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Abstract. A novel UWB antenna working in the 805.15.6 Low-UWRB region is
proposed in this paper. The antenna is targeted for Wireless Capsule Endoscopy
(WCE) localization. Simulation results show that the antenna performs well at 4
GHz with a 500 MHz bandwidth which is complaint with the IEEE 802.15.6
standard for Body Area Networks (BAN). A preliminary study on the single an-
tenna performance is presented first, followed by the introduction of the box-
shaped cavity version of the antenna structure. Both types of antenna are direc-
tional with high gain. To investigate WCE applications, the cavity antenna in
proximity of a multi-layer model emulating human body tissues properties at 4
GHz was also simulated.

Keywords: High gain, directional, small intestine, low-UWB band, multi-layer
model, WCE.

1 INTRODUCTION

In recent years UWB directive antennas have been in demand for applications in
radar, sensing, and telemetry systems. UWB have also been of interest in the area of
Wireless Capsule Endoscopy (WCE) in particular when investigating its use in clini-
cal studies of the small-intestine, a component of the Gastrointestinal (GI) tract [1-2].

In the context of WCE, using UWB band [3.1-10.6 GHz] has the advantage of
providing high resolution, in the order of millimeters, and low power consumption in
contrast with the use of narrow-band systems [3]. On the other hand, the use of higher
frequencies in on-/in body communications incur large path loses. Thus the goal to
use as low UWB band as possible for WCE localization purposes [4-5] to minimize
path loses and obtain high image resolutions [5].

Several published papers emphasize the importance to comply with the Low-
UWB band IEEE 802.15.6 standard [6-7]. Therefore a number of implantable anten-
nas working in the 3.4-4.8 GHz range have been implemented [5], [8-10]. An UWB
trapezoid monopole antenna [11], a broadband horn antenna [5], a planar unbalanced



dipole antenna [12], and a helical receiving antenna [13] have been used as receiving
antenna for tests and measurement in WCE localization scenarios using different fre-
quency ranges.

In this paper an UWB antenna operating in the Low-UWB band of the IEEE
802.15.6 standard is presented. The proposed antenna is directional and provides high
gain. A comparative study of published UWB antennas is found in [14] confirming
that the proposed antenna has a very good performance and that is a good candidate as
a receiving for WCE localization systems. The detailed antenna structure is described
in Section 1. Antenna configuration, analysis and discussion are provided in section
I11. Conclusions and future work are included in Section IV.

2 Antenna structure

2.1  Antenna design

The proposed antenna is a dipole type of antenna. The structure is printed on a
FR-4 material with 1.6 mm thickness (hs), 30 mm width (WSs), and 25 mm in length
(Ls). Let A (%) be the wavelength at 4 GHz (center frequency of the IEEE 802.15.6

Low UWB band). The antenna size then corresponds to 0.41A x 0.33A x 0.021A. The
ground plane is a combination of a rectangle and an inverted-L form, while the radia-
tor element has a close inverted-L shape. The antenna structure is fed by a microstrip
line of 3 mm width. Front and back sides of the proposed UWB antenna geometry are
depicted in Fig. 1. Optimized parameters of the proposed Low-UWB antenna are
summarized in Table 1.
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Fig. 1. Geometry of the proposed Low-UWB band antenna. (a) Front side (b) Back side.

Table 1. OPTIMIZED PARAMETERS OF THE PROPOSED LOW UWB ANTENNA

Parameter Ws Ls hs W1 W2 W3 W4 W5
Value (mm) 30.3 25 1.6 3 164 3 1315 1315

Parameter W6 W7 L1 L2 L3 L4 L5




Value (mm) 4 95 2014 29 12 2 7.14

3 Antenna configuration and analysis

3.1 Single Low-UWB antenna

Every parameter affects the antenna’s impedance and resonant frequency. For the
sake of brevity the parametric study here is limited to L2 and W7 tune effects on the
antenna frequency response.

The effect of L2’s length on the reflection coefficient of the proposed UWB anten-
na is illustrated in Fig. 2 (a). Varying L2 values from 1.5 to 4.5 mm resulted in a sig-
nificant shift in the bandwidth and in the resonant frequency in the Low-UWB band.
The optimal L2 value that complies with the IEEE 802.15.6 standard is chosen to be
2.9 mm. By using this value, the covered bandwidth is [3.74 - 4.25 GHz] and the
achieved resonant frequency is 3.906 GHz with maximum reflection coefficient of
about -17.16 dB. For the case when the length of L2 is increased to 4.5 mm, the
bandwidth shifts to the left [3.63-4.12 GHZz] and the achieved resonant frequency is at
3.789 GHz with the reflection coefficient of -17.39 dB. When L2 is set to1.5 mm, the
bandwidth shifts to the right [3.8-4.37 GHz] and the achieved resonant frequency is at
4.014 GHz with the reflection coefficient of -19.32 dB.

