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Abstract—Wireless capsule endoscopy systems utilize a combination of hardware and software devices
to ensure the healthcare of a human being. In praise of involved antennas in the overall medical system
design, UWB (Ultra-Wideband) range occupies the highest ranks in the literature. The low-band of
UWB is regarded as the best frequency range, within the approved standards, to realize the better
transmission of captured medical images by the capsule inside the SI tract, in terms of high resolution
and low-path loss. A variety of passive capsules have been designed and made available in the literature,
while the accurate design of the corresponding on-body antenna is lagging. For this purpose, this paper
provides an extended study of a recently published on-body antenna operating at 3.75–4.25 GHz band.
The measured antenna realizes good directivity of 5.78 dBi and 9.50 dBi towards the body without and
with the cavity, respectively. The direction of the proposed on-body antenna beam is targeted to be
mounted on the body surface. On-body simulations were run with CST Microwave Studio by involving
an abdominal multi-layer model, and followed by navel and back areas of the voxel model to predict
the antenna behavior close to different lossy body environments. Later, the antenna structure was
measured next to a real human abdomen. Simulation results reveal that the proposed antenna with
or without the cavity enables enhanced in-body communication when mounted on the abdomen with
less path loss. This is supported by the low power totaling 20 dB at the SI (Small Intestine) tract.
Furthermore, on-body measurements confirm the good antenna performance. Consequently, the planar
compact antenna is regarded as a good on-body candidate for wireless capsule endoscopy systems.

1. INTRODUCTION

Recently, the advancement of technologies for healthcare service has risen sharply [1–5]. The outcomes of
relevant medical researches exceed laboratory attempts and are already upgraded to clinical trials [6, 7].
Medical equipment currently captures the attention of scientists increasingly. Just to name few,
today, Wireless Capsule Endoscopy (WCE) is a matter of some discussions. It has made the biggest
contribution in the last and current years in scientific domains, not only for troubles diagnostic [8, 9], but
for biopsy [10] and drug delivery [11, 12] purposes as well. This is the field where antennas have played an
essential role in one of the promoting medical research fields [13]. Despite the development of capsule
device/equipment, the good operation of the on-body device is crucial. In addition to the designed
capsule antenna, researchers continue to carry out valuable work to enable and sustain a good on-body
to in-body communication link. On-body antennas are helpful especially when achieving good directivity
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normal to the body surface. Consequently, improved wireless communication will be made possible. If
enabled successfully, it is possible to derive useful information about the data transferred by the capsule.
Even more, the accurate localization of the capsule can be achieved by applying efficient localization
algorithm [14–16]. However, all the aforementioned issues do not complete the list of requirements.
Admittedly, the frequency range is of high priority to be considered even before starting the antennas
design. Regarding this issue, a set of frequency bands have been used up to date, i.e., 433 MHz ISM
(Industrial, Scientific and Medical) band [17], 38.5 & 57.6 MHz dual-band [18], 0.902–0.928 GHz ISM
band & 1,395–1,4 GHz WMTS (Wireless Medical Telemetry Service) bands [19], 2.4 GHz ISM band [20],
MedRadio [21], etc. Nonetheless, the suitable frequency band for this specific medical application is the
mandatory channel of the low UWB (Ultra-Wide Band) band, defined as 3.75–4.25 GHz pursuant to
IEEE 802.15.6 standard [22, 23]. Related works, already published, argue the lack of on-body antennas
designed for in-body communication with the capsule. To the authors’ best knowledge, available works
in literature are, most if not all, devoted only to the design of the capsule antennas working at 3.75–
4.25 GHz UWB band. Explicitly, new capsule antennas are originally described in [24–27]; however, less
focus and concern was given to the on-body antenna which can be seen from the standard horn and
elliptical antenna structures suitable for on-body communications used in these published works. From
these references, one can clearly notice that the selection of on-body antennas used in investigations
did not relay on serving the targeted medical application, but are only used to establish a point-to-
point communication between the internal and external antennas. In addition to the general radiation
specifications of these on-body antennas, their relative large size presents a problem in practical use.
Then, a compact planar antenna is advisable for the comfort of the patient in clinical use in addition
to its high radiation properties/characteristics. Since the on-body antenna is meant for clinical use, the
radiation safety of the exposed human body part is highly important to be tested beforehand [28, 29].
This information is not considered in the literature related to wireless capsule endoscopy topic because
the papers directly provided the path loss [30] measured between the prototypes of the on-body antenna
and a capsule embedded/immersed in a phantom or meat samples. In this context, this paper aims
to point out the on-body issues/features of new outside antenna properly designed for wireless capsule
endoscopy.

