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UWB Propagation Environment for Medical
In-Body Sensor Networks
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Abstract —In-body sensor networks are those networks where
at least one of the sensors is located inside the human body. Such
wireless in-body sensors are mainly used for medical
applications, collecting and monitoring important parameters for
health and diseases treatment. The IEEE Standard 802.15.6-2012
for Wireless Body Area Networks (WBAN) considers in-body
communications in the Medical Implant Communication Service
(MICS) band. Nevertheless, high data rate communications are
not feasible at the MICS band due to its narrow occupied
bandwidth. In this framework, Ultra-Wideband (UWB) systems
have emerged as a potential solution for in-body high data rate
communications, due to its miniaturization capabilities or low
power consumption. In the last years, some open issues have
determined the research about in-body propagation. Firstly, the
propagation medium, i.e., the human body tissues, is frequency-
dependent and exhibits a large attenuation at UWB frequencies.
Secondly, the behavior of the in-body antennas is highly
dominated by the surrounding tissues. Thus, the in-body channel
characterization in UWB depends not only on the channel
behavior itself, but also on the methodology of characterization.
This paper intends to outline the research performed in the field
of UWB in-body radio channel characterization considering the
propagation medium, as well as the methodology of analysis —
software simulations, phantom measurements, in vivo
measurements— Thus, authors provide an overall perspective of
the current state of the art, limitations for the analysis of in-body
propagation, and future perspectives for UWB in-body channel
analysis.

Index Terms—In-body, phantoms, body tissues, Body Area
Networks (BAN), Ultra-Wideband (UWB), path loss models.

1. INTRODUCTION

HE use of wireless technologies in medical devices has
increased considerably in the last years. Significant
advances in microelectronics have enabled the integration of
biomedical sensors and radio transceivers into wearable and
implantable wireless sensors [1]. Such devices collect and
monitor key physiological data from the patient and send them

This work was supported by the Programa de Ayudas de Investigacion y
Desarrollo (PAID-01-16) from Universitat Politécnica de Valéncia, and by the
Ministerio de Economia y Competitividad, Spain (TEC2014-60258-C2-1-R),
by the European FEDER funds. This work was also funded by the European
Union’s H2020:MSCA:ITN program for the "Wireless In-body Environment
Communication- WiBEC” project under the grant agreement no. 675353.

C. Garcia-Pardo, C. Andreu, A. Fornes-Leal, S. Castello-Palacios, S.
Pérez-Simbor, M. Barbi and N. Cardona are with iTEAM, Universitat
Politécnica de Valencia, 46022 Valencia, Spain (e-mail: {cgpardo, caranes,
alforlea, sercaspa, sopresim, marbar6, ncardona}@jiteam.upv.es).

S. Castello-Palacios and A. Vallés-Lluch are with the Centre for
Biomaterials and Tissue Engineering, Universitat Politécnica de Valéncia,
46022 Valencia, Spain (email: sercaspa@iteam.upv.es, avalles@ter.upv.es).

to a remote node located either inside the human body, over or
away from the surface of the body [2]. Intraocular pressure
sensors for glaucoma monitoring [3], cardiac implants such as
pacemakers or implantable cardioverter defibrillators (ICD)
[4], Electromyogram (EMG) sensors for controlling active
prostheses [5], wireless capsule endoscope for video recording
of the bowel [6], or brain machine interface (BMI) sensors for
monitoring the neural activity of the brain [7] are only some
examples of different applications and uses of wireless
implanted sensors for medical purposes.

In the literature, different technologies have been addressed
for implant communications such as optical [8], ultrasounds
[9] or radiofrequency [10]. Most of them are based on the
radiation and propagation of signals through the body so that
the influence of the different body tissues and the corporal
fluids should be taken into account. Some other technologies
such as graphene magneto resonance [11] have recently tried
to overcome these issues although they are still under
investigation.

The technical requirements of radiofrequency medical
devices are strongly influenced by the in-body scenario of
application. In particular, such medical in-body devices are
restricted in terms of required data rate and therefore in terms
of bandwidth. Thus, different frequency bands have been used
for in-body medical devices. The IEEE Standard 802.15.6-
2012 for Wireless Body Area Networks (WBAN) allocates the
different frequency bands of the electromagnetic spectrum to
the operation of implantable or wearable sensors [12]. The
Medical Implant Communication Service (MICS) band, which
operates from 402 to 405 MHz, was initially allocated for
communications between an in-body sensor and other sensor
located either inside, over or out of the body surface [13],
[14]. The main advantage of this frequency band is its good
propagation conditions over the different body tissues [15].
However, its 3 MHz bandwidth, which is by far insufficient
for high data rate communications, is its main drawback [16].
The standard also envisioned the use of the Industrial,
Scientific and Medical (ISM) radio band (2400-2483.5 MHz)
for communications between on-body nodes and either on-
body or off-body nodes. This frequency band has been also
considered for in-body communications in different works in
the literature [17]-[20]. Nevertheless, this band is currently
overloaded due to the operation of WPAN and WLAN
communications so medical devices could be interfered by
other commercial wireless systems [21]. Besides,
communications at this frequency band are not able to reach
the data rates provided by current wireless technologies [22].



During the last decade, the Ultra-Wideband (UWB)
frequency band has been investigated for short-range high data
rate communications [23]. UWB signals can operate between
3.1 GHz and 10.6 GHz, occupying a minimum bandwidth of
500 MHz (absolute bandwidth) or the 20% of its carrier
frequency (relative bandwidth). In the case of WBAN, this
band was initially envisioned for wearables (on-body) devices
[12]. Nonetheless, its multiple advantages, such as low power
consumption and antenna miniaturization, have led it to be
considered as a good candidate for in-body high data rate
communications [24]-[27]. For example, cortical implants
[27], and novel wireless capsule endoscope [28], have been
addressed in the literature to benefit from this technology.

