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ABSTRACT Electromagnetic simulation-based channel modeling is presently considered as a promising
option for wireless body area network (WBAN) channel modeling. The benefits of simulation-based channel
modeling are obvious: realistic channel characteristics for required environments and situations are provided
flexibly and cheaply. In addition, the use of simulation-based channel modeling may overcome several
challenges related to the use of measurement data, such as uncertainties and inaccuracies due to cabling,
unintentional changes in the position of the test person or the antennas and so on. There are several numerical
methods suitable for simulation based-channel modeling, both full-wave and an asymptotic solutions.
The choice of the numerical approach depends on the nature of the communication links of the wireless
body network being considered. This paper presents a general overview, including recent progress, of the
electromagnetic simulation-based WBAN channel modeling techniques. Advantages, disadvantages, and
the most appropriate applications are described. Furthermore, the features of the different techniques are
compared.

INDEX TERMS FEM, FDTD, FIT, channel modeling, MoM, overview, ray-tracing, UTD.

I. INTRODUCTION
Wireless BodyAreaNetwork (WBAN) Systems andApplica-
tions are considered to play a key role in solving the problems
and demands related to the future’s healthcare. The main
challenge is to develop and design systems which provide
dependable, secure and fast communications while taking
into account patient’s safety [1]–[5].

Extensive knowledge of the radio channel is essential for
the optimized system design. In the WBAN applications,
the close proximity of the human body brings several chal-
lenges for channel modeling. Thus, channel modeling for the
WBAN applications has been an intensively researched topic
in recent years. Besides the channel models introduced by the
IEEE802.15.6 standard [6], several analytical, measurement
based, and electromagnetic simulation based channel models
have been proposed in the literature for WBAN, reviewed in
e.g. [7]–[11].

The measurement based channels are shown to be
more accurate than the IEEE 802.15.6 channels, as shown

e.g., in [12]. Evidently, measured data based simulations
provide more realistic performance in certain environments
than the analytical model based on simulations, since the ana-
lytical models approximate certain situations. However, the
use of measurement data has its own challenges. First, the use
of measurement data is not always possible due to the labori-
ousness of themeasurement campaigns. Second, inaccuracies
and uncertainties are always present in the use of measure-
ment data due to cabling, coupling, unintentional changes in
the positions of the test person, antennas, environment, etc.,
as presented in more details in [10], [13], and [14].

Electromagnetic simulation based channel modeling
seems to overcome the several problems related to the use
of measurement data and thus, it has gained a lot of interest
in recent years. These channel modeling techniques can be
categorized in full-wave and asymptotic solutions [7], [10].
In the full-wave solutions, the basic idea is to determine
the channel characteristics accurately in the given scenario
solving Maxwell’s equations using numerical approaches.
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In the WBAN context, the most commonly used full-wave
numerical approaches are: Method of Moments (MoM),
Finite Element Method (FEM), Finite-Difference Time-
Domain (FDTD), and Finite Integration Technique (FIT).
Asymptotic techniques, such as ray-tracing (RT) andUniform
Theory of Diffraction (UTD) are commonly used for larger
environments or in high-frequency applications, in which
full-wave solutions are too complex. The asymptotic tech-
nique can be used purely, or as a hybrid technique, i.e., in
combination with a full-wave solution to obtain the optimal
solution for propagation prediction in terms of accuracy,
complexity and simulation time [7], [10].

The main contribution of this paper is to provide a general
overview, including recent progress of the electromagnetic
simulation based channel modeling techniques currently used
in the WBAN channel modeling. Ray-tracing, UTD, MoM,
FEM, FDTD, and FIT-based channelmodeling techniques are
considered and their advantages, disadvantages and the most
appropriate applications are listed. Furthermore, comparative
perspectives for these techniques are discussed. The aim is to
aggregate information from different references to provide a
comprehensive view on the topic, which could be helpful for
the readers who are considering suitable channel modeling
techniques for certain study cases. Detailed equations of each
technique can be easily found from several references cited
in the following chapters and thus, they are not repeated
here. In the literature, there are only a few surveys related
to simulation based channel modeling techniques, e.g. in [7]
and [10]. However, our paper provides a wider review on
several techniques for differentWBAN communication links,
including the newest references from the literature.