This paper is an extension of the work originally presented in [31]. To briefly summarize the
original paper content, [31] introduces the proposed UWB antenna and discusses the tuning parameter
impact on the antenna performances with and without cavity. The investigations were restricted to
simulation-based study using two antennas to evaluate the cavity effect on the channel propagation using
a multi-layer model. Hence, the previous study concluded the improvement of the channel propagation
with the cavity presence. However, in this paper we extend the analysis by (1) validating the antenna
performance by measurements (2) evaluating the antenna operation next to a human body by means
of realistic models such as voxel models and (3) confirming these results with on-body measurement
involving real human.

The paper content is organized as follows. The antenna structures of both planar/cavity approaches
are briefly presented in Section 2. Section 3 describes simulation/measurement based free-space results.
Simulated on-body and in-body antenna features are analyzed in Sections 4 and 5, respectively. Then,
measured on-body results are discussed in Section 6. Finally, the paper is concluded by listing the open
perspectives of this work.

2. ANTENNA STRUCTURE

The antenna structure proposed in this paper has been recently presented in [31]. The antenna is
basically a planar structure operating at 3.75–4.25 GHz frequency band, defined in IEEE 802.15.6
standard [22, 23]. The front and back sides of the planar antenna are given in Figures 1(a) and (b),
respectively in [31]. Moreover, the antenna was backed by a metallic cavity in order to improve the
antenna directivity towards a human body, as illustrated in Figure 10 in [31]. The optimized parameter
values of the UWB antenna with and without the cavity are resumed in Table 1 in [31].
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3. FREE-SPACE ANTENNA ANALYSIS

3.1. Simulated Results

The bandwidth matching is simulated in free-space for the antenna with and without the cavity, as
shown in Figure 1. In the rest of the paper the impedance bandwidth is fixed by S11 < −10 dB.
Results show that the upper frequency is fixed to 4.35 GHz regardless the cavity element. However, it
appears that the lower frequency is smoothly affected by the cavity introduction. As seen from Figure 1,
the lower frequency is shifted downwards from 3.7 GHz to 3.5 GHz, in the case of the cavity presence.
Consequently, the antenna bandwidth is slightly widened by using the cavity to achieve 3.5–4.35 GHz.
On the other hand, a fair decrease of the resonant frequency is noticed with the cavity presence from
4GHz to 3.93 GHz. Figure 2 reveals that the antenna radiates well regardless the cavity impact. This is
clearly seen from the total efficiency ranging between 0 and 1 in linear scale over the full bandwidth of
interest, i.e., 3.75–4.25 GHz. The good antenna efficiency is consequent to the matching of the proposed
antenna to a 50 Ω coaxial cable required in measurement process. To be explicit, the input impedances
of the antenna with and without the cavity at 4 GHz are 51.93 + j6.74Ω and 48− j0.19Ω, respectively.
Simulated 3D radiation patterns at 4 GHz of the antenna without and with the cavity are given by
Figures 3(a) and (b), respectively. Details of the radiation properties are delivered in Table 1 for both
antenna cases. Consequently, the maximum realized gain of the planar antenna is in Theta = 90◦
direction and Phi = 38◦ with a value of 2.4 dB. By the presence of the cavity, the gain achieves 7.4 dB
in Phi = 90◦ direction and Theta = 17◦. Spherical coordinates are described as illustrated in Figure 3.

Figure 1. Simulated reflection coefficient of the
UWB antenna with and without the cavity.

Figure 2. Simulated total efficiency of the UWB
antenna with and without the cavity.

Table 1. Simulated realized gain of the proposed UWB antenna with and without the cavity.