The main weakness of UWB systems for in-body
communications is the large attenuation suffered by UWB
signals when propagating through human body tissues [29].
Such attenuation is highly influenced by the dielectric
characteristics (permittivity, conductivity) of the different
body tissues, which are frequency dependent [30]. Thus, the
prediction of the behavior of the radio channel between
transmitter and receiver is challenging [31]. Besides, it is
worth mentioning that the antennas involved in a
communication link play a key role, since their parameters
(operating frequency band, radiation pattern, etc.) are
dramatically modified in contact with the body tissues [32].

The characterization of the radio channel for in-body
communications at UWB frequencies typically is
accomplished under different perspectives:

- Mathematically by means of software calculations. In this
case, precise human anatomical models are used in
typical software tools for electromagnetic computation.
These models emulate the shape and size of human body
organs taking into account biological parameters [33],
[34]. In the case of UWB frequencies, these models
should have a high accuracy in the whole band; so the
overall computational cost increases dramatically [35].
Furthermore, mathematical simulations cannot replicate
the physiological behavior of corporal processes such as
metabolism, breathing, heart beating or blood flow [36].

- Experimentally by means of measurements in realistic
conditions. Hence, the propagation medium (human body
tissues)  should be  accessible.  Experimental
measurements for exploring in-body propagation can be
classified as follows:

o Laboratory measurements. These kinds of
measurements use chemical compounds (also known
as phantoms) that replicate the dielectric properties of
the human body tissues involved in the considered
scenario of application [37] and are more cost-
effective and easier to carry out. The main drawback
is the phantom, which should be tuned in the whole
band under test [38]. In fact, not many UWB
phantoms can follow the relative permittivity of
human tissues in the entirce UWB band [39]. In
addition, some of them [40] exhibit a poor accuracy,
leading to bad estimation of the radio channel
parameters [31]. Besides, the collection of body

tissues mimicked in the UWB band is highly limited,
although recently the phantom formulation reported
in [41] allows the imitation of several body tissues
within UWB using common chemical compounds.

o In vivo measurements by surgical procedures on
living animals. In these kinds of experiments, pig
models are usually used due to their similarity to
human body tissues in terms of size and dielectric
characteristics [13]. Nevertheless, many ethical
constraints should be managed and measurements
should be done in a surgery room in a hospital.
Therefore, these kinds of measurements are complex
and costly, so not much research has been carried out
on living animals [36], [42]-[44].

In summary, the investigation of the UWB in-body radio
channel should consider the different parts of the radio link:
transmitting and receiving antennas as well as the propagation
medium. As mentioned before, the propagation medium
depends not only on the characteristics of the different body
tissues crossed by the transmitted signal (brain tissues, torso
tissues, abdomen tissues, etc.), but also on the methodology of
characterization used (software, phantoms or in vivo). Thus, a
vast collection of channel models for in-body communications
can be found in the literature although they can vary
dramatically with the scenario of application.

This paper aims at reviewing the characterization of the in-
body radio channel at UWB frequencies considering the
aspects mentioned before. To the best of our knowledge, there
is no review work considering not only antennas and radio
channel, but also the methodology of analysis, i.e., the kind of
emulation of the propagation medium —human body tissues—.
The remainder of this paper is as follows: firstly, Section II
deals with the broadband characterization of body tissues in
broadband, including both computer human body models for
software simulations and experimental phantom models for
laboratory measurements. Next, Section III provide an
overview of the current state of the art of in-body channel
models considering implanted and on-body antennas as well
as the propagation medium. Finally, Section IV summarizes
the main highlights of this work and suggests future areas of
the research in in-body radio links at UWB frequencies.

II. CHARACTERIZATION OF BODY TISSUES

Permittivity, conductivity and permeability characteristics
describe the signal attenuation, velocity of propagation, and
the range of the linear frequency effects for every propagation
medium [45]. Since body tissues are non-magnetic materials,
their permeability is almost the same as in free space [46]. On
the contrary, both permittivity and conductivity are different
between the different tissues and the air. The relative
permittivity, &, is a complex frequency-dependent material
property defined as the absolute permittivity of such material
normalized to that of the vacuum. The real part of the

permittivity, &, is the dielectric constant, and its imaginary

r

part, g, , is the loss factor. The conductivity, ¢ (S/m), is also a



frequency-dependent term that comprises both the electrical
losses due to ionic conductivity and those caused by the
dielectric polarization, which is related to the loss factor.

The open-ended coaxial technique has been the most used
method for measuring the electromagnetic properties of body
tissues within UWB frequencies. It is a broadband, non-
destructive method mainly used for measuring liquid and
semi-solid materials. This method has been used not only to
characterize biological tissues but also food [47], moisture
[48] and chemical compounds and solutions [49], [50], among
other applications. The system consists of a vector network
analyzer (VNA) connected to an open-ended coaxial probe —a
rigid coaxial cable with a flat cut end—, and a computer for
processing measurements [51]. The probe has to be pressed
against the tissue under test (TUT), as one can observe in Fig.
1. Then, the reflection of an electromagnetic signal in the
change of medium from the probe to the TUT can be
processed to extract the TUT’s permittivity and conductivity.

Fig. 1. Illustration of ex vivo colon tissue characterization [52].

