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On-Body Transmission at 5.2 GHz: Simulations
Using FDTD With a Time Domain
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Abstract—On-body communications systems are heavily influ-
enced by the effects of the human body and cannot be analyzed
without taking these into account. This, however, leads to a large
problem which is a challenge to model. In this paper a trans-
mission scenario is modeled which includes transmit and receive
cavity backed slot (CBS) antennas on the body of a male adult.
The slots are backed with cavities in order to get unidirectional
radiation patterns and decrease the near field body interaction
of the slots. The scenario is simulated with finite difference time
domain (FDTD) method in combination with a time domain
Huygens’ (TDH) technique in order to reduce the computational
load. A cylindrical numerical phantom including 15 different
tissue types is modeled to represent the upper body of a male.
The predicted transmission coefficient, return loss and radiation
patterns obtained using the TDH method are shown to be in
agreement with the resource intensive direct FDTD approach but
are obtained in approximately 30% of the time.

Index Terms—Finite difference time domain technique, Huy-
gens’ technique, on-body transmission, slot antenna.

I. INTRODUCTION

L INKS in a Body Area Network (BAN) can be classified
into three categories: off-body, on-body and in-body links

[1]. On-body links are the links in between the antennas on the
body which might be used for medical or non-medical appli-
cations. Possible medical applications include monitoring heart
rate, blood pressure, temperature and respiration [2]. Gaming,
establishing social network and assessing soldier fatigue are
among the non-medical applications [3]. On body antenna de-
sign is a challenging task due to the body being in the near-field
of the antenna and the complex interaction between the two. In
addition to the taking account of the influence of the body on
the antenna characteristics, the propagation channel should be
modeled carefully in order to ascertain the transmission link ef-
ficiency and to predict possible coverage problems and limita-
tions of the maximum data rate due to the delay spread.
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On-body radio channel scenarios can be characterized ex-
perimentally [4], [5] as well as computationally. A number of
methods are available for modeling propagation channels such
as this, e.g., [6]. However, the FDTD method is most often used
to predict on-body propagation since its capability of modeling
inhomogeneous materials [7] facilitates the accurate modeling
of the body. Moreover, the flexibility of the method allows the
detailed geometry of the antennas and the propagation environ-
ment to be readily included. Generally measurements are chosen
over simulations due to their being able to include the full effects
of practical small antennas being placed near the body. Simu-
lations, on the other hand, are generally limited to simple sce-
narios since the run time becomes impractically long for large
and detailed problems. In those cases, however, they are cheaper
and less time consuming [4]. A means of reducing the com-
putational requirements for more complicated problems would
therefore yield many benefits.

Much of the difficulty arises from the fact that the antenna ele-
ments contain much fine detail which necessitates a dense mesh
while the complete propagation channel is electrically large.
This combination leads to a very large number of cells and the
necessity for a very small time step. A number of techniques
have been proposed in the literature in order to overcome the
computational complexity of these multi-scale simulations in-
cluding sub-gridding [8] and dual grid FDTD [9]. Sub-gridding
is based on using a small step size only around small structures
and using a large step size elsewhere. It is successful in reducing
the run time however it is prone to numerical instability and to
spurious reflections from the grid sub-grid interface.

Dual grid FDTD deals with multi-scale structures by run-
ning two or more separate simulations. Small detailed struc-
tures are modeled with a fine grid while the larger part of the
structure is modeled with a coarse grid. The different simula-
tions are linked using Huygens surfaces. In [10] this method is
applied to a simple propagation channel together with the two
antennas. The computational complexity was overcome by di-
viding the problem domain into three sub-domains. These do-
mains are combined by means of Huygens’ Principle which is
applied in time domain in order to preserve delay profile in-
formation in a direct manner. Dual grid FDTD has also been
applied to on-body transmission analysis in [11]. In that paper
a homogenous partial body model was used to calculate the
transmission coefficient between two antennas but no time do-
main data or radiation patterns were presented. In this work, a
similar approach is taken but with a more detailed body model
and a more flexible algorithm for the interpolation of the fields.
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Fig. 1. Two CBS antennas, one transmit and one receive, located on the upper
body of a male.

Fig. 2. Geometry of the CBS antenna.

