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Analysis of Coupled Tilted Slot Antennas in FDTD
Using a Novel Time Domain Huygens Method
With Application to Body Area Networks
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Abstract—Despite the undoubted versatility and effectiveness
of the finite-difference time-domain (FDTD) method and its
enhancements, there remain some problems which require more
computer power than is practical. An example of such a problem is
the coupling between two or more tilted antennas in the presence
of a scattering environment such as is encountered in a body area
network (BAN). The dual challenge of a wide range of scales and
complicated structures which are not aligned with a Cartesian
mesh are addressed using a novel Time Domain Huygens (TDH)
approach. Results and comparisons with measurements are pre-
sented showing the effectiveness of the method. In addition, the
measured and predicted variations of BAN propagation charac-
teristics with body size are investigated.

Index Terms—Body area network (BAN) measurements, finite-
difference time-domain (FDTD).

I. INTRODUCTION

T HE finite-difference time-domain (FDTD) method has
enjoyed ever increasing popularity since its inception in

1966 [1] and throughout its subsequent development from that
time until today [2]. Despite its great success, there remain
problems which require more computer power than is practical
and which, therefore, present a need for improved algorithms.
One such problem occurs when the structure to be analyzed is
electrically large and contains fine geometrical detail. To model
such structures in FDTD, a large and dense mesh is needed
which, in turn, creates a very high computational load. The
challenge is very much increased if parts of the structure are
not aligned with the Cartesian FDTD grid. This can happen,
for instance, if the propagation channel between two or more
antennas is to be modeled in a situation such as the body area
network (BAN) shown in Fig. 1. The antennas can be oriented
arbitrarily and, therefore, even if each of them is individually
well behaved in terms of its conformability with a Cartesian
mesh, the overall structure is not.
Some ways of solving large problems containing areas of fine

detail have been suggested, such as subgridding [3], [4] in which
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Fig. 1. Transmit and receive antennas located on the body surface representing
the body area network considered in the paper.

the total problem is split into a number of connected smaller
problems, each of which is readily amenable to available FDTD
methods. The subproblems can then connected using Huygens
surfaces and with various interpolation schemes. However, the
subgridding method is unfortunately prone to late time insta-
bility and can be difficult to apply to realistic structures. An
alternative approach, which avoids the instability problem, is
described in [5], [6] and [7]. It is shown to be effective for sit-
uations where multiple coupling between the antennas is not
significant.
However, these methods have, so far only been demonstrated

for the case where all the subproblems are aligned with the
same Cartesian axes. They are, therefore, not suitable to sce-
narios such as Fig. 1. In this paper, a new method is described
which is capable of tackling problems where the antenna ele-
ments are arbitrarily orientated with respect to each other and to
the underlying Cartesian mesh. The effectiveness of the method
is demonstrated by comparison with measurements and also,
where possible, with comparison with the, much more compu-
tationally expensive, basic FDTD method.
The novel approach is founded on the idea that the Huygens

snapshots can be modeled as a mesh of wires which carry the
equivalent electric and magnetic currents. By using adapted ver-
sions of the methods described in [8], [9], and [10] for slanted
wires within the FDTD mesh, the slanted Huygens snapshots
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Fig. 2. 5.2-GHz channel model, full channel is modeled with fine mesh in order
to cover the details of the antennas, largest unit cell mm, smallest unit
cell mm, mm.

Fig. 3. 5.2 GHz slot, slot length mm, cavity width mm, cavity
length mm, cavity thickness mm. Upper wall of the cavity is
thicker than they are in reality in order to resolve it using coarse mesh.

can be effectively modeled. A number of practical implementa-
tion issues exist for this method and these, and their effects on
final accuracy and efficiency, are discussed.

II. BASIC TIME-DOMAIN HUYGENS APPROACH

The basic TDH method has been described in the literature,
e.g., [5]–[7], [11] so only a brief summary is given here. As an
example, consider the data link shown in Fig. 2. Here there are
two terminals, each incorporating a cavity backed slot (CBS)
antenna as shown in Fig. 3. These are separated by a distance of

(free space wavelength). It is desired to find the coupling
between the two antennas in the presence of a scattering envi-
ronment.
In order to reduce the amount of computer resources needed

to analyze the link, the scenario shown in Fig. 2 is split into
three sections. These are illustrated in Fig. 4 and are described
as follows:
1) The transmit antenna is simulated in isolation using a fine
mesh as before. At each time step of the simulation, the tan-
gential electric and magnetic fields on the slot are recorded
and written to a file for later use. Because only a single an-
tenna element is being modeled, the size of the computa-
tional domain is small; thus, the amount of computation is
much reduced.

