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Effects of the permittivity and conductivity of human body for
normal-mode helical antenna performance
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Kamilia Kamardin®, and Naobumi Michishita*

Abstract In the capsule endoscope application, a coil type antenna
namely a normal-mode helical antenna was used because of suitable shape
to deploy in a cylindrical capsule. In antenna design, many human tissue
conditions such as a stomach, fat and skin should be taken into account.
Here, losses of human tissues are changed depending on personal dif-
ferences and basic feature of the antenna in numerical simulation. At some
tissue examples, antenna input resistance (R;,) increases by the permittiv-
ity (&) and conductivity (o) effect were shown. In order to establish
antenna design method, physical mechanism of antenna input resistance
increases should be clarified. In this paper, input resistance increases are
numerically clarified for all changing conditions of permittivity and
conductivity through electromagnetic simulations. As for an antenna,
self-resonant normal-mode helical antenna of 0.2 wavelength is designed
at 402 MHz. In the case of ¢, = 11.6, the R;, value of 0.63 Q at 6 = 0 [S/m]
is increased to the maximum value of R;, =35Q at ¢ =0.3 [S/m]. For
understanding input resistance increases mechanism, electric field distri-
butions around antenna are also shown. To ensure simulation adequate-
ness, a measured result of input resistance is compared with simulated
result.

Keywords: normal mode helical antenna, human body

Classification: Devices, circuits and hardware for IoT and biomedical
applications

1. Introduction

The interest in research of wireless body area network
(WBAN) is demanding and constantly growing. Fig. 1
presents the application of wireless biotelemetry in health-
care system, in which sensor network operating autono-
mously while connecting the human body to various med-
ical devices.

One example of such device is wireless capsule endos-
copy (WCE), in which the antenna is ingested to detect
anomaly inside the intestinal tract. Since the introduction of
modernized WCE in the year 2000 by Iddan ef al. [1],
many WCE were made commercially available by presti-
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Fig. 1. Wireless biotelemetry in healthcare system.

gious companies, with constant effort in increasing
its diagnostic capabilities. This includes PillCam SB
(Given Imaging Ltd.), EndoCapsule (Olympus Medical
System Corp.), OMOM (Jinshan Science & Technology),
MiroCam (Intromedic), Norika-Sayaka (RF Systems Lab),
and CapsoCam SV1 (CapsoVision) [2, 3, 4, 5]. Fig. 2(a)
shows the generalized cross-section of a WCE unit, which
typically contains various sensors, batteries, a transmitter,
and an antenna, while 2(b) shows the internal configuration
of PillCamSB [6].
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Fig. 2. Cross section of WCE [6].

An antenna plays a crucial role in WCE systems.
However, designing the in-body antenna to operate at
minimum power consumption and making it small is a
challenging task [7]. Moreover, there are several require-
ments to fulfill for the antenna to be effective as a capsule
antenna, including: miniaturization to achieve impedance
matching at target frequency; spherical electric field dis-
tributions that enables transmission anywhere regardless of
location of capsule or receiver; diverse polarization that
allows efficient transmission regardless of capsule orienta-
tion; and straightforward tuning adjustment to compensate
human body effect [8, 9]. These can be achieved using
helix antenna.
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Prior studies proposed a few types of antenna to install
in WCE including conformal [10, 11, 12, 13], copper-
cylinder [14], micro-strip [15], spiral [16, 17], and loop
antenna [18]. However, a helix-type antenna is a promising
option, as supported by studies that proposes helical-type
antenna for a WCE system [19, 20, 21, 22]. Moreover, a
helix antenna is a magnetic type antenna, making it more
suitable to install inside a non-magnetic body such as
the human body tissue. The existing commercial WCE,
PillCam SB is installed with internal helix antenna as
shown in the previous Fig. 2(b), supports this statement.