This paper is organized as follows: Section II describes
the WBAN communication links. In Section III, simulation
based channel modeling techniques are presented in the fol-
lowing order: A) Raytracing and UTD, B) MoM, C) FEM,D)
FDTD, and E) FIT. In Subsection F , the hybrid techniques
are presented. The comparison of the presented techniques is
discussed in Section III. Section IV gives the summary and
conclusions.

II. WBAN COMMUNICATIONS LINKS
The human body has a strong impact on the antenna perfor-
mance and hence, on the channel characteristics. The shape
and composition of the body, body motion, antenna place-
ment, as well as the antenna-human body distance all strongly
influence the propagation in the WBAN [7], [8], [16], [15].

WBAN communication links can be divided into three
categories: on-body communications, off-body communica-
tions, and in-body communications. Figure 1 demonstrates
the communication links, which are explained more in detail
in the following subsections [7], [8].

A. ON-BODY COMMUNICATION
The on-body communication link covers the communication
link between two nodes, both located on the surface of the
body. It can be, for instance, a sensor collecting monitoring

FIGURE 1. WBAN communication links.

data, which is then send to the on-body device usually located
on the wrist or waist [7]. In on-body communications, the
impact of the human body on antenna properties is sig-
nificant and hence, dominates the channel characterization.
On-body channel modeling is the mostly studied communi-
cation link: there are numerous measurement, analytical or
electromagnetic simulation based channel models presented
in the literature, e.g., [7], [8], [17], [18].

B. OFF-BODY COMMUNICATION
The off-body communication link is related to the link
between the on-body device and the external device, for
instance the hospital room access point. This link is usually
considered the easiest link to model since only one antenna is
on the body. However, if the distance of the link is long, the
computational complexity may become excessive with full-
wave solutions [7], [8].

C. IN-BODY COMMUNICATION
The in-body communication link covers two links: the link
between the medical implants inside the body (also referred
to as in-in body communication in the literature) and the link
between internal medical implants and the sensors attached
to the body (in-on body communication link). Channel mod-
eling for in-body communication has been under intensive
study in recent years as the medical implant technology has
increased rapidly [19]–[21].

III. SIMULATION BASED CHANNEL MODELING
A. RAY-TRACING AND UNIFORM GEOMETRICAL
THEORY OF DIFFRACTION
Ray-tracing based techniques have been used to predict the
channel propagation for years. These techniques are particu-
larly applicable for site-specific prediction of radio channel
characteristics and they have been widely used in both to
indoor and outdoor radio propagation prediction. In these
methods, propagating rays are traced while reflecting or
diffracting from the objects. The reflection and diffraction
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coefficients depend on the geometrical and material proper-
ties of the surface [7], [22], [23]–[27].

Diffraction is the more challenging phenomenon to be
predicted compared to the reflection, and thus, there is a wide
variety of calculation methods for diffracted fields. Accuracy
of the diffraction calculation was greatly improved with the
development of geometric theory of diffraction (GTD) [28]
and its improved version UTD [29], the latter being more
popular in the WBAN channel modeling context [22].

Both ray-tracing and UTD have been commonly used in
the propagation prediction in the environments with human
bodies context for years. In [23], a model based on a dual
image and ray-shooting approach considers the impact of
multiple human bodies moving in an office at the 2.45 GHz
frequency. In [25], a novel and efficient ray-tracing method
is proposed for UWB propagation prediction. The basic idea
is that UWB channel parameters can be accurately predicted
by employing RT simulation carried out at different frequen-
cies over the signal bandwidth. Since the RT algorithm is
independent of frequency, calculation of the rays reaching a
given location has to be conducted only once. The computa-
tional efficiency can be further improved using parallel ray
approximation (PRA), introduced in [25] as well. In [30], the
channel characteristics for an off-body communication link is
evaluated using RT-based simulation data and measurement
data, to which the Sage-Alternating Generalized Expectation-
Maximization (SAGE) algorithm is applied. The measure-
ments are conducted in a large meeting room using a phantom
model wearing a body-worn antenna. The results show good
agreement between the simulated and measurement data.