2) The full structure is then modeled but with a mesh which
is much coarser than would be needed in a direct FDTD
simulation, and therefore faster to run. For this step, the
details of the antenna do not need to be accurately repre-
sented since the Huygens’ snapshot, produced in 1) will be
used for excitation. During this part of the simulation, the

Fig. 4. Three steps of the channel simulation with Huygens’ Technique.

Fig. 5. Huygens snapshot in the (p,q) plane.

tangential electric and magnetic fields on the slot of the re-
ceiving antenna are recorded and written to a file.

3) The receive antenna is then modeled in isolation using a
fine mesh and is excited at the slot by the Huygens’ snap-
shot obtained in 2). As in 1), the computational domain in
this case is much smaller than for the whole structure so
that the required computational resources are much less.

III. APPLICATION OF TIME-DOMAIN HUYGENS WHEN THE
SURFACES ARE TILTED

For situations where all the Huygens’ surfaces are aligned
with the Cartesian FDTD mesh, the methods described in [5],
[6] and [7] can be used. However, where the surfaces are tilted
with respect to the mesh, an alternative approach is necessary.
Consider a Huygens snapshot which is to be applied at an

angle with respect to the FDTD grid in stage 2 of the algorithm
as would be necessary for the situation shown in Fig. 1. As an
example, and for clarity, a 2-D scenario for the case of the equiv-
alent electric currents in the snapshot and the E field nodes in
the FDTD mesh is shown in Fig. 5. The same principle is di-
rectly applicable to a 3-D structure and the H and M nodes are
dealt with in a completely analogous way to the E and J nodes.
The snapshot equivalent currents are aligned with the (p,q) co-
ordinate system whereas the E field nodes to which they must be
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added are lined up with the (x,y) coordinate system. The Huy-
gens snapshot can be considered to be a pair of wire meshes,
each segment of which carries an equivalent electric and mag-
netic current which represent the impressed fields.
Much work has been done to find efficient and accurate ways

to represent wires within the FDTD mesh. In 1981, Holland
and Simpson presented a thin wire formulation [12] which al-
lowed receiving and transmitting dipole antennas to be effi-
ciently modeled. Later Ledfelt, [13], [14], enhanced the algo-
rithm in order to improve the accuracy for wires orientated at
arbitrary angles with respect to the mesh by using a “shell av-
erage.” This involved estimating the field around the wire by
interpolating from a larger number of field nodes than used
in the tri-linear interpolation [11]. Because the average is taken
over a larger area, the shell average is less sensitive to the exact
position and orientation of the wires. This approach was fur-
ther developed by Edelvik, [8] who introduced a raised cosine
basis function to represent the current density around the wire.
In [15], the effect of the singular nature of the radial electric
field and circulating magnetic field was included. It was shown
that this technique could be successfully applied to wire trans-
mission lines terminated by resistors and by other structures. In
this work, the shell average of [14] is applied separately to each
segment of the Huygens snapshot. There are three main differ-
ences between the situation here and the original application to
wires and wire bundles which need to be considered:
1) In the case of thin wires it is necessary to model the cou-
pling from the wire currents to the FDTD fields and vice
versa. However, when using the TDH surface to excite a
structure no physical wires exist in which currents would
be induced. Therefore, it is only necessary to model the
coupling into the FDTD mesh.

2) In the method of [14], the presence of closely spaced wires
requires that the mutual inductance between them is in-
cluded in the calculation. In this case, that is not necessary
since there are no physical wires in the model.

3) In order to use a Huygens equivalent surface, there must
be both equivalent electric currents (I) and equivalent mag-
netic currents (M) on that surface. These are approximated
by two separate grids of equivalent wires, one grid car-
rying electric current and the other grid carrying magnetic
current. The equivalent wires carrying electric current are
modeled using the shell average method as described in
[14]. The equivalent wires carrying the magnetic current
are modeled in a completely analogous manner with H and
M taking the place of E and I.