There are several studies in which the electromagnetic
properties of body tissues in UWB (or at least part of this
band) are addressed. Measurements were performed on
different frequency bands and tissues of specimens such as
cats [53], sheep [30], rats [51], [54], [55], rabbits [56], cows
[57], [58], dogs [59]-[61], frogs [62], swine [63], [64], mice
[65], [66] and humans [52], [67]-[69]. However, these works
were performed at ex vivo conditions, i.e., samples were
analyzed some minutes or even hours after extraction. It
should be noted that the electromagnetic properties of body
tissues differ between ex vivo and in vivo conditions, mainly
because of the tissue dehydration and ischemic effects as
explained in [70]. Subject’s age [54], [71], as well as the
sample handling [72], temperature [58] and time from
resection to measurement [69] are factors that affect the
electromagnetic properties to a greater or lesser extent.
Besides, there are some recent studies assessing the dielectric
properties in in vivo conditions, although the number of
available tissues is more limited. Such in vivo studies have
reported measurements on cats [53], [73], rats [73], frogs [62],
swine [74], [75], sheep [76], mice [77] and humans [78], [79].

70 i T T T T . . 14
——Muscle — — Muscle
60 | |—Cartilage — — Cartilage | { 12
— Bone — — Bone
//
g 50 /// - 110 E
g 401 /////’ 18 Zz
2 e 2
530+ === 16 2
Q =z =]
) -7 g
Qo0t -7 14 ©
P
&ﬁf _
o ----" 12
0 C L L 1 1 L L L 0
3 4 5 6 7 8 9 10 11
Frequency (GHz)

Fig. 2. Dielectric constant (solid lines) and conductivity (dashed lines) of
different human tissues [30].

By analyzing the different contributions that contain UWB
data, it can be easily observed that the dielectric constant is
larger for high water-content tissues like muscle than for low
water-content ones such as bones, as one can observe in Fig.
2. The dielectric constant decreases as frequency increases for
any tissue, and its decrement is mainly due to the contribution
of the dipolar relaxation of water [80], having its maximum
slope in a relaxation frequency and coinciding with a
maximum of the loss factor [81]. This relaxation frequency is
different for each body tissue, and is principally determined by
its water content. Conversely, conductivity increases with
frequency and thus the signal attenuation [18].

Although the nature of the information presented in the
different studies available in the literature is similar, their
motivations may diverge. Some of these studies aim at
investigating the difference between healthy and malignant
tissues for cancer diagnosis or for improving medical
applications like hyperthermia and medical imaging rather
than propagation issues. For instance, the Institute of
Telecommunications and Multimedia Applications (iTEAM)
of the Universitat Politécnica de Valéncia has conducted a
measurement campaign jointly with the Hospital Universitari i
Politécnic La Fe de Valencia, with the aim of studying the
differences in permittivity between healthy and malignant
human colon tissue [52]. In this study, healthy and cancerous
colon samples from 20 human patients were characterized. It
was concluded that malignant samples have higher values of
dielectric constant and conductivity for the whole UWB range.
The difference in terms of dielectric constant between healthy
and cancerous samples is higher at the lower part of UWB
(around five points), whereas the difference in conductivity is
larger at higher frequencies as one can observe in Fig. 3. Such
studies open up the possibilities of including UWB signals in
medical devices not just for communications but for cancer
detection, diagnosis and treatment.
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Fig. 3. Dielectric constant (solid lines) and conductivity (dashed lines) of
healthy and malignant human colon tissue [52].

The dielectric data is important not only for getting a better
understanding of the in-body human channel, but also for
developing environments, such as software simulation tools
and electromagnetic phantoms, which use these data to
emulate the UWB in-body channel. Using these environments,
the evaluation of the performance of antennas and systems
without the need of human and animal experimentation is also
possible.

A. Electromagnetic Software Emulation of Body Tissues

Several commercial electromagnetic simulation software
such as CST Microwave Studio®, ANSYS HFSS™,
COMSOL®, FEKO® or Sim4Life allow modelling human
body tissues along with their electromagnetic properties. In
these tools, one can firstly import a homogeneous model that
represents a unique solid object (that can be an entire human
body, a specific body region or a particular organ),
heterogeneous models considering multiple tissues (see Fig.
4), poser models in which subjects have a specific position,
etc. These models are obtained using or combining different
techniques such as Magnetic Resonance Imaging (MRI),
Computed Tomography (CT) or photography processing of
sliced death corpses. Next, these models are related to their
corresponding complex frequency-dependent permittivity
values (one for the homogeneous models, several for the
heterogeneous ones) for the working frequencies. The data
reported in [30] (mainly obtained from ovine ex vivo
specimens) are the most used for this purpose due to the huge
number of tissues available, the large bandwidth of its
measurements and the availability of the aforementioned
fitting parameters.

Using these simulation environments jointly with the
human models, it is possible to implement multiple setups of
in-body propagation scenarios and thus compute the
performance of different in-body UWB antennas or the
propagation between them. Some of the available and most
used heterogeneous models along with their corresponding
spatial resolutions are presented in Table 1.

TABLE I
HETEROGENEOUS HUMAN MODELS FOR ELECTROMAGNETIC SIMULATIONS
Model Resolution (mm?) References
Virtual Population
(Several different subjects) 0.5x0.5x0.5 331, [82]
. Ix1x1 (Male)
Visible Human Model 0.33%0.33x0.33 (Female) [34], [83]
Chinese Visible Human Project
(Male and Female) IxIx1 [84]
GSF Family 0.85x0.85%4 (best case) [85]
(Several different subjects) 2.08x2.08x8 (worst case)
Japanese Male and Female 2x2x2 [86]
Naomi (aNAtOMIcal model) and
Norman (NORMAlized maN) 2x2x2 [87], [88]

The reproduction of the human body anatomy improves as
the resolution of the computer model increases. A good model
resolution has an affordable cost in terms of memory and
representation. Besides, a meshing of the body has to be done
prior to simulation, which consists in discretizing the body
into polygons (e.g., into tetrahedral or hexahedral shapes). In
the resulting volumes, also known as cells, the electric and
magnetic fields are computed using a numerical technique.
The accuracy of the simulation can be incremented by
increasing the number of cells, but this will also result in
higher computational cost and time [90].

