Analysis and Design of an Embedded Antenna for
Concrete Wireless Monitoring Applications

Abstract—We propose an embedded circularly-polarized an-
tenna for battery-less sensor monitoring of concrete structures. In
particular, we focus our effort in designing a patch antenna able
to work in concrete with different dielectric properties while still
keeping unchanged impedance to guarantee an optimal power
transfer. To this aim, the antenna is designed and optimized by
exploiting both an analytical and a full wave numerical approach.
The results give physical insight into the antenna performance
and explains the robustness (against concrete variations) of the
antenna. Experimental measurements fully confirm the model
predictions.

Index Terms—Concrete structure monitoring, embedded sen-
sors, patch antennas model, circular polarization, wireless power
transmission.

I. INTRODUCTION

OMMUNICATION by backscattered power was first

proposed in 1948 [1] and in the recent years the idea
has been extended to wireless sensors and wireless sensor net-
works. This technology keeps on spreading in many areas and
also in applications where it is not possible to provide battery
or local power for electronics. As a result, remotely powered
sensor may represent effective smart solutions. However, they
require an efficient power transmission from the antenna to
the integrated circuit (IC) and then an accurate design of the
antenna input impedance.

In structural health monitoring (SHM) of concrete [2], em-
bedded battery-less sensors are employed for wireless energy
and data transfer between sensors (f.i. pressure sensors) and
an external reader. Of course, the antenna must be properly
designed according to the background medium. Antennas
embedded in (possibly lossy) media have been investigated
in different area ranging from submarine [3] to biomedical
applications [4]], [5]], and wireless through-wall communica-
tions [|6]]. However in SHM of concrete structures [2]], since the
concrete’s permittivity and loss tangent may change depending
on the concrete lifetime, internal state and type, the goal is
to minimize the influence of the background material on the
antenna performance.

In the last years a great interest has been shown in the
wireless SHM of infrastructures, such as buildings or bridges.
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To this aim several approaches have been followed to achieve
effective solutions in antenna designing. In [7] a Ag- and
4\o-thick foam cover was used to mitigate the effect of the
concrete on the antenna performance. In [8]] the same approach
exploiting a vacuum smaller box has been followed where
the concrete being closer to the antenna and has the effect to
reduce the resonant length. In [9] a quite complicated cavity-
backed antenna is proposed.

In the present work our focus is on the design and the
optimization of “robust” antennas against the concrete vari-
ations [2]. In some sense, the goal is concerned with the
design of an antenna with a large “permittivity bandwidth”.
In particular, the antenna is assumed to work in a given range
of complex permittivity values, which are [4 —9] and [0 —0.3]
for the permittivity and the loss tangent, respectively. These
values are typical dielectric parameters for the concrete, [10].
Such a wide variation is expected to hugely affect both the
antenna input impedance and the gain. We assume as working
frequency 900 MHz, which is very close to the European and
American standards (868 MHz or 915 MHz) and required
bandwidth for data transmission is 10 MHz.

The paper is organized as follow. The antenna layout is
described in section [II} In section [lII] we present an analytical
model to evaluate the impedance of a rectangular patch an-
tenna embedded in media with different permittivity values.
In section we carry out a full-wave numerical study and
discuss the antenna performance and section [V] we present
experimental results for an antenna prototype embedded in a
concrete block. Conclusion follow in section [Vl

II. ANTENNA LAYOUT

The project constrains assume the antenna positioned at
3 cm far from a flat concrete-air interface. The antenna layout
is shown in Fig. |1} It consists of a metallic patch with a ground
plane printed on a dielectric substrate with relative permittivity
€rs = 9.8. The radiating patch dimension (I, and I;) has
been chosen to achieve an operation frequency of 900 MHz.
The antenna is assumed to be connected to a standard 50 §2
SMA connector, with inner and outer diameters dy and d
respectively. Two dielectric “covers” with ¢,. are stacked
over the patch and under the ground to protect the antenna
metallization from the concrete. The dielectric materials
used for the antenna are laminates TMM 10i and TMM6
from Rogers Corporation for substrate and protective layers,
respectively. The above shielding method, compared to the air
box adopted in [[§]], allows a smoother permittivity transition,
and is simpler as well as less expensive than the solution
chosen in [9].
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Fig. 1. Antenna layout. Frontal and lateral view with cut at probe feed. Metal
layers in blue (color online).

