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The electromagnetic wave propagation around human body torso is modelled by considering elementary electric and magnetic
dipoles over an infinite muscle-equivalent cylinder. The poles in the spectral domain Green’s function with smallest imaginary
part are found to correspond to creeping wave propagation coefficients which predict the general trend in propagation around
human body. In addition, it was found that axial magnetic field component is crucial for communication via creeping waves since
it generates modes with smaller field decay compared to axial electric field. The developed model may thus serve as a practical
guideline in design of on-body wearable antennas. The theoretical considerations are verified with simulations and measurements
on the prototype of PIFA antenna placed on the human body.

1. Introduction

As the inherent presence of the human body in body-centric
communication systems [1] affects radiation properties of
antennas and radio channel, there is considerable interest
in characterization of electromagnetic wave propagation in
vicinity of the human body with the goal to predict and
enhance link budget and optimize the position of antennas
on the body. Wireless links where the body surface takes
the role in transmission channel are generally considered to
allow for deterministic modelling to some extent, which gives
rise to research in Norton and creeping waves (see, e.g., [2-
71). To provide an adequate canonical electromagnetic model,
human body is typically modelled as cylindrical, spherical, or
elliptical [6] structure representing either the torso or head,
where link budget around the body is studied in various
circumstances both numerically and experimentally.

Instead of using full geometrical optics calculations [4],
the purpose of this paper is to gain an intuitive insight
into the scattered field around the human body torso in
terms of creeping waves. Thus we develop a simple model of
propagation for on-body communication link by focusing on
the most dominant effect which predicts general behaviour
and attenuation of the electric field around the human body.

The problem is formulated as a canonical boundary-value
problem in the spectral domain where the poles of Green’s
function for the two fundamental (TM, and TE,) field
configurations are calculated and shown to correspond to
creeping wave propagation coeflicients around the human
body giving rise to the general trend of field attenuation
around the body. In the next part of the paper we exploit the
example of practical application of the model by analyzing
wearable PIFA antenna from [7] with respect to the developed
theoretical model and discuss the limitations of the model by
performing measurements on realistic on-body link.

2. Theoretical Model

To build a theoretical model we approximate human body as
an infinite lossy dielectric cylinder with constitutive parame-
ters corresponding to a muscle tissue [8], as shown in Figure 1
(i.e., we create an analytical muscle-equivalent phantom). We
assume monochromatic field (with e time dependence)
and proceed with the analysis in circular cylindrical coor-
dinate system to formulate Green’s function of the problem
and hence calculate the field distribution around the body
in the plane of source. To simplify the treatment of general
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FIGURE 1: Sketch of the analytical model for propagation around cylinder (torso). (a) Small dipole; (b) top view.

vector problem we first note that any vector field in source-
free region can be derived using two scalar functions (so-
called Debye potentials), using the prescription described,
for example, in [9-11]. These functions may be regarded
as the generating functions of two partial fields, while the
superposition of these fields gives rise to total field. To find
these functions one needs to solve inhomogeneous scalar
equations (subject to proper boundary conditions [9]) of the

type
Vy+ky=A-8(r-r) % 1)

where v = w(p,¢,z) represents the sought partial field
function (i.e., the Debye potential). In cylindrical coordinates
for the source terms for these two functions we choose
infinitesimal magnetic and electric dipoles of amplitude A
pointing into z-direction, respectively. These sources radiate
in the presence of cylinder of radius a shown in Figure 1(a)
representing the human body, which is the core of the pro-
posed model. The source radial coordinate is p = b while the
other two coordinates are taken as zero. To further specialize
(1) onto cylindrical problems one typically assumes that the
axial (z-) coordinate is of infinite extent so the unknown
field dependency in axial direction may be eliminated by
applying Fourier transformation to wave number space k,
(this is called guided wave representation [11]). In that case
the Debye potentials are directly proportional to axial (z-)
components of the electric (E,) and magnetic field (H,) [9],
respectively, so instead of potentials one can resort to solving
the scalar Helmholtz differential equations for the two axial
field components which is arguably more intuitive approach
in the given geometry. The total vector field is then obtained
as a linear combination of partial fields arising from E, and
H, field functions, which are termed as TM, and TE, modes,
respectively [9, 11]. In addition, since the cross section of the
observed dielectric object is circular and hence periodic in
angular (¢-) direction, we may apply Fourier series in angular
direction and thereby further reduce the problem to one-
dimensional in radial (p-) direction. In that way the sought
field function can be expressed as

v (pp:2)