However, it is important to keep in mind that
electromagnetic simulation also has some drawbacks. Since
the human models have a limited resolution, there is a trade-
off between simulation accuracy and computational cost. In
addition, physiological processes like metabolism, breathing,
heart beating or blood flow [36] are not replicated.

B. A. Experimental Tissue-Equivalent Phantoms

As mentioned before, a synthetic environment for emulating
the propagation medium is needed for realistic measurements
in laboratory [106]. This synthetic setting is composed of the
so-called phantoms, which are materials having the same
dielectric properties as those of the human tissues. Depending



TABLE II
REPORTED PHANTOMS OF DIFFERENT BODY TISSUES AND THEIR CORRESPONDING ACCURACY FOR THE UWB BAND
Tissue & Accuracy (Real Part | Imaginary Part) Rl;;eg(iu(e(r}llc-lyz ) Type Components Ref.
Muscle (5.61 | 7.06) (Accuracy in RMSE*) 3.1-10.6 L Water, Sucrose [40]
Breast (Normal, 3 types, 0.5-6 GHz: 1.59/1.90/0.54 | 0.45/0.83/0.14; 6-12 GHz:
0.53/3.79/0.31] 1.12/1.60/0.16), Malignant (0.5-6 GHz: 0.99 | 0.11; 6-12 GHz: 1.39 0.5-12 L Water, TX-100 [91]
1 0.65)) (Accuracy in RMSE)
Breast (Fat, Malignant Tissue, Skin) 1-11 L Water, Oil, Diacetin, FR4 Glass [92]
Not imitating actual tissues but their contrast Epoxy Printed Circuit Board (PCB
imitating 14 but thei poxy Printed Circui 4 (PC
Blood (1.25 | 0.09), Cartilage (0.38 | 0.45), Colon (0.22 | 0.26), Colon Malignant (39]
. .05), Cornea (1. .84), Gre atter (1. .58), Heart (0. 1), ater, Acetonitrile, Ethanol,
(0.45]1.05), C (1.4410.84), Grey M (1.7410.58), H (0.4710.7) 0518 L % A itrile, Ethanol [41]’
Kidne . .18), Liver (0. .29), Muscle (0. .47), Pancreas (0.5 odium oride
idney (0.99 | 0.18), Li 0.3810.29 043104 (0.54 ’ Sodium Chlorid [93]’
0.69), Wet Skin (0.53 | 0.32) (Accuracy in RMSE*)
Infiltrated Fat, Non-Infiltrated Fat, Muscle, Wet Skin, Dry Skin 05-20 3Ss Fomﬁiﬁﬁyﬁ:lastiﬁzgglﬁt o [94]
(Accuracy not provided) ’ Propanol p-’Toluic Acié
Water, Agar, Polyethylene Powder,
( Accurza/: “f(:‘tscigvi ded) 2-10 N Sodium Chloride, TX-151, [95]
ynotp Dehydroacetic Acid Sodium Salt
Water, Gelatine, Oil, Propylene
Breast (Fat (9%), Gland (14%), Tumor (9%)) 31-106 Ss Glycol, Surfactant, Formaldehyde, [96]
(Accuracy in deviation for real part) ' ' Agar, p-Toluic Acid, 1-Propanol,
Alizarin
Breast (Low Density (2 types, 1.22/2.59|2.39/3.19), Water, Propylene Glycol, Gelatine,
High Density (2.89 | 2.17)) 3-11 SS Oil, Surfactant, Glyoxal, [97]
ccuracy in RMSE at 7.5 GHz utaraldehyde, Agar, Cornflour
A i S G Gl ldehyde, Agar, Cornfl
Wet Skin (6.87 | 5.97 S%/m?), Fat (0.21 | 0.29 S*/m?), Blood (25.38 | 1.12 S%/m?), 03-20 ss Water, Oil, Gelatine, Sodium (98]
Muscle (21.14 | 6.21 S*/m?) (Accuracy in MSE) ) Chloride, Detergent
Breast (Muscle, Fibrograndular Tissue, Skin, Transitional Tissue, Fat, Malignant 3_10 SS Water, Glycerin, Polyethylene [99]
Tissue) (Accuracy not provided) Powder, Agar
Breast (Fat, Tumor, Skin) 112 ss Water, Wheat Flour, Petroleum [100]
(Not imitating actual tissues but their contrast) Jelly (Vaseline), Oil, Glass
Fat, Muscle, Grey Matter B Carbon Black Powder, PTFE
irst order matc owder
(Fi a h) 0.001 - 10 N Powd [101]
Breast (Normal, Tumor) (Accuracy not provided) 2-10 S Polycarbonate, Oil, Epoxy [102]
. Carbon Black Powder, Graphite
Skin (2 types, 28/10 | 21/31), Bone (7 | 47), Fat (2.46 | 0.15 S/m) 1-10 S Powder. Silicone Rubber Urgthane [103]
(Accuracy in relative error in 2-10 GHz except absolute error for fat) ’ Rubber ’
Liver (3 models, 8.58/8.55/7.77 | 5.49/5.77/6.47) 0.7 —20 S Water, Sucrose, Sodium Chloride, [104]
(Accuracy in RMSE") ) HEC 4400, Dowicil 75
Breast (Muscle, Fat, Dry and Wet Skin, Malignant Tissue) 215 v Yg)l\;(at};rﬁ t?é;mgi)ige%o\lvﬁt:{s?i%ng [105]
(Accuracy not provided) ? Loti(’)n Cornst’arch
* Own measurements after preparing and measuring the phantoms within 3.1 — 10.6 GHz

+ Calculation using the parametric models provided in the study within 3.1 — 10.6 GHz