Without/With cavity

Frequency [GHz] Phi = 0◦ [dB] Phi = 90◦ [dB] Theta = 90◦ [dB]

3.75 0.27/5.98 1.67/6.5 2.21/−2.05

4 1.04/6.7 2.04/7.37 2.39/−1.51

4.25 1.14/6.82 1.63/7.66 1.54/−1.77
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(a) (b)

Figure 3. Simulated directivity (3D overview) of the UWB antenna at 4GHz (a) without and (b) with
the cavity in free-space.

3.2. Measured Results

To validate the simulated free-space antenna performances, the antenna was fabricated, by introducing
a Rohacell piece [32] properly designed to support the antenna, as pictured in Figure 4. The reflection
coefficient result was measured by VNA (Vector Network Analyzer), and radiation patterns were
obtained by Satimo Starlab system. In this regard, the antenna measurement system was first calibrated
to UWB range by using a horn antenna depicted in Figure 5(a). Then the proposed antenna was
measured, as shown in Figure 5(b), by recording results at the frequencies of interest 3.75 GHz, 4 GHz,
and 4.25 GHz. According to the S-parameters presented in Figure 6, the measurement results well
correlate with the simulation results reported in Figure 1. Additionally, the measured total efficiency
provided in Figure 7 proves that the antenna radiates well especially at 4GHz center frequency. Besides,
the UWB antenna without cavity has an improved efficiency with the cavity at 4 GHz. The simulated
and measured radiation patterns of the UWB antenna with and without the cavity at 3.75 GHz, 4 GHz,
and 4.25 GHz are described in Figure 8. Details of the radiation performances of the UWB antenna
with and without the cavity are compared in Table 2. Measurement results prove that the antenna with
cavity achieves a maximum gain of 9.50 dB in Phi = 90◦ direction and Theta = 12◦, at 4GHz center
frequency. Furthermore, the UWB antenna without the cavity reaches a maximum measured 5.78 dB
gain in the same direction Phi = 90◦ with Theta = 206.8◦ at 4 GHz. It is clearly remarked that the
increase of the measured gain of the antenna is regardless of the cavity introduction. This difference in
values can be attributed to the coaxial cable effect in real measurements. Consequently, the resulting
free-space measurements validate the good operation of the proposed antenna in both cases.

(a) (b) (c)

Figure 4. UWB antenna prototype (a) without and (b) with the cavity, (c) the three elements of the
proposed antenna with cavity for on-body use.
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(a) (b)

Figure 5. Setup for radiation patterns measurements, in free-space, using (a) horn antenna for
calibration and (b) the proposed UWB antenna with cavity.

Figure 6. Simulated and measured reflection
coefficient of the UWB antenna with and without
cavity.

Figure 7. Measured total efficiency of the
proposed UWB antenna with and without cavity.

Table 2. Measured gain of the proposed UWB antenna with and without cavity.

Without/With cavity
Frequency [GHz] Phi = 0◦ [dB] Phi = 90◦ [dB] Theta = 90◦ [dB]

3.75 2.23/7.33 3.60/7.52 0.67/−1.90
4 3.47/9.33 5.78/9.50 3.36/−1.10

4.25 3.52/9.05 5.26/9.18 2.44/−0.50

4. ON-BODY ANTENNA SIMULATION ANALYSIS

The proposed antenna is designed for in-body propagation, especially the communication with an
implant/capsule situated in the Small-Intestine (SI) organ. This objective leads to conduct a set
of on-body simulations by emulating the body effect on the antenna properties. The body presence
was emulated in CST by multi-layer and 3D voxel models, as illustrated in Figure 9 and Figure 10,
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respectively. Laura voxel model 2018 from CST library is preferred because it includes all the organs
needed for this specific application, called wireless capsule endoscopy. The planar layer-based model
consists of the following tissues appearing in this order: Skin, Fat1, Muscle, Fat2, SI Wall, and
SI Content placed at a fixed distance d of 4 mm, as described in Figure 9. The layered model has
150 mm-length and 110 mm-width. The tissue properties [33] and corresponding thicknesses [34] are
collected in Table 3. The lossy characterization of the human body tissues is commonly known. The
most challenging tissue is the muscle because of its highest dielectric properties as can be seen from
Table 3, at the 4 GHz center frequency. Even more, the muscle thickness differs from one person to
another, but its value will be assumed 12 mm in these investigations. On the other hand, fat tissue is
considered the most likely tissue changing its amount within people. In this context, a recent pioneer
research [35] investigated the radio propagation at the 3.75–4.25 GHz UWB with a high directive antenna