The effect of W7’s length on the reflection coefficient of the proposed antenna by
is illustrated in Fig. 2 (b). Varying W7 values from 9.5 to 10.5 mm with a step of
0.5 mm reveals that the lower frequency remains quite constant, while increasing W7
leads to a decrease of the upper frequency which degrade significantly the resonant
frequency and the maximum reflection coefficient from 3.906 to 3.8 GHz and from -
17.16 to -13.33 dB, respectively.
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Fig. 2. Reflection coefficient of the proposed single UWB antenna (a) by varying L2 (b) by
varying W7.




The input impedance of the proposed Low-UWB single antenna is shown in
Fig. 3 (a). At 4 GHz, the real part of the parameter Z11 is 49.22 Q =~ 50 Q and the
imaginary part is about 9.93 Q. It can be then concluded that the proposed antenna
has an inductive behavior at 4 GHz center frequency. Besides, these results show that
the antenna has a good impedance matching of about 50 Q.
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Fig. 3. (a) Input impedance and (b) Surface current distribution of the single Low-UWB
antenna at 4 GHz (Solid arrow: Front side, dashed arrow: Back side).

The surface current distribution of the Low-UWB antenna at 4 GHz is illustrated
in Fig. 3 (b). Current directions in the front and back sides are represented by solid
and dashed arrows, respectively. It is clearly seen on this illustration that, currents are
cancelling each other at part A while at part B currents are moving in opposite direc-
tions.

Directivity results of the proposed single Low-UWB antenna at the frequencies
3.74 GHz, 4 GHz and 4.26 GHz are shown in Fig. 4. These results show that, the
single antenna is directive toward Y-axis. At the three frequencies, total and radiation
efficiencies are less than 1 dB, which implies a good operation of the proposed anten-
na. Additionnaly, it is worth noting that, directivity achieves high values up to 6.18,
6.04 and 5.52 dBi at the frequencies 3.74, 4 and 4.26 GHz, respectively.

Radiation patterns of the single Low-UWB antenna at 3.74, 4 and
4.26 GHz are plotted in Fig. 5. Gain values, by cutting axis plans at Theta= 90°,
Phi=90° and Phi= 0°, are summarized in Table. 2. It is clearly shown that, with the
frequency increase from 3.74 to 4.26 GHz, the directivity decreases slightly to reach
6.18 and 5.52 dBi, respectively. However, maximum directivity is always toward Y-
axis (Theta= 90°).



3.74 GHz 4.26 GHz

Fig. 4. Directivity of the single Low-UWB antenna with the hidden substrate at 3.74 GHz,
4 GHz and 4.26 GHz.
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Fig. 5. Radiation patterns of the single Low-UWB antenna at 3.74 GHz, 4 GHz and 4.26 GHz
(Black=>Phi= 0°, Red=>Phi= 90° and Blue=>Theta= 90°).

Table 2. GAIN VALUES OF THE PROPOSED SINGLE LOW-UWB ANTENNA BY
CUTTING AXIS PLANS

Frequency [GHz] Theta= 90° [dBi] Phi= 90° [dBi] Phi= 0° [dBi]

3.74 6.17 6.14 -1.46
4 6.04 5.99 0.674
4.26 5.52 5.46 151

3.2 Cavity approach

In this second part, a metallic box serving as a cavity with a thickness of 0.5 mm
is used. The cavity approach is used to act as a reflector ensuring good directivity and
high gain improvement [15-16]. The single antenna is positioned in the cavity center.
The cavity size is 90.8 x 85 x 39.5 mm? which corresponds to 1.21% x 1.13% x 0.52A
(A is the wavelength at 4 GHz). The overall configuration of the proposed cavity-
backed Low-UWB antenna is illustrated in Fig. 6 (a).
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Fig. 6. (a) Overall view of the cavity-backed Low-UWB antenna. (b) Reflection coefficient of
the cavity-backed Low-UWB antenna by tuning W2, L2 and L3 parameters.

