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Antenna Parameters for On-Body Communications
with Wearable and Implantable Antennas

Lukas Berkelmann, Student Member, IEEE, Dirk Manteuffel, Member, IEEE

Abstract—In this contribution, redefined antenna parameters
regarding the additional effects occurring with on-body prop-
agation are derived to enable a standardized characterization
of on-body antennas. A model for the on-body propagation
of arbitrary wearable and implantable antennas using Green’s
functions based on Norton surface wave theory and the surface
equivalence principle is presented which subsequently is used as
an on-body near-field to far-field transformation. The defined on-
body far-field enables the redefinition of the antenna parameters
(gain, effective area and efficiency) for the on-body case. Based
thereon, the antennas can be de-embedded from the on-body
channel and the on-body link between two antennas can be
calculated by an adapted Friis transmission equation similar
to free space propagation. It is demonstrated by two examples,
one of a hearing aid antenna and another of an antenna of an
implantable pacemaker, that the on-body antenna parameters
allow for an educated design of the antennas without the necessity
of electromagnetic modeling of the entire system.

Index Terms—Wireless body area networks, EM theory, an-
tenna de-embedding, on-body propagation, wearable antennas,
implantable antennas.

I. INTRODUCTION

IRELESS body area networks (WBAN) as part of
Wwearable consumer electronics are long-established.
Also, body-attached radio systems are used in many medical
applications. Looking at the design methods for such radio
systems, only off-body links where just one node of the
system is located on the user’s body can be treated with the
standard free space antenna parameters [1] as they assume
a piece-wise free space propagation environment. On-body
links with two or more body-attached nodes of a wireless
communication system need to be treated differently since the
electromagnetic field is partially guided on the tissue boundary
and thus propagation differs from the free space case. Also, the
antenna’s near-field couples to the dissipative tissue making
it difficult to de-embed the antenna from the propagation
channel and to treat them as separate building blocks. Thus, the
standard antenna theory based on the antenna radiation pattern
cannot be used to quantify the contribution of the antennas
themselves to the link budget along the body surface [2].

Many published approaches for on-body RF communication
design circumvent this problem by keeping the antenna em-
bedded in the model. Therefore, they are antenna- and subject-
specific (posture, morphology/anatomy and locations of the
WBAN nodes). In this manner, standard numerical simulations
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and path gain measurements treat the whole system as a
black box and measured quantities are only available at the
outer ports. By observing different antenna positions and
body poses, statistical path gain models and channel models
can be implemented [3]-[8]. For clearly defined problems,
analytical modeling is an option, which is also more suitable
for understanding the occurring wave propagation mechanisms
in on-body radio systems. E.g. in [9] a comprehensive model
for the ear-to-ear propagation is presented. For these on-body
to on-body links, it is well understood that in general normally
polarized antennas (towards the body surface) present the
solution for higher on-body path gains due to the excitation
of TM-mode surface waves [2], [9]-[11].

In the area of implantable antennas, previous investigations
and models often aim at maximizing the power radiated out
of the body (in-body to off-body) [12], [13]. Theoretical
models have also been developed for in-body to on-body links,
where the antennas are in close distance and displaced to
each other mainly in normal direction to the body surface
(e.g. for wireless power transfer) [14], [15]. For in-body to
on-body links with greater separation between the antennas,
surface waves or creeping waves above the body surface play
an important role due to the high attenuation in the tissue [16].

As an approach for the antenna characterization for on-body
links, in [17] the partial antenna gain with normal polarization
towards the body surface is utilized to calculate an on-body
radiation pattern for quantifying the creeping wave excitation.
However, with the standard free space near-field to far-field
(NF-FF) transformation, an undefined part of the body is
included in the characterization of the antenna and therefore no
reliable results can be obtained. Another approach originating
from the creeping wave theory adopted for WBAN [18] is the
determination of an on-body gain by measuring the antenna
gain above an infinitely large PEC (perfect electric conductor)
plane [19]. However, the antenna characterization above PEC
has obvious disadvantages because the influence of the tissue
on the antenna is not modeled correctly and therefore the
input impedance and current distribution on the antenna are
not reproduced correctly.

Additionally, as shown in [20], the standard gain calculation
of an on-body antenna with reference to an isotropic source re-
veals a dependency on the distance. Thus, published solutions
for the calculation of an on-body gain are still subject-specific
and not comparable for different applications. To resolve this,
a concept for an on-body antenna pattern is presented in
[11], whereas the on-body propagation of wearable antennas is
calculated by approximating the body as an infinite tissue half-
space. However, the applicability of the model is limited and a
certain subject-specificity remains due to the height-dependent
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TABLE I

STATE-OF-THE-ART: WBAN LINK BUDGET MODELING
Method Specificity Applicability
Statistical channel models, | specific for antenna | wearables and
e.g. [3]-[8] and link/channel implants
Analytical propagation specific for wearables and
models, e.g. [2], [9]-[15] link/channel implants
On-body antenna radiation | independent of wearables
pattern, e.g. [11], [17] link/channel

normalization to Hertzian dipoles.

