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Abstract— In this paper, the effective parameters of a metallic layer of rectangular split rings placed on
the top of a rectangular loop antenna in a lossy medium are investigated. The equivalent circuit
parameters are analyzed; and their effect on the antenna radiation efficiency and gain is discussed.
Investigations are conducted in a homogeneous lossy medium. It is found that decreasing each of the
length and height of the inner split ring investigated in this paper by 2 mm decreases the transmission
coefficient of the loop antenna by 23%. Also, it is found that increasing the strip width of the inner ring by
2 mm decreases the transmission coefficient by 38%. The effect of the equivalent circuit parameters of the
split rings on the performance of a loop antenna in a lossy medium is linked to the antenna radiation
efficiency and gain for the first time in literature. The results in this paper are very helpful to control the
parameters of split rings to increase the power radiated from loop antennas in lossy media.
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1. INTRODUCTION

There are several beneficial applications for antennas in lossy media such as
implantable and under-sea applications [1, 2]. The lossy medium absorbs most of the
antenna radiation. Therefore, the antenna in the lossy medium has usually small
radiation efficiency and gain [3, 4]. Magnetic type antennas are found to outperform
electrical type antennas in the nonmagnetic lossy medium which does not present
magnetic losses [4]. Hence, loop antennas which are magnetic in type are very popular
for applications in lossy media [5, 6]. However, a small ratio of power is usually
radiated outside the lossy medium even if loop antennas are used. The radiated power
can be increased if an insulation layer is placed between the antenna and lossy medium
[4]. However, the insulation layer is usually thin; and its effect on increasing the
radiated power is thus limited. The increase in the radiated power is larger for layers
based on the split rings than that for typical insulation layers. These layers tend to
increase the near magnetic field and antenna gain accordingly [7]. Although using such
layers was shown to be promising, it was rarely investigated in literature; and the
effect of its split ring parameters has not been investigated in depth. Such
investigations are important to exploit the split rings structure effectively to maximize
the increase in the radiated power. Hence, such investigations are still needed.
Therefore, this paper aims at investigating the effective parameters of the split rings
layer and studying how they work to increase the power radiated from the antenna in
the lossy medium. This paper is organized as follows: First, the antenna and layer
layout structure is presented. Then, effective design parameters of the rings are
discussed, via simulations, and linked to equivalent circuit parameters. The
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measurement results of the optimized structure are also presented. Finally, the paper is
concluded.

2. ANTENNA AND LAYER STRUCTURES

A typical rectangular loop antenna has been selected for investigation in this
paper. A layer of rectangular split rings has been also selected. The antenna and layer
are shown in Fig. 1. The layer has a small thickness of 0.1 mm; and is placed on the top
of the antenna. The structure of the antenna and layer is similar to that in [6]. However,
the dimensions are increased to obtain resonance at 403 MHz instead of 2.45 GHz.
403 MHz is the center frequency of the 401 - 406 MHz Medical Device Radio
communications Service (MedRadio) band which is mainly allocated for implantable
applications in the lossy human body [8, 9].

The antenna and layer are flexible. They are bent around a cylindrical implant of
5 mm in radius and 15 mm in length as shown in Fig. 2. The antenna and layer bent
around the implant are placed inside a homogenous lossy medium of a relative
permittivity (g,) of 57, conductivity (o) of 0.79 S/m and loss tangent (tan ) of 0.6226
which resemble the dielectric properties of a human muscle at 403 MHz [10]. The
antenna with a layer around the implant is placed at the center of a human body model
of an elliptic cylindrical shape which is (180x100x50) mm?3 in size. This model has been
particularly selected because it has provided an accurate evaluation of antennas in the
lossy human body despite its simplicity [7]. This model is shown in Fig. 3.
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Fig. 1. Layout structures of the: a) antenna; b) layer based on split rings (dimensions: mm).
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Fig. 2. Layout structures of the: a) antenna; b) layer based on split rings bent around the
cylindrical implant.

Fig. 3. The investigated lossy model (dimensions: mm).

3. ANALYSIS

The main parameters of investigation in this paper are shown in Fig. 1. These
parameters are the: split width (S), strip width (IV), spacing between the rings (G),
length of the inner split ring (L:) and height of the inner split ring (h:). The parameters
of the antenna and outer ring have the same dimensions. Only one parameter is varied
each time.

The split rings can be modeled as a LC tank circuit [11]. Some of its parameters
contribute to the capacitance while others to the inductance. This will be discussed in
the following subsections.

3.1. Effect of the Split Width and Spacing between the Rings

Both split width (S) and spacing between rings (G) are compared to spacing (d)
between the plates of a parallel plate capacitor. The capacitance Cp, [F] of a parallel
plate capacitor decreases as this distance increases as shown in Eq. (1) [12]:

Cop = &%m 1)
where € [F/m] is the permittivity of the dielectric material between the plates; and
Apiate [m?] is the plate area.