L: Liquid, SS: Semisolid, S: Solid, V: Various

on the application, these phantoms can be solid [106],
semisolid [107] or liquid [108]. Concretely, the emulation of
an in-body communications scenario usually requires a liquid
where the implanted antenna can be freely placed and moved.
Moreover, the physical properties of phantoms also restrict the
materials used, and thus the values of relative permittivity that
can be achieved. For instance, liquid phantoms are frequently
composed of a high amount of water, which is suitable to
mimic soft tissues; whereas solids use polymers whose
dielectric constant is lower. Apart from the dielectric features,
other attributes like non-hazard, low-cost, easy-to-prepare and
long lifespan are desired. As target data to imitate, there are
three possibilities. Firstly, selecting measured data of real
tissues from previous authors. In that case, most works use
Gabriel’s reference [30], or recent works based on it [109], in
which parametric models are provided for many tissues.
Secondly, others perform their own measurements according
to their requirements [110]. Finally, some researchers estimate

theoretically the relative permittivity, taking into account the
tissue constituents [111].

In the literature, formulas for phantom preparation are given
for a specific frequency range [112]. In particular, some
researchers model broadband phantoms [94], [107], [110],
covering a specific frequency range. Table II reviews of those
phantoms reported in the literature that include the UWB
frequency band. Ingredients vary from basic compounds [40],
[105] to laboratory chemicals [94], [96]. As can be seen,
certain compounds such as water, sodium chloride, oil and
flour are common in several references. These compounds
constitute the main influence on the relative permittivity
among others like polymer powders or polar liquids. The rest
of the constituents attempt to provide some desired physical
properties. For example, gelatine and agar are used to get
semisolid phantoms, surfactants permit mixing insoluble
compounds and alizarin is used as a colorant.



The accuracy of phantoms with respect to real tissues is
often specified by the root-mean-square error (RMSE), but
also by the mean squared error (MSE) and the relative error.
From Table II, one can observe that many of them have large
deviations [40], [96], [98], [101], [103], [104]. Others do not
even conform to tissue values, but such phantoms are created
so that the differences between their values are equivalent to
those of the tissues of interest [92], [100]. Inasmuch as breast
phantoms are one of the most pursued, they attain a good
accuracy in some works [91], [97]. Muscle phantoms, in
particular, are given in four different works in Table II, with a
high contrast between their errors. Both [40] and [98] exhibit a
high deviation from the reference values, whereas [101] just
provides a first-order match. The muscle phantom from [39],
[41] has the highest accuracy, with a really low RMSE.
Regarding skin phantoms, the best-case error for the dielectric
constant is 21% [103]. The values for wet skin are provided in
a wider frequency range in [41] and [98], however, the
broadest band is achieved at the expense of accuracy.
Certainly, imitating the relative permittivity of tissues in such
a large bandwidth is challenging. The dielectric values must
be fitted to those of body tissues as well as their trend with
frequency. Dipole relaxation frequency is the key factor when
a wideband phantom is sought, since it defines how the
relative permittivity changes with frequency. This parameter is
especially crucial in tissues with high water content, owing to
the fact that their dielectric properties are more frequency-
dependent than tissues with low water content. This behavior
explains why low water-content tissues are normally obtained
with great accuracy, e.g., the fat [94], [98], [103]. Acetonitrile
aqueous solutions have been recently suggested to replicate
the curve behavior of tissues within the microwave frequency
bands [39], [41], [93]. Besides, a fine adjustment to the target
values can be achieved by adding some extra compounds, so
that a phantom can be tailored to different tissues.

The list of mimicked tissues still needs to be enlarged, so
that one can assemble a realistic heterogeneous model. As
previously mentioned, many phantoms are designed for
microwave imaging for breast cancer detection [91], [92],
[96], [97], [99], [100], [102], [105]. In contrast, formulas for
gastrointestinal phantoms are less studied [40], [41], [94],
[104], restricting the possibilities to accurately testing those
in-body devices which could make use of the UWB benefits to
improve their performance, e.g. capsule endoscope. As an
example, a liquid phantom made of water with sucrose has
been proposed with the aim of performing propagation studies
in the UWB band [40]. Some authors use this approach to
carry out in-body propagation experiments [16], since it is a
simple mixture which can be easily prepared in laboratory
facilities. Nevertheless, this phantom only mimics the muscle,
and its dielectric properties are rather far from the actual ones.
Another work suggests an average human-torso phantom
using a 2/3 muscle equivalent [95]. However, since it is not a
multilayer phantom, reflections inside the medium cannot be
comparable to a real body. This deficiency might be overcome
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comparison with the real values [30] of their corresponding tissues (solid
lines). a) Dielectric constant b) Loss factor.

by the synthetic model patented in [41] since it provides
several mimicked tissues specially designed for the UWB
frequency band. Indeed, authors fit the reference values within
a larger frequency band, as can be observed in Fig. 5. Their
values for six tissue types are compared to Gabriel’s data [30].
Thus, this model improves the accuracy of all the others
depicted in Table I and provides phantoms for tissues which
have not been suggested before in such wide bands. This
advancement could lead to realistic models by combining
phantoms of different tissues in a multi-layered way.
Furthermore, this synthetic model may be used for making
different sorts of studies, such as specific absorption rate
(SAR) [113], microwave imaging [114], radiation dosimetry
studies [115] or propagation through human body [116].

[II. PROPAGATION THROUGH HUMAN TISSUES

The location of the nodes involved in the communication
among wireless sensors establishes the propagation scenario.
For in-body propagation three different scenarios can be
considered when at least one of the nodes is implanted inside
the body [13]:

- In-Body to In-Body (IB2IB) scenario, where all nodes
involved in the communication are located inside the human
body.

- In-Body to On-Body (IB20B) scenario, where the
implanted sensors communicate with nodes located in direct
contact with the human body surface.