IV. APPLICATION OF THE SHELL AVERAGE METHOD FOR TIME
DOMAIN HUYGENS EXCITATION

The shell average method of excitation can be illustrated with
reference to Fig. 6. Here the FDTDmesh is shown together with
an equivalent wire segment which passes through it and carries
an equivalent current, . To apply the method, a disk is drawn
centered at the centre of the wire segment and orientated at right
angles to it. Around the circumference of this disk a number
of equally spaced points are placed, shown as blue dots on the
figure. The current, , is treated as if it was shared out equally

Fig. 6. 3-D illustration of the shell average method of excitation.

between each dot and the current assigned to each dot is applied
to the nearest FDTD nodes using tri-linear interpolation.
For instance, consider excitation of the nodes in the FDTD

mesh from an equivalent wire segment which starts at point
and ends at point , then the disk will have

a center of . Let the co-
ordinates of the th point on the shell will be ( ) then the
eight nearest nodes are given by where can
take the values “0” or “1” and

(1)

and is the FDTD cell size and the function returns the
largest integer which is less than .
Consider the point ( on the shell as shown in Fig. 7.

If the equivalent current in the wire is , then the part of the
current allocated to this point on the shell is where is
the number of points on the shell. Furthermore, since this allo-
cated current is in the direction of the wire, it can be resolved
into the three coordinate axes used by the FDTD mesh as fol-
lows:

(2)

where is the length of the wire segment.
Each component of the current at the shell point is shared out

amongst the nearest eight nodes by tri-linear interpolation. For
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Fig. 7. Mesh used for the direct calculation of coupling: “Direct FDTD.”

instance, the z component of the equivalent current applied to
the (p,q,r)th FDTD node is given by

(3)

where:

elsewhere
(4)

This current can be included in the FDTD update equation for
the th node.
The radius of the shell is a freely chosen parameter. A value of

zero corresponds to direct tri-linear interpolation of the current
on the wire to the eight nearest FDTD nodes whereas a large
value, such as which has been used for tilted wires [14]
spreads the incident energy over a larger number of cells. In
contrast to the tilted wire case, it has been found empirically
that the best choice of radius in this situation is a small value
and direct tri-linear interpolation will give a good result. For
the results presented later, a value of has been chosen.

V. SHELL AVERAGE METHOD FOR GENERATION
OF HUYGENS’ SNAPSHOTS

The generation of snapshots which are tilted with respect to
the underlying FDTD mesh can also be done using the shell
average method. Again considering Fig. 6, it is now required to
estimate the tangential E and H field on the wire segment. In this
case the fields at each point on the shell are estimated using tri-
linear interpolation from the eight nearest FDTD nodes. The E
and H fields on the equivalent wire are then found by averaging
the estimated fields on all the dots.
The equivalent currents are then found as

(5)

where is the direction normal to the snapshot plane and is
the distance between neighboring wires.
The number of points in the Huygens’ snapshot is a freely

chosen parameter. By default, in the method used in [5], [6] and
[7] the snapshot cell size is the same as the cell size of the FDTD

Fig. 8. (a) Mesh used for stage 2 of the TDH method: “TDH No tilt” (b) The
mesh used for stage 2 of the TDH method: “TDH Tilted,” both elements tilted
relative to the FDTD mesh.

mesh. When the snapshots are tilted, and especially if the FDTD
mesh is graded, a choice must be made. It has been found that
the choice of snapshot size is not critical and choosing the size to
be similar to the size of the target FDTDmesh gives good results
while keeping the size of the files within reasonable bounds.

VI. SOME OTHER PRACTICAL CONSIDERATIONS

Since the antenna elements are slots, it is only necessary to
use a Huygens’ snapshot which covers the slot itself, rather than
having to surround the whole antenna as in [5]. However, this
raises two issues. First, although the details of the innards of
the antenna do not need to be precisely modeled in Stage 2,
the box surrounding the cavity does need to be included. If this
box is tilted, and the walls are considered to be very thin, then
these cannot be resolved using the coarse FDTD grid. In order
to overcome this, it is necessary to make the walls of the cavity
thicker than they are in reality. That, combined with the use of
the Dey–Mittra algorithm for tilted solid metal objects [16], has
been found to give good results.
A second issue raised by the modeling of a CBS element

is that the cavity is filled with a dielectric. The Huygens’ sur-
face can be taken on a plane infinitesimally above or infinites-
imally below the dielectric boundary. However, since the tan-
gential fields are continuous, this makes no difference to the re-
sult. When the E field nodes are updated with the values of J
on the snapshot, the update is done in accordance with standard
FDTD, i.e., using the permittivity of the material in which the
target node appears or, if the node is on the boundary, using the
average of the permittivities either side of that boundary.

