and (8) [35]. 300 

 `�  = a�
1 − �2�
1 − �2�2 a

2
 (7) 

 

 `�  = a�
1 − �2�
1 − �2�2 a

2
 (8) 

Finally, the propagation losses or attenuation ��� can be calculated using (9) [35]. 

 `� + `� + ��� = 1 (9) 

 

Those powers have been computed for all materials under test and for the three 

tested RH conditions (5%, 40% et 80%). The obtained results are presented in fig. 6. 305 

 



 

Fig. 6. Power distribution over propagation losses, reflection and transmission. The 

values were calculated choosing � = 10 '( and P = 1 �QR. 

 310 

At a fixed state, the reflection rate is significantly higher for materials of higher 

real relative permittivity like gypsum-fibers and cement concrete (as it was observed 

in 3.1). Indeed, a high permittivity implies more impedance disruption at the interface 

with air. For the other materials with a lower real permittivity, the propagation losses 

account for the largest part of the non-transmission. When the RH increases, the 315 

transmission rate shrinks as mainly the propagation losses rise with different 

sensitivity depending on the material. A correlation can be drawn between the 

propagation losses increase and the water quantity contained per volume unit of 

material in kg/m3. The materials that transmit the least are gypsum-fibers and cement 

concrete (80,7 and 82,1 % of transmission for the considered thickness) at 5% RH and 320 

the wood panels OSB3 and MFP (53,3 and 59,8 %) at 80% RH. It is possible to say 

that at dry state, the mass effect is prominent in that it generally implies a higher real 

permittivity, thus a higher reflection rate and a lower transmission rate. Then, the 

quantity of water is the parameter responsible for the increase of the propagation 

losses leading to a shrink of the transmission rate. 325 

4.2 Multilayer wall: a realistic case 

The response of a realistic multilayer wall is studied here. The structure of the wall 

is described in Table 2. 

 



Layer 

index 
Thickness (mm) Material Comments 

1 - Air Outside 

2 22 Wood Panel (MFP) Equivalent to wood cladding 

3 18 Air Air gap 

4 220 Hemp-clay Dense ecological insulator 

5 15 Clayed earth + sand Clayed earth coating 

6 - Air Inside 

Table. 2. Structure of the studied multilayer wall. 330 

 

For a multilayer wall, the reflection and transmission coefficients � and � have to 

be computed step by step. Each layer b has its own transmission coefficient �K  which 

can be computed from (6). Each interface between two layers b et � has a reflection 

coefficient (conventionally defined for an incident wave coming from the outside) �KL 335 

which ca be computed from (5). The air surrounding the wall on the outside and on 

the inside also has to be taken into account as two extra interfaces. 

Finally, the whole set of coefficients constitutes the weights of a graph as shown on 

Fig. 7. 

 340 

 

Fig. 7. Graph of a multilayer wall. 

 

This graph is then reduced [35], and the global equivalent reflection and 

transmission coefficients can be computed leading to the determination of the power 345 

distribution between transmission, reflection and attenuation for each frequency point. 

Simulation results are shown on Figs. 8.a, 8.b and 8.c.  

 



(a) 

 

(b) 

 



(c) 

 
Fig. 8. Simulated frequency response of a multilayer wall depending on relative 

humidity (a) RH=5%, (b) RH=40%, (c) RH=80%.  350 

 

As can be seen on fig. 8, the transmitted signal is drastically reduced with the 

increase of RH due to water absorption. This phenomenon becomes predominant 

when frequency is increased above a few gigahertz and when RH is greater than 

40 %. Finally, the multilayer structure of the wall that alternates high and low real 355 

dielectric permittivities is responsible for the oscillations of the curves. Indeed, as 

soon as two plane permittivity interfaces face each other, the incident wave is 

infinitely reflected in the same way as the light is infinitely reflected by two opposite 

mirrors. This is known as a "Fabry–Pérot" cavity effect and implies the appearance of 

interference fringes. 360 

5. Conclusion 

Complex permittivity extraction results between 500 MHz and 2.5 GHz were given 

for some eco-materials used in the construction sector, at 5, 40 and 80 % RH. The 

water contents were measured by sample mass monitoring, which showed different 

water absorbing abilities. This study allowed to observe the variations of the dielectric 365 

properties of these particular materials according to the RH. The main tendency is that 



both the relative permittivity and the dielectric losses increase with the RH. Two 

phenomena account for the loss of transmission: the impedance disruption at the 

interface with the material due to a high real relative permittivity on the one hand, and 

the water quantity contained in the material which increases the propagation losses on 370 

the other hand. The proposed study enables the modeling of an electromagnetic wave 

propagation channel at frequencies below 2.5 GHz depending on the relative humidity 

in a realistic building environment for any homogeneous or multilayer wall. 
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