Nowadays, in theWBAN context, ray-tracing is commonly
used as a hybrid technique, i.e., combined with other numer-
ical methods to obtain the optimal solution for propagation
prediction in terms of accuracy, complexity and simulation
time. These studies are discussed in Section F in more detail.
As mentioned above, the UTD technique has been

used widely in the propagation prediction of the WBAN
communications applications during recent years. In [31],
a UTD-based propagation prediction model is proposed to
investigate the human body-scattering effects in the indoor
channel. The human body is approximated with a perfect
conducting circular cylinder and then combined with the ray-
tracing technique to obtain channel characteristics of a par-
ticular indoor environment. Koutitas [32] propose a method
using a modified slope UTD technique, which can be applied
to accurately model scattering, radiation, coupling effects etc.
The technique was investigated for the on-body propagation
at 2.4 - 5 GHz and showed a good match with the measure-
ment data [7], [33].

Recently, the UTD technique has gained strong interest
when the higher frequency body-centric applications have
been under an intensive scope. The human body is electrically
large at millimeter-wave frequencies, and thus, the com-
putational burden of the full-wave techniques is excessive.
With UTD, the frequency does not impact on the memory
resources, which makes it the most widely used technique for

the propagation prediction on the V band (40 - 75 GHz) and
W band (75 - 110 GHz) [10], [35].

In [35], numerical and experimental analysis of the
on-body propagation around the human body is presented at
94 GHz. UTD is used as the propagation prediction method.
The analysis of a body-centric environment at W band using
the UTD has been investigated in [35].

There are several studies for the on- and off-body com-
munication links on 60 GHz channels [36]–[39]. In the
first studies, the human body was modeled by dielec-
tric and perfectly conducting (PEC) cylinders, but later,
human or animal body models were used in the simulations.
In [36]–[38], the UTD technique is used for propagation pre-
diction whereas in [39], channel characteristics are evaluated
using ray-tracing. An extensive study on the propagation for
body-centric communications at millimeter-wave frequen-
cies is reviewed, e.g., in [10].

B. METHOD OF MOMENTS
MoM is a full-wave solution for Maxwell’s equations in
their integral form. The origin of the technique dates back
to 1968 when Harrington proposed the ‘‘weighted residuals’’
technique [40]. MoM is the most suitable technique for mod-
eling metallic structures, wires, etc. However, MoM is not
effective with complex or inhomogeneous structures since
the computational burden may grow excessive. Hence, its
use in the body-centric scenarios is challenging though not
impossible [7], [10].

MoM has been used for Specific Absorption Rate (SAR)
evaluations for years [41], [42]. However, hybrid methods,
e.g., MoM/FDTD or MoM/FEM are more commonly used
techniques in the SAR studies than the purely MoM-based
technique [43], [44]. Hybrid methods will be discussed in
more details in Section F .

MoM has been used to study the body’s effect on the
characteristics of loop antennas, e.g., in [45]. In this
study, the surface of the human body was replaced by a
conducting reflector, which simplifies the computational bur-
den significantly. In [46] and [47], the body-effect is evalu-
ated using MoM and the coupled integral equations. Later,
a Green’s function approach [48], [49] and surface-based
MoM approach [50] were introduced to analyze on-body
antennas and radio channels. Furthermore, MoM is also used
for modeling human bodies in crowds for the analysis of
channel parameters in a WBAN application [51].

C. FINITE ELEMENT METHOD
The origin and the inventor of FEM is an open question since
several researchers ended up with a similar approach inde-
pendently. Actually, the method was develop to fill the need
to solve complex elasticity and structural analysis problems
in civil and aeronautical engineering in the early 1940s [52].

The basic idea of FEM is to divide the electromag-
netic structures into a number of small elements, which
can be either rectangular or triangular shaped. The ele-
ments are connected at points, which are common to two or
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more elements or boundary lines, so called nodes or nodal
points. A set of algebraic equations is used to determine the
nodal values of the field variables for each of the elements
simultaneously [7], [52], [53].