VII. RESULTS FOR TWO COUPLED CBS ANTENNAS

In order to show the effect of tilting the antennas on the pre-
dicted results, calculated results were produced for the scenario
shown in Fig. 3 using the meshes shown in Figs. 7 and 8. Fig. 7
shows the scenario with the antenna elements in parallel with
the FDTD mesh and with a mesh suitable for a direct FDTD
simulation. Here cell sizes ranged from 1.5 mm to 0.2 mm and
the time step was 0.4 ps. Fig. 8(a) shows Stage 2 of the same
scenario which requires a much coarser mesh. In this case, the
cell size is 1 mm was used and the time step was 1.15 ps.
Finally, Fig. 8(b) shows the same scenario but with the whole
environment tilted by 10 with respect to the FDTD mesh. This
model is simulated both with the uniform 1 mm mesh shown in
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Fig. 9. Transmission coefficient simulated with direct FDTD and FDTD-TDH.

Fig. 10. Received amplitude simulated with direct FDTD and FDTD-TDH.

Fig. 8(b) and also with a graded mesh in which the cells around
the antenna elements were reduced to 0.5 mm. The required the
time step for the graded mesh is 0.7 ps. In each case the exci-
tation pulse was chosen to be a 5-GHz sine wave modulated by
a raised cosine envelope having a width of 200 ps. This gives a
good energy density over the frequency range of interest. Note
that stage 1 and stage 3 are identical in all the tilted and non-
tilted cases. Since the physical arrangement is the same in each
case, the results for the coupling between antennas and for the
field amplitudes at points between the antennas should be the
same. Any differences represent the effects of the lattice prop-
erties having been changed.
In Fig. 9, the transmission coefficient simulated with Direct

FDTD and FDTD-TDH is shown. Although the Direct FDTD
results are very similar to the ones generated with TDH, there
is some error associated with the tilting. A second run was done
using the graded grid. This will allow the effects of the metal
cavity walls and also the precision with which the Huygens’
snapshots are recorded and applied to be better modeled. It
can be seen that the increase in computational requirement has
yielded some increase in accuracy. Time-domain results are
shown in Fig. 10. It can be seen that the arrival times of the
signal predicted by each method are in good agreement and
that there is a small difference in predicted amplitudes.
Details of the computational resources used are shown in

Table I. Here it can be seen that, compared to 270 minutes for a
direct FDTD run, the TDH runs took a total of 180 minutes for
the coarser mesh and 207 minutes for the graded mesh. Thus,

TABLE I
COMPUTATIONAL PARAMETERS FOR DIRECT AND TDH RUNS. ALL RUNS WERE
DONE USING AN INTEL CORE 3 PROCESSOR AND SINGLE THREADED CODE

Fig. 11. Measurements setup: slot antennas are fixed on a male subject in the
anechoic chamber as shown in Fig. 1.

there is a moderate saving in computer time even when the ele-
ments are aligned with the FDTD grid. However, the main ben-
efit of the method happens when the elements are tilted since, in
this case, direct FDTD cannot practically be used as the errors
would be severe even with a very fine mesh.

VIII. AN ON-BODY SCENARIO

The approach is now applied to a real situation of a propaga-
tion channel between two antennas placed on a human body. 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
7.07 cm and the distance between the back of the
CBS antennas and the body is 5 mm .
The on-body channel propagation scenario is analyzed at 5.2

GHzwith measurements and with the TDH technique. Themea-
surements were taken at 1600 frequency points between 3.5 and
7.5 GHz using a Hewlett Packard 8510 vector network analyzer
(VNA) in the anechoic chamber as seen in Fig. 11. For each
link, 25 measurements were taken and averaged. Therefore, 225
measurements were taken for each antenna position using nine
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TABLE II
PROPERTIES OF THE SUBJECTS UNDER TEST

Fig. 12. Measurements on nine different subjects.