Also, in this work, graded meshes are used wherever appropriate
in order to further improve efficiency. In addition, the antenna
modeled here is a slot antenna which means the Huygens sur-
face need only cover the slot rather than having to enclose the
complete antenna structure and the singular behavior of the field
within the slot can be accounted for by an analytical correction
factor which allows a coarser mesh to be used while maintaining
accuracy. In order to demonstrate that this TDH method is ac-
curate and efficient, the complete link including the antennas is
also modeled by a direct FDTD simulation. It is shown that, by
using the TDH method, a time saving of approximately 70% can
be achieved with little loss in accuracy. For larger problems the
savings would be greater.

A layered upper body model is used and transmission channel
is characterized in both the time and frequency domain. The in-
fluence of the body on the antenna characteristics is also pre-
sented while demonstrating the performance of the improved
FDTD technique on body influence.

The paper starts with a detailed explanation of the prop-
agation scenario. Antenna elements and the numerical body
phantom are described in Section II. In Section III, FDTD
simulations improved with the TDH technique (FDTD-TDH)
is discussed. Section IV presents the interpolation schemes
used in TDH. The performance of direct FDTD simulations
and FDTD-TDH with different interpolation schemes are com-
pared in terms of transmission coefficients and the individual
antenna properties in Section V. The influence of the body
on the frequency response and the radiation pattern of the
transmit antenna is also presented. Finally the paper concludes
in Section VI.

TABLE I
ELECTRICAL PROPERTIES OF THE BODY TISSUES

II. ON-BODY PROPAGATION SCENARIO

A transmit and a receive antenna is located on the upper body
of a male as seen in Fig. 1. The distance between the antennas is
10 cm and the distance between the back of the CBS antennas
and the body is .

The propagation characteristics are investigated at 5.2 GHz.
The antennas used in the scenario are described in the next sub-
section.

A. Antenna Element

A slot antenna backed with a shallow cavity and fed with
a stripline is used as the antenna element [12]. The slot is a
half wavelength narrow slot operating at 5.2 GHz. The cavity
is filled with a dielectric substrate having a relative permittivity
of 2.2. The overall dimensions of the antenna are

. The antenna element was designed and analyzed by
FDTD simulations. Fig. 2 shows the dimensions of the modeled
antenna.

B. Numerical Body Phantom

Different numerical phantoms have been reported in the lit-
erature so far. These range from flat uniform models [13]–[15]
to voxel models generated with the help of precise MRI mea-
surements [16]. Here an upper body of an average male ex-
cluding the head is modeled as a cylindrical multi-layered struc-
ture using 15 different tissue types. The body parts and organs
are approximated by basic geometries such as spheres, cylin-
ders and cubes. Considering that the physical properties of indi-
viduals vary drastically, an average model is more appropriate
to use for a generic channel simulation. In addition the human
body is very lossy and the penetration depth is very small at 5.2
GHz therefore the detailed inner body parts have little effect on
the channel. The thickest outermost layer of the model is muscle
tissue with 20 mm thickness. As shown in Table I, the penetra-
tion depth of the muscle is less than 9 mm. This effect will be
demonstrated in detail in Section V. Permittivity and conduc-
tivity values of the tissues are calculated for 5.2 GHz [16], [17]
and listed in Table I.
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Fig. 3. Outer layers of the body showing skin (thickness (t): 2 mm in the arms
and 3 mm in the chest and abdomen), fat (t: 2 mm in the arms and 3 mm in the
chest and abdomen) and muscle (t: 2 cm) layers in coronal and transverse view.

Fig. 4. Bones: humerus (radius(r):1, length(l): 30 cm), radius (r:0.5, l:10 cm),
ulna (r:0.4, l:10 cm), spinal column (l: 40 cm), ribs (l: 30 cm) and sacrum
(l:5 cm).

Fig. 3 shows the outermost layers of the cylindrical structure.
The skin is assumed to be dry and taken as 3 mm thick for the
chest and abdomen and 2 mm thick for the arms. Fat thickness
is the same as the skin thickness and all the muscles are taken
to be 2 cm thick [18].

The bones: Humerus, Radius, Ulna, Ribs, Sacrum and Spinal
column are defined with 2 tissue types: the cortical and the
marrow as seen in Fig. 4 and Fig. 5. Typical dimensions of the
bones are taken from [19]. The Spinal Cord and the Cerebro
Spinal Fluid are introduced in the Spinal Column in addition to
the Spinal Column marrow.