- In-Body to Off-Body (IB2OFF) scenario, where the in-
body sensors communicate with an external node located far
away from the body surface.



In these three scenarios, the sensor implanted inside the
body typically acts as a transmitter whereas on-body or off-
body nodes act as receivers. One example is the wireless
capsule endoscopy [117], which captures images during its
travel along the gastrointestinal tract propelled by peristaltic
movements [118]. Then, the images are sent through the
human body tissues to an on-body sensor array located on the
waist. Another example is the peacemaker which incorporates
small sensors to monitor vital signs [119]. The collected
information is also sent from inside the thoracic cavity to
outside the human body wirelessly.

A. Antennas for UWB In-body Communications

As can be easily predicted, both in-body and external antennas
play an essential role in establishing a proper link among the
nodes. As detailed in the previous section, the relative
permittivity of human tissues varies according to the selected
working radio frequency [30]. Moreover, the behavior and
performance of WBAN in-body antennas can be affected by
the surrounding medium [32]. Hence, the inclusion of human
tissues in the design stage of these kinds of antennas is highly
relevant. Since implanted antennas are completely wrapped by
human tissues, designers of such kind of antennas mainly seek
two characteristics On the one hand, in-body antennas should
have an omnidirectional radiation pattern in order to
communicate with a sensor array located outside the body, e.g.
around the human waist [120], [121]. The use of this radiation
pattern instead of a directional one can minimize the
possibility of not receiving any radio signal from certain
locations inside the body since it moves uncontrollably [122].
On the other hand, the antenna matching should be ensured
within the entire frequency range of interest. In [123], the
authors focused on designing a suitable tiny UWB antenna to
be implanted inside the brain, whereas in [124] experts
designed and manufactured a UWB antenna, which works in
the low part of UWB spectrum, to be embedded in the capsule
endoscope. Most implantable antennas are miniaturized and
optimized to work in high frequencies in the first designing
stage [124], [125]. After that, in-body antennas are wrapped
with human tissue layers. Subsequently, we can expect that the
resonance frequency shifts down due to the dielectric
properties of human tissues and thus an antenna matching
within the bandwidth of interest is obtained [32]. This
optimization and miniaturization procedure may not be
efficient for antenna designs which work with a large
bandwidth. This is due to the fact that human tissues are
frequency dependent and consequently the antenna can be
affected in different manners at different frequencies.
Moreover, the high losses in this propagation medium can also
irreversibly vary the free-space radiation parameters. In order
to characterize the available radio channel performance
provided by UWB, new optimization and miniaturization
techniques should be used to obtain reliable antenna
candidates. The use of direct optimization procedures at the
initial antenna designing stage [126] profits from the human
tissue properties for antenna miniaturization.
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Fig. 6. Antenna matching achieved by using direct antenna miniaturization
procedure [127].
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Fig. 7. Radiation pattern of an implanted antenna at UWB frequencies by
using antenna miniaturization procedure [127].

Thus, the targets of radiation parameters (see Fig. 6 and Fig.
7) can be easily accomplished.

Moreover, on-body receiving antennas for IB20OB scenarios
must achieve an antenna matching when they are located
between layers of human tissues in front and air at the rear
[128]. Furthermore, wave propagation conditions through
body tissues should be achieved. In addition, the use of a beam
antenna rather than an omnidirectional one is preferable for
this purpose. This fact can mitigate the reception of unwanted
interfering signals as well as focusing usefully the power
towards the human body increasing the antenna gain. In the
literature, a large number of UWB on-body antenna designs
for on-body to on-body and on-body to off-body
communications can be found [129]-[131]. Some UWB on-
body antenna designs such as helix antennas [132] or slotted-
patch antennas [133] have been assessed to communicate with
implants. However, more research studies to design new UWB
on-body receivers should be encouraged to validate UWB for
future in-body networks.



TABLE III
REPORTED PATH LOSS MODELS IN THE UWB BAND
. . Frequency Range  Distance Range . Lo
Scenario Methodology of Analysis Scenario of Application  Path Loss Model Reference
(GHz) (cm)
IB2IB Experimental Measurements 3.1-8.5 3<d<8 Muscle Tissue Linear* [134]
1<d<15 Abdominal Region Linear* [135]
1-6
0.1<d<12 Chest Region Power* [136]
Numerical Simulations 31-6 4<d<6 Chest Region Log-distance* + [137]
5<d<9 Log-distance [138]
34-438 Abdominal Region
2<d<24 Log-distance* [139]
1B20B i i i
Numerical simulations & 3.5-45 0<d<9 Abdominal Region Power* [140]
Experimental measurements
Experimental Measurements 3.1-85 55<d<20 Muscle Tissue Log-distance* [134]
Experimental & In vivo Muscle Tissue/ .
measurements 315 3=d=ll Abdominal Region Linear (311
1-6 5<d<16 Abdominal Region Log-distance [43]
In vivo measurements
34-48 3<d<12 Abdominal Region Log-distance* [44]
* Adding a shadowing term
+ Depending on frequency
B. UWB Radio Channel Performance In'tB"dy @ D On;B"dy
. . . antenna Propagation channel ) ([ 2ntenna
With the aim of enhancing the current standard 802.15.6- )) ~ opagation chanm ~_ (((
2012 for in-body communications by using the UWB N R
spectrum, more reliable radio link analysis should be B —
performed to consider UWB frequency range as the best ‘V“t"r Network Analyzer

candidate for this purpose. In the literature, a large amount of
studies focused on UWB implant channel characterization
using different methodologies are reported. They are
summarized in Table III.

As explained in the introduction section, there are three
approaches to study the in-body propagation channel:

- Simulations by means of electromagnetic software. As
mentioned before, the features of radio channel are
investigated by using well-known computer software such as
CST® [136] or HFSS™ [141]. Complex heterogencous
multilayer structures can be obtained by using anatomical
models of human tissues [33].

