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Abstract: Carbon fiber reinforced concrete is poised to be the building material of the future.
We present a study to quantify the influence of this novel reinforcement material on RF propagation
in the range from 0.4 to 67 GHz. The measured attenuation effects of the reinforcement material are
explained and quantified using a metallic wire screen model. It can be used to as a simple model of
the material’s influence in radio propagation scenarios. For reference and completeness, data on the
complex dielectric permittivity of the investigated concrete brand is also included. The production
process of the concrete samples used for the measurements is documented, facilitating comparability
and reproducibility. Finally, implications for current and future radio communication applications
are outlined.

Keywords: building materials; indoor propagation; materials testing; millimeter wave;
radio propagation modeling; 5G

1. Introduction

Concrete has been a well-known building material for more than 2000 years, with Rome’s
Pantheon, still the world’s largest cupola made of unreinforced concrete, as the prime example [1].
Since the mid-19th century, concrete is reinforced by iron and later steel, in order to improve its
performance under tensile load. Today, concrete is the world’s most used construction material, and
steel the most used reinforcement material. However, steel can corrode, which causes massive damage
to buildings and thereby immense repair costs.

Carbon fiber is considered as an alternative reinforcement material, due to the advantageous
mechanical and chemical properties, as well as the great concrete saving potential [2,3].

This paper presents a study of the influence of the new reinforcement material on the propagation
of electromagnetic waves in the frequency range from 400 MHz to 67 GHz, covering nearly all
currently relevant radio communication standards, as well as most of the bands considered for the 5G
standard(s) [4]. The presented data is intended to serve as a basis for propagation and communication
link modeling for indoor and urban scenarios. In order to ensure comparability of results,
the investigated concrete samples are produced under laboratory conditions, and their composition,
curing, and processing is documented.
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2. State of the Art

2.1. Carbon Reinforced Concrete

Carbon reinforcement is made of carbon fiber filament threads impregnated with a coating.
The coating makes sure that all filaments participate in the transfer of the mechanical load, and improve
compounding between concrete and reinforcement. Depending on the desired final stiffness,
different agents, for example, styrene-butadiene rubber (SBR) or epoxy-based resins, can be used.

Just as traditional steel reinforcement, carbon fiber reinforcement is produced as gridded mats
or as rebar rod, see Figure 1. For the gridded mats, the distance between the threads is in the range
of 0.5 to 5 cm, depending on the purpose. This is much smaller than traditional steel reinforcement,
where the grid distance is usually in the order of 5 to 20 cm [5]. As an alternative to carbon fiber,
alkali-resistant (AR) glass or basalt fiber can be used. Table 1 contains guideline values for mechanical
parameters of different reinforcement materials. It can be seen that at about a quarter of the density
of steel, the tensile strength of carbon fiber is at least five times higher, making it theoretically 20 times
more efficient per unit of load carried [6].

In Reference [7], measurements of the electrical properties of carbon fiber are presented. The
conductivity was measured to be between 102 to 103 S/cm for a single fiber with 5 µm diameter. A
cross comparison of 85 different commercially available continuous carbon fiber products [8] gives
an average value of 6.63× 102 S/cm, three orders of magnitude worse than copper (6× 105 S/cm at
room temperature) [9], and therefore still a reasonably good electrical conductor.

Table 1. Mechanical parameter guideline values of reinforcement materials [10].

Material Tensile Strength (Axial) Young’s Modulus Density
in kN/mm2 in kN/mm2 in g/cm3

Steel 0.3 to 0.6 210 7.9
AR Glass Fiber 2.0 76 2.7
Basaltic Fiber 4.8 90 to 110 2.6 to 2.8
Carbon Fiber 3.0 to 5.0 240 to 600 1.8

(a) Carbon fiber rebar. (b) BZT 1. (c) BZT 2.

Figure 1. Carbon fiber reinforcement materials.