The inner body parts such as body fluid and organs are also
included. Fig. 6 shows the diagram of the organs.

As previously mentioned, the penetration depth at this fre-
quency is very small and the inner body parts are expected to
have very little effect on the performance of the antennas. To

Fig. 5. Bones of the arm: humerus head (r: 2 cm), humerus distal articular
(r: 2 cm).

Fig. 6. Organs: lungs (cylinder r: 13, l: 20 cm), heart (cylinder r: 5, l: 12 cm),
liver (sphere r: 7 cm), stomach (sphere r: 5 cm), colon (block �� ����� ��),
small intestines (block �� ��� �� ��), kidneys (block �� �� �� ��).

confirm this, two body models are used here. Body Model A
does not include the arms and the organs. Body Model B is
the detailed body model including all the body parts described
above. Simulations with Model A and B are performed and the
effects are presented in Section V.

III. TIME DOMAIN HUYGENS’ TECHNIQUE

In order to reduce the amount of computer resources needed
to analyze this huge problem which would require 49 million
FDTD cells for the direct approach, it is split into three stages
using the approach described in [10].

A. First Stage

In this stage the transmit antenna is modeled in isolation.
Only the immediate vicinity of the antenna need be included
so that the computational domain is much smaller than would
be needed to model the complete scenario. In this case the com-
putational domain is and a fine mesh is
used consisting 5 million FDTD cells. The smallest cell size
is and the largest cell size is
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Fig. 7. First step, the transmit antenna with a Huygens’ snapshot, Huygens’
surface is labeled with the yellow box.

Fig. 8. The whole scenario is simulated with coarse mesh using the Huygens’
excitation, body model A is used for these simulations.

. The antenna is excited with a current source applied to
the stripline feed.

During the FDTD run, a Huygens’ snapshot, positioned as
shown in Fig. 7, is stored to a computer file for use in stage 2.
This is done by recording the tangential electric and magnetic
fields at each time step and on each FDTD node in the slot.

In order to check whether near body interaction would cause
significant coupling through the slot and therefore affect the
recorded snapshot, this stage was rerun with part of the human
body included. The region of the body which is included has
dimensions (half wavelength into the body).
It was found that the results were almost identical to those ob-
tained with the body excluded. This would be expected since the
radiation from the CBS antenna is largely directed away from
the body.

B. Second Stage

For this stage, the complete link, including the two antennas
and the human body, is simulated with a coarse mesh as shown
in Fig. 8. The antenna no longer needs to be covered with fine
mesh, since the structure is excited with the previously gener-
ated Huygens’ snapshot. This decreases the number of FDTD
cells which would be needed from 49 million to less than 22 mil-
lion. The mesh still has to be fine enough to accurately model
the slot. Here three different cases are considered where the
width of the slot is modeled with 1, 2 or 3 FDTD cells. The
cell sizes are, , and

respectively. Run time and accuracy in-
crease as the cell size decreases.

Fig. 9. The excitation of the transmit antenna and the Huygens’ snapshot on
the receive antenna at second stage.

Fig. 10. Final stage, the receive antenna is excited with the Huygens’ snapshot
generated in the second stage.

During the second stage, the fields on the receiver antenna’s
slot are also stored in another Huygens’ snapshot to be used in
the last stage as seen in Fig. 9.

C. Third Stage

Finally the receiver antenna is modeled in isolation using a
similar mesh to the one used for stage 1. The human body is not
included at this stage and the computational domain is small.
In this case the antenna is excited using the Huygens’ snapshot
generated in the second stage as seen in Fig. 10. The output is
then taken from the antenna feed line. This stage uses 5 million
FDTD cells.

IV. INTERPOLATION SCHEMES

In the scheme described above, it is necessary to store a Huy-
gens snapshot during the running of Stage 1 and to use this snap-
shot as an excitation source in Stage 2. Similarly it is necessary
to store a Huygens snapshot during the running of Stage 2 and
to use this snapshot as an excitation source in Stage 3. Since the
time step and cell sizes are different in the different stages, it is
necessary to perform an interpolation in space and time. There
are a number of ways in which this may be done.

