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Abstract — Recently, ingestible capsule endoscopy has
been developed to ease the dosimetry process in the
stomach and tract. In this application, a helical antenna
is used because its shape is suitable for a capsule. The
electric performance of a coil antenna can be analyzed
by the normal-mode helical antenna (NMHA) concept.
Previously, the design equations for NMHA have already
been developed in free space application. Application of
NMHA in the human body is innovative. Antenna design
equations and electrical performance should be clarified.
Presently, only self-resonant structure equations are
clarified.

In this paper, fundamental electric performances
such as the input resistance, bandwidth and radiation
characteristics are clarified through electromagnetic
simulations and experiments. As for a human body
tissue, the muscle is selected and a muscle phantom is
used for measurements. It is made clear, that the input
resistance and the bandwidth are increased by the
increase of the human body conductivity, while the
antenna gains are decreased.

Index Terms — Human body, NMHA, phantom, RF.

I. INTRODUCTION
Recently, radio frequency (RF) sensors inside
human bodies have been developed for healthcare
applications [1-2]. In implantable RF sensors, small
antennas, such as a planar inverted F-antenna and
microstrip antenna, were studied [3-4]. In addition,
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a helical antenna had been used as a very small
implantable antenna for a capsule endoscopy system [5-
6]. The helical antenna is promising because of its
suitable structure for a capsule. However, antenna design
method and performances were not made clear. The
fundamental design is a self-resonant condition that
creates input impedance to pure resistance and achieves
higher antenna efficiency. Previously, a structural
deterministic equation for a self-resonant condition
was developed for ease in practical applications [7].
Researches of NMHA in a human body condition are
very limited. Recently, a self-resonant equation in a
human body condition was developed [8]. Some studies
for input resistance changes and related performance
changes were reported [9].

In this paper, fundamental electric performances
such as the input resistance, bandwidth and radiation
characteristics are clarified through electromagnetic
simulations and experiments. In electromagnetic
simulations, a commercial simulator FEKO is employed.
In calculation, because antenna size is very small such as
one tenth of a wavelength and input resistance is less
than 0.1 Q, antenna segment size is optimized to be
1/100 wavelength. The accuracy of simulation results are
taken care. As for measurement, a human body phantom
is fabricated. The dielectric constants &= 52.7, 0 = 0.15
and & = 53.3, ¢ = 0.89 are achieved. Calculated and
measured results of the input impedance, bandwidth
and radiation characteristics are compared and good
agreements are ensured.
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I1. DESIGN EQUATIONS OF NMHA

NMHA have been a well-known antenna. All of its
important design equations are nearly clarified in a free
space application. However, for use in a human body,
equations are still under development. To understand
NMHA, present situations are summarized in this
chapter. A fundamental performance can be recognized
by the equivalent current model shown in Fig. 1 [7].
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Fig. 1. Equivalent current model of the NMHA.

The coil current is modeled by a straight current and
several loop currents. The straight current corresponds to
a small dipole with a radiation resistance (R/p) and
capacitive reactance (Xp). The loop currents correspond
to a small loop with a radiation resistance (R..) and
inductive reactance (X.). The input impedance is
expressed by equation (1):

Z, =R, +R, +R +I(X_ —Xp). (1)

Here, R, expresses the ohmic resistance of the
antenna wire. Furthermore, the input resistance (Rin) and
radiation resistance (Rraqg) are given as follows:

Rin = RrD + RrL + RI ! (2)
Rrad = RrD + RrL' (3)
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+——— Capsule
T Y
“ N D >

d
Alr-gap
H
L 60 mn —y‘/
e
60 mm
v

Fig. 2. Simulation model.

The situation of NMHA inside a human body is
shown in Fig. 2. NMHA is placed in a capsule and is
surrounded by a dielectric material with permittivity
and conductivity of & and o, respectively. The present
situations of important equation developments are
summarized in Table 1. In a free space condition,
all fundamental design equations are clarified. Other
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electric characteristics relating to impedance matching,
stored electromagnetic power, and bandwidth are
summarized in paper [10]. In a human body condition,
the resistance, reactance, and self-resonant structure
are affected by & and o of the surrounding material.
The most important equation for self-resonant structure
has already been developed [8], whereas those for
resistances are still under development. The equations
related to Table 1 are shown in the following.