FEM is well suited to modeling complex electromagnetic
structures with curved and irregular boundaries, as well as
different materials. FEM has several advantages. Since the
size and form of the element can vary, FEM is remark-
ably flexible. It is very accurate even with geometrically
complex structures. Due to the versatility of FEM, it is a com-
monly used method in different applications: in biomechan-
ics, acoustics, heat transfer and, in general, in different fields
of engineering, such as medical, mechanical, aerospace, and
civil engineering. A major disadvantage of FEM is related
to the computational complexity. The matrix solutions can
be excessively time consuming and parallelization of the
FEM code can be challenging in some cases [7].

FEM has been used for medical applications for years.
Intensive research started in the early seventies, when FEM
was introduced to the field of head biomechanics and also to
implant dentistry [54], [55]. FEM is a commonly usedmethod
in medical imaging technology [56]–[59]. For instance, a
virtual-training system for knee arthroscopic surgery is real-
ized by FEM-based simulations [58].

In medical applications, FEM is mainly used at low
MHz frequencies due to computer memory constraints. For
instance in [60], eddy current effects on the human body
were calculated using an FEM-based approach. FEM is also
a commonly used method in the prediction of channel char-
acteristics for in-body communications [61]–[63]. Further-
more, several WBAN antennas have been designed with
FEM-based simulation software, e.g. ANSYS HFSS [64], as
presented in [65]–[68].

D. FINITE DIFFERENCE TIME DOMAIN TECHNIQUE
FDTD is the most commonly used technique for the elec-
tromagnetic propagation prediction around the body. Similar
to FEM, it requires the division of the EM structures into a
set of small cells, and therefore it is suitable for modeling
inhomogeneous media and complicated boundaries. FDTD
is based on the iterative solution of the discretized Maxwell’s
equations in the time domain [7].

The FDTD technique was invented by Yee in 1966 [69].
Since then, several extensions and modifications have been
proposed for FDTD for different purposes. The first body
simulations date back to 1987 when the first SAR evaluations
were performed using FDTD [70]. Since then, several FDTD-
based SAR studies have been presented e.g in [71]–[73].
FDTD still is themost commonly used technique in SAR sim-
ulations [80]–[84]. In general, the impact of electromagnetic
propagation on the human being has continuously been under
intensive study and discussion [79]–[83].

The main advantage of FDTD is the simplicity of the
algorithm; it is easy to implement. Mesh cells are homoge-
nous, which means that they are easy to generate and
handle. FDTD can also be parallelized, which is a major

advantage in large electrical problems. FDTD is a well-
known and intensively studied technique, for which exists an
extensive literature with different modifications for different
applications.

Like other numerical methods, FDTD also has some weak-
nesses. It requires the whole computational domain to be
meshed into small cells, whose size should be small compared
to the smallest wavelength used in the simulations. Another
disadvantage is related to the use of homogeneous mesh cells:
if one mesh cell can contain only one material, the number
of mesh cells may become enormous in the complex mod-
els with several different materials. Thus, the computational
burden may grow excessive, especially at higher frequencies.

Electromagnetic propagation around the human body was
simulated for the first time using FDTD in [84]. It was shown
that there is no direct transmission through the head. In that
paper, the simulation results were further incorporated into
a generic UWB channel model to get the channel charac-
teristics for a certain environment. Since then, FDTD has
been an intensively researched topic in body-centric channel
modeling, both in static [85]–[87], later in dynamic scena-
rios [88]–[90]. In [13], simulation-based scenario-specific
channel modeling for WBAN cooperative transmission
schemes was proposed. The link properties, which are
required for transmission scheme evaluation, were computed
using FDTD for seven body motions. Miry et al. [91] pro-
posed a bilateral dual-grid-FDTD technique, in which the
overall simulation is split into three FDTD simulations, which
are sequentially executed with an appropriate mesh. This
technique was proved to be simple, but fast and accurate.

In large electrical problems, the number of mesh cells
may grow excessively and thus, the simulation time may
become unreasonably long. However, FDTD calculations can
be parallelized, as proposed in [92]–[95].