- Experimentally, by means of channel measurements
using a VNA which measures the S»; parameter as shown in
Fig. 8. Those measurements can be divided into two
categories:

o Laboratory tests. Use of tissue-mimicking phantoms.
Materials which emulate the dielectric properties of
human tissues can be a really cost-effective way to
reproduce the implant radio channel feasibly [41],
[110].

o In vivo measurements —animal experimentation—.
Since human experimentation is highly restricted, the
use of animal subjects is a feasible option in order to
get the real propagation conditions when radio waves
go through different living tissues [42], [43].

Frequency sweep
with N resolution points
S-parameter
measurements

Port 1

| Port 2

S21(f) < H(f)

Inverse
Fourier
Transform

|—h(T) =FH(H]

Fig. 8. Experimental channel sounding of the IB20B channel by
using a VNA.

Regardless of the methodology of analysis, the main radio
channel feature reported in the literature is the path loss and its
fitting model. Thus, the path loss models found in the
literature can be classified depending by their dependence on
distance as:

- Linear, in which the path loss in decibels varies
linearly (slope @) with the distance between antennas, d, as:

PL(dB)=C+ad where is C a constant.

- Power, where the path loss in decibels varies with the
power (exponent p) of the distance between antennas as:
PL(dB)=C+ad” .

- Log-distance, in which the path loss in decibels is
linearly dependent (slope n) with the logarithm of the distance
between antennas as: PL(dB)=C+10nlog(d).
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Fig. 9. In vivo measurement setup [31].

Sometimes, those models also include a shadowing term
that statistically models —typically with a Gaussian function—
the dispersion of the samples around the fitting model.
However, the models available in the literature vary
considerably depending on the scenario, the range of the
distance between antennas considered, and the frequency band
analyzed as detailed in Table III and explained in the
following.

The real propagation conditions of body tissues can be
reproduced by using living animals (see Fig. 9) such as pigs,
since the electromagnetic properties of their tissues are quite
similar to those of human at microwave frequencies [140].
The behavior of losses within a specific distance range
between sensors can vary according to the tissues involved in
the communication, the used bandwidth, etc. In [31] and [44],
engineers and medical specialists performed an IB20B
measurement campaign by using a pig subject. The used
bandwidth is quite similar in both works as well as the
distance between transmitters and receivers (3.1-5 GHz from 3
to 11 cm and 3.1-4.8 GHz from 3 to 12 cm, respectively).
Nonetheless, the path loss is well-fitted by a log-distance
model in [31] whereas the best fit is achieved by a linear
approximation model in [44]. These discrepancies between the
path loss approximation models can be produced due to the
fact that pig subjects chosen for each in vivo experiment as
well as the transmitting and receiving antennas are different.
Furthermore, the received power is highly influenced by the
tissues that radio waves go through, i.e., the tissues of the
thoracic cavity are not the same as those of the abdominal
region. Besides, a large amount of measurement points should
be taken in each experimental campaign to validate the model.
Authors in [43] extend the bandwidth from 1 to 6 GHz as well
as the distance between antennas from 5 to 16 cm in an
IB20B scenario using a pig as well. In this case, the path loss
is well-fitted again by a log-distance model but the number of
measurement points is still low.

Although the use of living animals seems to be the most
reliable way to study the in-body radio channel characteristics,
animal experimentation is highly restricted due to ethical
reasons. Besides, the necessity of a conditioned operating
room as well as medical instruments could raise the charges

considerably. Thus, research studies focused on validating the
UWB frequency range as a candidate for future implant
devices use other cost-effective ways such as electromagnetic
computation software or experimental phantoms for laboratory
tests. With regard to computer simulators, the most popular
measurements use sophisticated anatomical models such as
Hugo and Nelly from Visible Human Project, or the Virtual
Population designed by ITIS foundation (see Table I). In this
manner, one can emulate the transmission through the
different body tissues within countless positions of involved
nodes. In [136], authors approximated the losses by means of
a numerical statistical model (see Table III) from 0.1 to 12 cm
within a frequency band from 1 to 6 GHz. In this study,
implanted probes are located within a rectangular volume
close to the heart whereas an incoming plane wave is
transmitted from outside the body to the human chest.
However, most research works are focused on the propagation
around the human abdominal region, e.g., recreating the
typical scenario in which a capsule endoscope sends images to
an on-body sensor array located on the waist. Accordingly,
authors proposed in [135] a path loss approximation model for
the abdominal region which is quite similar to that obtained in
[136] for the thoracic cavity within the same frequency range
and similar depth from the skin. The changes between path
loss models may be produced by the different tissues involved
in each scenario. Other studies only consider frequency bands
within the UWB frequency range as proposed [138]-[140].
Even though both the distance range and the frequency
bandwidth vary among works, the losses follow a logarithmic
trend.

As mentioned above, the use of experimental phantoms
could be a reliable, and effective solution to emulate the
electromagnetic behavior of human tissues in laboratory tests
that can be carried out easily. Nevertheless, the UWB radio
channel characterization by wusing liquid phantoms is
challenging. As outlined in Section II.B, achieving highly
accurate phantoms in a large bandwidth for different body
tissues can be an unrealizable task. Furthermore, transmitters
and receivers involved in the propagation scenario should be
moved accurately to different locations in order to research the
radio channel characteristics, knowing the position of the
sensors as well as the distance between antenna centers. In
[134], authors performed a measurement campaign within
UWB (3.1-8.5 GHz) by using a novel experimental setup (see
Fig. 10).
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Fig. 10. Novel experimental setup used in [134].