When the split width and spacing between the rings increase, the antenna
radiation efficiency increases. This is because the near electric field decreases. When
the near electric field |E| [V/m] decreases, the power absorbed P,,s [W] by the
surrounding lossy media is decreased. Consequently, the total radiated power P44 [W]
and radiation efficiency (1.) increase as shown in Egs. (2-4) [4].

Pin = Paps + Pref + Praa 2)
where P;;, [W] is the total input power; and P,.r [W] is the reflected power.
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Pabs = %fff SogenlElzdv (3)
where w [rad/sec] is the radian frequency; ¢, [F/m] is the free space permittivity;
ge is the imaginary part of the complex effective permittivity of the lossy medium.

Prad
= 4
e ="p 4)

The decrease of the near electric field resembles the decrease of the total

capacitance of the rings which is obtained when the split width and spacing between
the rings increase.

The resonant frequency f, [Hz] is shifted down when either S or G decreases. The
effective capacitance C,sf [F] increases for this case. When it increases, the resonant
frequency is shifted down as in Eq. (5) [11]:

PO
" 2m[LorCopr

where Ls [H] is the total effective inductance.

(5)

3.2. Effect of Length and Height of the Inner Loop

When the length and height of the inner ring increase, the antenna gain (G.,y) is
increased. The near magnetic field |H| [A/m] accordingly increases as shown in Eq. (6)

[3]. In like manner, the effective inductance of the circuit increases as shown in Eq. (7)
[13, 14].

~ 41 \/@(lHld’e(%))z

Geon = R, (ii)z (6)

where d' [m] is the distance at which |H| is taken or measured; u [H/m] is the
permeability; o [S/m] is the conductivity; 6 [m] is the skin depth; R, [Q] is the radiation
resistance; and i; [A] is the input current.

hi + [(h* +L%)
Loy = B0 (20 + ) + 2| (he? + 12) = Byt y
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@ + h;ln (2_"’> + Liln <£>] 7

i

where p, is the relative permeability; and u, [H/m] is the free space permeability.

When the length and height of the inner ring increase, the total effective
inductance increases. As the total effective inductance increases, the resonant
frequency is shifted down.

3.3. Effect of the Strip Width

Referring to Eq. (7), the effective inductance decreases when the strip width (W)
increases. This is reflected on decreasing the near magnetic field and gain with
reference to Eq. (6) [3].
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The effect of the split rings parameters can be summarized as follows:

e The antenna radiation efficiency increases when the effective capacitance of the
rings decreases. This is obtained when the split width (S) and spacing between the
rings (G) increase. The decrease in the effective capacitance is linked to the
decrease in the near electric field which reduces the power loss due to absorption.
When the absorbed power is reduced, the power radiated out from the human
body and radiation efficiency increases.

e The antenna gain is increased when the effective inductance of the rings increases.
This is obtained when the Length (L:) and height (1) of the inner ring increase and
when the width of the strip (V) decreases. The increase in the effective inductance
is linked to the increase of the near magnetic field. When the near magnetic field is
increased, the antenna gain increases.

o The resonant frequency is shifted down when the equivalent inductance or/and
capacitance increase. This is obtained when the split width (S) or/and spacing
between the rings (G) decrease and when the length (L;) and height (1) of the inner
ring increase. The resonant frequency is shifted up when the strip width (W)
increases.

4. VALIDATION

In this section, the effect of the split rings parameters discussed in the previous
section is validated via simulation and measurements. The reflection coefficient, near
electromagnetic fields and transmission coefficient are simulated. The simulation
results are evaluated in correspondence to the analysis in the previous section.
Simulations are conducted via the simulation package CST Microwave Studio [15].
Hexahedral meshes are employed; and a minimum distance of A\/4 is kept between the
structure and the edge of the simulation space. The antennas are fed by discrete ports
of 50 Q with an input power of 1 W. The reflection and transmission coefficients are
also measured; and the results are compared with the simulation results.

4.1. Effect of the Split Rings Parameters on the Resonant Frequency

The effect of the split ring parameters on the resonant frequency is evaluated by
simulating the reflection coefficient. The following parameters are investigated:
spacing between the rings (G), strip width (W) and split width (S). When the length (L))
and height (h;) of the inner ring are increased or decreased while maintaining the
dimensions of the outer ring, spacing between rings (G) is decreased or increased,
respectively. Hence, the effect of the length and height of the inner ring on the resonant
frequency is the same as that for the spacing between rings.

