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Abstract— UWB systems have been proposed as a
candidate for the next generation of in-body applications. In
order to perform reliable UWB channel measurements,
implantable antennas should work in the propagation medium
properly. To assess the UWB channel performance, in-body
antenna matching should be assured. Besides, an
omnidirectional radiation pattern in order to communicate
with a sensor array located around the body should be
achieved. This paper is devoted to the analysis of the UWB in-
body channel when using an antenna miniaturization
procedure that maintains its omnidirectional radiation pattern
as well as its operation bandwidth. For that, an UWB
monopole antenna with circular patch is directly miniaturized
and optimized considering the human muscle tissue. To assess
the impact of antenna miniaturization, the results of the
channel propagation measurement campaign obtained with the
miniaturized antenna are compared with those obtained from
a larger UWB monopole in a previous measurement campaign.

Index Terms— Body area network, Ultra-wideband
(UWB), in-body communications.

L. INTRODUCTION

Wireless body area networks (WBANs) can enable
communications between independent nodes located inside
the body, over the body surface or further. IEEE Std.
802.15.16, normalized the Medical Implant Communication
Service (MICS) band as the frequency band (402-405 MHz)
to communicate in-body devices [1]. However, this band is
constrained to the use of narrow band systems up to 300
kHz. Therefore, many research works aim to consider Ultra-
Wideband (UWB) technology, which covers from 3.1 to
10.6 GHz, as a good candidate in order to enhance the next
generation of implantable devices [2].

Accurate UWB implant channel characterization is
challenging. Implanting devices in human subjects in order
to perform research works is non-viable due to health and
safety reasons. In literature, some investigations have been
performed in clinical facilities using porcine models [3] can
be found. Nevertheless, the high-cost and the low availability
of animal experimentation is a fact. Some research works
attempt to characterize the UWB in-body channel by means
of sophisticated electromagnetic software [4]. Nevertheless,
this software needs a complex and expensive data processor.
Besides, reproducing and simulating all body channel
conditions can be an unrealizable task. In contrast, chemical
dissolutions which imitate the dielectric features of the
human body tissues (known as phantoms) could be a
cost-effective solution.

In order to achieve a realistic experimental
characterization of the UWB in-body channel, miniaturized
antennas play a crucial role. The overall dimensions of
implantable antennas should be suitable to be implanted
inside the human body. Furthermore, achieving high data
rates occupying the whole UWB bandwidth is one of the
most relevant challenges of UWB antennas. Besides, in-body
antennas should have an omnidirectional radiation pattern at
all frequencies to communicate with an on-body sensor array
or an external receiver. In literature, many papers where
implantable antennas are designed to work in narrow band
systems can be found [5] [6], although there is a lack of
research works related to UWB in-body antennas. Most of
implantable antenna designs take as initial designing stage
the validation in free space, i.e., the antenna is miniaturized
in order to work at higher frequencies than UWB [7]. Then,
the antenna is wrapped with a human body tissue which has
a high dielectric constant. Thus, the resonance bandwidth is
shifted down since the wavelength is shorter [8]. However,
this miniaturization approach is not efficient in antennas with
large bandwidth due to the frequency dependence of
dielectric features of body tissues. As a consequence, the
antenna characteristics such as radiation pattern and
impedance bandwidth may not be as expected.

This work is devoted to the characterization of UWB
in-body channel. For this purpose, a coplanar waveguide fed
UWB monopole has been miniaturized and optimized by
taking into account directly the dielectric properties of body
tissues described in [9]. In this manner, a quasi-
omnidirectional and wideband antenna within the UWB
frequency range was achieved. Hence, a reliable
measurement campaign within UWB frequency range has
been carried out. To assess the miniaturized antenna
performance as well as the characterization of UWB in-body
channel, we have compared the relative received power
obtained with the miniaturized antenna with that obtained in
[10] with a larger antenna [11] in two scenarios.

The remainder of the paper is organized as follows. In
section II, the miniaturization procedure is detailed. Section
II details the measurement methodology. In section IV,
UWB channel propagation results emulating in-body
scenarios using the miniaturized antenna will be compared
with those obtained in a previous campaign. In section V, the
conclusions of this work are summarized.