As summarized in table I, there are various approaches for
WBAN path loss and antenna modeling. However, most of
them are specifically adapted to the respective application
and/or subject. Only the concept of an on-body antenna
radiation pattern potentially allows for a characterization of
the antennas independent of the application.

Based thereon, this contribution aims for implementing a
complete set of on-body antenna parameters by a reliable
and straightforward approach for quantifying the contribution
of the antennas themselves to the link budget with on-body
communication. In particular, the ability of an antenna to
excite surface waves is quantified, which is crucial if WBAN
communication takes place over larger distance distances near
the tissue-air interface. In section II we develop an on-body
propagation model that covers wearable as well as implantable
antennas. Based thereon, in section III the on-body far-field is
defined. In section IV we define on-body antenna parameters,
closely following the definitions in free space [21] to enable
good interpretability. Finally, in section V the applicability of
the developed methods is proven by two example applications.
Additionally, in section VI the limitations for the implemen-
tation of our approach are discussed.

II. ON-BODY PROPAGATION MODELING

With the abstraction of the body surface to an infinitely
extended half-space, the structure corresponds to the long-
known Sommerfeld half-space problem (ref. Fig. 1). Since
the solution of the Sommerfeld integrals cannot be solved in
closed-form, there have been many attempts in the literature to
derive approximate formulas [22]. The formulation of Norton
and especially its extended form by Bannister [23] have
been proven to be a suitable approximate solution for the
radiation of Hertzian dipoles in the vicinity of a tissue half-
space [10], [24], [25]. Following Norton’s formulation, the
electromagnetic far-field of an antenna above a dissipative
ground can be decomposed into quasi-optical components
(ref. Fig. 1: direct wave along Ry, reflected wave R;) and
a so-called Norton surface wave component. The latter is
particularly important for the link between low profile on-
body antennas as it is the only remainder in the limiting case
of both the observer and the source located directly on the
tissue boundary. Although at first sight the solutions look like
a far-field solution with plane wave reflections, the near-field
interaction as with on-body antennas is also solved correctly
by the spectral decomposition of the spherical waves. In [11]
it was shown that on-body fields of arbitrary antennas can
be modeled through a decomposition of the antenna’s current
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Fig. 1. On-body propagation model based on the Sommerfeld problem.

Fig. 2. Example scenarios: a hearing aid antenna at the ear (left) and gastric
pacemaker (right) each with the surface S’ of the near-field box

distribution into small electric dipoles. However, when trying
to utilize this method for typical WBAN applications, e.g. for
characterizing hearing aid antennas, some difficulties arise. If
the antenna is positioned in close proximity to protruding body
parts whose near-field influence cannot be approximated well
by the half-space, e.g. the pinna, this modeling approach fails
to correctly reproduce the radiated fields.

A. Model implementation

To overcome this, in the following we propose using the
surface equivalence principle for making the modeling as
versatile as possible. Secondly, we derive dyadic Green’s
functions for the Sommerfeld problem to represent the solution
in the most general form.

By means of the surface equivalence theorem, the actual
antenna can be replaced by equivalent currents on a closed
surface S’ enclosing the original sources, as e.g. can be seen
in Fig. 2 for two example applications. The choice of the
surface is free, it can be above the tissue, intersect with the
tissue boundary (as for the hearing aid antenna in Fig. 2)
or be inside the tissue (e.g. as for the implantable antenna
in Fig. 2). Setting the fields inside the surface to zero, the
equivalent electric and magnetic source current densities Jg
and My flowing on the surface S’ can be calculated as [26]:

Ji(r') =n x H(r), (1)

M;(r') = —n x E(r'), )
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where E(r’) and H(r’) are the (numerically) calculated near-
fields of the antenna on the surface S’ and n is the surface
normal pointing outwards the closed surface.

The fields radiated by the structure inside S’ can then be
calculated by:

B®) = fp [€5r) - 0.07) + G er) ML) a7 )
J

() = ¢p [ (rx) - 3. + Gler) - ML) 4570
J

where é?, GIJ{,G? and éﬁ denote the dyadic Green’s func-
tions for the on-body case approximated by a tissue half-space
which are derived from Bannister’s asymptotic solution of the
Sommerfeld problem. The derived Green’s functions are based
on two fundamental solutions with the current flowing either
parallel or perpendicular to the boundary, ref. Fig 1, each for
magnetic and electric currents. This way the Green’s functions
for the calculation of the E-field é? and 651 in cylindrical
coordinates (z-axis normal on tissue surface, ref. Fig. 1) can
be written as:

oyl o Gt

L P Jp

Gy=12 o &0 |, (5)
Gyl oo Gyt
o Gl

Gl fgrl " gEl ©6)

M= r | T Mo |

o Gl o

where G-} with the unit m~! are the Green’s functions

for the E-field derived from the solution of current elements
in parallel (||) or the normal (L) orientation towards the
tissue surface.! The magnetic field’s Green’s function can
be derived similarly. Other than in free space, the Green’s
functions not only depend on the distance r — r’ between
source and observation point, but also directly on the height
h of the source above the tissue boundary (in the selected
coordinate system, ref. Fig 1, h = 2’). To calculate the radiated
field in air for the subsurface-case (implantable antenna,
h < 0), the necessary Green’s functions can be obtained from
G(h = 0) - e"", with the complex propagation constant 7 of
the tissue [23]. Additionally, the term GY" gets multiplied
with 2+, 2 for h < 0 to satisfy the boundary condition.