Considering concrete, the range of used materials is wide, from ultra high performance concrete
(UHPC) to standard “regular” concrete. The concrete’s composition is chosen depending on the
performance requirements of the structural member, the production procedure, and the used
reinforcement. Carbon concrete is the composition of concrete with a reinforcement made of
carbon fiber. Thanks to the rustproof reinforcements, the coverage height, that is, the thickness
of the concrete atop the reinforcement, can be minimized. The coverage height needs to be at least
16 to 60 mm for steel reinforcement, depending on the location (indoor or outdoor). With carbon
reinforcement, the coverage height can be reduced to 5 mm. With the lower thickness of carbon
reinforcement compared to steel, the minimum achievable total thickness of a concrete construction
component can be reduced from 80 mm to 20 mm, thereby ideally saving up to 75 % material [2,3].
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Carbon reinforced concrete is already used for the reinforcement of buildings and bridges [6,11],
as well as for walls and façades. The build permit for the first house made completely of carbon
concrete has recently been issued [12].

2.2. Characterization of RF Properties of Building Materials

In Reference [13], a review of material characterization efforts for building material is presented.
The authors criticize the lack of comparability between the different published data, because
documentation of the material composition and fabrication process are not included. In Reference
[14], diverging data compiled from different sources is presented as well. As concrete is a very
diverse building material, characterized by for example, the mixture ratio of filling aggregate, cement
and water, the use of chemical or mineral admixtures, the grain size of the filling aggregate, and so
forth, comparability indeed cannot be guaranteed. Sandrolini et al. [15] discusses the influence of the
water content on the dielectric material properties up to 1 GHz. In Reference [16], different buildings
are investigated with regard to “building entry loss” for communications links in the range 0.1 to
6 GHz, albeit with a focus on the influence of new energy-efficient construction practices. Material
measurements of concrete up to 10 GHz are presented in Reference [17].

Steel rebar reinforcement is investigated in References [18–20], where numerical analyses based
on the “Finite-difference time-domain” (FDTD) method [21] are presented for bands between 0.1
to 11 GHz, although with a stronger focus on the numerical method. All conclude that the rebar
influences wave propagation to some extent, but do not quantify.

3. Investigations & Setup

3.1. Reinforcement Material

The gridded carbon fiber mats are produced in a deposition process. A warp thread is placed atop
a weft thread, maintaining a certain raster distance. Warp and weft are then joined with a stitching
thread (white in Figure 1b, red in Figure 1c, usually made of polypropylene), and finally impregnated
with a coating. The terms warp and weft are used for reasons of tradition, as there is no actual warping,
that is, threads oriented in one direction are always atop the other direction’s threads. The thicker
warp threads usually have a density of 3300 to 3600 tex. A density of 800 tex is common for the thinner
weft threads, but depending on the application, they can be as thick as the warps.

The commercially available reinforcement materials, namely BZT 1 (Figure 1b, complete name
“TUDALIT-BZT1-TUDATEX”) and BZT 2 (Figure 1c, complete name “TUDALIT-BZT2-V.FRAAS”)
were used, both coated with Lefasol VLT-1. The measurements of the reinforcement material were
performed with a prototype material with different grid dimensions. Warp and weft dimensions of the
investigated material are given in Table 2.

Table 2. Dimensions of the investigated carbon fiber reinforcement material, in mm.

Prototype Material BZT 1 BZT 2

Center-center between warps 8 12.7 12.7

distance between wefts 12.3 16 14 to 16

Carbon Fiber warps 2 2 2

diameter wefts 1 1 1

Gap between warps 6 10.7 10.7

width between wefts 11.3 15 13 to 15
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3.2. Concrete Samples & Preparation

In order to ensure comparability and reproducibility of measurement results, raw materials were
chosen as laid down in “abZ Z-31.10-182” (“National Technical Approval of the General Supervisory
Authority for the Building Industry”) [22].

Pagel TF10 [23], the fine concrete used for the samples, consists mainly of Portland cement and
silica sand with a maximum grain diameter of 1 mm. Technically, mixtures with a maximum grain size
of up to 4 mm are usually referred to as “mortar” [24,25]. In the carbon concrete environment, however,
the term “fine concrete” was established in order to show the closeness to steel reinforced concrete.
Common concretes have grain sizes from 0.125 mm to more than 4 mm, mostly to 32 mm, and in
individual cases even to 63 mm.