Previously, it was suggested that a normal-mode hel-
ical antenna (NMHA) is a promising antenna to install
inside WCE when the structure is designed at self-reso-
nance, achieving relatively high efficiency at compact size,
in free space [23, 24]. As for NMHA embedded in human
body, an equation for self-resonant structure was clarified
[25]. Some example data for input resistance increase and
radiation field decrease were shown [26, 27, 28]. However,
to date, systematic understanding regarding the phenomena
of input resistance (R;;) and radiation changes of NMHA
corresponding to permittivity and conductivity was not
clarified. To contribute to the design of capsule endoscope
using this antenna, there is a need to investigate the
changes from lossless to lossy by varying the conductivity.

It is noted that the actual o of fat, skin, and stomach at
402MHz are given as o = 0.08, 0.69, and 1.0 [S/m],
respectively [29, 30]. Furthermore, the real conductivity
of tissues can never be lossless. However, individual dif-
ferences are relatively large in actual human bodies where
both the relative permittivity and conductivity changes in
some interval. Hence, the relative permittivity and conduc-
tivity is treated independently particularly for this study.

In this paper, input resistance and radiation field
changes by both changes of permittivity and conductivity
are numerically clarified. Effects of permittivity and con-
ductivity for electric characteristic changes are systemati-
cally shown. Moreover, by fabricating a human body
phantom, measured results of electrical characteristics are
obtained.

2. Fundamental equations of NMHA

2.1 Equivalent electric current model

The equivalent electrical current model is shown in Fig. 3.
The feed is set at the center of the antenna. The input
impedance (Z;,) of NMHA can be expressed by Eq. (1),
consisting of input resistance (R;,), and complex reactances
(jX). Meanwhile, R;, consists of small dipole resistance
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Fig. 3. Equivalent electric current model of NMHA.
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(Rp), small loop resistance (R;), and ohmic resistance of
wire (R,) shown in Eq. (2). The summation of R and R; is
equal to the antenna resistance, denoted by R, (Eq. (3)).
The conditions that allows this assumption will be ex-
plained in section 3. Meanwhile, the reactances X, consist-
ing of capacitive reactance (Xp) and inductive reactance
(X7) are sourced from small dipole and small loop, respec-
tively as shown in Eq. (4).

Zin = Rip + jX (D
Ry, =Rp+R;+R, 2)
R, =Rp+ R, 3)
X=X -Xp 4)

2.2 Self-resonant equation

Self-resonance of NMHA is achieved when the reactance
component is equivalent and cancel out each other
(X, = Xp), resulting in Z; becoming pure resistance, R;,.
Prior study has established the self-resonant equation
in human body condition [25]. The equation relates the
parameters of NMHA (N, D, H) to human body related
parameters (g,,4,) as shown in Eq. (5). Here, ¢, and A,
indicates the permittivity and wavelength in a human body,
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The left and right-side terms correspond to X; and Xp,
respectively. Due to the structural variables (H,D) are
normalized by wavelength, the structural equation is very
universal.

&)

3. Simulation results

3.1 Simulation parameters

Simulation model is set as following; NMHA at selected
parameter is embedded inside the center of homogenous
cylindrical phantom as shown in Fig. 4, assumed as a
solid-shaped dielectric body. The antenna is put in a small
capsule and a small air gap is placed between the antenna
and phantom.

— v —

Fig. 4. NMHA embedded inside phantom model.

The simulation parameters are summarized in Table I.
Simulation was performed using a Method of Moment
(MoM) method, using FEKO 7.0 software. Even though
the original motive of the study is centered on WCE
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Table I. Simulation parameters.

Parameter | Item/Values

Simulation | FEKO with Method of Moment (MoM)

Frequency | 402 MHz (MICS)

Dielectric | Permittivity, &, = 70.6 (stomach); 46.7 (skin); 11.6 (fat)
phantom Conductivity, ¢ = 0;0.3; 1.1 [S/m]
Mesh size of phantom, 4p = 44/30

L=W=30mm
Antenna Material = copper;
wire Diameter of wire, d = 1.2 mm;

Conductivity, o, = 58 x 10° [1/Qm] (copper);
No. of turns, N = 5;7;9
Mesh size of antenna wire, 4w = 1,/100

application, ¢, at different tissues that possibly surrounds
the stomach, namely skin and fat were also studied.