The only limitation of the utilized asymptotic solutions [23]
for deriving the Green’s functions G is a high contrast between
the materials, respectively an index of refraction of the tissue-
air boundary of |n?| > 10. As shown in [24], this condition
is maintained for most tissues across all WBAN frequency
bands of interest. However, for conciseness we concentrate
on the evaluation of the method in the 2.4 GHz ISM band.
Therefore, the utilized single-layer tissue model provides a
good approximation for the propagation behavior [10]. In

I'The individual Green’s function terms are listed in Appendix B
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Fig. 3. E-field distribution at constant height of 10 mm above the phantom
surface and the evaluated path

general, the approach can also be extended to a multilayered
tissue model [27].

Besides the generalization and inclusion of implantable an-
tennas, the new approach has the advantage that the modeling
can be implemented more streamlined for numerical input
data. Taking the antenna’s discretized on-body near-field as a
basis (same as with the standard free NF-FF transformation),
the integrals in (5) and (6) can be written as a sum in
which the discrete surface currents [Js] = A/m respectively
[Ms] = V/m multiplied with the corresponding mesh cells
surface area [AS’] = m? correspond with the dipole moments
[p] = Am and [m] = Vm in the derivation of the Sommerfeld
problem solution [23]. 2

B. Example application

To prove the applicability of our approach, we used an
example of a simplified hearing aid model (ref. Fig. 2) which
was modeled consisting of ABS plastic (permittivity e, = 2.7,
loss tangent tand = 0.005). The antenna is designed as a
conformal half-wave dipole on the hearing aid housing at
f = 2.45 GHz. For the modeling we utilized the near-field on
the surface S’ of the antenna including the pinna as depicted
in Fig. 2. This way, the pinna is basically treated as part of the
antenna. As can be seen from the results in Fig. 4a, calculated
above a flat phantom (equivalent to the infinite half-space of
the analytical model), the new modeling approach is proven
to be precise. The deviation of the E-field is less than 1 dB
in the far-field of the antenna. Secondly, we evaluated the E-
Field captured on a realistic path along the body at a constant
height of 10 mm above the phantom surface. The results for
the E-field on this surface and the evaluated path are depicted
in Fig. 3. In Fig. 4b the fields along the path obtained from
the numerical simulation are compared to the results calculated
with our modeling approach. As can be seen, the model reveals
a deviation of less than 3 dB from the numerical results along
nearly the whole evaluated path.

III. ON-BODY FAR-FIELD

As shown in the previous section, the proposed modeling
approach enables the modeling of the on-body fields of wear-
able and implantable antennas. However, only a small part

2The original solution for magnetic dipoles in [23] is based on the current
loop representation [m;] = Am? which can be converted to magnetic current
dipoles [m] = Vm with m = jwpom;. [26]
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Fig. 4. Verification of the implemented method by comparison of the
calculated E-field to numerical results: (a) Ideal flat tissue halfspace, (b)
Realistic path along body phantom (ref. Fig. 3). The section inside surface
S’ is marked with a grey background. Only the normal component of the E-
field with respect to the body surface was evaluated, as this is the dominating
component (in our example by more than 10 dB) close to the tissue interface.

of the possible applications include paths that are sufficiently
flat to be directly modeled through the Sommerfeld problem.
Besides that, it is desirable to evaluate an on-body antenna
completely independent of the application scenario, i.e. de-
embedded from the propagation channel. In this section, we
evaluate how to define the on-body far-field with the half-
space approximation which enables the definition of adapted
on-body antenna parameters. Subsequently, we discuss its
applicability also for the propagation along curved paths.

For radiation in free space, the far-field region is defined
by the consideration that the radiated waves can locally be
represented by a plane wave. In the free space far-field, the
power density decreases quadratically with increasing distance
from the radiator for any antenna. Thus, the antenna gain
defined as a relative indication of the radiation properties of
the antenna compared with those of a reference is independent
of the distance from the radiator.

The case of an antenna above or inside a dissipative tissue
is more complex due to the interference of the different
wave components (direct, reflected and Norton surface wave).
Additionally, waves propagating along the boundary are atten-
vated by losses in the tissue. Thus, the standard antenna gain
calculation for on-body antennas reveals a dependency on the
distance.

To resolve this, a different approach has to be made for
defining an antenna metric for on-body links. For quantifying
the ability of exciting waves along the body surface, it seems
reasonable to only characterize the antenna’s two-dimensional
angle-dependent radiation parallel to the body surface. The

http://dx.doi.org/10.1109/TAP.2021.3060944
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Fig. 5. Normalized magnitude of the Green’s functions of equation 5 and 6
at p = 10X and z = A/4 as a function of the height h

inconsistency because of the additional attenuation due to
losses in the tissue can be dealt with an adapted normalization
(replacement of the lossless isotropic source). Therefore, in
the on-body far-field this attenuation needs to be equal for all
antennas to be considered. Additionally, amplitude and phase
deviation across the wavefront near the tissue boundary must
be negligible to recreate the local plane wave criteria.