= L . J ( Z 1/7(p,m,kz) . eﬂn(p)eikzzdkz)

k,=—00 \m=—co

)

where k, is the wave number in axial direction and m
is the angular wave number, respectively. The remaining
radial dependency follows by inserting spectral domain
field function ¥ into (1) which is then reduced to Bessels
differential equation describing radial transmission line [9,
10]. The general solution in spectral domain then follows as

7 (pom.k.) = G (i - R2p)
(3)
+c2H§,P< k2 —k§p>,

where J,, and Hf;) denote Bessel functions and Hankel
functions of first kind of order m, respectively, while k, is
the free-space wave number. For each m and k, one basically
only needs to find coefficients C, and C,, which are readily
obtained by applying the boundary conditions [9] at the
interfaces of respective radial regions (Figure 1(b)). That way
we obtain the sought field components (which give rise to
TM, and TE, modes) in region around the body (denoted
in Figure 1(b) as a < p < b) for some (m, k,) as

B (p.m) = _mhwuy

z Tz ' Hr(r}) (kpb)

(i (kop) + ResaH,, (Kop) "
— —1tb —
! (p,m) = %MZ . Hy(;) (kpb)

z

U (ko) + ReeH (Kop)).

where J, and M, are spectral current density amplitudes of
12 _ 125
ki — k2 is
the radial wave number; b is the source radial distance.
Note that in (4) the term containing Bessel function
can be interpreted as incident (primary) wave while the

term containing Hankel function is interpreted as reflected
(scattered) wave, which is the property of radial transmission

electric and magnetic sources, respectively; k, =
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lines [11]. The pertinent reflection coefficients Ryy, and Ry
are calculated as

Ry
ko, (Ko@) I, (kya) = ki), (Ko@) T, (kya)
ler(r}) (koa) I (kla) H(l)’ (koa) (k a)
(5)
Ryg
kosrljrln (ko“) Jm (kla) —kiJ, (koa) ]r,n (kla)
ler(nl) (koa) ]r,n (kla) - koerlHr(V})l (koa) Jm (kla) ,

where k; is the wave number of the dielectric of permittivity
€,1 representing human muscle tissue (nonmagnetic material
is assumed). Furthermore, ],'n and H,Sql)' are derivatives of
Bessel and Hankel functions taken in radial direction, respec-
tively.

Although the incident (primary) field configuration aris-
ing from the z-directed elementary source is either pure
TM, or TE, depending on the type of excitation (electric
or magnetic, resp.), the scattered field from some cylindrical
obstacle (such as human body) in general needs to contain
both types of fields to satisfy the boundary conditions at the
cylinder surface [11]. The resulting total field hence suffers
from mode coupling that blurs the physical insight.

Nevertheless, for practical applications we consider it
interesting to study the behaviour of each field mode around
the body separately since the total field is still linear superpo-
sition of the two principal modes, while the actual amplitude
of each mode would depend on some particular excitation
and the character of the obstacle. Thus to simplify the
computation process and obtain an insight into dominant
effects of the field behaviour for the two types of sources
we implement a two-step approximation as explained below.
Note that in the rest of the paper with the incident field we will
denote the field excited by the z-directed elementary source
without presence of the dielectric cylinder.

2.1. The Two-Step Approximation. As a first step in the
approximation we focus on the case of k, = 0 which
represents the dominant spectral contribution if the source
and observation points lie in the xy plane and if the distance
between them is large enough. Apart from simplifying the
calculations, the assumption k, = 0 in addition enables
uncoupling of TM, and TE, modes in scattered (and total)
field and observing the behaviour of each mode around the
human body separately, which is the primary goal of the
analysis. Expression (2) is therefore reduced to

y(rp)= ) ¥(rm)-m. (6)

Since series (6) is slowly convergent we develop an alternative
fast converging series by applying Watson’s transformation

technique [10] which is based on interpreting summation (6)
as a residue summation of the integral of the type

vipg) = ) Flpm)-em

w zv((p 7T)
'V,
é sin vir

where v is continuous complex variable.