Table 1: Overview of important design equations

Item In Free In a Human
Space Body
Radiation |Equations relating Equation are
. (Rro; RrL) |to antenna g
Resistances . under
Ohmic parameters are developin
(R) derived [10] ping
Capacitive |Equations relating N
(Xb) to antenna Deterministic
Reactances . equation is
Inductive |parameters are developed [8]
(X0) derived [7] P
Self-resonant B Determln_lstlc Determln]stlc
structure Xp=XL [equation is equation is
developed [7] developed [8]

A. In free space
Design equations for Rip, RrL and Ry are expressed
as follows:

R = 2022 (192, @
A
R, =3207° 24Nz, (%)
22
here, /1 is the wavelength in free space,
R = 0.6h @, (6)
d\oi

here, L, d and o are the total length, diameter, and
conductivity of antenna wire, respectively.

The capacitive and inductive reactances are
expressed as follows [7]:
2791H
b= e ()
N7(0.92H + D)
6007 x19.7ND?
= ®)

Y 2(9D+20H)
The self-resonance is given by Xp = X, and expressed as
follows:

o791 6007 x19.7N (2)?
A _ A

= )
Nz(0.927 + By oD oM
) A A

B. In human body
The inductive (X.) and capacitive (Xp) reactances
are expressed as follows [9]:



2, (9D +20H)
125H 4,
Xo=m o o f
a)C #N(L.1H + D)?
Here, g is the wavelength in the material and is
expressed as follows:

s
A, = . 12
b Jeu -
The self-resonant equation of NMHA is expressed
by the equation (13):

2
X, oL, \/7600;”19 7ND 10)

(11)
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111. ELECTROMAGNETIC SIMULATION

A. Simulation model

The simulation model is shown in Fig. 2. NMHA is
placed at the center of a dielectric cylinder with radius of
30 mm and height of 60 mm. A very small air gap of
1.0 mm is placed between the antenna and the dielectric
material.

B. Simulation parameters

The simulation parameters are summarized in Table
2. The effects of & and ¢ on the antenna resistances
are the main focus. As for a human tissue, a muscle is
selected with e, = 53, and o = 0.89 (S/m) given. To clarify
the effect of o, different values with ¢ = 0.15 (S/m) is
considered.

Table 2: Simulation parameters

Parameters Values
Method FEKO 7.0 (MoM)
Frequency 402 MHz
Wavelength (1g) 102.5 (mm)
Dielectric Constant =53, ur=1;06=0.15, 0.89
(Muscle) (S/m) p = 1040 (kg/m®)
Segment size of
material Ag/40
Number of turns (N) 5,7;9

L Copper
Metallic wire (o = 58 * 10° [1/Qm])
Diameter of 0.5 mm
Antenna wire (d) '

Segment size of 34/100
antenna wire

For the calculation of the antenna wire and dielectric
material, the method of moment (MoM) scheme is used.
In order to calculate very small size antenna (between
0.05 4410 0.2 4g) and very small input resistances (around
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0.1 Q or less) accurately, segment size of the antenna
wire are carefully determined. At the segment size of
/100, calculated results converged. For a dielectric
material, the segment size of A4/40 is selected.

C. Antenna structure

Based on the self-resonant equation of equation
(13), the antenna structures are determined. A
comparison of the structure obtained from equation (13)
and that of simulation results are shown in Fig. 3, where
both values conform to each other. The antenna
structures are only dependent with & and not with o. At
a given N value, the antenna diameter (D) change is
minimal for length (L) changes. This change is similar to
that of the compression of a wire spring in which an
increase of N, decreases the D. The point A indicate the
study antenna structure of D =8 mm, H=20 mm, N=9.

0147 5 =53;/f=402 MHz.
0.12-
0.10-
0.08-
(=2
K
3 0.06-
+— Sim. (0=0.89)
0.04 4 e---e Sim. (o=0.15)
=—a Eq. (13)
0.02-
0.00 . . : :
0.05 0.10 0.15 0.20
Hizg

Fig. 3. Comparison of self-resonant structures.

D. Input impedance

The Smith chart display of the input impedance is
shown in Fig. 4 and the resistance values are shown in
Table 3.

-50j

Fig. 4. Antenna input impedance.
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Table 3: Antenna resistance value

¢ (S/m) Rio+RrL (Q) Ri(Q) Rin (Q)
0.00 0.078 0.0357 0.44
0.15 0.078 0.0357 8.58
0.89 0.078 0.0357 22.80

With the increase of o value, the input resistance is
increased. When a low-resistance antenna is placed near
a wave absorber, the resistance increases, because the
increase of & corresponds to an increase of wave
absorbing ability; there by, a very small resistance at o =
0 (S/m) is dramatically increased by the increase of o.