In the following, we evaluate under which circumstances
these requirements can be met for low profile antennas (stan-
dard requirement for on-body antennas) close above or below
the body surface. Due to the boundary condition at the con-
ductive tissue, the magnitude of the different Green’s functions
G near the boundary depends largely on their corresponding
polarization. In Fig. 5 we depict the normalized magnitude
of the Green’s functions for the E-field as a function of the
antenna height h. As can be seen, for low heights the terms
G?;‘ and GE/I’HZ exceed all others by about 20 dB, which
correlates with the prior knowledge that antennas polarized
normally to the body surface provide a higher on-body path
gain [2], [9]-[11]. Thus, in the following we concentrate on
these components for the evaluation of the on-body far-field.

Far from the antenna with |yoR1| >> 1 these two domi-
nating terms can be indicated in a simplified manner as [23]:

—vo0Ro —YoR1
GJEZL = cos? (wo)eRiO + T} cos? (wl)eTl
) e~ ol
+(1 = T'L)F(w) cos WI)T’ @)
—v0Ro —voR1
GE/{‘L = cos (o) eTo +T'1 cos (1) 6T1
e~ Vo k1

+(1—-T1)F(w)cos (wl)T, (8)

with Ry, R1, 1o and v the lengths and elevation angles
of direct and reflected paths from the source currents (ref.
Fig. 1). The structure of the equations is equivalent to the
well-known Norton surface wave model and can therefore be
translated into the components of a direct wave (1st term),
a reflected wave (2nd term) and the Norton surface wave
(3rd term). F'(w) is the Sommerfeld surface wave attenuation
factor with the numerical distance w which depends in a
rather complex way on geometry and material parameters.
By restricting the evaluation for the on-body case to low
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heights and correspondingly small angles ), the specular
reflection coefficient for perpendicular-polarized waves I' | can
be approximated as:

_ Sin(%) _Am ~ 1/J1 _Am

- ~ ) 9
S () + A Ur F By )
with A, = % Further approximations can be made as
follows:
1 1 1
~ ~ 1; — & -,
cos(1p) = cos(1) ; RCm T

Since with the approximations made, both dominating Green’s

function terms differ only in the exponent of the cosine terms,
they converge to each other for low heights. Thus, low-profile
antennas can be expected to produce similar on-body field
distributions in the far-field close to the tissue boundary.

In the case of pure surface to surface propagation with
h = 0 and z = 0, corresponding to an angle of ¥; = 0°,
the Green’s functions consist only of the Norton surface
wave term. This is because the reflection coefficient as with
total internal reflection (TIR) becomes I') = —1 and direct
wave and reflected wave cancel each other out. Also, the
Sommerfeld attenuation factor F'(w) becomes a function only
depending on the radial distance p as stated in [23]:

F(p) =1 - j/aKp - we(—/Kp),

with wg(z) the Faddeeva function and K = —0.5y9A2,.

(10)

A. On-body far-field distance

To define the on-body far-field, we derive limits for the
region where the Green’s functions can be approximated by the
Norton surface wave term. On closer analysis, this condition
can be translated into two requirements. Firstly, the phase
difference A¢, between direct and reflected waves must be
negligible:

A¢y = |y0| (Ro — R1) =~ 0. an

An estimation can be made by restricting the phase difference
to A¢, < /8 .> With the approximation of parallel paths R
and R; this leads to a far-field distance of:

2
p#(whwl) s
s

Secondly, the reflection coefficient I'} needs to be negative
such that direct and reflected wave interfere destructively.
According to (9), the coefficient I' | can be calculated from
the angle )7 which varies with the distance p and A, which
is a constant complex number depending on the material
parameters of the tissue. By analyzing its behavior as a
function of the distance p, it can be found that:

12)

arg{I'1 }(p = 0) = 0, arg{T'1 }(p — o0) = .

The distance where arg{I'; } ~ 7/2 can be determined by
2
11 = Re{A,,}. Under the assumption of (WLEO) < 1 and

3Same limit was chosen for the definition of the widely accepted Fraunhofer
far-field distance
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Fig. 6. Green’s functions of equation 7 and 8 for z = h = \/2 in comparison
to the surface wave attenuation factor F'(p) and the corresponding far-field
distance of Equation 13

IS Zj)‘h, this leads to a second restriction for the far-field

distance:
z+h

> . (13)
g |Am|2\/5r,1

Both conditions must be satisfied to ensure the field’s
approximation by the surface wave term only, thus fulfilling
the on-body far-field criteria. As can be seen, both depend
on the transmitter’s height h as well as on the receiver’s
height z. For extended antenna structures, the distance of the
highest point above the tissue surface needs to be used. If
an antenna’s dimensions parallel to the tissue interface are
significantly larger than its height, the standard Fraunhofer
distance d > % [21] can be used to ensure a sufficient
plane wave approximation accounting also for superimposing
wave components through parallel displaced origins. In the
case of implantable antennas, the on-body far-field distance
is significantly reduced as in the calculation the transmitter’s
height can be set to h = 0 (fields for h < 0 can be modeled
through G(h = 0) and an additional constant factor, ref. Sec.
II-A). Assuming muscle tissue at f = 2.4 GHz, the second
condition from (13) gives greater distances and thus can be
calculated solely. In Fig. 6 the dominating Green’s functions
GJE;‘ and GE[‘Z are depicted exemplary, calculated at the
maximum height evaluated of z = h = A\/2. Here, the far-
field distance according to (13) gives a value of p > 7.5\. As
required, at this range the trajectories of both Green’s functions
have sufficiently converged into the surface wave attenuation
term F'(p).