For the investigations presented below, samples of different dimensions were produced, with and
without reinforcement. Where reinforcement was used, it was placed at the center of the z axis.
For details, see Table 3. The samples were produced by horizontal lamination, where concrete and
reinforcement were added layer by layer. This allows orderly placement of the carbon reinforcement
as well as position stability during concreting.

Table 3. Properties of the investigated concrete samples.

Number Produced Dimensions (x × y × z) in cm Reinforcement & Positioning

3 50 × 50 × 1 none
3 50 × 50 × 2 none

2 50 × 50 × 2 BZT1, centered along z
2 50 × 50 × 2 BZT2, centered along z

Curing of all samples was performed according to the requirements in Reference [26]. To ensure
optimal hydration of the fresh concrete, the molds were covered with an airtight and water vapor
tight sheet. After storage for 24 h at room temperature, the samples were stored in a water bath for six
days. Then, the samples were transferred to the climate chamber with 20 ◦C and 65% relative humidity,
where they remained for 21 days.

Figure 2 shows the top and bottom surface of a flat sample of 20 mm thickness. On the bottom side,
the typical pattern of air bubble inclusions, which remained in the mold during concreting, can be seen.
Other than that, it is flat. The top side, however, is quite rough, in the scale of a few tenths of mm to
some mm.

(a) Bottom. (b) Top.

Figure 2. Concrete samples surfaces.
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3.3. Measurement Setup

For the measurement setups described in the following, two network analyzers were used:
a Keysight N9918A “FieldFox” with operating frequencies from 30 kHz to 26.5 GHz, and an Agilent
PNA (10 MHz to 67 GHz). In total, four pairs of antennas were used, see Table 4 for details. The R&S
HL033 is a log-periodic antenna, the others are horn antennas. In order to determine the influence
of the reinforcement, two different setups to measure the transmitted power were used, described in
the following.

Table 4. Overview of the used antennas. The main lobe points in w direction.

Antenna Frequency Range Dimensions (w × d × h)

R&S HL033 [27] 0.08 to 2 GHz 1.96 × 1.8 × 0.1 m
ETS Lindgren 3164-06 [28] 0.3 to 6 GHz 51.4 × 50 × 50 cm
RFspin DRH50 [29] 4.5 to 75 GHz 56 × 43.6 × 37.7 mm
SAGE SAR-2309-15-S2 [30] 45 to 75 GHz 61 × 32.4 × 26.4 mm

3.3.1. Measurement Window of Anechoic Chamber

The 0.4 × 0.4 m opening in the anechoic chamber was used for the measurements of the
reinforcement material from 0.3 to 67 GHz as well as for the measurement of the concrete slabs
up to 50 GHz, see Figure 3b,c. The antennas were positioned to directly face one another through
the measurement opening of the anechoic chamber (total dimensions 8 × 6 × 3 m), as shown in
Figure 3c. The antenna outside was used as the transmitting antenna. It was fitted with absorbers.
The VNA’s transmission power was set to the highest available setting in order to suppress
environmental influences. As shown in Figure 3c, the distance between the antennas and the sample
under test is 1 m, sufficient for the far field criterion [31]: r ≥ 5λ

2π ≈ 0.8λ, the distance where the
emitted radiative field dominates, and propagates with free space impedance Z0 ≈ 377Ω. This allows
measurements with this setup starting at ≈240 MHz. (For antenna measurements, where the far field
radiation characteristics is to be determined, other criteria are used [32]. A very useful discussion and
overview can be found in Reference [31]).

(a) (b)

inside
chamber

outside
chamber

metal
wall

0.4m

1m 1m TxRx

sample
under test

0.5m

absorbers

(c)

Figure 3. Measurement setup. (a) Free space; (b) Anechoic chamber; (c) Schematic of the anechoic
chamber setup, with distances.