II.  IN-BODY DESIGNING STAGE

A. Simulation Setup

The design procedure of in-body antennas should be
different to that in free space. In literature, there can be found
studies where the antenna is designed in free space in a first
stage [7]. The in-body antenna is designed to work in high
frequencies since, when it is implanted in a human tissue, the
wavelength is shorter [8]:
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where A, is the wavelength in body tissue, Ay is the
wavelength in free space, & is the complex relative
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permittivity, &, is the dielectric constant and & is the loss
factor. Thus, it could be considered a shortening factor in
the design stage as proposed in [7]. However, this technique
is not always efficient due to the fact that design
considerations were taken in order to work in free space.
Hence, the real radiation parameters of in-body antennas can
vary dramatically.

In this work, the antenna was wrapped with a human
muscle layer since the initial designing stage. For this
purpose, an UWB planar monopole with CPW-feeding and
circular patch was proposed as a candidate to apply this
direct optimization approach. This kind of antenna presents
a really compact structure, omnidirectional radiation pattern
and broadband characteristics in free space [12].

Rogers 4003 dielectric substrate was chosen, which has
a relative permittivity of 3.28 and a thickness of 0.813 mm.
To keep the characteristics of this kind of antennas, several
optimization techniques were considered. The bends in the
ground plane were thoroughly studied in order to keep the
omnidirectional radiation pattern into the human muscle
tissue. Furthermore, a specific gap between the patch and
the ground plane was carefully chosen in order to widen the
bandwidth (L, = 1 mm). Moreover, the shape of the patch
was elliptical in contrast to [12] to enlarge the bandwidth as
well. The rest of antenna dimensions are depicted in Fig. 1.
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Fig. 1. UWB optimized planar antenna dimensions.

In Fig. 2 the simulation in CST of the gain pattern in the
XZ-plane is shown. The simulations were performed by
considering the theoretical values of the permittivity for the
human muscle tissue reported in [9]. From Fig. 2, one can

observe that the antenna exhibits a quasi-omnidirectional
radiation pattern in XZ-plane at UWB frequencies. Hence, it
can be checked that the antenna can keep omnidirectional
radiation pattern within UWB frequencies by using the
aforementioned miniaturization procedure.
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Fig. 2. Gain pattern of the miniaturized antenna in the human muscle tissue
at3.1,4.1,5.1 and 6.1 GHz.

B. Testing

The proposed CPW-Fed antenna, which is located in the
center of Fig. 3, was fabricated and measured at our research
facilities. Hereinafter, we refer to this antenna as the
miniaturized antenna. At the left of the miniaturized antenna,
a larger UWB patch antenna (50 x 40 mm?) described in [11]
and used in [10] as implanted antenna is depicted.
Hereinafter, this antenna will be referred as the large
antenna. The miniaturized antenna has been reduced by a
factor of nearly 2.2 times with respect to the dimensions of
the large antenna.

Fig. 3. Miniaturized UWB antenna.

After the manufacturing process, the antenna matching
within the frequency range of interest should be checked. To
achieve this goal, an alternative compound with
electromagnetic behaviour close to that of the body tissues
was used. In particular, a sucrose solution
(C12H22011/1.0M), that emulates the human muscle
electromagnetic behaviour within UWB frequency range
3.1-10.6 GHz, was prepared according to [13]. Hereinafter
we refer to this solution as the phantom. This phantom is a
fair imitation of the complex relative permittivity of the
human muscle tissue. In order to measure the return loss
(S11), the antenna was submerged at a depth of 8 cm into the



phantom which was poured into an extruded polystyrene
foam (Styrofoam™) container. The polystyrene container
dimensions were 22 x 22 x 16 cm® with a wall thickness of
40 mm. The antenna was previously covered and isolated
with a layer of Nitrile Butadiene Rubber (NBR) to avoid
physical contact between the submerged antenna and the
phantom. Subsequently, the antenna was connected to a
Keysight Technologies™ ENA E5072A Vector Network
Analyzer (VNA) whose maximum working frequency is
8.5 GHz. Besides, the VNA was calibrated through a full
port calibration within the entire frequency band
3.1-8.5 GHz.

The simulated and measured results for the S;; are
depicted in Fig. 4. It should be highlighted that the three
curves exhibit a similar behaviour within all frequency
points. Also, emphasize that all values are below -10 dB in
the three cases. Therefore, it can be concluded that the
miniaturization approach proposed in this work keeps the
antenna matching within the entire frequency band.
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Fig. 4. Measured and simulated return loss within 3.1 — 8.5 GHz.