TABLE I
ANTENNA PARAMETERS

Parameters I l2 z12 S1,2  he h do d

Value [mm] 49.6 476 10 60 254 3175 09 298

III. ANALYTICAL MODEL

An antenna embedded in a dielectric medium with relative
permittivity €,, changes the input impedance according to the
following identity [[11]:

Zin(f\/%% €= 60)

Very ’
i.e. the input impedance of the embedded antenna is equal to
the impedance of the same antenna in air (¢ = €() at frequency
fy/€rv scaled by 1/./€.

A wideband antenna is therefore only partially synony-
mous of wide dielectric bandwidth. An example is any self-
complementary antenna [12] with input impedance ideally
independent from frequency [|12, eq. (10)]:

Zo

Zin= 2

but dependent on the medium intrinsic impedance, Z;, and
therefore on the background relative permittivity €.

The proposed patch antenna input impedance will not follow
the identity (1)) as the antenna is composed by several dielectric
layers in order to mitigate the influence of the background
medium on the antenna input impedance.

In this section we present an extended analytical model to
evaluate the input impedance of a rectangular patch antenna
embedded in a given medium (not necessarily air). The model
takes into account two resonances due to the presence of two
orthogonal modes needed to achieve circular polarization.

Each of the two resonances can be modeled by an RLC
parallel circuit with two slightly different resonant frequencies,
f1 and fy (from this point the 1 subscript refers to the first
resonance, TE;g, along z-axis and 2 to the second one, TE;,
along y-axis). Since the voltage at the probe coordinates is
due to the sum of the TE;y, and TEy; modes, the equivalent
circuit for the input impedance is given by the series of the

Zin(f;€ = €0€rp) = (1)

two parallel RLC circuit [13]]. An extra inductance associated
to the probe feed can be modeled by series inductor Xfeeq-

The input impedance of the circularly polarized antenna is
equal to:

Zin(f) = j Xtced + Zin + Ziny2 €))

wherein Xfeeq [14], [15, (1)] can be eventually neglected and
71 and Z are the impedances of the two RLC' parallel circuits
[[13]:

R
Zyo(f) = - 1;2 —at
1,2
1+Qt (- )
R12Q12 (% - f'lf’r“)
B 2 f fi,2 2
1+Qi, (f* - T)

In we need to specify the resonant frequencies, fi 2, the
quality factors ()1 2 and the resonant resistances R o for the
embedding medium permittivity.

(4)

A. Resonant frequency

The resonant frequencies, f; 2, can be evaluated with the
well know equation [16, eq. (14.5)]:

Co
Sz 2. /Eefi 1 2lefr 1,2 ©)
where e.q 1,2 is the effective permittivity of a microstrip line
1,2 of width wy2 = a1 (where [ is the resonant length
while w the corresponding strip width). To evaluate e 1,2
the equation in [16, eq. (14.1)] has been generalized to take
into account the medium permittivity, €,:

Ers T Erb Ers —Erb 12 —2
Eeff1,2 = 2 + 5 (1 + wm) . (6)
h

In the effective length, .1 2, that takes into account the
effect of the fringing fields and can be calculated as [17} (6)]:

— i 0.3
leg12 =112+ <wcq1’2 wl-?) Eeff1,2 T

Eeff1,2 — 0.258

7
: )
where, in turn, the equivalent width is given by the planar
waveguide model [18| pag. 301, [19, eq. (3.85)] [20, § 3.14.1]:

w = h Ho _
eql,2 — -
Z12(ers) \ efi1,2

where Z; o (e,s) is the characteristic impedance of a microstrip
line 1, 2 of width wy2 = Il on a substrate of height h
and dielectric permittivity €, inside a background medium
of dielectric permittivity £, [14} eq. (10)], |21} eq. (2.124b)],
[20} (43.180)]:

Ho h_
€0 Zoo

®)

Zoo (%)
\/Eeff 1,2

where Zyg is the, so called, characteristic impedance of the
empty microstrip [20].