(a)

(b) (c)

Figure 8. Simulated and measured radiation patterns in dB of the UWB antenna with “Wi” and
without “Wo” cavity at (a) 3.75 GHz, (b) 4GHz and (c) 4.25 GHz.
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Figure 9. Abdominal multi-layer model used in simulations.

(a) (b)

Figure 10. Antenna emplacement on the (a) navel and (b) back regions of the voxel model used in
simulations.

Table 3. Tissue properties of the multi-layer model at 4 GHz [33].

Tissue layer Density [kg/m3] Conductivity [S/m] Permittivity Thickness [mm]
Skin 1100 2.701 40.85 1.4
Fat1 910 0.1829 5.125 20/30/60

Muscle 1041 3.015 50.82 12
Fat2 910 0.1829 5.125 20/30/60

SI Wall 1020 3.015 50.82 1
SI Content 1020 4.622 51.63 20

through the fat layer. The focus was given to the several multi-path preferences of the propagated signal
through the abdominal (Fat2) and visceral (Fat1) fat tissues on Laura voxel model. In this context,
a set of fat-thickness combinations are chosen as grouped in Table 4 with the aim to evaluate the
thickness impact on the antenna matching properties. The distance separating the antenna from the
body model is selected to d = 4 mm. This 4 mm-distance is considered the minimal logical distance if
the measurements will be conducted using a candidate wearing clothes. In fact, we assume that the
average thickness of thin clothes is 4 mm. The multi-layer model basically emulates the abdominal area
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Figure 11. Simulated reflection coefficient of the
UWB antenna with the cavity close to different
multi-layer model cases.

Figure 12. Simulated reflection coefficient of the
UWB antenna with and without the cavity close
to Navel and Back regions of the voxel model.

Table 4. Study case details of the multi-layer model.

Multi-layer model case Fat1 [mm] Fat2 [mm]
P A 20 20
P B 30 30
P C 30 60
P D 60 30
P E 60 60

of the body. The multi-layer based results predict that the requested frequency band of 3.75–4.25 GHz is
covered for reflection coefficient below −6 dB, as presented in Figure 11, and that the antenna matching
is not sensitive to the fat amount. The matching characteristic is enabled/verified if the reflection
coefficient is below −10 dB over the frequency band of interest. As the layered based model does not
take into account the body curvature/shape and the complex organs, these studies were completed by
voxel-based simulations. However, this time not only the abdomen area was under concern but the
back area of the voxel model as well. In other terms, Figure 10(a) illustrates the antenna emplacement
at 4 mm from the navel of the voxel model (considered the central point of the abdomen region), while
Figure 10(b) illustrates the antenna position on the back region in an aligned line to the navel and
at the same distance d. Simulated results conducted with the abdominal layered model show that the
impedance bandwidth of the antenna with the cavity is expected to shift upwards to 4.0–4.6 GHz from
free-space result, as can be seen from Figure 11. Then, this matching investigation on the abdominal
body region was evaluated by situating the antenna on the navel of the voxel model, as plotted in
Figure 12. The matching characteristic is ensured if the reflection coefficient is below −10 dB. This
similar result corresponding to “Navel (With-Cavity)” shows that the antenna is mismatched. The
mismatch issue can be seen from Figure 12 showing that the reflection coefficient does not even reach
−10 dB at 3.75–4.25 GHz frequency band. Hence, the requested 3.75–4.25 GHz band is uncovered for
this studied on-body case. Even more, this antenna mismatch is remarked as well at the back of the
voxel model, as shown in Figure 12. Once the cavity is removed, the antenna starts to match to the
navel and back of the voxel model, and the requested frequency band becomes covered. In other words,
in this particular case, the reflection coefficient is below −10 dB over 3.75–4.25 GHz requested frequency
band. The input impedance plots in Figure 13 show the capacitive impact of the proposed antenna
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Figure 13. Simulated input impedance of the UWB antenna with and without the cavity close to
Navel and Back regions of the voxel model.