This setup was chosen to cope with the constraints posed by the investigated material’s small
sample size, the targeted frequency range, and the laboratory environment. Firstly, diffraction at
the edges of the anechoic chamber’s window will occur. This effect will be stronger towards lower
frequencies and show as a strong oscillation around the mean value, which will shift when introducing
the MUT (material under test). This should be kept in mind when interpreting the measurement results.
Secondly, due to the large bandwidth covered, the “transitions” between the antenna sets are not in
perfect alignment, caused by the different positioning of the antennas.
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3.3.2. Short-Distance Setup 50 to 67 GHz

In order to cover the frequency range from 50 to 67 GHz, a short-range setup using styrofoam
boxes as support was built to measure the concrete slab samples (see Table 3), shown in Figure 3a.
The antennas rest firmly on the styrofoam support, kept in place by the weight of the RF cables.
The MUT is also supported by the styrofoam blocks, and fixed to the left side by small styrofoam
wedges (not shown).

This setup was used for because the free-space path loss (FSPL) is prohibitively large towards
higher frequencies. For a distance of 2 m, FSPL ≈ 72.4 dB for 50 GHz, so there is only a small fraction
of the VNA’s dynamic range left for the measurement itself, with calibration not yet considered.

3.4. Measurement Procedure

The measurement proceeded as follows: At first, an obstacle-free measurement was done with
each antenna pair, serving as transmitted power reference. Then, the MUT was placed into the
measurement setup. The ratio of the received power in presence of the MUT to the reference
measurement is the sought value—the transmission loss caused by the MUT.

4. Results & Discussion

4.1. Electrical Resistance at DC

In order to get a first impression of the reinforcement material, the electrical resistance was
measured with a simple lab multimeter. The measured values never exceeded 10Ω, independent
of whether the probe tips touched the same thread, whether the probes touched different threads
(weft or warp), or wether the carbon fiber grid mat was impregnated with SBR coating. This leads to
conclude that good electrical contact is present between the fiber filaments forming the threads and
between the threads themselves, and that good conductivity is still given with impregnation.

4.2. Transmission Measurements of Reinforcement Material

Figure 4 shows the attenuation measured in the frequency range of 0.4 to 67 GHz as caused by the
reinforcement material only, that is, carbon fiber grid mats. Measurements in four frequency ranges,
0.4 to 2 GHz, 1.5 to 8 GHz, 7 to 50 GHz, and 50 to 67 GHz, are combined into one panel in Figure 4a.
Variances, gaps and the imperfect overlap between frequency ranges can be explained by the
measurement environment and the different characteristics of the used antennas, as discussed above in
Section 3.3. In Figure 4b, which shows the frequency range 0.4 to 10 GHz, a strong suppression of the
received signal of more than 40 dB can be seen, together with a polarization selectivity. The vertical
polarization which transmits through the smaller warp thread gaps is attenuated stronger than the
horizontal polarization. Below 2 GHz, oscillation is clearly visible, caused by diffraction at the
measurement window’s metal edges, as discussed in Section 3.3, but luckily not as pronounced
as expected.

In Reference [33], wire screens are described as “small aperture metals” and their shielding
properties are investigated. Their far field shielding effectiveness SE is described by [33]:

SEdB ≈ 20 log10

(
λ/2

g

)
≈ 20 log10

(
c0

2 f g

)
for g ≤ λ/2, (1)

SEdB ≈ 0 for g ≥ λ/2,

with λ the wavelength and f the corresponding frequency, c0 the speed of light in vacuum, and g the
air gap width.
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Curves following Equation (1) for g = {6; 11.3}mm (gap widths in Table 2) are included in
Figure 4. It can be seen that the measured shielding effect caused by the reinforcement material follows
the values predicted by theory very closely. Towards higher frequencies, the transmission loss remains
at about 5 dB, which can be explained by the fact that the “optical” path is occluded, and scattering of
the wave field occurs.
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(a) 0.4 to 67 GHz.
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Figure 4. Attenuation of transmission caused by carbon fiber reinforcement material.