For such integral representation we are allowed to change
the contour of integration so that instead of summing the
residues at poles of the sine function (v = m) we perform
summation of residues at poles of spectral domain functions
¥(p,v) given in (4) for the two considered cases (TM, and
TE,). The new poles arise from the nulls of denominator
of reflection coefficients given in (5) and occur for some
complex numbers v, which need to be determined. For
each observed field configuration this eventually leads to the
spatial field functional dependence given as [10]:

—ZmZAk (p ( " 4 eivi(2nf¢)) , )

7)

v(pp) =

where A is the value of residue at the kth pole. Note that in
this expression the complex poles v, can be interpreted as the
angular propagation coefficients for the two waves traveling
in the opposite directions around the cylinder, which are
termed creeping waves [10]. The imaginary parts of v
represent the losses arising from radiation into space, so the
field of each creeping wave is exponentially attenuated around
the body. Compared to representation (6), the summation in
terms of creeping waves (8) is fast converging due to presence
of the imaginary parts of .

In the second step of the approximation we observe the
contribution of the poles with the smallest imaginary part
for both TM, and TE, case. If the concerned cylinder is
electrically large enough, the azimuthal field distribution
around the cylinder can be adequately approximated with
only one pole [10]. Apart from simplifying the calculations,
this way we can express the most contributing portion of
the field around the human body in terms of only two
waves propagating from the source in two opposite angular
directions, portion of which is radiated into free space
when traveling around the curvature. This means that the
used approach provides the clear and intuitive insight into
dominant effect of the interaction between human body
and field source (antenna) and enables one to predict the
properties of the communication channel around the human
body. Note however that such representation is most accurate
for shadow region in the vicinity of cylinder, that is, where no
direct field from the source is present [10, 11] and contribution
of higher order poles is attenuated.

2.2. Application to Human Body Model. To illustrate the
accuracy of the developed approach we calculate the poles v,
for the human body model we developed for our research.
We assume that the cylinder radius a is 14 cm, which closely
corresponds with torso circumference of human volunteer
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TABLE 1: Dominant normalized poles of Green’s function.
Real part Imaginary part
TM, case 1.225 0.446
TE, case 1.08 0.222
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FIGURE 2: The scheme of pole loci in complex v-plane for the two
considered cases (normalized to cylinder electric dimension in the
air kya.).

who participated in our research (it can be also regarded to
correspond to typical adult male torso). The frequency of
interest is 2.45 GHz (ISM band), while the relative permit-
tivity and conductivity of the analyzed cylinder are taken as
53 and 1.7 S/m, respectively, which corresponds to the muscle
tissue at the given frequency [8].

By applying Olver’s uniform representation for Bessel
and Hankel functions of complex order [12], the sought
poles v, for the two analyzed cases are found by plotting
the denominators of (5) as functions of complex variable
and searching for their zeros. The calculated loci of poles in
complex v-plane are illustrated in Figure 2, while the exact
values of the poles with smallest imaginary part (i.e., the
propagation coeflicients of the dominant creeping waves) are
summarized in Table 1. Note also that there are two sets
of poles in Figure 2 which arise from the zeros of Hankel
(slanted line) and Bessel functions (approximately horizontal
line), respectively. The latter poles are associated with the field
inside the body [13]; however they are of less importance in
this analysis due to large attenuation inside the body.

In Figure 3 we show normalized magnitudes of the
electric field around the used human body model for the
TM, and TE, cases. The solid line shows the angular field
distribution of dominant creeping waves calculated using (8)
and the results from Table 1. The source is assumed to be
placed at ¢ = 0° while it can also be seen that the interference
of the two opposite creeping waves occurs around the region
opposite to the source (i.e., around ¢ = 180°). To demonstrate
the relevance of the used approximations from previous
section we have also added the full-wave solution calculated
directly from expression (2), which is shown with diamonds.
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FIGURE 3: Calculated electric field around cylinder for two consid-
ered field modes using obtained angular propagation coefficient.
Solid line: two-step approximation with one pole and k, = 0 (8);
diamonds: full-wave solution (2).
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FIGURE 4: Accuracy of the first step approximation (k, = 0).
Diamonds: solution with only the first step approximation, that
is, complete Fourier series expansion (6); solid line: solution with

additional second step (one-pole) approximation (8).