(a) (b)

(c) (d)

Figure 14. 3D directivity overview at 4 GHz of the UWB antenna using voxel model for the cases: (a)
navel-Wo cavity, (b) navel-Wi cavity, (c) back-Wo cavity, (d) back-Wi cavity.

next to the voxel model. Besides, the antenna resistance is in 22–38 Ω range and is deteriorated from
the 50 Ω free-space value. Moreover, this value failed with cavity presence regardless of the antenna
emplacement (navel or back). The overview of the 3D directivity of the antenna with cavity close to the
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Table 5. Radiation details of the UWB antenna with the cavity close to the different multi-layer
models.

d = 4 mm Directivity [dBi] Realized Gain [dB]
Multi-layer (P A) 8.7 −9.71
Multi-layer (P B) 9.71 −7.65
Multi-layer (P C) 9.75 −7.71
Multi-layer (P D) 9.1 −8.52
Multi-layer (P E) 9.03 −8.63

Table 6. Radiation details and the input impedance of the UWB antenna with and without the cavity
close to the Navel and Back of the voxel model.

d = 4mm
Directivity

[dBi]
Realized Gain

[dB]
Input Impedance

[Ω]
Voxel Navel (Without-Cavity) 8.6 2.1 38.7 − j16.24

Voxel Navel (With Cavity) 6.7 −8.6 30.9 − j17.3
Voxel Back (Without Cavity) 9.24 5.7 34.8 − j11.2

Voxel Back (With Cavity) 8.64 −2.15 21.9 − j13.2

voxel model is given in Figure 14. On-body simulated directivity and maximum gain are presented in
Figure 14, and results are collected in Table 5 and Table 6. From Table 5 based on multi-layer findings,
the directivity and realized gain at 4GHz seem to have average at 9 dBi and −8 dB, respectively. For
a similar case on the navel of voxel model, the realized gain is quite the same while the directivity is
less by 2 dB. Those values are more reliable since the voxel model is closer to the anatomy of a real
human, including all the organs and averaging the tissue-thicknesses of a normal/thin human. Referring
to Table 6, the directivity and realized gain tend to decrease with the cavity presence. Even more, the
reported results on the back are improved compared with the navel-based results. The difference in the
radiation properties of the antenna is due to the different natures and thicknesses of the human tissues
inside the voxel model in the abdominal and back human parts.

When approaching on-body practical application, SAR (Specific Absorption Rate) estimations are
indispensable [36, 37]. This parameter tells about the safety issue of the antenna pursuant to approved
IEEE C95.3 standard [38]. According to [31], maximum reported SAR values are 0.78 mW/kg and
0.82 mW/kg for 10 g averaged mass with and without the cavity, respectively. These values are far less
than the maximum allowed value of 2 W/kg. Besides, the power allowed (accepted) by the standard is
0.0029 W. The absorbed powers by our tissue volume under simulations are 0.0025 W and 0.0018 W for
the antenna with and without the cavity, respectively, which are less than the accepted one reported by
the standard. As a result, none of the antenna cases present any health risk on the human body.

5. SIMULATION ANALYSIS FOR INTRA-BODY COMMUNICATIONS

In this section, the intra-body propagation of the proposed UWB antenna within the different tissues of
the human body is discussed. First, the investigations are conducted on the layered model, then results
were compared to voxel model studies. At this regard, a set of E-field and H-field probes are located at
the tissue interfaces of skin, fat1, muscle, fat2, SI Wall, and SI Content layers. The power is averaged
by calculating the Poynting vector [39].

An overview of the disposition of the E/H-field probes on the abdominal part using the layered
model and voxel models can be found in Figure 15 and Figure 16, respectively. Figure 16(b) provides
an insight of the probes location inside the back of voxel model. The probes were displayed in such a
way to average the power values from the skin surface to the end of the first SI segment, faced from the
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Figure 15. Power-probes locations for in-body
propagation using multi-layer model.