The simulated reflection coefficient for three values of the spacing between the
rings (G = 0.5 mm, 1 mm and 1.5 mm) is shown in Fig. 4. It can be seen from the figure
that the smallest resonant frequency (f, = 313 MHz) is obtained for G = 0.5 mm
because the largest equivalent capacitance is obtained for this value of G. The resonant
frequency is shifted up by 11 MHz when G is increased from 0.5 to 1.5 mm.
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Fig. 4. The reflection coefficient Sy; for different values of spacing between the rings.

The simulated reflection coefficient for three values of the strip width (W =1 mm,
2 mm and 3 mm) is shown in Fig. 5. It can be seen from the figure that the resonant
frequency is shifted up by 33 MHz (from 302 to 335 MHz) when the strip width is
increased by 2 mm (from 1 to 3 mm). This is because the effective inductance is
decreased when the strip width is increased.
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Fig. 5. The reflection coefficient Sy; for different values of the strip width.

The reflection coefficient for three values of the split width (S =2 mm, 4 mm and
6 mm) is shown in Fig. 6. It can be seen from the figure that the resonant frequency is
shifted up by 10 MHz (from 321 to 331 MHz) when the split width is increased by
4 mm (from 2 to 6 mm). This is because the effective capacitance is decreased when the
split width is increased.

The results in this section match very well with the analysis in the previous
section. While deep matching (S11<-10dB) is obtained for all the parameters
investigated in this subsection, other characteristics such as the radiated power which
is evaluated via the transmission coefficient are mainly considered for selecting the
optimum parameters. For example, the strip width is optimized at W= 2 mm although
deeper matching is obtained at 403 MHz for W = 3 mm. The transmission coefficient
for W =3 mm is smaller than that for W =2 mm as shown in the following subsection.
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Fig. 6. The reflection coefficient Sy for different values of the split width.

4.2. Effect of the Split Rings Parameters on the Transmission Coefficient and Near
Electromagnetic Fields

The parameters in the above subsection have been controlled carefully to obtain
the maximum possible radiation efficiency and gain and to obtain deep matching
(S11< -10 dB) at 403 MHz. The final parameters are summarized in Table 1.

Table 1: Dimensions of the optimized split ring layer parameters.

Parameter Symbol Dimension [mm]
Split width S 2
Strip width w 2
Spacing between the rings G 1
Length of the inner ring L; 24
Height of the inner ring hi 9

The fabricated antenna and layer are shown in Fig. 7. The antenna is made of a
copper tape. It is measured in a liquid phantom which is prepared from water, salt and
sugar. The ingredients are controlled to obtain &, = 57 and 6 = 0.79 S/m which are
measured using Agilent 85070E Dielectric Probe [16]. The antenna is wrapped around a
cylindrical object of 5 mm in radius and 15 mm in length. An insulation layer is
wrapped around the split rings layer during measurements to mitigate the cable effect
and provide accurate measurement results. This liquid phantom is shown in Fig. 7. The
antenna obtains deep matching (S11< -10 dB) at 403 MHz. The simulated and measured
reflection coefficients are shown in Fig. 8. The measured results are in good agreement
with the simulated results. Deeper matching is obtained for measurements at around
403 MHz. However, deep matching (Sui< -10 dB) is always obtained for both cases at
around this frequency.
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Fig. 7. Measurement setup: a) fabricated antenna; b) fabricated split rings layer; c) liquid phantom,
mimicking the lossy model.
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Fig. 8. The simulated and measured reflection coefficient Sy; for the antenna with the split ring layer
investigated in this paper.

The near electric and magnetic fields are computed inside the lossy medium for
different combinations of the split ring parameters. These combinations are
summarized in Table 2. Please, note that the combination number 0 stands for the
optimized parameters in Table 1. The transmission coefficient is computed at 403 MHz
at a distance of 2.5 m between the proposed antenna and the meandered loop antenna
proposed in [7] in a free space for different combinations of the split ring parameters.
The reduction in the transmission coefficient for these combinations in comparison
with that for the optimum parameters is summarized in Table 2. The change in the
near electromagnetic fields is also indicated. The results in the table show that the
transmission coefficient decreases when the length (L) and height (1) of the inner ring
decrease. It also decreases when the strip width of the inner ring increases because the
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total inductance decreases. When spacing between the rings (G) increases, the
reduction in the transmission coefficient becomes smaller (compare the results in the
third row with those in the second row of the table); and capacitance between the rings
decreases. This agrees very well with the analysis provided in this paper. As stated
above, the variations in the inductance and capacitance are reflected on the near
electric and magnetic field variations. The variations in these fields are indicated in
Table 2. These variations are corresponding to the variations in the inductance and
capacitance claimed in this paper.

Table 2: A comparison between the transmission coefficient and near electromagnetic fields for the
optimum and other split rings parameters.