By comparison of relevant cases shown in Figure 3 it can
be seen that the developed simplified model (with k, =
0 and one-pole approximations) adequately represents the
general trend of field decay for both the TM,, and TE, modes.
The minor discrepancies which nevertheless occur in the
lit regions were actually expected due to already mentioned
limitations of the model [10, 14]. To further illustrate the
influence of the used two-step approximation, in Figure 4
we show an intermediate step where we compare the field
distribution with assumption of k, = 0 calculated exactly
as a full Fourier summation in m (which is equivalent to
considering all poles in calculation) and compare it with the
used one-pole approximation. By comparing with Figure 3
it can be seen that the discrepancy in results principally
arises from assumption k, = 0. Note that in both cases
the agreement between full summation and assumption of
only one pole is very good, meaning that the approximation
with one pole simplifies the calculation process without
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introducing practically significant errors. This justifies the
use of the proposed simple and intuitive model for real-life
applications, for example, as a guideline in wearable antenna
design and communication link budget around human body.

From Figures 3 and 4 it can also be seen that TE,
modes exhibit considerably smaller slope of field decay
around the body compared to TM, modes so we expect
they would generally prevail in communication when present
in significant amount. Thus to enhance the communication
around the body one principally needs to consider the sources
that excite the TE, modes, that is, which efficiently couple
energy into the axial magnetic field (H,).

2.3. Small Dipole Radiation. According to [9-11], the incident
radiated field is pure TM, or TE, if the sources are axially
(z-) oriented while the type of field mode depends only
on whether such source is of electric or magnetic type,
respectively. On the other hand, the angular (¢-) and radial
(p-) sources, both electric and magnetic, in general couple
the energy into both types of modes [9, 10]. Note that in
reality true magnetic sources which would hence be the best
choice for communication around the body do not exist, so
one needs to reside to equivalent sources such as in [3] where
normally oriented dipole with respect to the human body
was found to exhibit smaller attenuation rate around human
body torso compared to the axially oriented one. Using the
proposed model based on TM, or TE, field decomposition
this finding [3] gets firmer theoretical ground.

To clarify this matter we perform simulations in CST
Microwave Studio to calculate the electric field around the
body generated by small electric dipole (8 mm length, 0.5 mm
thickness) at the distance of 1mm from the body, which
represents an elementary electric source. We consider the
cases when the dipole is axially (z-), angularly (¢-), and
radially (p-) oriented with respect to the body (Figure 5). The
body is modelled in the same way as in previous calculations,
while the cylinder height is 65 cm which can be considered
electrically large enough to conform to the proposed model.
The applied voltage on all the antenna terminals is 1 volt. The
calculated electric field around the body (angular distance
from the source is given in degrees) is given in Figure 6.

The axially oriented electric dipole excites the TM, mode
only and thus exhibits the larger field decay rate around the
body compared to two other dipole orientations, as predicted
theoretically. By comparison of Figure 6 with Figure 3 it can
be seen that the slope around the body indeed corresponds
to the one predicted for TM, modes. On the other hand,
the angular and radial dipoles both exhibit the TE,-like
behaviour of field decay around the body. This occurs since
angular and radial dipoles excite both types of modes [10];
however the TE, component predominates in the total field
due to smaller attenuation (see Figure 3). In Figure 6 it can
also be seen that the total field amplitude of radial dipole is
around 10 dB higher than that of the angular one, merely due
to its smaller coupling to the lossy dielectric cylinder (i.e.,
human body). The illustrations of total and instantaneous
fields are given in Figures 7 and 8 for the cases of axial and
radial dipole, respectively, by which one can visualize the

(a) ®) (©)

FIGURE 5: Setup for simulations of small dipole in vicinity of human
body. (a) Axial (z-) orientation; (b) angular (¢-) orientation; (c)
radial (p-) orientation.
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FIGURE 6: Simulated total electric field around cylinder (human
body) for three respective dipole orientations.

difference between TM, and TE, field behaviour around the
body. It can be seen that when dipole is radially oriented,
larger primary field is radiated into the air giving also rise
to larger field amplitude around the body. In addition, by
observing field magnitudes and snapshots (Figures 7 and 8,
resp.), one notices that there is virtually no direct penetration
of field through the body. This is expected since the skin depth
of the muscle tissue at ISM frequency range is only about
2.3cm [8].