(a)

(b)

Figure 16. Power-probes locations for in-body
propagation on the (a) navel and (b) back of the
voxel model.

Table 7. Poynting vector — related results for intra-body propagation of the UWB antenna with cavity
using the multi-layer model.

Power-field value [dB] P A P B P C P D P E
Skin 0 0 0 0 0
Fat1 −2.03 −2.55 −2.52 −2.47 −2.47

Muscle −10.56 −14.76 −14.71 −23.57 −29.96
Fat2 −20.77 −24.62 −24.93 −33.18 −33.44

SI Wall −28.44 −34.77 −41.85 −41.74 −48.07
SI Start −29.26 −35.7 −42.58 −42.34 −48.73
SI End −50.76 −56.81 −63.58 −63.37 −69.66

Averaged value [dB] 50.76 56.81 63.58 63.37 69.66

abdominal part, for the cases that the antenna is placed on the navel or the back side of the human body.
Collected E-field and H-field complex values were saved and processed using Poynting Equation (1)
described as follows:

S [dB] = 10 ∗ log 10
(∣∣∣∣12Real(E × H∗)

∣∣∣∣
)

(1)

×: Cross product. ∗: Conjugate value. E and H are the electric and magnetic complex vectors provided
by the field probes, respectively.

Table 7 lists the calculated power, using Equation (1), reaching each tissue for the layered model
cases. It is clearly seen from the table that 10 mm-thickness increase in both Fat layers produces/leads
to 6 dB-value raise. Besides, by either increasing the thickness of Fat1 or Fat2 by 30 mm, the power
is increased by 6dB. However, when considering person case “P E” with a large amount of fat about
60 mm, the estimated power loss is 70 dB. These aforementioned results were obtained using the proposed
UWB antenna with cavity. These results are later compared using simulations on the abdominal part of
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Table 8. Poynting vector — related results for intra-body propagation of the UWB antenna with and
without cavity on the Navel and Back of voxel model.

Navel Area Back Area
Probes Wo-cavity Wi-cavity Probes Wo-cavity Wi-cavity

JBS 0 0 JBS 0 0
Skin −2.5 −2.4 Skin −4.6 −3.82
Fat −1.4 −0.8 Fat −6.6 −6.3

SI Start −4.7 −4.7 Muscle −30.7 −15.7
SI End −22.2 −20.8 Bone −52.7 −57.7

SI Start −87.8 −79.1
SI End −79.23 −69.3

Averaged
value [dB]

22.2 20.8
Averaged
value [dB]

79.23 69.3

voxel model, as illustrated in Figure 16(a). Table 8 shows that the averaged calculated power loss from
the skin to the SI end surfaces is 20.8 dB on the navel part using the cavity, while a smooth increase of
1.4 dB is remarked by taking off the cavity. However, this increase is insignificant and can be neglected
in this study. Hence for practical use, the planar antenna without the cavity is largely enough to be
used for wireless capsule endoscopy communication systems. Next, the antenna was assessed on the
back area of the voxel model, and results can be found in Table 8. The simulated averaged power losses
at the back with and without the cavity are 70 dB and 80 dB, respectively. This power loss increase
demonstrates how the cavity strengthens the antenna directivity to penetrate deep tissues, and as a
consequence, the consumed power is less. This navel/backed comparison was made only to show how
significant is the impact of different tissues natures on the in-body propagation using 3.75–4.25 GHz
UWB. For the medical application under concern in this paper, it is obvious that placing the antenna on
the navel is an optimal and efficient solution to establish a good communication link with any capsule
inside the SI tract. By comparing the voxel model result with layered-model, it is evident that the
power is far less using the voxel. This is argued by the fact that the radio wave signals transmitted by
the on-body antenna will choose a prior/easy way to propagate through the human body. According
to a recent study [35], the signal is more likely assumed to propagate through fat layers.