E. Antenna gain

The effects of ¢ in the radiation characteristics are
investigated. The antenna efficiency () and antenna gain
(G) are shown in Table 4. Here, 5 is calculated by
equation:

Rd
= 14
n R (14)

where 7 is significantly decreased by an-increase in Rin,
in the case of existence of ¢ value.

Table 4: Antenna resistance value

6 (S/M) |Rrad (Q) | Rin () | 1 (%) | 5 (dB) |G (dBi)
0.00 0078 | 0.44 | 1793 | 74 | -175
0.15 0078 | 858 | 091 | -204 | -187
0.89 0.078 | 2280 | 034 | 247 | -245

0 G, =~ 17.5dBi —— Sim(c=0)
30 G,,=-187d8i = -SiM(c=015) )
G,,,=-246d8i — = Sim(c=0.89)

300/ 0 Tl \ 300 i

210 150

(a) Horizontal plane

180

(b) Vertical plane
Fig. 5. Radiation patterns.

The radiation patterns of the electric field are shown
in Fig. 5. In the vertical plane, the radiation pattern forms
8 shape. The antenna gain (G) is expressed as follows:

G=n+G,, - L,(dBi), (15)

here, Gpa indicates the character 8 shape radiation
pattern as shown in Fig. 5 (b), Gpa becomes 2 dBi. L,
indicates the attenuation of the electromagnetic power
through the absorbing material. At ¢ =0.15 and ¢ = 0.89,
La becomes 1 dB and 3 dB, respectively. So, Antenna
gains of 18.7 dBi and 24.5 dBi are considered adequate.
In the case of ¢ = 0, antenna gain is reduced from the 5

ACES JOURNAL, Vol. 35, No. 1, January 2020

value. In order to investigate this reason, electric field
distributions of 6 = 0 and 6 = 0.15 are obtained as shown
in Fig. 6. In the case of o = 0 shown in Fig. 6 (a), electric
field spreads widely out of the antenna. However, the
case of o = 0.15, electric field degradates rapidly out
of the antenna. So, reflections caused by the surface
impedance mismatch become larger in the case of 6 =0
case. These reflections may become main reason of
10 dB degradation.

(b) o = 0.15

(a) c=0

dBV/m
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Fig. 6. Near field.

IV. EXPERIMENTAL RESULTS

A. Phantom

To measure the antenna electrical characteristics
inside a human body, human body phantoms are
fabricated, which are composed of chemical powders,
such as Agar, Polyethylene, Sodium chloride, Sodium
dehydroacetate, monohydrate and Xanthan gum [11-12].
These chemical powders are mixed with distilled water
and then heated. To complete a phantom, the heated
material is placed in a case. The fabricated phantoms are
shown in Fig. 7.

(d) Phantom 1 (¢ = 0.15) (b) Phan tom 2 (¢ = 0.89)
Fig. 7. Experiment of phantom.

A round hole and a guide groove are provided for
installation of the antenna and feed cable, respectively.
Positions #1, #2, and #3 indicate the locations used
for the measurement of the dielectric constants, using
a dielectric probe kit of Keysight N150/A. With this
module, the measured dielectric constant (em) is expressed
as a complex value as follows:



gm:gr_jgi:gr_j 7 ’ (16)
wE,
here, & is the permittivity of a vacuum.

Then, o is obtained by the next expression:
o=2rfegeg,. an
The measured results of e, ¢, and o at #1, #2, and #3
locations are summarized in Table 5. In the process of
putting the melted phantom in the container, the phantom
densitie become different by the cooling speed differences
of the phantom parts. To achieve the same value as a
muscle (er = 58.8 and ¢ = 0.84) is rather difficcult. So,
the value &r =53.3 and ¢ = 0.89 is used as a representative
of a muscle. For phantom 1, the average values of ¢ and
oare 52.7 and 0.15, respectively. For the phantom 2, the
average values of & and o are 53.3 and 0.89, respectively.

Table 5: Measurement results of phantom

Phantom 1 Phantom 2
Parameters
Er &i g Er Ei [
#1 545 | 6.8 | 0.1511 | 53.0 | 41.0 | 0.9111
#2 554 | 7.0 | 0.1555 | 52.7 | 40.8 | 0.9066
#3 49.0 | 5.8 | 0.1288 | 54.3 | 39.0 | 0.8666
Averages 52.7 | 6.5 [ 0.1450 | 53.3 | 40.3 | 0.8940

B. Input impedance

The measurement set up is shown in Fig. 8. The
antenna with a feed cable is set at the center hole and the
guide groove as shown in Fig. 8 (a). The antenna size is
D =8 mm, H =20 mm, N = 9. A plastic insulator is
placed between the phantom and antenna with a cable to
avoid antenna contact with the phantom.

