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Introduction

Concrete is the most widely used construction material. It is a heterogeneous material which
includes cement, aggregate, and water. As a result of reaction between cement and water, a
plastic paste which holds filler aggregate together is produced. Concrete is brittle and resistant
to compression stress but weak to tensile stresses naturally.

As concrete is the most used material in construction sector, there are numerous studies on
different applications of this material in construction area. Demir and Keles studied radiation
transmission behavior of concrete including boron. According to their study, boron addition
in concrete is an effective way to limit radiation transmission through concrete [1]. Demir et al.
studied radiation transmission behavior of low and high weight concretes which included cole-
manite. Their finding concludes that the linear attenuation coefficient decreases as the concen-
tration of colemanite increases in the concrete [2].

Nowadays, linear to circular polarization conversion studies have gained a great importance
as the linearly polarized wave badly affects many environmental situations such as bad weather
conditions or Faraday rotation force in the ionosphere at lower frequencies [3, 4]. When the
linearly polarized signal passed through a rainy or snowy weather medium, some issues such
as reflectivity, phasing, multi-path, and absorption occur at the signal condition. Circularly
polarized signal is more preferred as it is not affected badly by these abnormal conditions.
Hence, the importance of the linear to circular polarization conversion studies increases
dramatically in the last decade. Zhu et al. designed a linear to circular metasurface polarization
converter at 2.45 GHz and they tested the performance of the structure by using two different
patch antennas [5]. Cong et al. achieved a perfect broadband metamaterial polarization con-
verter by manipulating electromagnetic wave at terahertz regime in a wideband configuration
with tri-layer metasurfaces [6]. Chen et al. studied an ultra-wide band polarization converter
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Table 1. Physical properties of the fibers

825

Length (mm) Diameter (mm)

Tensile strength (N/mm?)

Specific gravity Young’s modulus (N/mm?)

Carbon steel fiber 60 0.75

1100 7.1 210000

band linear to circular polarization conversion for broadband sat-
ellite applications [10]. Ranga et al. presented a frequency-
selective surface transmission polarizer based on width modulated
lines and slots between the frequencies of 25 and 40 GHz [11].

Besides these, many studies about metamaterials applied to
concrete structures have been carried out by the researchers so
far. Ozbey et al. improved wireless sensing system to measure dis-
placement or strain in concrete members by employing a
metamaterial-based structure [12]. Kim and Lee have used elec-
tromagnetic shielding of a concrete structure to obtain negative
permittivity which is one of the metamaterial properties [13].
Ungureanu et al. achieved an auxetic-like metamaterial structure
made by concrete to protect from the unpredicted seismic
waves [14]. Nasrollahi et al. offered a non-destructive testing
method for concretes by embedding metamaterial to the applied
transducers [15]. Mitchell et al. proposed a metamaterial concrete
slab called meta-concrete to manipulate electromagnetic and
acoustic waves and absorb the energy of the shock waves [16].

The reinforced concretes which prevent signal transmission
are also an issue to transmit a linearly polarized wave. Most of
the power of the incident signal is reflected from the structures
and this causes communication problems at GSM, WIFI, or
WIMAX bands, etc. In this study, we propose a linear to circular
polarization converter by examining the other studies in the lit-
erature to eliminate the transmission problems originated from
the concrete structures. The proposed polarization converter is
obtained from the carbon steel fibers placed in the concrete struc-
ture based on horizontal, vertical, and diagonal configuration.
Two converter samples having different distances (1 and 2 cm)
between the carbon steel fibers are prepared. A vector network
analyzer (VNA) and two microwave horn antennas are used for
the experimental study to observe the transmission response
and axial ratio (AR) results. The results are obtained by compar-
ing the control specimen made by self-concrete. The AR, which is
the key parameter for linear to circular polarization studies, is cal-
culated by dividing cross-polar transmission responses to co-polar
ones. Thus, operating frequencies and AR bandwidths (ARBWs)
of the proposed polarization converter samples are obtained by
determining corresponding AR values below 3 dB. The proposed
structures have sufficient polarization conversion activity at
microwave frequency ranges and have huge potential to solve
signal transmission issues which is a problem for the concrete
constructions. The proposed study recommends the meta-
concrete definition with a new perspective. This perspective
gives the opportunity to use the meta-concrete as a polarization
converter for future radome applications. In this respect, the
meta-concrete studies will focus on novel microwave shields and
cloaking devices based on fibers in concrete.