Since, as mentioned before only low-profile antennas are
considered, the plane wave approximation in the defined on-
body far-field is only marginally interfered by the waves
amplitude deviation depending on the height above the tissue
surface. In the example with a maximum transmitter height of
h = 0.5, the deviation at the far-field distance (ref. Fig. 6)
over the range of 0 < z < 0.5\ is approximately 0.1 dB and
is therefore negligible.
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B. Influence of the body’s curvature

Up to this point, on-body propagation was modeled purely
with the approximation of the body as an infinitely extended
half-space. However, in real applications curvatures also play
an important role. Fortunately, both problems are closely
related as shown by Wait in [27]. For the half-space problem
with pure surface wave propagation (h = z = 0), which we
have shown is also a valid approximation in the on-body far-
field, Wait rewrites the solution for the normally polarized
E-field as:

E+ = EyF(p), (14)

where F'(p) is the aforementioned Sommerfeld attenuation

factor. The term Ej is denoted as a reference field which
corresponds to fields excited above a PEC plane. This term
can also be found in Wait’s notation for the creeping wave
propagation around a cylindrical curvature [27]:

E+ = EgW(z,q). (15)

Here, W (x,q) represents the attenuation function for the
creeping wave problem which depends on the z as a nor-
malized range parameter and ¢ accounting for the curvature’s
radius. Thus, the properties of the excitation, i.e. the antenna,
are quantified with Ej in both cases. This was already utilized
in [18] to model on-body propagation along curved body parts.
However, as mentioned before, modeling the antenna above a
PEC has obvious disadvantages because the influence of the
tissue on the antenna is not modeled correctly and therefore
the input impedance and current distribution on the antenna
are not reproduced correctly. If on the other hand the excitation
is quantified over a tissue half-space as we have shown, this
problem can be omitted. After normalization by the attenuation
term F'(p), as derived in the following, the application of the
on-body antenna parameters calculated in the case of a flat
tissue half-space is equally possible for propagation channels
with curved surfaces.

IV. ON-BODY ANTENNA PARAMETERS

Based on the defined on-body far-field, an on-body radiation
pattern can be defined. As mentioned before, to quantify an
antenna’s ability of exciting waves traveling along the body
surface, a two-dimensional angle-dependent measure for the
radiation parallel to the body surface is sufficient. Thus, based
on the definition in free space (FS), the antenna’s directivity
can be adapted for on-body (B) propagation to:

Do) = L0 cat)

— Dg(¢) = (16)
Here U~ () is the radiation intensity corresponding to the
normal polarization only, since it dominates close to the tissue
boundary in the far-field, as e.g. can be seen from Fig. 5.
Because in the on-body far-field the amplitude ratio of the
associated Green’s functions for E+ and HI also is 1y =
oo, the radiation intensity can be calculated as:
2
P E* (¢)

Loy o2l gy —
Un(¢) =p s E-(9)H"(¢) = o

5 a7)
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To quantify the surface wave radiation solely, the mean
intensity U~ for the directivity is only determined over ¢ in
the plane parallel to the body surface as:

—_— 1
Ut =— 55 UL (¢)de.
2

27

(18)

Other than in free space, the radiation intensity U~ is
dependent on the distance because of the additional attenuation
of the surface wave traveling along the tissue boundary. For
the on-body far-field, this surface wave attenuation can be
quantified by 2|F(p)| as shown in the previous section. Thus,
following the derivation in free space, the on-body antenna
gain can be defined as:

_ U(6,9) _ U
P /AT PulF(p)?/n

with P, the power accepted at the antenna port. The constant
ratio between on-body gain and directivity also gives an
adapted definition of the antenna efficiency:

Gy _ T
Dg |F(p)|2pin.

This measure quantifies the ratio between power accepted
at the port and power radiated in form of the surface wave.
The relation between the on-body gain and the effective area
(aperture) can be calculated by the same procedure as in free
space to*:

Grs(0, 0) — Gg(9) (19)

e = (20)

)\2
Aes = —GB. 20
47

Finally, the Friis transmission equation for on-body propaga-
tion can be reassembled to:

P, Asw 2

—_— = T 22

2 (47rp) GG, (22)
FB

Here Lgw describes the surface wave attenuation, which
depends on the body curvature along the path evaluated. For
sufficiently flat sections of the path, it can be calculated as
Lsw = 2F(p), and for curved path sections the term can be
determined by Lgw = 2W (z, q) (ref. Sec. III-B).