Antenna parameter values are reviewed when introducing the cavity. The most in-
fluencing parameters are W2, L2 and L3, the antenna is more sensitive to these pa-
rameters. Fig. 6 (b) shows the reflection coefficient of the single antenna inserted
within the cavity (case A). However, tuning slightly the previously mentioned param-
eters adapt well the antenna to improve its performance (case B).

Input impedance matching of the proposed cavity-backed Low-UWB antenna at
the resonant frequency of 3.85 GHz is presented in Fig. 7 (a) real part of the parame-
ter Z11 is 55.1 Q and the imaginary part is about -0.1 Q = 0 Q. It can be concluded
from this input impedance study that the proposed antenna has a good impedance
matching around 50 Q.
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Fig. 7. (a) Input impedance of the cavity-backed Low-UWB antenna at Fr=3.85 GHz. (b) Radi-
ation and Total efficiency of the cavity-backed Low-UWB antenna over the desired bandwidth.

Radiation and total efficiency of the cavity-backed Low-UWB antenna over the
covered bandwidth is less than -1 dB as presented in Fig. 7 (b). Therefore, the antenna
seems to operate well at Low-UWB band which shows its conformity with IEEE
802.15.6 standard.



Directivity results of the cavity-backed Low-UWB antenna at the frequencies
3.63 GHz, 4 GHz and 4.43 GHz are given in Fig. 8. These results show that, the
single antenna is directive toward Z-axis. At the three frequencies, total and radiation
efficiencies are between -1 and 0 dB, which implies the good operation of the
proposed cavity-backed antenna. Additionnaly, it is worth noting that, directivity
achieves high values up to 9, 8.98 and 8.41 dBi at the frequencies 3.63, 4 and
4.43 GHz, respectively.

Radiation patterns of the single Low-UWB antenna at 3.63, 4 and 4.43 GHz are
plotted in Fig. 9. Gain values, by cutting axis plans at Theta= 90°, Phi=90° and
Phi= 0°, are summarized in Table. 3. It is worth nothing that, the directivity decreases
from 9 to 8.41 dBi with the increase of frequency from 3.63 to 4.43 GHz. However,
maximum directivity is always toward Z-axis (Phi=90°). It is concluded that, the
cavity approach comes as a solution to change antenna directivity from Y-axis to
closely Z-axis. The cavity approach has proved a significant increase of the maximum
gain from 6.04 to 8.98 dBi at 4 GHz. Therefore, the aim of this approach for Wireless
Capsule Endoscopy localization is to reinforce the radiation to Z-axis and hence to
direct the field to the body so the penetration is better with lower power.
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Fig. 8. Directivity of the cavity-backed Low-UWB single antenna at (a) 3.63 GHz, (b) 4 GHz
and (c) 4.43 GHz.
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Fig. 9. Radiation patterns of the cavity-backed Low-UWB antenna at (a) 3.63 GHz, (b) 4 GHz
and (c) 4.43 GHz. (Black=>Phi= 0°, Red=>Phi= 90° and Blue=>Theta= 90°).

4.43 GHz

Table 3. GAIN VALUES OF THE PROPOSED CAVITY-BACKED LOW-UWB ANTENNA
BY CUTTING AXIS PLANS

Frequency [GHZz] Theta= 90° [dBi] Phi= 90° [dBi] Phi= 0° [dBi]

3.6558 0.072 8.95 5.57



3.906 0.751 9.32 6.86
4 1.89 8.93 5.83
4.4361 1.12 8.39 5.7

3.3  On-Body simulation results

The performance of a cavity-backed Low-UWB antenna in the vicinity of a hu-
man body is investigated in this section as illustrated in Fig. 10 (a). Since WCE local-
ization is important within the small-intestine part of Gl tract, for simplicity and as a
preliminary realistic study, multi layers in close proximity of the proposed antenna are
placed and introduced to emulate dielectric properties of the skin, fat, muscle and
small-intestine at 4 GHz. The layer arrangement with the associated thickness is as
followed: Skin (2.3 mm), fatl (11 mm for males and 18 mm for females), muscle
(2.7 mm for males and 4.3 mm for females), fat2 (10 mm for males and 30 mm for
females) and small-intestine (2 mm) [17][18]. The dielectric properties of the human
tissues at 4 GHz are presented in Table 4 [19-20].

In the literature, for example in [21], the distance between the receiving antenna
and the human model is 5 cm. In this study case, the simplified layer is placed at 3 cm
from the proposed cavity-backed Low-UWB antenna.
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Fig. 10. (a) Cavity-backed Low-UWB antenna in close proximity to the human model. (b)
Comparison of reflection coefficient with different study cases.