different male subjects. General body compositions and heights
of the subjects are listed in Table II. Note that all metallic and
electrical devices were removed from the subjects and the dis-
tance between the antennas and the body is fixed by locating the
antennas on a 4-mm-thick foam.
As seen in Fig. 12, the measured channel characteris-

tics change substantially between one person and another.
The transmission coefficient at its maximum varies between
29 dB and 37 dB. In order to find out which parameters

most influence this variation, a number of FDTD simulations
have been done.
A numerical phantom described in [7] is used to simulate

the on-body propagation scenario where the upper body of an
average male excluding the head was modeled as a cylindrical
multi-layered structure using 15 different tissue types. The body
parts and organs were approximated by basic geometries such
as spheres, cylinders, and cubes.
Since the receive antenna is not aligned with the FDTD

mesh, the FDTD-TDH algorithm is essential for this scenario.
The scenario cannot practically be simulated with direct FDTD.
The same steps described in Section II are followed. Frequency
snapshots taken at stage 2 of the simulations for 5.2 GHz are
plotted in Figs. 14 and 15. The snapshots are taken on the
sagital plane of the body as shown in Fig. 13. They include the
lower side wall of the transmit antenna and receive antenna,
respectively. In addition to the alignment of the antennas, the

Fig. 13. Positions of the snapshots shown in Figs. 14 and 15 and the applied
variations: the thickness of the fat tissue , the distance between the antennas
in the y direction and the tilt angle of the receive antenna .

Fig. 14. Real component of the E field on the lower y wall of the transmit
antenna on xz plane.

Fig. 15. Real component of the E field on the lower y wall of the receive an-
tenna on xz plane.

evanescence of the E field within the cylindrical phantom can
also be observed from these figures.
Simulations were performed in order to see the effect of

varying the parameters in a realistic way. The parameters which
are varied are the thickness of the fat tissue , the distance
between the antennas in y direction and the tilt angle of
the receive antenna as seen in Fig. 13.
In the first set of simulations is fixed at 5 cm is fixed

at 16 with fat thicknesses of between 3 and 23 mm. Fig. 16
demonstrates how the fat thickness is changed while the other
parameters are kept constant.
In the second set of simulations, more realistic variations have

been applied as listed in Table III. In this case, as the fat thick-
ness, , is changed from 3 to 18 mm, the length of arc be-
tween the antennas kept constant. This is shown in Fig. 17 and
is what happens when people with different fat indices wear the
adjustable vest on which the antennas are attached. Note that
during these variations, the tilt angle of the receive antenna has
changed between 14.4 and 19.4 is fixed at 5 cm, and the
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Fig. 16. Thickness of the fat layer is changed by changing the inner radius r so
that all the other parameters: , L and outer radius are kept constant.

Fig. 17. Realistic fat variations in line with the measurements: and repre-
sent the changing fat thickness. The parameters r and L are kept constant while
t and are changed.

Fig. 18. First set of FDTD-TDH simulations demonstrating the effects of fat
variation on the received power. Five different fat thicknesses were considered
changing from 3 to 23 mm. is set to 5 cm is set to 16 .

distance between the antennas and the body is fixed at 5 mm.
and are also changed to represent the errors while at-

taching the antennas on the vest. During variations, is
set to 16 and is set to 3 mm. is set to 5 cm, is set to
3 mm while varying .
Fig. 18 demonstrates the effects of fat tissue thickness under

these conditions on the received power. A small decrease has
been observed in the received power as the fat thickness is in-
creased. Maximum received power stayed between 30.5 dB
and the original maximum power of 29 dB.
Fig. 19 demonstrates the effect of the variations listed in

Table III. The transmission coefficient at its maximum is
28.5 dB when cm. This is when the antennas are

closest to each other. The weakest signal was received when
is 19.5 . Corresponding measurements shown in Fig. 12

TABLE III
VARIATIONS DURING BAN SIMULATIONS

Fig. 19. Second set of FDTD-TDH simulations with variations as listed in
Table III and shown in Fig. 17.

are in excellent agreement with Fig. 19, confirming the ef-
fectiveness of the FDTD-TDH simulations. In addition to the
correct predictions, FDTD-TDH allows the user to change a
specific parameter while keeping the others constant which is
not possible with measurements.

IX. CONCLUSION

A novel algorithm has been demonstrated for computation-
ally heavy scenarios which contain antennas which are tilted
with respect to the FDTD mesh. The algorithm has been ver-
ified by basic simulations as well as with measurements and
simulations of a realistic BAN scenario. FDTD simulations en-
hanced with the new algorithm have been performed by using
a numerical upper male body phantom and two slot antennas
which are tilted according to each others’ axes. The simulations
have been verified with measurements taken on nine different
male subjects. The measured and simulated transmission coef-
ficients have been shown to agree and the practicality and the
accuracy of the algorithm have been proved.
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