3. Practical Verification

To verify the proposed model in practice we perform an
analysis of the on-body PIFA antenna which has already
been used for investigation of various aspects of on-body
communications [7] as well as for research of conductive
textiles [15]. This type of antenna was found suitable for
applications in wearable systems since it is low profile (4 mm
height), integrable in clothes, straightforward to manufac-
ture, and with good radiation characteristics in the presence
of the human body. The prototype is shown in Figure 9,
together with the scheme and dimensions of its patch in
mm (more details can be found in [7, 15]). In addition,
Figure 9(c) illustrates the dominant radiation mechanism.
The radiation occurs mainly due to the presence of the
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FIGURE 7: Plot of field magnitudes around the human body model together with field scale. (a) Axial dipole excitation; (b) Radial dipole

excitation.
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FIGURE 8: Snapshots of the field distribution. (a) Axial dipole excitation; (b) radial dipole excitation. The relevant field scale is given in Figure 7.

electric field at the open slot opposite to feeding point. This
field can be regarded as an equivalent magnetic source M
[9-11] which approximately acts as an angular (¢-directed)
magnetic source when the antenna is vertically oriented to
the body in a way shown in Figure 10 (i.e., parallel to z-axis).
According to theory discussed in Section 2, the angular
magnetic source would contribute to both TE, and TM,
modes. This is checked using CST by calculating all the field
components around the cylinder (Figure 11) the same way as it
was previously done for dipoles. The E, field component (i.e.,
TM, modes) decays fast around the body as predicted. In the
total electric field the radial component predominates and by
comparing the results to Figures 3 and 6, it can be seen that
the TE, field behaviour around the body prevails, confirming
the theoretical predictions. This means that using appropriate
magnetic sources it is possible to have similar field decay

around the body as with radial electric dipole, while at the
same time keeping the antenna low profile which is suitable
for wearing on body.

Finally, we perform measurements with the antennas
mounted on human torso (Figure 10), by which we check
the practical applicability of the proposed model. For this
purpose two prototypes of PIFA antennas are used to create
the on-body wireless link around torso, while the interest is
focused to measurement of the antenna coupling around the
body (i.e., the transmission parameter S,,, which is propor-
tional to electric field). The measurements are performed at 21
points around the body (Figure 10(c)), repeated three times,
and averaged to mitigate other influences (e.g., accidental
body movement, breathing). The relevant results are given in
Figure 12 together with comparison with analytic model for
TE, case (which is normalized to the measurement starting
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FIGURE 9: The on-body PIFA antenna. (a) The antenna geometry; (b) the manufactured prototype; (c) close view of E-field at the radiating

slot and the equivalent magnetic current.

(a)

FIGURE 10: The realistic on-body link around torso. (a) Simulation in CST; (b) measurement setup; (c) cross section of volunteer torso with

measurement points.

point) and accompanying simulation in CST. The slope of
the averaged measurements basically corresponds to TE,
mode in the region of deeper shadow (¢ > 90°) while some
discrepancies occur when the antennas are visible, since the
developed model is best suitable for shadow region [10, 11, 14],
in accordance with Figure 3.

4. Conclusion

In this paper the creeping wave propagation around human
torso is modelled by considering radiation of elementary
sources over an infinite muscle-equivalent cylinder. The

inverse Fourier transformation is calculated by two-step
approximation (Watson’s transformation and taking into
account the most contributing spectral variable) in order to
obtain a simple expression for the dominant wave propaga-
tion part. It was found that TE, portion of the total field
(generated by axial magnetic field H,) prevails in communi-
cation via creeping waves when excited by the source, since
it possesses smaller field decay (i.e., smaller imaginary part
of dominant pole). Some efficient sources of TE, modes are
radial electric dipole or microstrip-like radiating slot, the
latter being of more interest for applications in body-centric
sensor systems due to its low profile. Further analysis of
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FIGURE 1I: Simulated electric field around the body model for
excitation with vertically oriented PIFA antenna, magnitudes of total
field and field components.
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FIGURE 12: Calculated and measured magnitudes of transmission
parameter of wireless on-body link around torso.

the practical wearable antenna prototype (i.e., PIFA antenna)
and corresponding measurements are in accordance with the
theoretical predictions.

The used theoretical model can be readily further
extended, for example, by taking into account more poles
of Green’s function or considering more layers of human
body. In reality however, some outer influences (multipath,
body movement, etc.) would eventually blur any determin-
istic model. Nevertheless, the presented results show that
the proposed model provides an intuitive insight into the
characteristics of propagation around the human torso and
can thus serve as a practical guideline in preferable choice
and design of wearable antennas and communication systems
which operate in the vicinity of human body.
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