V. EXAMPLE APPLICATION OF THE DEVELOPED METHODS

To illustrate the possibilities of the described methods, we
investigate two example problems, one for a wearable and
one for an implantable antenna. As mentioned before, we
concentrate on the evaluation of the methods in the 2.4 GHz
ISM band. Simple dipole antennas were used since the focus is
not on the antenna design but on the verification of the devel-
oped methods. The utilized body phantom in both cases was
modeled assuming homogeneous muscle tissue (e, = 52.7,
o = 1.74S/m), which is a sufficient approximation at the
considered frequency [10]. Two different paths were evaluated,
as can be seen in Fig. 7. Path 1 along the torso was chosen to
be relatively flat. In contrast, path 2 around the torso contains
curved sections and has no line-of-sight.

4The proof based on a Hertzian dipole can be found in Appendix A.
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Fig. 7. Evaluated example applications of a hearing aid antenna and a gastric
pacemaker.

The described methods for the calculation of the defined on-
body antenna parameters were implemented for the examples
as follows:

1) Numerical (FDTD) calculation of the antenna’s near-
field on the surface S’ in presence of the body phantom
as depicted in Fig 2,

2) On-body NF-FF transformation using the on-body prop-
agation model as described in Sec. II-A and the derived
Green’s functions in Appendix B,

3) Calculation of the antenna parameters as described in
Sec. IV.

A. Radiation of wearable antenna along flat path

As an example of a wearable antenna, we continue with the
hearing aid antenna design as shown in Fig. 7. To compare
the effects of different antenna patterns along path 1, the
conformal dipole is positioned on the housing in three different
configurations (antenna 1-3), as can be seen in Fig. 8.

Fig. 9a depicts the calculated on-body antenna gain accord-
ing to (19) for all three antenna configurations. The minimum
on-body far-field distance is calculated by (13) for a maximum
height z = 17mm to pni, ~ 200mm for a receiver height of
z = 10mm.

In the next step, we evaluated the radiated fields of all
three hearing aid antenna configurations (ref. Fig. 8) along
path 1 to characterize e.g. the wireless link of a hearing
aid to a smartphone. In Fig. 9b the path gain (PG) of
the antennas calculated with the adapted Friis transmission
equation (22) is compared to FDTD calculated data of the
actual geometry as reference. Therefore, the surface wave

Antenna 1 Antenna 2 Antenna 3

Fig. 8. Conformal dipole on hearing aid housing in three different configu-
rations
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attenuation was calculated assuming a flat body surface. As
can be seen, the overall trend in the path gain is sufficiently
modeled, even though locally noticeable deviations occur due
to geometric irregularities compared to the ideally simplified
flat body surface. Furthermore, the path gain for all three
antennas deviates with the same pattern from the analytical
model and the difference between the different antennas seems
constant. In order to assess this better, in Fig. 9c the path gain
is normalized to that of antenna 1. Here it can be seen that the
difference in the established on-body gain in the path direction
(ref. Fig. 9a) precisely predicts the difference between the
different antennas considered. Beyond the minimum far-field
distance pmin, the relative path gain predicted from the on-
body gain deviates by less than 1dB from the numerically
calculated reference.

B. Radiation of implantable antenna along curved path

As for the example of an implantable antenna, we evaluate
the application of a gastric pacemaker, which is depicted
in Fig 7. We investigated the on-body radiation along path
2 around the torso which has a significant curvature. The
antenna consists of a half-wave dipole encapsulated by a
1.3 mm thick substrate (¢, = 10.2) implanted in a depth of
10 mm. For simplicity, no additional peripherals of the implant
were modeled in the simulation. The minimum on-body far-
field distance in this case is pmin ~ 75mm. To compare
the propagation for different gain values in this case, the
antenna was rotated in the three different angles (A¢ = 30°)
in the plane parallel to the tissue surface. Consequently, as
depicted in Fig. 10a, the radiation pattern quantified in form
of the on-body gain varies in direction of the evaluated path
2 by AGg,5 = 3.3dB for antenna 5 and AGggs = 9.8dB
for antenna 6, provided that antenna 4 is used as reference.
Looking at the path gain along path 2 in Fig. 10b, one can
see that it partially declines more rapidly than for the flat
case because of the body curvature. A better estimate using
the adapted on-body Friis equation (22) can be made by
calculating the surface wave attenuation Lgw from the first
creeping wave mode assuming a cylindrical curvature with
a radius of 140mm, as proposed in [18]. The deviation of
the simple model from the numerical data of the realistic
geometry is still significantly higher in this case. However,
all three antennas still show the same pattern in the path gain.
Thus, by comparing the relative path gain with antenna 4 as
reference as depicted in Fig. 10c, again the difference in the
on-body gain precisely predicts the path gain difference of
the antennas in the numerically calculated realistic model. On
closer evaluation, in the numerically calculated data, the influ-
ence of multi-path propagation becomes apparent (especially
for antenna 6 which has the lowest gain along the direct path)
which is not accounted for in the utilized analytical model.
In respect thereof, just like in free space, the on-body gain
defined in this paper can also be embedded in more advanced
path loss models accounting for multi-path propagation and
non-cylindrical curved sections as e.g. proposed in [9].
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Fig. 9. Antennas 1-3: (a) on-body gain G; (b) on-body path gain at a height
of 10 mm above the tissue surface; (c) path gain difference with antenna 1
as reference. Shaded areas mark the deviation limited to =1 dB