Besides, it should be pointed out that the miniaturized
antenna exhibits very low radiation efficiency due to the
high losses of the surrounding medium. These losses are in
part responsible for the low S;; values and for the broad
matching bandwidth of the antenna. However, as will be
shown in section IV, despite the low efficiency of the
miniaturized antenna, the received power values can be high
enough to establish a communication channel in different
scenarios.

III. PROPAGATION MEASUREMENT SETUP

A. Experimental setup

Regarding the location of the antennas, two different
scenarios were considered:

e In-Body to On-Body (IB20OB), where the implanted
antenna is placed into the body whereas the on-
body antenna is located over the skin.

e In-Body to Off-Body (IB20OFF), where the
implanted antenna is placed into the body whereas
the off-body antenna is moved away from the body
surface.

These two scenarios were emulated by using the setup
depicted in Fig. 5.
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Fig. 5. Measurement Setups for each scenario.

In order to assess the performance of the miniaturized
antenna, the measurement campaign reported in [10] was
replicated by changing the in-body antenna for our
miniaturized antenna. That is, the inner antenna used in the
setup depicted in Fig. 5 was the miniaturized antenna,
meanwhile in the same phantom setup described in [10] the
large antenna was used as implanted antenna. In both cases,
another large antenna with the same features was used as
receiving antenna.

In order to avoid physical contact with the phantom, the
implantable antenna was covered again with a layer of NBR
and submerged into the phantom at a depth of 8 cm. In each
scenario, the external antennas were placed in a vertical
position as well as properly oriented to achieve a co-
polarized mode. The transmitting and receiving antennas
were connected to port 1 and port 2 of the VNA,
respectively.

Regarding IB20OB scenario, the submerged antenna was
moved away from the internal container face, whereas the
on-body antenna was placed and fixed outside over the
container wall. The spacing between the internal container
face and the inner antenna was dj,. The thickness of the
container wall can be disregarded as proposed in [14]. The
measurements were made with an initial antenna separation
of di, = 20 mm, which was increased in steps of 10 mm up
to 80 mm.

Considering the IB2OFF scenario, the submerged
antenna was fixed to a distance of d;, = 40 mm into the
phantom, whereas the off-body antenna was moved away of
the external container face. The distance between the
external container face and the off-body antenna was do.

B. Measurement methodology

In each measurement, the forward transmission
coefficient, S,;, for each distance was obtained. The VNA
output power was set to 8 dBm and the resolution
bandwidth was set to fir = 3 kHz. Since the receiving
antenna was located over the container wall in IB20OB and
further away in IB2OFF, the noise floor varies slightly
between scenarios. This can be explained by the fact that the
antenna characteristics change as the distance between
receiving antenna and the body surface is varied [15]. The
measurement campaign was carried out within 3.1 to
8.5 GHz with N = 20001 resolution points in each snapshot
resulting in a frequency resolution of Af= 270 kHz. Besides,



five snapshots of the channel were stored for each
separation distance in order to enhance the signal-to-noise
ratio (SNR). Moreover, the VNA was calibrated through a
thru-calibration within 3.1-8.5 GHz.

IV. RESULTS

From measurements, we obtained the San ( f,d ,k) where

fis the frequency value, & is the snapshot number and d is the
distance between antennas. Before the measurements
processing, k = 5 snapshots were averaged to obtain

S, (f.d). Thus, the relative received power as a function of

frequency for a given separation distance between antennas
was computed as:

P(f.d)=[3, () @

A. IB20B

Fig. 6 depicts the received power obtained from each
pair of antennas in the IB20B scenario. From this figure,
one can observe that the noise level was around -120 dBm.

g 0 30

o E— mm

2 D ——— 40mm ||

ﬁ? -60 50 mm
— 60

% %0 \W%\“\ = 60 mm |

Q

[}

E -100 “MW

<

3 -120

3 4 5 6 7 8 9

Frequency (GHz)
(a) Large antenna

g 40

i —— 30 mm
o

% -60 —— 40 mm ||
[ 50 mm
3 —— 60 mm
-E -80 ¢ "o —— 70 mm ]
Q — 80 mm
& 100 I Mm\m

P

2

=

2 -120

3 4 5 6 7 8 9
Frequency (GHz)

(b) Miniaturized antenna

Fig. 6. Relative received power as a function of the frequency in the IB2OB
scenario for different values of d = di.