A comparison study based on the reflection coefficient of the proposed cavity-
backed antenna in proximity to human model is shown in Fig. 10 (b). The study cases
distinguish between healthy and overweight persons by selecting the gender (male
and female).The introduction of the multi-layer model in vicinity to the proposed
cavity-backed antenna assure a bandwidth around [3.62-4.55 GHz], for all the study
cases, which covers the required bandwidth [3.75-4.25 GHz] for Low-UWB band of
IEEE 802.15.6 standard for Body Area Network (BAN). However, it is clearly seen
from the results presented in Table 5 that maximum reflection coefficient for
overweight persons is higher that for healthy persons. Furthermore, the maximum
reflection coefficient for female tissues is higher than for male tissues. The resonant



frequency is around 4.27 GHz for different human tissues. From Table 5, it is
concluded that the proposed cavity-backed Low-UWB antenna is suitable to WCE
purposes and conforms well with the IEEE 802.15.6 standard.

Table 4. DIELECTRIC PROPERTIES OF HUMAN TISSUES AT 4 GHZ

Tissue Layer Permittivity Conductivity (S/m) Tang Loss
Small Intestine 51.7 4.62 0.402
Muscle 50.8 3.01 0.267
Fat 5.13 0.183 0.16
Skin 36.6 2.34 0.287

Table 5. ANTENNA PERFORMANCE PER STUDY CASE

Study Case Fr BW S11|Fr
Healthy Male 4.28 GHz [3.62 — 4.52 GHz] -26.71 dB
Healthy Female 4.29 GHz [3.62 — 4.55 GHz] -36.97 dB
Overweight Female 4.29 GHz [3.6 — 4.59 GHz] -43.75 dB
Overweight Male 4.29 GHz [3.6 — 4.55 GHz] -27.54 dB

Radiation patterns of the single Low-UWB antenna at 3.57, 4 and 4.43 GHz in
vicinity to human tissues are plotted in Fig. 11. Gain values, by cutting axis plans at
Theta= 90°, Phi= 90° and Phi= 0°, are summarized in Table. 5. Results show that high
gain is still maintained even in close proximity to different human tissues (multi lay-
ers model). However, maximum gain is slightly decreased for overweight person
cases. It is clearly seen that, different human tissues features (gender, thickness) do
not affect too much the resulted radiation pattern.
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Fig. 11. Radiation patterns of the cavity-backed Low-UWB antenna at 3.57 GHz, 4 GHz and
4.43 GHz. (a) Phi=0°, (b) Phi=90° and (c) Theta=90° (Black solid=>Healthy Male, Blue
solid=>Healthy Female, Black dashed=>Overweight Male and Blue dashed=>Overweight

Female).

Table 6. GAIN VALUES OF THE PROPOSED CAVITY-BACKED LOW-UWB ANTENNA
IN CIVINITY TO HUMAN MODEL LAYERS BY CUTTING AXIS PLANS

Study Case Frequency [GHZz] Theta= 90° [dBi] Phi= 90° [dBi] Phi= 0° [dBi]

3.5757 3.82 3.78 451
Healthy Male 4 453 4.63 6.81
4.4361 3.06 5.32 3.89

3.5757 3.92 4.24 3.9
Healthy Female 4 4.89 2.53 6.63
4.4361 3.19 4.57 2.87
3.5757 4.33 4.43 3.99
Overweight Female 4 5.32 2.58 6.38
4.4361 3.18 4.59 251
3.5757 3.84 3.88 4.67
Overweight Male 4 4.83 4.47 6.53
4.4361 2.97 5.21 3.54
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4 Conclusion and perspectives

A new Low-UWB band directive antenna for WCE localization systems is pre-
sented in this paper. Good directivity is achieved for both single antenna and cavity-
backed antenna. Furthermore, they both comply with IEEE 802.15.6 standard re-
quirements. For the single antenna, the gain reaches a value of 6.14 dBi at 4 GHz. For
the proposed cavity-backed antenna, the gain is increased to 8.93 dBi at 4 GHz. The
work was not restricted to free space investigations, but also an on-body preliminary
realistic study was carried out. For this end, a multi-layer model emulating dielectric
properties of the different human tissues at 4 GHz was used and satisfying results are
concluded. According to the presented simulated results, it is concluded that both
single antenna and cavity-backed antenna provide satisfying results for WCE localiza-
tion purposes. Fabrication, measured results and necessary tests using phantoms and
realistic scenarios will be presented in the future work to validate these simulated
results.
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