Indication of change of the Percentage

Parameters’ combinations -
near electromagnetic fields  reduction in the

N(? of ) (5 W, G, Ly, i) Electric field Magnetic field tran‘srfussmn
Combination [mm] coefficient [ %]

1 (2,2,1,23,8) No change Decrease 12

2 (2,2,1,22,7) No change Decrease 23

3 (2,2,2,22,7) Decrease Decrease 18

4 (2,3,2,22,7) Decrease Decrease 37

5 (2,4,2,22,7) Decrease Decrease 50

6 (2,3,1,24,9) No change Decrease 23

7 (2,4,1,24,9) No change Decrease 38

8 (1,4,1,24,9) Increase Decrease 41

9 (3,4,1,24,9 Decrease Decrease 35

The normalized transmission coefficient and near electromagnetic fields for these
combinations are shown in Figs. 9 and 10, respectively.

The transmission coefficient and near magnetic field are normalized to the
maximum value that is obtained for the optimum parameters summarized in Table 1.
The near electric field is normalized to its maximum value obtained for combination
number 8.

The transmission coefficient (S;;) is used to quantify power transmission as in
Egs. (8, 9) [17].

Py
|Sz1|2 = P_r (8)
where P; [W] and B, [W] are the transmitted and received power, respectively.
GeGray®
|S211% = (LT—R)OZ(l - |S11|2)(1 - |522|2)6’p )

where G; and G, are the gain of the transmitting (the loop with the split rings layer)
and receiving (meandered loop) antennas, respectively. G, varies for different
combinations; G, is 2.15 dB at 403 MHz for the receiving meandered loop antenna [7];
Ao [m] is the free space wavelength which is calculated at 403 MHz; S;; and S,, are the
reflection coefficients of the transmitting and receiving antennas which are smaller
than -10 dB for the well-matched transmitting and receiving antennas in this paper;
R [m] is the spacing between the transmitting and receiving antennas which is 2.5 m
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for this case; and e, is the polarization mismatch factor which is considered to be unity.
The transmission coefficient is only affected by the variation of G for this case as all
other parameters are kept fixed.
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Fig. 9. The normalized transmission coefficient for the parameter combinations summarized in Table 2.
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Fig. 10. The normalized near electric and magnetic fields for the parameter combinations
summarized in Table 2.
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The transmission coefficient decreases when the length (L) and height (%) of the
inner ring are decreased as shown for the combinations number 1 and 2 because of a
decrease in the near magnetic field. When the near magnetic field is decreased, the
antenna gain (G;) decreases. The percent of reduction in the transmission coefficient
increases as the length and height of the inner ring decrease (see the results for
combination number 2). Around double the decrease in the transmission coefficient is
obtained in comparison with that for combination number 1 as each of Li and hi is
further decreased by 1 mm for combination number 2 in comparison with that for
combination number 1. Although the length and height of the inner ring for
combinations number 2 and 3 are the same, 5% larger transmission coefficient is
obtained for combination number 3. G is increased by 1 mm for this combination which
causes the effective capacitance and near electric field to decrease. When the near
electric field is decreased, larger power is transmitted outside the lossy medium to the
receiving antenna which increases the power received by the external antenna and the
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transmission coefficient correspondingly. A larger percentage of decrease in the
transmission coefficient than that for other parameters can be obtained when the strip
width is increased as can be seen for combinations number 4 to 7 in comparison with
that for combinations number 1 to 3. The transmission coefficient decreases when the
split width is decreased because the capacitance and near electric field are increased as
shown for combination number 8. Smaller reduction in the transmission efficient is
obtained for combination number 9 in comparison with that for combination number 8
because the split width is increased for this combination; and hence the near electric
field is decreased accordingly.

Most of the reduction in the transmission coefficient is attributed to the reduction
in the near magnetic field except for combination number 8. The reduction is caused by
an increase in the near electric field in addition to the decrease in the near magnetic
field. The reduction in the near electric field is small as 1 mm variation in the spacing
between the rings (G) or the split width (S) is only examined.

The transmission coefficient for the fabricated antenna with optimum parameters
is measured with and without the split rings layer at 403 MHz. The transmission
coefficient is increased by 3 dB when the split rings layer is used. This assures the
positive effect of the split ring layer.

5. CONCLUSIONS

In this paper, the effective parameters of a metallic layer based on rectangular
split rings placed on a loop antenna inside a lossy medium are investigated. The effect
of these parameters on the near electromagnetic fields, which play a major role in
communication inside lossy media, is discussed and linked to the equivalent circuit
parameters. The results in this paper indicate that optimizing these parameters can
increase the power radiated out of the lossy medium. The transmission coefficient
between a loop antenna in a lossy medium and an external loop antenna in a free space
can be increased by up to 50% when the overall parameters of the inner split ring
investigated in this paper are optimized. In the future, other structures and shapes of
the split rings might be investigated.
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