Mixture preparation

To prepare designed concrete mixture, Type I ordinary Portland
cement, carbon steel fiber, coarse aggregate, fine aggregate, and
water were used. Natural fine aggregate and coarse aggregate
have nominal maximum size of 4 and 11 mm and they also
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Fig. 1. Carbon steel fibers.

have fineness modulus of 2.65 and 5.30 and specific gravity of
2.58 and 2.61, respectively. Physical properties of the carbon
steel fiber are listed in Table 1 and demonstrated in Fig. 1. For
the concrete prepared, cement:water:aggregate and fine aggre-
gate:coarse aggregate ratio was kept constant as 1:3:5 and 1,
respectively.

Three different test groups were prepared. The first test speci-
men as a control sample was traditional concrete which includes
cement, aggregate, and water with the explained proportions
above. Mechanical and physical properties of the control sample
are compressive strength, flexural tensile strength, and density
of the control sample with 52 MPa, 5 MPa, and 2.4 g/cm”, respect-
ively. The second and the third test specimens were prepared layer
by layer with the inclusion of steel fibers placed between. A speed-
controlled power-driven revolving pan mixer was used for mixing.
Firstly, aggregate and cement were dry-mixed enough and water
was then added to the dry mixture, the mixing was continued
until reaching proper workability of the mixture. The mixture
was then poured into 200 mm X200 mm x 60 mm prisms.
The schematic views of the designed concrete specimens are
shown in Fig. 2. The control specimen does not include steel
fiber, but the other two specimens have steel fibers with different
fiber location and design which is demonstrated in Fig. 2 in
detail. A day after molding, the specimens were demolded and
cured in a water tank up to 28 days. After water cure, the speci-
mens were air dried then EM tests were performed on the pre-
pared specimens.

The aim of the study is transforming a linearly polarized signal
into a circularly polarized signal by placing carbon steel fibers into
the cement. The circular polarization conversion can be realized
by providing a phase difference between transmitted signals.
The circularly polarized signal includes two perpendicular com-
ponents namely, vertical and horizontal electrical fields. One of
them is the main component which is determined by the incident
linearly polarized wave. The side component is originated from
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Control specimen

Fig. 2. The schematic views of the designed concrete

Perspective view Top view Front view
Perspective view Top view Front view

specimens.

the main component by providing 90° phase difference. Hence,
configurations of the carbon steel fibers as shown in Fig. 2 are
implemented by horizontal, vertical, and diagonal lines to the
obtained phase difference in transmitted signals.

Experimental results and discussion

The structure is proposed as a polarization rotator which converts
linearly polarized signal to the circularly polarized one. The
phenomenon can be validated by examining the AR of the circu-
larly polarized signal. The AR(dB) can be described as;

AR(dB) = Mag(20log (AR(w)), (1)
_ T(w)(cross-polar)
AR(w) = T(w)(co-polar) ’ @

The experimental study is realized by Agilent PNA-L VNA
having a range of 10 MHz to 43.5GHz and two microwave
horn antennas as illustrated in Fig. 3. The antennas were placed
at a certain distance from the proposed structure to eliminate
near field effect. Before the measurement, the VNA is calibrated
by using free space measurement without the proposed structures.
The structure is then placed between the horn antennas and
co-polar and cross-polar transmission coefficients were measured.
Co-polar response of the system is tested by the horn antennas
having the same direction while the cross-polar responses are
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measured by rotating one of the antennas 90°. Finally, the AR
is calculated by dividing cross-polar response to co-polar response
and it is converted into decibel (dB) through the formation
referred in equation (1). The AR value should be below 3 dB
for effective polarization conversion activity. In the same manner,
operated frequency range or ARBW of the proposed polarization
converter is determined by AR <3 dB.