Z1,2(5r5) = (9)



B. Quality factor

Quality factors, ()1 2, for both resonant frequencies can be
evaluated from [[16| eq. (14.83)]:

1 1\*!
Quz= (Qrad 1,2 * Qd)

where ()yaq1,2 are the losses due the radiation from the walls
(22], (14, AD]:

(10)

C0+/Edyn

r = 11
Qrad 1,2 Liah (11)
and g is the quality factor due to dielectric losses
Qa = . (12)
7 tano

For high conductive metals (f.i. copper) conductor losses
are negligible and, therefore, they may be neglected in this
analytic model.

In equation the dynamic permittivity €qyn = €y /€rp 18
used to take into account the fact that the patch is embedded
into a variable background, with permittivity &,4, and to
consider the effect of the fringing fields at the edges of the
patch. The approach adopted in [14]] has been extended to a
generic embedding material with permittivity €,4, by defining
Cayn = g(gr**): Olees) (13)

(ers)  erCl(e0)

wherein the dynamic capacity in presence of a dielectric can
be written as

C(grs) = 00(57“5) + 26@1(57”5) + 20@2(57”5) (14)

where, in turn, Cy(e,) is the capacity without the contribution
of the fringing fields, and can be expressed as

o Ers€olila
B h
The fringing fields are taken into account adding the edge

capacitance Cei(e,s) and Cea(e,s) to Cy [23]. The edge
capacitance can be evaluated as:

Co 15)

1

o l1,2
Cel,?<5rs) - 2 |:Uph1,2Z172(5r3) CO<€TS):|

71 hio eerrz  erseolila
2 C()Z()o h

(16)

where v,y 12 is the phase velocity and Zj o(e,s) is the
microstrip line characteristic impedance given by (). The
above equations leads to:

Clens) = licei1  lo€emr2 _ Ersfolllg.

17
coZoo h 1n

c0Zoo
In (13), C(e,3) can be evaluated replacing &, and g with
erp in equations (T4)-(T6):

hewy, | lagry erpeolile

Clen) = coZoo h

(18)
coZoo

C. Resonant resistance

The resonant resistances, I21 2, can be expressed [14, eq.
()], [18] eq. (4.23¢)]:

Q12 h

Rl 2 = C
T f1,2 €dyncrp€olila

)

082 (erff 172> (19)

leff 1,2
where to take in account the effect of the fringing fields the
edge-feed distance is corrected with [24]]

leg1,2 —li2
2
considering the patch effective length (7).

Teff1,2 = T1,2 + (20)

D. Model validation

Full-wave simulations performed with Ansys HFSS are in
good agreement with the model analytical results. Moreover,
effective permittivity and characteristic impedance, eqs. (6)
and (9), have been verified against numerical result for a
wide range of dielectric properties of the substrate and of
the embedding background by 2D simulations. The resonant
frequency formula, eq. (5), has been verified by a full-wave
3D simulations. It can also be easily verified, by inspection
of the equations, that the input impedance follows the general
rule in the case ;5 = €.

The analytical input impedances, from (3, well match the
simulated ones. In particular, the comparison for three cases
of embedding medium (¢, = 4,6 and 9) are shown in fig. [2]

The simulated and analytical values of the antenna input
impedance at 900 MHz are plotted in the range of interest, see
fig. | The comparison shows a good agreement between the
model and the simulations. The differences can be attributed
to the approximation introduced in the model, as for example,
the static nature of the model in eq. ().

IV. NUMERICAL RESULTS

The analytical model does not consider a lossy background.
Moreover, as described in section [II} a box is introduced for a
mechanical and chemical protection of the metal layers as well
as to increase its performance against the embedding medium
variations.