4.3. Material Properties of Concrete Samples

In Reference [34], we describe a procedure to extract the complex dielectric permittivity εr of flat
samples. The results for the Pagel TF10 fine concrete samples are given in Figure 5. The blue and orange
lines show the measured values of the real part of the dielectric permittivity ε′r and the corresponding
dielectric loss tangent tan δ from 5 to 67 GHz. As several concrete samples are measured, mean and
standard deviation for the measurements are depicted by the error bars for ε′r. The grey dash-dotted
lines show a fitting curve for the respective parameter, derived by a multi-pole Debye model. As can
be seen, these lines follow the measured values closely. They are extrapolated based on this model to
0.1 GHz. However, the extrapolated values should be treated with caution. For an in-depth discussion
see Reference [35].
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Figure 5. Dielectric properties of Pagel TF10 fine concrete [34].
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In Reference [13], a linear regression for |εr| over several measurements compiled from different
literature is given with parameters |εr|(0 Hz) = 6.48 and slope n = −0.039 1/GHz. This yields
|εr|(10 GHz) = 6.09 and |εr|(60 GHz) = 4.14, significantly lower than our measurements. This can be
explained by the different composition and preparation of the investigated concrete samples, on which
there is only limited documentation, as already criticized in Reference [13]. The slope is negative in
both cases (n = −0.028 1/GHz in our measured data), as expected from general theory [36], and in
the same order of magnitude. General theory, however, does not predict a linear behavior over this
frequency range, so care should be taken when extrapolating.

4.4. Transmission Measurements of Reinforced Concrete Slabs

As above, the transmission through concrete slabs, both with and without reinforcement,
was measured. The results are presented in Figures 6 and 7.
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Figure 6. Influence of the carbon fiber reinforcement embedded in concrete. (a) Measured values
from 0.4 to 5 GHz; (b) Measured values for samples with reinforcement, and predictions as per theory,
0.4 to 5 GHz.
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Figure 7. Attenuation of transmission caused by different concrete samples.
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4.4.1. Influence of the Carbon Fiber Reinforcement Embedded in Concrete, 0.4 to 5 GHz

Figure 6a shows the measurement results for all concrete samples from 0.4 to 5 GHz. All samples
show an oscillating behavior depending on the sample thickness, which can be explained by internal
interference (i.e., the superposition of multiple reflections at the medium boundaries). The samples with
carbon fiber reinforcements strongly attenuate the transmitted power up to 2 GHz. The non-reinforced
samples do not show this behavior, independent of their thickness. Also, the thicker samples cause
a higher attenuation than the thinner ones. The attenuation declines much faster compared to
the reinforcement material (see Figure 4), being effectively indiscernible already at about 2 GHz,
whereas in Figure 4 the influence is notable up to about 5 GHz. As in Figure 4, the attenuation is
dependent on polarization.

In order to explain this behaviour, we turn to the wire screen model [33] again. The wire screen is
now embedded in a dielectric. Recalling that the speed of light inside a medium depends on relative
permittivity εr and relative permeability µr:

c = (ε0εr µ0µr)
−1/2 , (2)

with ε0 and µ0 the permittivity and permeability of free space. Inserting into Equation (1), replacing c0

with c, and setting µr = 1 (due to the dielectric nature of the medium), yields:

SEdB ≈ −20 log10

(
2 f g

√
µ0ε0 εr( f )

)
, (3)

which is the shielding efficiency for a small aperture metal shield, embedded in a dielectric
characterized by the frequency-dependent relative permittivity εr( f ).

In Figure 6b the attenuation of the reinforced concrete slabs is shown, together with the predictions
from Equation (3) for wire screens with 10.7 mm and 13 mm gap widths (see Table 2), with εr from
the fit curve in Figure 5. As can be seen, the curves follow the predicted attenuations, although the
measured attenuations are much higher. This can be attributed to the low thickness of the material and
the increasingly low frequencies, so that a frequency-dependent effective permittivity can be assumed:

εr,eff( f ) = εr( f ) z + (1− z), (4)

where 0 ≤ z ≤ 1 is the fraction of the wavelength that is inside the dielectric. As can be seen,
using an effective permittivity based model yields a much better fit, which, most importantly, does not
underestimate the losses.

4.4.2. 5 to 67 GHz

Figure 7 shows the loss experienced by the electromagnetic wave traveling through the concrete
slabs from 5 to 67 GHz for the 10 mm samples, and 5 to 47.5 GHz for the 20 mm samples. As expected,
the attenuation increases with frequency. For the 20 mm samples it increases twice as fast as for the
10 mm samples, due to the double thickness (double y axis range in Figure 7a vs. Figure 7b).