6. ON-BODY ANTENNA MEASUREMENT ANALYSIS

To confirm the on-body application of the proposed UWB antenna, measurements were conducted on a
real human subject. Therefore, a set of measurement scenarios were under test related to the on-body
emplacement of the prototype on the real human as described in Figure 17. The on-body measurement
setups using the proposed UWB antenna with and without the cavity are found in Figures 18(a) and (b),
respectively. The antenna was kept directly on the body clothes of the human subject for (d = 0 mm).
Initially, the proposed UWB antenna was measured without cavity, as shown in Figure 18(a), at different
on-body emplacements described in Figure 17. Measured reflection coefficient shows, according to
Figure 19, that the direct contact of the antenna through thin clothes widened the bandwidth to 3.36–
5.12 GHz compared to free-space measured results. This on-body matching result is favorable because it
concludes that the requested bandwidth of 3.75–4.25 GHz is still covered/maintained. Hence, measured
matching results are in good agreement with the simulated ones presented in Figure 12. Meanwhile,
according to Figure 20, the antenna is mismatched with the distance increase from 2 mm to 10 mm.
However, over (d = 10 mm) the antenna starts to match close to the body and are more close to free-
space results. This is predictable as the antenna changes the behavior next to human body with the
distance change according to the reactive near-field of the antenna as analyzed in [40]. In the case that
the cavity is backing the proposed antenna, the antenna is mismatched at d = 0 mm regardless of the
on-body emplacement, as can be seen from Figure 21. According to Figure 22, this impedance mismatch
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Figure 17. On-body measurement scenarios.

(a) (b)

Figure 18. On-body measurement setup using the proposed UWB antenna (a) without and (b) with
cavity.
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Figure 19. Measured reflection coefficient of the proposed UWB antenna without cavity at different
on-body parts with (d = 0 mm).
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Figure 20. Measured reflection coefficient of the proposed UWB antenna without cavity at the navel
position with different distances d.
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Figure 21. Measured reflection coefficient of the proposed UWB antenna with cavity at different
on-body parts with (d = 0 mm).
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Figure 22. Measured reflection coefficient of the proposed UWB antenna with cavity at the navel
position with different distances d.

remains up to d = 10 mm. However, beyond this distance the requested bandwidth of 3.75–4.25 GHz
is covered, as plotted in Figure 22. Accurately, the measured bandwidths are 3.52–4.25 GHz and 3.32–
4.72 GHz at d = 20 mm and d = 30 mm for the antenna with cavity, respectively. These measurements
findings are in good agreement with on-body voxel simulations presented previously in Section 4, and
validate the privilege of choosing the proposed antenna without cavity in real medical use.
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7. CONCLUSION AND PERSPECTIVES

The UWB antenna introduced in this paper is targeted for on-body BAN (Body Area Networks)
application. The antenna is tested with and without the cavity in free-space and on-body environments.
Initially, simulation studies were conducted to accurately design the antenna. Free-space measurements
demonstrate good performance of the proposed antenna with 5.78 dB and 9.50 dB gain values towards the
body direction, without and with the cavity, respectively. In this context, the proposed antenna can be
used in couple of applications, i.e., heart beat and respiratory rate monitoring using low-UWB frequency,
etc. Later, voxel model-based simulations were conducted to converge to realistic on-body environment
in addition to multi-layer model. These voxel investigations were not bounded on the abdominal area,
and the back area of the voxel model was examined as well. The on-body testing englobes the bandwidth
matching of the antenna with and without cavity, as well as the power consumption of different body
environments. As predicted, the averaged power loss consumed by the back tissues further exceeds the
abdominal tissues by 49 dB and 58 dB with and without the cavity, respectively. Hence, planar antenna
(without cavity) was regarded as a good antenna option for this particular medical application on the
abdominal human part. Next, the on-body antenna operation was confirmed by a real human holding
the antenna with and without the cavity, and different body locations and body distances were taken
into account. On-body measured results endorse the good resulting matching in the case of the planar
antenna alone. As a result, the antenna without cavity on abdominal area was selected and privileged
for wireless capsule endoscopy application. In the following investigations, the channel propagation will
be evaluated using different voxel models and confirmed by on-body measurements on different thin
and overweight persons. Another paper will be devoted to assess the communication link between the
proposed antenna and a capsule by simulations and measurements.
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