Authors used a high accurate muscle phantom reported in
[39], [41], which achieves the best approximation of the
relative permittivity of human muscle tissue within UWB (see
Table II). Two common scenarios were reproduced by means
of this setup (IB20OB and IB2IB). On the one hand, authors
conclude that the path loss approximation model which best
fits the losses is the linear model for the IB2IB scenario and
the shadowing is well-fitted by a normal distribution from 3 to
8 cm. The trend of the losses matches the results obtained in
other studies within other frequency ranges [16]. It is hard to
find research works devoted to UWB IB2IB scenarios in order
to perform a thorough comparative of path loss models.
Therefore, more studies to enhance the communication among
implanted sensor networks should be conducted. On the other
hand, the path loss is fitted by a log-distance model for the
IB20B scenario, as concluded in [134]. Likewise, the
shadowing is well-fitted by a normal distribution. This path
loss model is quite similar to those obtained by using
computer heterogeneous human models [136], other phantom-
based setups [140] and those computed from in vivo
measurements [31] within the same distance range between
antenna centers.

As illustrated in Fig. 11, reaching a common path loss
model for all the aforementioned cases is challenging. As
already pointed out, the tissues involved in the propagation
scenario can affect the trend of the path loss model as noted by
comparing [31] and [44]. Moreover, the considered scenario
as well as the involved tissues determine the performance of
the radio link. Besides, the transmitting and receiving antennas
play an important role for the characterization of the in-body
radio channel characterization. The chosen bandwidth within
UWB can determine the most suitable approximation model,
so the frequency dependence of the UWB in-body radio
channel characteristics should be considered. Despite these
discrepancies, the path loss model which exhibits the best fit
for the IB2IB scenario within UWB is the linear
approximation model, whereas the log-distance is the most
suitable one for the IB20OB scenario. The literature lacks of
research works within UWB for in-body applications, thus
many more studies should be performed to achieve a
standardized path loss model.

C. Correlation

Channel diversity of UWB systems can enhance the channel
performance and thus enable new applications. UWB systems
can achieve highly accurate localization algorithms [142] and
multiantenna systems. These techniques can be influenced by
the correlation among transmitters and receivers [143]. Hence,
future algorithms for the localization of implanted sensors,
such as the capsule endoscope, may be affected by the channel
diversity in both transmission and reception.

Regarding the correlation in transmission -calculated to
study the diversity of the UWB in-body channel in several
locations of transmitting antennas- it decreases rapidly
whatever the distance between transmitter antennas was, as
authors concluded in [134], in an IB2IB phantom-based setup.
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Fig. 11. Chart of the UWB path loss models proposed in the literature for
IB20B scenario for different frequency bands and range distances (expressed
in centimeters).

They also concluded that correlation is quite high when
transmitting antennas are aligned at the same height and the
distance between their centers is below 5 cm for the IB20OB
scenario. Other techniques such as designing new dual-
polarized implantable transmitters could help to increase the
diversity of the channel in transmission [44].

The diversity in reception is assessed by considering
different receiving antenna locations. In [134], the study
concluded that correlation decreases as the distance between
the receiving antennas increases, as in [144]. Besides, the
receiving antennas should be separated more than one
wavelength in order to increase the diversity in reception, i.e.,
to obtain uncorrelated signals in reception.

However, few studies deal with UWB in-body channel
diversity, unlike the body of works for off-body scenarios
[145]. Therefore, further research works should aim at
performing thorough studies focused on this area. In this
manner, new medical applications based on UWB can be pre-
evaluated to strengthen the candidature of this technology for
this purpose.

IV. CONCLUSIONS AND PERSPECTIVES

UWB propagation for in-body sensor networks can be
considered as a complex environment where the antennas, the
propagation medium and the methodology of analysis impact
the overall behavior of the in-body radio channel. Many
research works about UWB in-body propagation can be found
in the literature. However, results are hard to compare due to
the differences in these key factors involved. Therefore, a
general channel model has not been reported yet so that
standardization for future in-body UWB devices can become
difficult.

In this work, the authors have reviewed the current state of
the art for the UWB in-body propagation environment by
addressing: the characteristics of the propagation medium, i.e.,
the human body tissues; the role of the in-body antennas; and
the key aspects of every analysis method (software



simulations, phantom-based measurements and in vivo

measurements). Thus, the main outcomes of this work are:

1) The dielectric properties of human body tissues and their
frequency dependency impact considerably both the
theoretical and the experimental analysis of the in-body
radio channel.

2) Mathematical simulations of the UWB in-body
propagation channel imply the need for accurate computer
human models.

3) Phantoms for experimental analysis within UWB should
comply with the dielectric values of the different body
tissues as well as their trend in such a large frequency
band.

4) In-body and on-body antennas should be designed taking
into account the propagation medium. The antennas
should be designed considering the surrounding tissue
from the very initial stages of the designing process.

5) Most propagation studies for in-body communications in
UWB, model the in-body radio channel as a log-distance
model. However, the in-body radio channel is very
influenced by a) the methodology of analysis (theoretical
simulations or experimental measurements), b) the
antennas used as well as their performance, and c) the
channel behavior and the scenario considered (abdominal
region, chest, etc.). Therefore, an in-depth study is
necessary in order to develop a general model, whatever
the scenario under analysis.

Future trends in research on in-body propagation within
UWB band should try to overcome these challenges. Firstly, a
multilayer accurate UWB phantom for in-body measurements
is necessary in order to carry out extensive and realistic
measurement campaigns. Furthermore, the design of more
efficient antennas, that can counter the high losses of body
tissues at UWB, would play a key role in a future use of the
UWB band for medical devices. Finally, not only a path loss
model but also a delay domain model of the in-body radio
channel should be addressed in the literature. This complete
model would be of utmost importance for further algorithms
based on radio information such as location of in-body devices
or interferences among several devices implanted inside the
human body.
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