(i

(b) Input impedance
measurement by VNA

(@) NMHA in phantom

Fig. 8. Experimental of input impedance setup.

For the input impedance measurement shown in
Fig. 8 (b), the antenna portion is covered by an upper
phantom. The measured input impedances are shown in
Fig. 9.

The measured results of ¢ = 0.15 and ¢ = 0.89
phantoms conform well to the calculated results.
Therefore, the increase of the input resistance using the
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o value is ensured in the experiment.

-50j -50j

(@) Phantom 1 (¢ =0.15)  (b) Phantom 2 (¢ = 0.89)

Fig. 9. Input imperdance of NMHA in phantom.

C. Bandwidth
The bandwidth can be expressed by R, as follows.
The Rin and antenna Q factor are related by equation (18):

XL
=L 18
Q R, (18)
here, X is the input inductance shown in equation (10)
and equation (11).
Then, the bandwidth (BW) at the specified VSWR is
expressed by the equation (19):

_ VSWR-1

QWVSWR

As aresult, BW becomes proportional to Rin.
The measured and simulation results of the antenna
VSWR characteristics are shown in Fig. 10.

BW (19)

c=0.15

10 - O'I: 0.89

VSWR

0 — T T T T T T T
360 370 380 390 400 410 420 430 440 450 460

Fig. 10. Comparisons of antenna bandwidth in phantom.

The calculated and measured results at ¢ = 0.15 and
o = 0.89 conform well to each other. At VSWR = 2, the
bandwidth of NMHA in phantom 1 and phantom 2 are
4.6 MHz and 16.4 MHz and correspond to a fractional
bandwidth of approximately 1.2% and 4.1%. The
bandwidth extensions correspond to the increases of Riq
in Table 4.
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D. Radiation patterns

The set-up of the radiation pattern measurement is
shown in Fig. 11. The structure of Fig. 8 (b) that NMHA
is covered by a phantom is set on a turntable. The
measured antenna is seen in front and the transmission
dipole antenna is seen in the opposite side. To measure
very small signal level around -20 dBi, the leakage current
and reflected wave from the surroundings are carefully
reduced. To suppress leakage current on the feeding cable,
the cable is covered by a radio wave absorber sheet.

Fig. 11. Experimental of radiation setup.

1). Radiation pattern with phantom 1 (¢ = 0.15)

The measured and calculated radiation patterns in
the horizontal and vertical planes are shown in Fig. 12
and Fig. 13, respectively. The measured antenna gain is
obtained by comparing received levels with the reference
half wavelength dipole antenna. Both results agree well
at the main polarization and cross polarization.

— Sim. 0
- - Meas. 330

— Sim. 0
- - Meas. 330

(a) Xross pol.

Fig. 12. Horizontal plane.

— Sim.
- - Meas. 330

270

240

(a) Xross pol.

(b) Main pol.

Fig. 13. Vertical plane.
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2). Radiation pattern with phantom 2 (o = 0.89)

The measured and calculated radiation patterns in
the horizontal and vertical planes are shown in Fig. 14
and Fig. 15, respectively. Both results agree well at the
main polarization and cross polarization.

— Sim. 0

— Sim. 0
- Meas. 330 -

180

(a) Xross pol.

Fig. 14. Horizontal plane.

JE— 0
Sim. 10 — Sim. 0

180

(a) Xross pol. (b) Main pol.

Fig. 15. Vertical plane.

V. CONCLUSIONS

To clarify the electrical characteristics of a normal-
mode helical antenna (NMHA) placed in a human body,
the change in the input resistance and antenna gain at
different conductivity are obtained by simulations and
measurements. When the conductivity (o) is changed:
at 0, 0.15, and 0.89 (S/m), the input resistance (Rin)
become: 0.44, 8.58, and 22.8 (Q2), respectively. With an
increase in Rin, the antenna efficiency (#) is also changed:
-7.4, -20.4, and -24.7 (dBi) for ¢ = 0, 0.15, and 0.89
(S/m), respectively. The accuracy of the simulated
results confirmed through measurement using a human
body phantom, and the two results agree well. Thus, a
new finding that the input resistance increases as
conductivity increases is established.
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