In order to minimize the computational burden, several
hybrid methods have been presented for FDTD. A dispersive
FDTD and sub-band FDTD model for UWB channel mod-
eling has been presented in [96]. These suboptimal meth-
ods are also compared with the ray-tracing technique. The
Ray-tracing method was shown to be more efficient but less
accurate. The Sub-band FDTDmodel has also been combined
with the RT technique in [85]. In general, the combination of
FDTD and ray-tracing has been shown to be efficient and use-
ful [97], [98]. Extensive reviews of FDTD based techniques
have been presented, e.g., in [7], [13], and [99].

Additionally, FDTD can also be used for in-body antenna
design, as shown e.g. in [100]. It is also applicable for
determining the channel characteristics for in-body com-
munications [101]. For instance, it has been used for cap-
sule endoscopy localization studies as described in several
papers [101], [102], [102]–[104].

E. FINITE INTEGRATION TECHNIQUE
Originally, FIT was invented and published for the first time
by Weiland in [105]. FIT provides a discrete reformulation
of Maxwell’s equations in their integral form. It enables
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simulation of real-world electromagnetic field problems
with complex geometries, both in frequency and time
domains [10].

The main advantage of FIT is the possibility to have two
different materials within one grid cell, e.g. in FDTD, only
one material is allowed within one grid cell. Due to this
benefit, the mesh can be significantly sparser, and hence,
less memory is required in FIT simulations, especially in
objects with complex geometry. An extensive review for the
different uses of FIT is presented in [106], which covers
the research until 2000. Afterwards, no reviews have been
published so far.

FIT has been a popular tool in the antenna design for
years but previously it was considered to be too complex for
larger models. However, with the advancements of computer
resources, FIT has become a promising option for larger
body-centric models as well. Nowadays, FIT is commonly
used in WBAN antenna simulations for off-body communi-
cations [107], [108], on-body communications [109]–[113],
and in-body communications [114]–[116].

Besides of antenna design, FIT has been used for mod-
elling channel characteristics in different WBAN commu-
nication links for various applications. In [117], channel
characteristics have been evaluated for on-body communi-
cations at 2.4 GHz and 5.8 GHz using measurements and
FIT-simulations. Path loss models were determined by using
measurement and simulated data.

In [118], the FIT-simulations were used to verify the valid-
ity of the first solid skin-equivalent phantom, which was
developed to characterize the propagation channel for 60GHz
wireless body centric system. In [119], the impact of regular
or electro textiles on the on-body propagation at 60 GHz
is studied using FIT-based simulations and measurements.
It was shown that regular textiles decrease path gain typically
2-5 dB, whereas the electro textiles increase the path gain by
5-15 dB. In [120], FIT has been used for modeling the impact
of hair on SAR properties. It was shown that the form of the
hair style has a strong impact on the SAR values. Especially
spiky hair, i.e, high hair style, causes a number of additive
reflections in the propagation and thus increases the overall
SAR, especially at the bottom plane of the head.

Preliminary studies for the usability of FIT in the model-
ing of UWB WBAN on-off body communication link was
presented in [14] and [121]. These studies were designed for
anechoic chamber and the simulation results were compared
to the measurement results. The bandwidth in the studies
was 3 - 10 GHz. There was found to be an excellent match
between the simulated and measured channel responses both
in frequency and time domains. In [122], the usability of FIT
was further enhanced for modelling WBAN communication
links in complex environments by taken into account mesh-
ing, accuracy of simulation results, complexity, and simula-
tion time.

Another option for off-body communication link eval-
uation is that the antenna’s radiation patterns are calcu-
lated using FIT, and further, the propagation from the body

to the external node is calculated using statistical model
analysis [123], [124] or ray-tracing [125]. The hybrid-
methods will be discussed in section F .

Applying FIT-based channel modeling to the performance
evaluations of the concrete-surrounded use scenarios was
presented for first time in [126]. The evaluated scenario was
a system for monitoring the symptoms of Parkinson’s disease
presented in [127] and [128], in which the IEEE 802.15.6
based energy detector receiver is evaluated using the
FIT-based channel modeling in the simulations.

Recently, FIT has gained strong interest as in-body channel
modeling has become an intensively studied topic. FIT has
been shown to be an efficient method for simulation-based
in-body channel modeling, as shown, e.g., in [129]–[132].
FIT-based simulations are widely also used in different kinds
of medical applications. For instance, in [133], the FIT-based
simple simulation model was used to analyze aortic influence
on the impedance cardiography signal and in [134], FIT was
applied to numerical dosimetry.