For the Huygens snapshot generated in Stage 1, the tangential
E and H fields on the aperture of the slot antenna are recorded.
Because the aperture is placed on the TE plane of the FDTD
mesh, the values of the H field are obtained by averaging the
values of H on the nodes which are half a cell size on either
side of the aperture plane. Because the time step in Stage 2 is
greater than that of Stage 1 it is not necessary to record the fields
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TABLE II
COMPARISON OF DIRECT FDTD SIMULATIONS WITH THE ONES IMPROVED WITH HUYGENS’ TECHNIQUE

at every time step. The time interpolation is done using a linear
interpolation in a similar manner to that done in [11].

Following the time interpolation, the snapshot is interpolated
in space from the source mesh to the target mesh. Two dif-
ferent schemes are considered in this paper and their perfor-
mance compared.

A. Linear Interpolation Onto Each Target Node

Details of this scheme are given in [9] which is similar to that
used in [11]. Here the equivalent current at each node on the
target FDTD mesh is estimated from the nearest eight source
nodes using a tri-linear interpolation. The equivalent currents
are then included in the update equations for the target node.

B. Interpolation From Each Source Node

As an alternative to the above, the source snapshot can be
treated as a grid of wires which carry the equivalent electric and
magnetic currents. The methods which exist for incorporating
thin wires into the FDTD grid, e.g., [20]–[22] can then be used
here. For this application, however, the excitation is one-way
since there is no influence of the fields in the FDTD mesh upon
the equivalent wires.

A popular thin wire scheme was introduced by Holland and
Simpson [20]. In this scheme the current at each node in the
snapshot is shared out amongst the eight nearest target nodes in
accordance with a tri-linear interpolation scheme. It was shown,
however, that this method of is not accurate when the wires are
not coincident with the FDTD mesh and that improved perfor-
mance can be achieved by sharing out the currents over a greater
number of FDTD nodes using a “shell average” interpolation
[21], [22]. Because of this spreading of the current distribution,
the scheme is less affected by the exact position of the wires.

This method of interpolation has the advantage that it opens
the door to the use of Huygens surfaces which are tilted with
respect to the FDTD mesh which the method described in the
previous section does not. This is important as it allows the mod-
eling of scenarios where the transmit and receive antennas are

not in the same plane and therefore cannot be efficiently ana-
lyzed with a single Cartesian coordinate system. The applica-
tion to this type of situation is the subject of ongoing research.

V. RESULTS AND DISCUSSION

A. Performance of the FDTD-TDH Simulations

In this section, results are presented for the example scenario
with the use of the two interpolation schemes described in the
previous Section. In addition, the effect of different choices of
cell sizes in Stage 2 is shown. All the simulations are performed
on Intel Xeon X5670 @2.93 GHz processor. The run time for
the 1st stage is 57 minutes. Total time spent during the 2nd stage
changes between 392 and 201 minutes depending on the cell
size and the chosen interpolation scheme. Finally the 3rd stage
takes 118 minutes with Interpolation A and 126 minutes with
Interpolation B. In total the FDTD-TDH takes 376 and 402 min-
utes respectively as summarized in Table II. This is just 31.3%
of the time needed for the direct run. In addition, the first stage
need only be run once if a number of different positions of the
antennas are required to be modeled as long as the same an-
tenna element is used. Note that although the time elapsed with
Interpolation B is a little longer than Interpolation A, however,
interpolation B allows Huygens’ surfaces which are tilted with
respect to with the FDTD mesh whereas interpolation A as used
in [11] does not.

1) Transmission Characteristics: The transmitter and re-
ceiver are located on Body Model A. The transient response as
seen in the feed line of the receive antenna obtained by direct
FDTD simulations and by FDTD-TDH are plotted in Fig. 11
and Fig. 12. It can be seen that the response predicted by
FDTD-TDH is much lower than the results predicted by direct
FDTD simulations when the Huygens’ snapshot is covered with
only 1 cell for each interpolation scheme. However there is not
much difference between the 2 and 3 cells cases. The overall
response of FDTD-TDH is similar to direct FDTD although
the magnitude of the transient response is underestimated. The
results obtained with Interpolation B are similar to Interpolation
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Fig. 11. Transient response of body model A as seen in the feed line of the
receive antenna obtained by direct FDTD simulations and FDTD-TDH with
interpolation A.

Fig. 12. Transient response of body model A as seen in the feed line of the
receive antenna obtained by direct FDTD simulations and FDTD-TDH with
interpolation B.

A but interpolation B has the advantage that it can be used for
future applications which include tilted antennas.