Looking at theory, two mechanisms can explain this behaviour: loss attributed to the tan δ of
the material, and loss due to reflections at the material boundaries.

In order to quantify the dielectric loss, we assume a non-magnetic medium µr = 1 with zero
conductivity σ = 0. The attenuation constant αd due to dielectric losses can be expressed as [37]:

αd ≈ ω
√

µ0ε′
ε′′

2ε′
. (5)

Using the relationships
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ω = 2π f , tan δ =
ε′′

ε′
,

we can restate using frequency-dependent terms:

αd( f ) = π f tan δ( f )
√

ε0µ0 εr( f ). (6)

The dielectric loss Ld, in dB, can then be written as follows:

Ld,dB =
20

ln 10
x αd( f ) ≈ 8.686 x αd( f ) (7)

with x the material thickness in m. Assuming homogeneous material, it is useful to normalize to a
certain thickness for easier comparison. For 1 cm, Equation (7) becomes:

Ln,dB/cm =
0.2

ln 10
αd( f ) ≈ 0.086 86 αd( f ) (8)

To calculate the losses that occur at the medium’s boundary transitions, Fresnel’s equations (e.g.,
Reference [38]) can be used. Two transmissions are necessary: from free space into concrete, and from
concrete back into free space. Assuming perpendicular incidence, the (double) transmission loss LT is:

LT,dB = −20 log10
4
√

εr( f )(√
εr( f ) + 1

)2 . (9)

Both Figures 7a,b show Ld as well as LT + Ld, with the values for tan δ( f ) and εr( f ) taken from
Figure 5. The measured curves of the 10 mm samples presented in Figure 7a follow the curves as
predicted by theory closely. The discontinuity at 50 GHz is caused by the switch-over to the different
measurement setup (see Section 3.3). The measured attenuation is a little lower than predicted up
to 50 GHz; the other measurement setup yields values a little higher than predicted, always within
a 4 dB range. As shown in Figure 7b, the measured data of the unreinforced 20 mm samples also
closely follows predictions. Looking at both Figure 7a,b, the attenuation of the un-reinforced samples
is stronger than predicted by theory towards higher frequencies. This may be caused by surface
roughness, as described above and shown in Figure 2.

For the 20 mm samples shown in Figure 7b, measurement data is only useable up to 47.5 GHz,
due to the combined losses of free space path and material. It can be seen that the different
samples group: both curves of each BZT 1, BZT 2, and “no reinforcement” are close to one another.
The samples without reinforcement show the lowest attenuation, followed by BZT 2 and then BZT 1,
each separated by about 4 dB. This is contrary to the expectation that the reinforced and unreinforced
samples would group, and reinforcement would have no significant influence. This may be caused by
additional internal scattering by the carbon fiber reinforcement. This effect can be captured by a 20%
“penalty” to the normalized loss factor Ln, also shown in Figure 7b.

Looking again at Figure 7a with Equation (8) in mind, we can see that Ld = Ln, due to the
material thickness being 1 cm. Ln is very high, with 5 dB/cm at 10 GHz and 26 dB/cm at 60 GHz.
In Reference [17], a measurement of a concrete sample with Ln ≈ 3.6 dB/cm at 10 GHz is presented.
Unfortunately, details about the manufacturing process are not included. The value is in agreement
with our measurements, also showing a very high loss of concrete.

5. Conclusions and Further Work

It was demonstrated that the metallic wire screen model can be used to model the RF behavior of
the carbon fiber reinforcement. This is discussed in detail below.

Also, thanks to the co-operation between the Chair for RF Engineering and the Institute
of Concrete Structures, the materials, production and curing of the concrete samples were
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documented. Improved documentation improves comparability and reproducibility of the presented
results significantly, addressing the issues discussed in Section 2.2.

5.1. Influence of the Reinforcement

Carbon fiber reinforcement material influences the propagation of electromagnetic waves. This is
caused by carbon fiber being a good conductor and the spatial arrangement as a rectangular grid,
forming a wire screen. The “small aperture metal” wire screen model [33] yields very good predictions.
It is therefore recommended to use this model for radio propagation modeling where carbon fiber
reinforcement is used in construction.