F. HYBRID TECHNIQUES
The basic idea for using hybrid methods is to combine
two numerical schemes with different properties and advan-
tages to obtain the most efficient solution for the numeri-
cal problem. The most common approach for hybridization
is to combine a rigorous numerical scheme (e.g., MoM,
FDTD, FEM, FIT) with an asymptotic technique (e.g., ray-
tracing, UTD) for structures involving both large and small
objects. [97], [125], [135]–[138].

The combination of FDTD and ray-tracing has been
shown to be efficient and suitable for different applica-
tions, as shown, e.g., in [97] and [98]. FEM-UTD com-
bination is studied, e.g. in [135] and [136], to enhance
calculation speed of electrically large antenna problems.
The FIT-ray-tracing hybrid method has been evaluated e.g
in [125] though it is seldom used in the body-centric
communications.

Furthermore, hybridization techniques MoM/FDTD or
MoM/FEM have been commonly used for SAR evaluations.
In these cases,MoM is used for antenna evaluation and FDTD
or FEM used for head impact evaluation [42], [43], [139].
Body absorption evaluations have also been conducted using
the hybrid UTD/MoM technique [138], [139].

IV. COMPARISON OF THE TECHNIQUES
It is challenging to perform a fair comparison of the applica-
bility of the different numerical methods for WBAN channel
modeling due to many reasons. First, the channel character-
istics are strongly influenced by the body model used in the
simulations or the body shape of the volunteer in themeasure-
ments. Since different commercial simulators use different
body models, the simulator whose body model happens to
resemble best the person used as a volunteer in the measure-
ments, may get better equivalence between the simulated and
measured results, although the numerical method used in the
simulation may not be the most accurate one.
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TABLE 1. Summary of the main properties and applicability of the methods.

Different measurement based results are more comparable
if commonly known physical body phantoms are used in the
measurements instead of different test persons. The physical
body phantoms are made from solid, liquid, or gel mate-
rial, which are selected depending on the study case. Solid
phantoms are commonly used in the SAR measurements on
the body surface or in general in the study cases where the
internal structure of the phantom has to be preserved. Liquid
phantoms, which basically are containers filled with liquid
having the same electrical characteristics as the tissues in the
human body, are extensively used in the in-body SAR studies.
Gel phantoms are most suitable for simulating high-water
content materials, such as muscle and brain [7].

Furthermore, there are different kinds of electromagnetic
body phantoms, i.e. the body models used in the simulations.
Electromagnetic body models are categorized as theoretical
phantoms or voxel phantoms. Theoretical phantoms are used
for evaluating EM dosimetry or for confirmation of the valid-
ity of numerical simulation based results. Voxel phantoms
are more detailed numerical phantoms which are composed
of many voxels that describe anatomically the whole human
body in detail. Voxel phantoms are needed for accurate SAR
simulation, in-body simulations, etc. A comprehensive sur-
vey of the voxel models presented can be found in the litera-
ture, e.g. [7].

In the literature, different numerical methods are compared
in some studies. Most of these comparisons are generic, i.e.,
not related only to WBAN applications. FDTD and FIT have
been compared in [141], in which return loss of their proposed
antenna is evaluated using both techniques. The simulation
range was 0 - 10 GHz. It was shown that there is a good
match between the results obtained from FDTD and FIT. The
computational complexity, simulation time, etc issues were
not considered in this paper.

In [142], FDTD and FIT have been evaluated for two
different ground penetrating radar antennas at the frequencies
1.2 GHz and 1.5 GHz. Simulated responses were surprisingly
similar and match well with the measured response.

In [143], FDTD, FEM and FIT have been used for
on-body channel modeling at narrowband andUWB channels
with different antennas. In this study, FDTDoutperformed the
other techniques when comparing the simulation results with
the measurement results.

In [144], a brief review of the most commonly used com-
putational electromagnetic interference modeling techniques
is presented. The usability, capability, and limitations of
each technique were outlined in principle, without simulation
results. A slightly similar comparison has been done earlier
in [145], which included more diverse numerical methods
than in [144].