C. On-body efficiency

For some applications, no specific radiation direction can
be emphasized. In this case, with standard free space antenna
design, the antenna’s radiation efficiency is optimized, as
the ratio between power delivered to the antenna and power
radiated from the antenna. For on-body links, as discussed
before, the excitation of surface waves is most important. This
is why we also defined an adapted antenna efficiency according
to (20), which quantifies the ratio between the power accepted
by the antenna and the power radiated in form of the surface
wave. Looking back at the example of the hearing aid antennas
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Fig. 10. Antennas 4-6: (a) on-body gain Gg; (b) on-body path gain at a height
of 10 mm above the tissue surface; (c) path gain difference with antenna 4
as reference. Shaded areas mark the deviation limited to =1 dB

TABLE 11
ON-BODY ANTENNA EFFICIENCY RESULTS
antenna 1 antenna 2 antenna 3
e 10.8% 7.0% 6.1%

of Sec. V-A, the corresponding on-body efficiencies can be
found in table II. As can be seen, antenna 1 not only has the
highest gain in the direction of the evaluated path but also the
highest on-body efficiency, so it can be expected on average to
result in the highest on-body path gain (among many different
paths).
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VI. LIMITATIONS OF THE APPROACH

In our derivations, different assumptions and simplifications
of the complex antenna environment in presence of the body
were made. We discuss the range of validity of these assump-
tions and outline limitations of the presented theory in the
following.

A. Dominant propagation mechanism

The presented theory can be applied for propagation paths
which dominantly rely on surface waves or creeping waves.
This is very often the case in WBAN applications and covers
especially those cases where the performance needs to be
optimized. Therefore, as derived in Sec. III the electrical
height h of the antenna should be small, which in the usu-
ally used WBAN frequency bands (low GHz range) is in
accordance with the standard low profile requirements for
portability. E.g. the maximum height under consideration in
our evaluation of h = 0.5\ equals approximately 6cm at
2.4 GHz, which is far beyond commonly accepted antenna
dimensions. On the other hand, no limits need to be set
for the implantation depth of in-body antennas, since the
corresponding Green’s functions are assembled from the case
with h = 0, ref. Sec. II-A. However, the significance of the
surface wave in relation to the competing propagation path
directly through tissue should be checked. In our example
with the implanted gastric pacemaker and propagation around
the torso, ref. Fig. 7, the direct path through the torso has
a length of [ =~ 170 mm. The corresponding attenuation can
be estimated by Li,_10dy ~ —66 dBJS Compared to the
attenuation of the creeping wave of Lgw ~ —33dBS it is
obvious, that as required the surface wave is the dominant
propagation mechanism in our example.

B. Tissue modeling

For conciseness, the Green’s functions as proposed before
were derived assuming a single homogeneous tissue model.
This is a reasonable simplification in regard of the propagation
properties at sufficiently low frequencies (approximate range
below 3 GHz [10]). Due to the decreasing skin depth for
higher frequencies, the Green’s functions must be adapted
for considering a multilayered tissue model, for the necessary
adjustments ref. [10], [27]. In certain cases, additional effects
such as trapped surface waves can occur due to the multi-
ple boundary layers, which are not covered by our model.
However, at millimeter wave frequencies again the simplified
assumption of a homogeneous half-space can be made. In this
case the dielectric properties of the skin must be considered,
as the penetration depth becomes so small that underlying
tissues can be neglected [28]. Apart from the influence of the
tissue modeling on propagation, especially with implantable
antennas the antenna properties are strongly impaired by
surrounding tissue [12]. A homogeneous or layered tissue
representation, as also assumed by many other in-body antenna
theories [12]-[15], is to be seen critically here. By including

5 Assuming homogeneous tissue: Lin_pody = e~ Re{ml},
6Lgw = 2W [18] with radius @ = 140 mm and length d = 395 mm.

http://dx.doi.org/10.1109/TAP.2021.3060944

parts of the surrounding tissue within the reference surface
S’, ref. Fig 2, into to the antenna properties, inhomogeneous
tissues surrounding the antenna can be considered with our
theory. For conciseness a detailed analysis on this is left out
here.

C. Body curvature

As proposed in Sec. II, the on-body NF-FF transformation
is based on the assumption of tissue half-space. Therefore,
the body surface in direct vicinity of the antenna must be
sufficiently flat, such that the near-field on surface S’ (ref.
Fig. 2) is reproduced correctly. However, with our approach
protruding body parts, e.g. the ear, can be taken into account
as part of the antenna. To check the validity of this assumption,
in the example with the hearing aid antennas, ref. Fig 7,
we compared the difference in the on-body Gain Gp once
calculated with the near-field simulated in presence of the head
and once with antenna and ear placed above a flat tissue layer.
The maximum deviation was found with antenna 1 with a gain
difference of 0.4 dB, which still seems acceptable and proves
the validity in this case. Additionally, the channel modeling
is also limited in regard of the body curvature. The modeling
based on the creeping wave theory reduced to the first mode
as applied in the examples requires a curvature perimeter
p > A, which at 2.4 GHz is sufficient for modeling the shape
of an adult head [18]. The more sophisticated approach of a
geometrical theory of diffraction model by Kammersgaard et.
al. is rated similarly with a validity for radii down to ¢ > 0.5\
[29].