Co-polar and cross-polar transmission responses of the control
specimen are shown in Fig. 4(a) with a frequency range of 5 GHz.
This figure informs that the incident signal is not sufficiently
transmitted through the control specimen between the frequen-
cies of 3 and 8 GHz. In the same manner, AR does not occur at
expected levels as shown in Fig. 4(b) due to insufficient cross-
polar transmission value and the reflected signal from the struc-
ture is seen quite high. The purpose of the study is to observe
and improve the transmission and AR values obtained from the
control specimen as shown in Fig. 4. In accordance with this
purpose, two different concrete samples are prepared by placing
carbon steel fibers with different intervals and various combina-
tions into the control specimen structure. The main reason for
the selection of carbon fiber steel is to increase electrical inter-
action between incident wave and the proposed structure.
Hence, the transmission level passed through the proposed struc-
ture will be increased by this carefully chosen material. In add-
ition, the inclusion of carbon steel fibers in concrete provides a
better resistance to tensile strengths by transferring excessive
loads from weaker part to stronger part on the concrete.

First concrete sample which is created by placing the carbon
fibers in the orientation of horizontal, vertical, and diagonal at
1 cm intervals was analyzed and the results are shown in Fig. 5.
Transmission values for concrete samples are obtained by com-
paring the transmission magnitudes of the control specimen.
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Fig. 3. Experimental setup.
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Sample 1 increased the co-polar transmission level about 5-10
times and cross-polar transmission level about 20-50 times with
respect to control specimen between 3 and 8 GHz as shown in
Fig. 5(a). Polarization conversion activity is successfully achieved
by considering the AR result of the first sample plotted in Fig. 5
(b). The frequency range between 6 and 6.5 GHz can be accepted
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Fig. 4. (a) Co-polar and cross-polar transmission results and
(b) the axial ratio for control specimen.

as operating frequency range or namely ARBW of the proposed
sample 1 since the AR is below 3dB at this frequency band.
Transmission magnitude values at this ARBW are equal to
approximately 0.35 for both co-polar and cross-polar responses.
When the transmission and reflection responses of control speci-
men are considered as given in Fig. 4, it can be easily said that the
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Fig. 5. (a) Co-polar and cross-polar transmission results and (b) the axial ratio for sample 1.

reflected signal from the concrete sample 1 was decreased and the
transmitted signal was improved as shown in Fig. 5. Moreover, it
can be concluded that the proposed polarization converter pro-
vides a circular polarization at many frequency bands including
4.08-4.42, 4.80-4.92, and 7.02-7.18 GHz which was represented
in Fig. 5(b).

The reflection magnitude and phase level (degree) between the
frequency range of 6 and 6.5 GHz are shown in Fig. 6. This fre-
quency range is chosen due to high AR as mentioned above.
The reflection magnitude is lower than 50% in all frequency
ranges. Especially, the reflection coefficient is below 0.2 between
6 and 6.1 GHz. This reflection level is considerably low for a
radome design. Besides this, the reflection phase is around 00
between 6.2 and 6.4 GHz. Hence, the reflected wave is in phase
with the incident wave. As a result, the incident wave reduction
will be in a low level.

The second proposed structure has the same configuration as
the previous one having horizontal, vertical, and diagonal carbon
steel fiber lines. Unlike the other design, the range between the
lines in sample 2 is arranged as 2 cm. Co-polar, cross-polar trans-
mission responses, and AR graph of the structure are illustrated in
Fig. 7. Co-polar and cross-polar transmission levels plotted in
Fig. 7(a) are 10-15 and 30-80 times stronger than control
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Fig. 6. Measured reflection phase and magnitude graph of the proposed sample 1.

specimen transmission responses, respectively. Therefore, the
transmission magnitudes are observed at around 0.40 for both
co-polar and cross-polar responses. The AR below 3 dB occurred
in many frequency bands such as 3.32-3.76, 4.00-4.48, 4.58-5.13,
6.00-6.40, and 6.54-6.82 GHz as shown in Fig. 7(b). As the effi-
cient polarization conversion occurs where the AR is near zero,
operating frequency bands can be determined as 4.58-5.13 and
6.00-6.40 GHz. The ARBWs are about 550 and 400 MHz at
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these bands. It can be concluded that the proposed sample 2 effi-
ciently converts the incident linearly polarized signal into a circu-
larly polarized signal at these two frequency bands. Moreover, it
can also be said that sample 2 provides more efficient signal trans-
mission and AR than the control specimen and sample 1 as
shown in Fig. 7. The AR response of sample 2 is better than sam-
ple 1. The higher AR needs the conversion of the incident wave
into transmitted wave with two components. One of the compo-
nents has the same polarization (co-polar) and the other compo-
nent must be rotated 90° (cross-polarized) with respect to the
incident wave. Higher degree of cross-polarization and AR is pro-
vided by the second sample due to cross and close placement of
the steel fiber which enhances the cross-polarization levels.