A comparison between FDTD and MoM is presented
in [145]. It was shown that FDTD and MoM have the same
order of accuracy, but with FDTD, the error accumulates over
distance.

Comparing the computational complexity of different
methods is another challenging. There exist studies of com-
plexity analysis for FEM [149], FDTD, and MoM, [150].
The complexity order of FIT is considered to be similar to
that of FEM. The complexities of UTD and raytracing are
significantly less complex than the full-wave solutions [7].
However, the pure complexity order is not the only remark-
able issue, since the efficiency of the calculation is also
noteworthy. For instance, the calculation of the FDTD algo-
rithm can be realized very efficiently especially with the sub-
optimal solutions as discussed in Paragraph D in Chapter III.
Thus, with simpler models, FDTD is more efficient than,
for example, FIT. However, with the large inhomogeneous
models, FIT is significantly more efficient than FDTD, since
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with FIT, the mesh is sparser due to the possibility of having
two different materials in one mesh cell.

There are several commercial simulators providing dif-
ferent numerical methods for different simulation purposes.
For instance CST [151], which is the most commonly used
FIT-simulator in theWBAN applications, provides alsoMoM
and FDTD methods. However, in that simulator, FDTD and
MoM are targeted for different applications. Packages like
FEKO [152] allow MoM, FDTD, FEM, GO, and UTD to be
combined in various forms to solve problems. For instance,
FEM might be used to model the head and MoM the exterior
antenna problem. REMCOM [153] provides several numeri-
cal methods, fromwhich one can choose the most suitable for
the study case. EMPIRE [154] is an FDTD based simulator
and HFSS AnSys [64] is a FEM-based simulator.

Table I summarizes the main properties and applications
of these techniques providing the possibility to compare the
techniques factually. The most commonly used commercial
simulators are listed as well.

V. SUMMARY AND CONCLUSION
This paper presented a review including recent progress of
the most commonly used numerical simulation based channel
modeling techniques for body-centric communications. Main
contributions of the ray-tracing, UTD, MoM, FEM, FDTD,
and FIT-based channel modeling techniques have been con-
sidered and their advantages and disadvantages and most
appropriate applications stated.

UTD has gained plenty of interest recently as the 60 GHz
and 90 GHz applications have been under intensive research.
It is clearly the most commonly used numerical method in the
higher frequency simulation based channel modeling tech-
niques. Ray-tracing is mostly used as a hybrid combination
with some kind of full-wave solution, especially with FDTD
or FEM.

The use of pure MoM has decreased as the simulation
based channel modeling method in body-centric applications
due to its excessive computational burden in larger models.
However, it is commonly used as part of a hybrid technique.
Pure MoM is still a commonly used method in the simulation
of metallic structures.

FEM is a versatile method, which is used widely in the
simulation based in- and on-body channel modeling. It is
also suitable for off-body communication links if used as a
hybrid method with ray-tracing. FEM is also commonly used
in different medical imaging applications.

FDTD has been the most commonly used numerical
method in WBAN context and is suitable especially for
on-body and in-body communications. Additionally, it is suit-
able also for off-body communications if it is used as a hybrid
method with, e.g., ray-tracing. Since FDTD is a well-known
and long-used technique in this context, there exist several
efficient solutions for FDTD calculations.

FIT has been known as an excellent method for antenna
design and nowadays it has also been used for channel pre-
diction for in-, on- and off-body communication links. FIT

is appropriate especially for geometrically complex struc-
tures since one of the main characteristics of FIT is the
possibility for inhomogeneous mesh cells. This feature may
enable dramatic reduction in the number of mesh cells and
hence in the computational complexity, compared for exam-
ple to the FDTD technique.

In general it can be concluded that electromagnetic simula-
tion based channel modeling has become a highly promising
option for determining the channel characteristics needed
in the optimized system design. By simulations, realistic
channel characteristics can be obtained for different sce-
narios and environments cheaply, flexibly, and efficiently.
The researcher only needs to select appropriate numerical
method for the study case depending on the application and
its requirements.
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