When embedded in concrete, the influence of this effect is shifted towards lower frequencies, and
therefore not as strong as in free space for a given fixed frequency. However, when only considering
the permittivity of the concrete as a background medium, the effect is underestimated. As shown in
Section 4.2, using a simple effective permittivity model, which considers the material’s thickness with
regard to wavelength, yields a fit which avoids underestimation of the incurred losses.

5.2. Characterization of the Investigated Samples

The influence of the investigated reinforcement material samples BZT 1 and BZT 2 is best described
as follows: Radio applications in the ISM band around 430 MHz, the frequency band currently used
by many building automation applications in Europe, may experience an additional loss of 30 dB and
more, depending on polarization, due to the carbon fiber reinforcement. The effect is still present at
around 900 MHz (GSM, LTE, DVB-T), with an additional loss of 10 to 20 dB. This may be alleviated by
the fact that shielding can never be perfect: When a room is not completely enclosed by the wire mesh
shielding, that is, where the carbon fiber reinforcement is not meticulously connected between wall
segments (which is unrealistic in practice), the gaps will reduce the shielding efficiency significantly.
Beginning at 2.4 GHz (WiFi), the effect is barely noticeable anymore.

Beyond 10 GHz, the dielectric loss of the concrete dominates. The reinforcement material
embedded in the investigated samples causes additional losses, which can be modelled by a 20%
“penalty” to the normalized loss factor Ln (or wall thickness).

5.3. Influence of the Pagel TF10 Fine Concrete

The complex dielectric permittivity of Pagel Pagel TF10 fine concrete was measured from 5 to
67 GHz [34,35]. A fitting procedure was used to derive a parameterized continuous function for the
range from 0.1 to 67 GHz. The loss tangent tan δ is between 0.175 and 0.225 over the entire investigated
frequency range. The concrete can therefore be described as very lossy, with losses of 5 dB/cm at
10 GHz, rising nearly linear to 27 dB/cm at 60 GHz.

5.4. Consequences for Indoor and Urban Radio Communications Planning

When planning radio communications for buildings with carbon fiber reinforced elements,
the reinforcement material’s grid gap widths, fiber diameters, as well as their spatial arrangement,
need to be known to the planner.

Also, it should be taken into consideration that the losses caused by wire screens are “reflection
losses” by nature [33].

Where radio communication below 2 GHz through walls is a requirement, it might be desirable
to include walls or wall segments without reinforcement, or reinforcement made of AR glass or basalt,
thereby forming “radio windows”.

Above 10 GHz, the dielectric loss of the concrete is dominating, making radio communication
infeasible starting at a material thickness of 10 cm, with Ld,10 GHz = 50 dB. As an example:
assuming 30 dB as acceptable loss, the concrete thickness for a maximum frequency of 10 GHz
should not exceed 6 cm. Considering the 20% penalty proposed in Section 4.4, this number reduces to
5 cm. Including the loss due to double transmission LT,10 GHz ≈ 3 dB, 6 cm become 5.4 cm, and 5 cm
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become 4.5 cm. It should be noted that concrete layers that thin are achievable thanks to the novel
reinforcement material, so that radio communication can still be achieved. In scenarios where a
limitation of the RF range is desirable (for example, multiple small cells instead of a single large cell),
thicker walls (in newly constructed buildings) can be used as a cheap way to achieve this goal.

5.5. Further Work

The determination of the electrical properties of concrete is a field deserving further research,
as the amount of structures built purely with concrete is expected to grow, especially with new
high-performance reinforcement materials. Available literature to this day insufficiently addresses
the diversity of concrete, as discussed in Section 2.2. Therefore, it is desirable to derive parameterized
models to describe permittivity and losses of the materials, which will be of great use in indoor
and urban radio communications planning. These parameters should, at a minimum, be: the filling
aggregate’s grain size, and the mixture ratio of filling aggregate, cement and water. Further parameters
should be investigated, for example, the influence of chemical or mineral admixtures. Water content of
concrete is also an important factor that deserves investigation for frequencies beyond 1 GHz.
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