From the results, one can observe that the frequency
responses of the channel are very similar, especially when
the distance between antennas is lower than 50 mm. In both
cases, it can be noted that, approximately, the frequency
response of the channel decreases linearly with frequency.
On one hand, the frequency drop is explained by the fact that
the antenna gain decreases with the increment of frequency
(see Fig. 2). On the other hand, this drop is also related to the
propagation medium, since the received power always
decreases as the frequency increases. Furthermore, taking

into account the losses of biological tissues [9] and liquid
phantom [13], this frequency drop is higher. Besides, the
slope is steeper as the separation distance between antennas
increases. For instance, using the large antenna (Fig. 6(a)) for
a separation distance of d;, = 40 mm, the received power
decreases from -56.3 dB at 3.1 GHz to -70.7 dB at 4.1 GHz,
whereas for a separation distance of d;, = 50 mm it decreases
from -64.7 dB to -85.1 dB in the same frequency points. In
the same manner, considering the miniaturized antenna
(Fig. 6(b)), the power decreases from -57.1 dB to -73.6 dB
for di, = 40 mm and from -65.1 dB to -86.3 dB for d;, = 50
mm. Therefore, comparing the power decay with frequency
of each pair of antennas within the frequency band
3.1-4.1 GHz, a difference of 2.1 dB for di; = 40 mm and
4.7 dB for d;, = 50 mm is obtained, being the received power
higher when the large antenna is used.

When the spacing between antennas is higher than
50 mm, the behaviour of the received power varies
depending on the inner antenna used. The received power
drops considerably as the separation distance between
antennas is increased when using the large antenna. On the
contrary, the received power obtained in case of the
miniaturized antenna does not almost decrease as the
distance between antennas increases. Moreover, the received
power is around the noise floor for frequencies above
6.5 GHz using both transmitter antennas.

B. IB20OFF

Fig. 7 shows the relative received power as a function of
frequency in the IBOFF scenario. It can be observed that the
noise level was approximately at -110 dBm.
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Fig. 7. Relative received power as a function of the frequency in the
IB2OFF scenario for different values of d = d,4.



Comparing the received power depending on the inner
antenna used, the power decays stepper in case of using the
large antenna. Besides, the received power is higher using
the miniaturized antenna from 3.1 to 6 GHz for all distances.
One can also observe how the power response with
frequency has a smoother decrease from 4 to 6 GHz in case
of using the miniaturized antenna. For both antennas, the
received power does not vary significantly when d,y is
increased. This is explained by the fact that, in this scenario,
the increments of d,; are performed being the air the
propagation medium but being fixed the inner antenna. On
the contrary, the relative received power for IB2OB scenario
decreased considerably with the increments of dj, since, in
that case, the outer antenna was fixed and the inner antenna
was moved inside the phantom. Besides, it can be noted that
using both antennas the relative received power is around the
noise floor above 6.5 GHz.

V. CONCLUSIONS

In this paper, an UWB in-body channel measurements
when using an antenna miniaturization procedure which
keeps an omnidirectional radiation pattern as well as the
operation bandwidth was presented. To achieve this goal, a
well-known UWB CPW-Fed antenna was directly
miniaturized and optimized taking into account the dielectric
properties of human muscle tissue as the initial designing
stage. Thus, the in-body antenna maintained its broadband
characteristics as well as an omnidirectional radiation
pattern. Next, in order to assess the miniaturization on the
antenna, the UWB in-body channel was characterized. Thus,
a set of phantom-based measurements of the UWB in-body
channel within 3.1-8.5 GHz was performed in order to assess
the effect of miniaturization on the channel performance.
The obtained results from the miniaturized antenna in
comparison with those obtained in the same conditions for a
double-size UWB monopole antenna were analysed.

As the spacing between antennas increased, the received
power in case of the miniaturized antenna as a function of
frequency did not almost change. Regarding the IB2OFF
scenario, the received power was higher when using the
miniaturized antenna. Thus, our results evidenced that the
both antennas had a similar behaviour in the case of in-body
to on-body scenario for distances between antennas below
50 mm. The presented results evidenced the positive impact
of designing the in-body antenna considering the
propagation medium from the initial designing stage. Hence,
an UWB antenna which maintains an omnidirectional
radiation pattern and its bandwidth can be achieved. Future
work should be focused on the validation of these results in
a non-homogenous medium according to a realistic
transmission through the human body tissues.
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