VII. CONCLUSION

We developed a method that enables a universal characteri-
zation of the on-body radiation characteristics of wearable and
implantable antennas. The derivation of the on-body antenna
parameters is linked as closely as possible to the established
definition in free space to ensure good interpretability. Through
the normalization of the attenuation due to losses in the tissue,
the derived gain and antenna efficiency are constant in the
on-body far-field. This makes the characterization subject-
independent and enables good comparability. The simple ge-
ometry of the utilized body phantom in the derivation of the
on-body antenna parameters is beneficial for a standardized
numerical evaluation and especially for the repeatability of
future measurements. For cases limited to only one significant
propagation path, as with the examples presented, the path
gain difference between different antennas can be precisely
predicted from the on-body gain. To model multi-path prop-
agation, the antennas can be embedded in more advanced
models while maintaining the advantages of comparability.
Since the underlying principles of propagation along the
dissipative body surface are similar even with curved body
contours, the derived antenna parameters are also valid in this
case as shown in the examples.
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APPENDIX A
DERIVATION OF THE ON-BODY ANTENNA EFFECTIVE AREA
IN RELATION TO THE ON-BODY GAIN

The derivation is based on the procedure for free space
according to [21] where it is shown that the effective area
A, of the isotropic antenna can be calculated from the ratio
between gain and effective area of any other antenna. In the
following, we prove at the example of a normal Hertzian dipole
above the tissue half-space that this relationship stays the same
for the newly defined on-body gain according to (21).

Under the condition of maximum power transfer (conjugate
matching) and a lossless antenna structure the effective area
of a short dipole antenna can be calculated as:

(B -1)?
Ae = 5
SWiR,

(23)

where E; and W; are the electric field strength and power
density of the incoming wave. R, is the antenna’s radiation
resistance, which depends on the dipole’s length ! and in the
on-body case also on its height h above the tissue. A solution
for this can be found in [30] as:

ren ()

with 7y the impedance of free space, A the wavelength and
s(h) the factor defining the dependency on the height h above
the tissue. As evaluated in Sec. III, in the on-body far-field
the fields can locally be approximated by a plane wave. Thus,
the incoming wave’s power density becomes:

5
2m0°

(24)

(25)

i =

This reduces the expression for the on-body effective area of
a normal Hertzian dipole to:

)\2
Aep = dms(h)’

(26)

To calculate the on-body gain of the normal Hertzian dipole, its
radiated E-field in the on-body far-field can be approximated
by:

PYoT7o
4R

The electric dipole moment p can be related to the accepted
power P, using the relationships in [30] as:

FE =

- 2F(p). 27)

P, 8meq

_ 28
00735(h> (28)

p=w
According to (19) this leads to the on-body gain of a normal
Hertzian dipole as:

Gg = s '(h). (29)

Finally, the effective area of the isotropic antenna (21) for the
derived on-body antenna parameters is calculated as the ratio
between the effective area (26) and gain (29) of the Hertzian
dipole.
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APPENDIX B
ON-BODY GREEN’S FUNCTIONS

In the following the on-body Green’s functions as discussed
in Sec. II-A are listed. Here, the far-field approximation
|7oR1| > 1 from [31] was used, which is sufficient for the
necessary NF-FF transformation during the calculation of the
on-body antenna parameters. The complete version valid also
in the near-field can be derived from the solutions in [23].

z—h ifh>0
= ’ 30
o {z i h < 0. (30)
L“_{z+h if >0, 1)
z if h <O0.
a
Sy = ——— 33
Vg, +p? 9
C’n = L (34)
VaZ + p?
Rle0ftn if h >0,
Qn = { il _ R + h . B (35)
R, tem ol if b < 0.
1+T 1-T
A=y L F(w) (36)
2 2
1 ifh>0
ki= N 37
+ {A; if h < 0. 37)
Electric currents J:
GYl = —52Q0 + [[LS? + (1 -TL)AZF(w)] Q1 (38)
G?’pj— =k15:CoQo 39
kL [P18) — (1 =T 1)AnF(w)]Ci1Q: (40)
aBl
) = Qo+ [1- St At nms)|Q @D

Gl = 80CoQo — L1851 — (1~ T1)AnF(w)]C1Q1 (42)
Gij::AkLCbQOkaD1L+(1fFLﬂNwﬂCfQ1 (43)

Magnetic currents M

GE H = 50Qo+[T181 — (1 =T 1)AnF(w)] Q: (44)
GEAL = —50Qo “3)
1 2
[Sl 4+ = (Sl — %7(1 + A—-35;% ))}Q1 (46)
2
GE/fL =k, CoQo — k1 {1 — W(l + 71R151)]C1Q1 (47)

Gyl = CoQo+ [T+ (1 - T1)F(w)]C1Qy (48)
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