3.2 Self-resonant structure

Self-resonant structure of NMHA can be obtained by
solving Eq. (5). As for simulations, resonance is achieved
by adjusting parameters A and D for a given N, at selected
frequency 402 MHz. Self-resonant structures are shown in
Fig. 5. D and H is normalized to the wavelength of the
human body, 4,.

The self-resonant curves obtained by Eq. (5) and sim-
ulation agree with each other and allow us to ensure
antenna parameters (D,H) used in the simulation are
correct. It is interesting that the structures are not affected
by o. Six points labelled A to F are chosen to investigate
the effect of ¢, and o with respect to R,.
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Fig. 5. Self-resonant structure of NMHA in human body.

3.3 Input resistance when ¢, and o varied
At self-resonant structures, antenna input impedance be-
comes pure resistance (R;;). In the previous study, it was
reported that input resistance was increased as a result of &
increase. In Fig. 6, input impedance characteristics at the
structure E and F are shown. Black circle points indicate
self-resonant points at 402 MHz. The apparent resistance
shift of NMHA is observed. The resistance increases 19 Q
from E to F.

To see the trends more clearly, Fig. 7 is plotted, elab-
orating data of R;, at more discrete points of a.

At o =0 [S/m], R;, of structures A, C, and E become
Rin(A) =0.63Q, R;,(C)=0.31Q, and R;,(E)=137Q,
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Fig. 6. Input impedance in smith chart for structures E and F.
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Fig. 7. Input impedance across tissues of different permittivity and
conductivity.

respectively. One intriguing finding from the Fig. 7 is in
lower permittivity tissue, fat (e, = 11.6), where NMHA
exhibits the steepest R;, increase compared to the other two
with its highest magnitude at 0 = 0.3 [S/m], (R;, = 35Q),
as noted in the square-shaped region. As for stomach and
skin, the R;, experiences steady rise, then stays constant
from ¢ = 0.8 [S/m] and higher, shown by the circle-shaped
region. As a summary of R;, dependence on ¢,, it’s clear
that R;, increases in accordance with the increase of 0. As
for R;, dependence on ¢,, it is strange that the curves of
¢ = 70.6 exists between curves of ¢, =46.7 and ¢, =
11.6. For &, dependence, study of more data such as
electric field distributions are needed.

3.4 Near field distribution

In order to realize R;,, dependencies on ¢, and o, near field
distributions of electric fields are calculated. In Fig. 8, 9,
and 10, electric field distributions are shown for ¢, = 11.6,
e =46.7, and ¢, = 70.6, respectively. As for o changes,
significant points of Fig. 7 such as ¢ =0, 0.3, and 1.1
[S/m] are selected.

The magnitude of maximum value of received power
is denoted by [Sy1]. Sy power may relate to the produced
power at the antenna that is expressed by P, = V?/R;,. Sz
will be inversely proportional to R;,. At o = 0.3 [S/m], Sy;
are observed as 78, 95, and 97 dBV for ¢, values of 11.6,
70.6, and 46.6, respectively. This ¢, order corresponds to
the ¢, order shown in Fig. 7. At o = 1.1 [S/m], S,; values
become the same for ¢, of 11.6, 70.6, and 46.6, respectively
as shown in Fig. 7.

The near field distribution discussed in Fig. 8 to 10 is
important as the standard procedure of SAR estimation can
be done based on electric field data [31, 32]. Based on SAR
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Fig. 8. Distribution of electric field for dielectric with permittivity,
& = 11.6 (presumably fat tissue).
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Fig. 9. Distribution of electric field for dielectric with permittivity,
&, = 46.7 (presumably skin tissue).
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Fig. 10. Distribution of electric field for dielectric with permittivity,
& = 70.6 (presumably stomach tissue).

formula relating electric field to conductivity, one would
expect that the increasing conductivities will result on
decrease of electrical field. However, the SAR values may
also be influenced by impedance matching, which is influ-
enced by dielectric properties [33]. Since early in this paper
it was clarified that the NMHA is tuned to resonance, this
explains the inconsistent trends of S,; from Fig. 8 to 10.