The comparison of |.Sy1| curves for three different &, values
is shown in fig. ] for the proposed antenna with covers
(material and geometric details in section [l). For each of
these cases the |S1;1| of the proposed antenna is lower than
—17 dB and the antenna is matched in the band of interest. The
impedance curves on Smith chart are plotted in the inset of the
same fig. ] from which can be appreciated the huge benefic
impact of the cover on the robustness of the antenna. These
results confirm that the use of a box with a proper designed
permittivity allows to achieve a good impedance matching in
the frequency band of interest and for a wide permittivity
range of the concrete. In particular, for this antenna, numerical
simulation show that the permittivity band at —10 dB is
enlarged from 5 < e, <9 to 4 < g, < 11 using the covers.

Also the axial ratio (AR) is highly improved by the covers,
see table For €,, = 4 and 9, the AR is lower than about
6 dB with covers and over 12 dB without them.
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Fig. 2. Smith chart with analytical and simulated antenna input impedance
for different embedding medium permittivity: €,, = 4, 6 and 9. Antenna
without covers.
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Fig. 3. Simulated and analytically computed real and imaginary part of the
input impedance for the proposed antenna vs permittivity at 900 MHz.

A parametric study has been done to evaluate how the
dimensions of the concrete block where antenna is embedded
modify the antenna input impedance and radiation pattern.
While the Sp; is not significantly affected by the concrete
dimensions radiation patterns can be influenced by dimensions
and shape of the latter. In particular LHCP gains have been
computed for the antenna embedded in concrete box with
different dimension, and for a flat interface air-concrete of
infinite extent. In the latter case the concrete semi-space was
simulated with a MoM based solver. In the worst case LHCP
gain is approximately —7 dB along the z axis and this power
loss could be accounted for in the link budget.

V. MEASUREMENTS

In this paragraph the experimental validation is presented.
The antenna has been realized and embedded into a concrete

. Erb=4

- |Syy|=-22.23 (dB)
—£,=6

s+ |Sy|=-18.91 (dB)
-o- €= 9

+ |Syy|=-17.81 (dB)

0.95 1.0

0.85 0.9
f (GHz)

Fig. 4. Simulated Si1; vs permittivity for the proposed antenna with
covers. The frequency band of interest is highlighted. Inset: simulated in-
put impedance on Smith chart. Infinite lossless background with concrete
permittivity €, = 4,6, 9.

TABLE II
SIMULATED AXIAL RATIO IN BORESIGHT DIRECTION. INFINITE LOSSLESS
BACKGROUND.
Erb:4 &“rb=6 Erb=9
No Covers 12.10 0.13 12.43
AR (dB) " Vers 6.13 0.49 461

block of side 15 cm, see fig. |5} The |S11] is in good agreement
with the simulation’s results as shown in fig. [6] and attains
—19.9 dB at 900 MHz. A comparison of simulated and
measured input impedance is shown on Smith chart in the
inset of the same fig. [} The slightly mismatch observed may
be due to the difference between the dielectric properties used
in the simulations and that of the actual concrete block (not
measured).

The measured LHCP gain is shown in fig. [7] for a block of
15 cm, where it can be seen that for § € +30° the LHCP gain
is greater than —3 dB.

VI. CONCLUSION

A compact patch antenna for wireless monitoring appli-
cations of concrete buildings has been designed by means
of an extended analytical model and numerical simulations.
It shows a robust performance against permittivity variation
of the embedding concrete thanks to a “region of guard”
with a proper assigned permittivity. This approach allows to
design in a simple way very stable antennas in terms input
impedance and axial ratio. As a result, the antenna work for
background permittivity values ranging from 4 to 11, while
keeping substantially unchanged the |Si1| at the frequency
of 900 MHz. Interestingly, the LHCP gain is in the range
[—3,—0.6] dB over an arc of £30 with the maximum in the
boresight direction. The overall results suggest the suitability
of the proposed antenna for an efficient power transfer in
wireless communications.
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Fig. 7. Simulated (contiunos line) and measured (squares) LHCP gain for
Fig. 5. The prototype antenna without the upper cover (shown on the right)  the proposed antenna in a cubic concrete block of side 15 cm.
embedded in the concrete block without the cap (3 cm thick) which simulates
the interface (shown on the left).
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