The results for 1 cell can be improved by recognizing that the
field in the slot will exhibit a singularity at the metal edges as
shown in (1)

(1)

where is the width of the slot and the origin is taken as the
slot center.

If only one cell is used to approximate this field then the total
effect will be underestimated because the FDTD algorithm will
assume that the E field is constant across the width of the slot.
This can be corrected for by multiplying the field by a factor of

(2)

Correcting in this way will bring the result close to that ob-
tained using a finer mesh.

The frequency domain results generated using the signals at
the antenna ports can be seen in Fig. 13 and Fig. 14. Fig. 13
shows that both interpolation techniques give almost identical

Fig. 13. S21 of body model A predicted by direct FDTD simulations and
FDTD-TDH with Interpolation A & interpolation B.

Fig. 14. S21 of body model A predicted by direct FDTD simulations and
FDTD-TDH with interpolation A with different mesh.

results while there is approximately 3 dB difference between
the direct FDTD and FDTD-TDH with 3 cells. The reason for
this discrepancy is under investigation. The results generated by
FDTD-TDH with interpolation A are plotted in Fig. 14 for 3
cells, 2 cells, 1 cell and “1 cell with the correction.” It can be
seen that decreasing the number of cells from 3 cells to 2 cells
does not have much effect while the correction factor improves
the 1 cell case.

The variation of channel characteristics, based on measure-
ments done by the authors, indicates that there can be variations
of up to 7 dB between one person and another. The 3 dB dis-
crepancy here is comfortably less than this and so, while it is not
ideal, does give acceptable and useful results.

2) Radiation Patterns: The radiation patterns obtained
with direct FDTD simulations and from the 2nd stage of the
FDTD-TDH can be seen in Fig. 15. The 3D radiation patterns
are plotted in a relative dB scale where the center of the plot
corresponds to 20 dB. The plots look identical while the
calculated radiation pattern correlation at 5.2 GHz is 99%
showing very good agreement between the direct FDTD and
the FDTD-TDH approaches.

This quantity is defined as

(3)
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Fig. 15. Radiation pattern of the transmit antenna on the body model A at 5.2
GHz, predicted with direct FDTD simulations and FDTD-TDH.

Fig. 16. S11 and S21 predicted by direct FDTD simulations when the antenna
is located on body model A, body model B and when there is no body model.

where

(4)

and is the E field radiation of the th pattern.
The improved technique is very powerful in predicting the

radiation patterns and can be used to find out the body influence
on the antenna characteristics without the need for a fine mesh
and a long run.

B. Body Influence on the Antenna Analyzed by Direct FDTD

The reflection coefficient of the antenna predicted by direct
FDTD simulations is plotted in Fig. 16. The magnitude of
at the operating frequency decreases when the antenna is located
on the body. This is because of the lossy nature of the body tis-
sues. No detuning is observed, however, which indicates that the
CBS antenna is a good candidate for on Body communications.
The characteristics of the antennas on Body Model A and
B agree very well since the penetration depth is very short and
the inner body parts do not have much effect.

The transmission coefficient is plotted in Fig. 16. between
the antennas agree well for the case of Body model A and Body
model B however the magnitude of the transmission coefficient
is approximately 5 dB less when there is direct transmission
between the antennas without (w/o) the body model. 25 dB is
an expected result as the free space loss is around 25 dB and

the antenna directivities in y direction ( , ) are 0
dB. The transmission coefficient is in the order of 20 dB when
the antennas are located on the body models. This is due to the
surface waves. The transmission is not free-space transmission
anymore but supported by the surface waves on the body.

Radiation patterns of the transmit antenna on Body Model A
and B also are very similar and the correlation is 99%. This is
another implication of the inner body parts being insignificant
at this operating frequency.

VI. CONCLUSION

An on-body communications link with a cylindrical layered
phantom is analyzed by means of the FDTD-TDH technique. It
is shown that by splitting the problem into three parts and using
TDH, 68.7% decrease in the run time is observed compared to
a direct FDTD run. The technique is shown to be very powerful
for modeling inhomogeneous media and small objects and de-
tails as well as promising the possibility of inclusion of tilted
antennas in future applications. The body influence on the an-
tenna characteristics is also monitored using the same technique
in a much shorter time. The operating frequency and the radia-
tion characteristics of CBS antenna are shown to be insensitive
to the body therefore the CBS is proven to be suitable for this
type of application.
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