3.5 Radiation pattern

Fig. 11. Radiation patterns.

The far-field contains important information to roughly
estimate the angular properties of the radiated field. Calcu-
lated radiation patterns at structures B, D, and F are shown
in Fig. 11. The solid line is E-polarization while dotted
lines show H-polarization. Antenna gains, (G4) become
—26dBi, —25dBi and —23 dBi at structures B, D, and F,
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respectively. In order to understand small antenna gains,
input resistance values are shown in Table II. For obtaining
R, value that correspond to radiation resistance, antenna
wire conductivity (,,) is set very large such as o,, = 10'°
[S/m] [34]. Then, the antenna efficiency (#,) is calculated
by the next equation.

R,

Na = m (6)

Meanwhile, 7, values are also shown in Table II.

Table II. Calculation of efficiency, 7,4

Parameters o=0[S/m] o=1.1[S/m]
Ru Rin 0=0) Rin(rr:l.l)
Struct. & ( Struct. "
@ | [ [©] A
A 11.6 | 0.307 | 0.485 B 24.1 —18.9dB
C 46.7 | 0.155 0.307 D 20.7 -21.5dB
E 70.6 1.222 1.370 F 20.4 —-12.2dB

From Table II, 5, for structure B and D is approaching
the same values as that of Fig. 11, while F shows largest
difference of —11dB from that of Fig. 11(c). In order to
estimate antenna gain, some factors such as impedance
mismatch between the material and free space, and radio
wave propagation loss in a material must be considered.
However, 5, degradation by an increase of R;, plays an
important part for determining G4 value.

4. Fabrication and measurement

4.1 Fabrication of antenna and phantom

EM absorber NMEHA
o
b i
g L
Balun

Fig. 12. Fabricated NMHA.

First, NMHA is fabricated at one selected point (F) as
shown in Fig. 12. The balun acts as suppressor of reverse
current. A stomach phantom was fabricated depending
on the list of ingredients shown in Table III. In the table,
the role of respective ingredients is also briefly highlighted
[35, 36]. The dielectric constants, ¢, and o were measured
at 8 points on the fabricated phantom.

Table III. Recipe of phantom and their attributes

Material ‘Weight (g) Role
Distilled water 400 Main ingredient
Polyethylene powder 6 Permittivity
Agar 175 Shapingf1 ga;(i curing
Sodium chloride 1.925 Conductivity
Xanthan gum 15 Adhesive agent
Sodium dehydro-acetate 0.25 Preservative




The averaged value of measured dielectric constant is
& = 70.6 and ¢ = 1.1 [S/m]. So, this dielectric constant is
selected in the previous sections.

4.2 Measured results

Measurement result of input impedance is shown in
Fig. 13. At point F, the impedance is 21.1 Q (measured)
and 20.4 Q (simulation). As for radiation pattern, compar-
ing to the dipole antenna level, antenna gain (G,) is
obtained as shown in Fig. 14. By the next equation;

G4 = 2.15dBi — (51dBm — 25dBm) [dBi]  (7)

G, becomes —23.85dBi. This value agrees well with the
calculated value of —23 dBi of Fig. 11(c). Good agreement
between simulated and measured results ensure correctness
of the simulation model.

5. Conclusion

Antenna input resistance dependence on permittivity
and conductivity is systematically clarified. From the elec-
tromagnetic results, it is shown that input resistance is
monotonously increased in accordance with the increase
of conductivity. However, dependence on permittivity is
has no direct correlation especially in the low permittivity
tissues, such as fat. By electric field distribution, it is
hypothesized that how the near field is dispersed in the
surface of phantom have a major effect on impedance
of antenna. A simple method for estimation of antenna
efficiency, gain, and loss factor is also proposed. Measured
results of selected points agree well with the simulation,
ensuring the correctness of the simulation model.

o

(a) Measurement setup (b) Results

Fig. 13. Input impedance measurement.
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Fig. 14. Radiation pattern measurement.
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