The magnitudes and phases of the reflection behavior of the
proposed sample 2 between 4.58-5.13 and 6.00-6.40 GHz
frequency bands are shown in Fig. 8. These frequency bands are
chosen due to the significant ARs. The amplitude of reflection
is lower than 0.6 and it reduces down to 0.2 at 4.9 GHz for the
first band (4.5-5.3 GHz). The reflection is below 0.4 in the fre-
quency range of 4.7-5.1 GHz. Hence, the proposed structure
with high AR and relatively low reflection level can be applied
in radome applications in this frequency range. The reflection
phase is between 0 and 90 degrees in the first range. It means
that the incident and reflected wave interact with each other.
Since the phase difference is not around 180° the attenuation
of the incident wave due to reversely directed reflected wave will
be in a limited level. Whereas the reflection magnitude is almost
below 0.4, the phase of the reflected wave is around 180° in the
second frequency band range. Therefore, the phase of sample 2
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Fig. 7. (a) Co-polar and cross-polar transmission results and (b) the
axial ratio for sample 2.

must be improved to reduce interaction between the incident
and reflected waves.

The transmission and AR results for both sample 1 and sample
2 have been presented in Figs 9 and 10 to compare and better
understand the operating frequency bands. The different distances
between the carbon steel fibers for sample 1 and sample 2 (given
in Table 2) cause different capacitive effects on the overall capaci-
tance of the system. Hence, the resonance frequency and the
transmission ratio have been affected by these capacitive varia-
tions as illustrated in Fig. 9. Moreover, it can be seen in Fig. 10
that sample 2 has a stronger AR result than sample 1 with respect
to 0dB at the frequency bandwidth between 6 and 6. 40 GHz.
This relation can be also seen at the other operating frequency
bandwidth (between 4.58 and 5.13 GHz) of sample 2.

Conclusion

In this study, we present polarization rotator concrete samples
which transform a linearly polarized incident wave into a circu-
larly polarized wave at microwave frequency ranges. The ARs of
the proposed concretes are obtained by dividing cross-polar trans-
mission responses to co-polar ones. Their polarization conversion
efficiencies are observed by comparing transmission values of a
control specimen and by determining the ARBWs below 3 dB.
First concrete sample has 500 MHz ARBW between the frequen-
cies of 6.00 and 6.50 GHz. The second one has two efficient oper-
ating frequencies between 4.58-5.13 and 6.00-6.40 GHz. It is
concluded that the proposed structures can transform the linearly
polarized wave into the circularly polarized one -effectively
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Table 2. Axial ratio, co-polar, and cross-polar transmission results for all
samples

Carbon Axial
steel fiber Co-polar Cross-polar ratio
distance transmission transmission (<3 dB)
Control - —28dB -36dB -
sample
Sample 1 lcm 5-10 times of 20-50 times of 500
control sample  control sample MHz
Sample 2 2cm 10-15 times of ~ 30-80 times of 950
control sample  control sample  MHz in
total

considering the transmission ratios, reflection magnitude, and
phase. Besides, the study shows that the operating frequency
band of the structure can easily be adjusted to any desired fre-
quency range such as WIFI or GSM band with simple adjust-
ments. Moreover, the proposed polarization rotator is suitable
for building constructions to transmit signals more efficiently
and it can be integrated to the radomes of antennas to increase
the efficiency. This study will be a myriad and it will change
the meta-concrete definition. While meta-concrete studies in lit-
erature usually interest with mechanical properties of the designed
structure, the proposed concrete with novel electromagnetic char-
acteristics is a new type. The meta-concrete with a new perspec-
tive can provide high shielding for electromagnetic field
security, huge values of AR for radome applications, and novel
cloaking in buildings for both acoustic and microwave signals.
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