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Kurzfassung

Die besondere Herausforderung bei der Modellierung von am Körper getragenen
und implantierbaren drahtlosen Systemen liegt in der Nahfeldkopplung der An-
tenne und des dissipativen Gewebes. Daher konnten bisher die Antennen nicht
getrennt vom Ausbreitungskanal in der Systembeschreibung berücksichtigt wer-
den. Aus diesem Grund werden Methoden für die systematische Antennenent-
wicklung von On-Body-Anwendungen entwickelt, wobei die Antennen separat
(de-embedded) charakterisiert werden können. Zunächst wird eine Methode zur
Charakterisierung von On-Body-Antennen entwickelt, die auf der physikalischen
Modellierung der Ausbreitung entlang des Gewebes basiert. Darüber hinaus wur-
den On-Body-Antennenparameter abgeleitet, die eine angepasste Form der Stan-
dardantennenparameter für den freien Raum darstellen. Desweiteren wird eine
Methode zur Modellierung von On-Body-Verbindungen auf Grundlage von sphä-
rischen Wellenfunktionen entwickelt. Diese ermöglicht es, getrennte Modelle der
Antennen und des Kanals auf einer höheren Abstraktionsebene zu erhalten.

Da die entwickelten On-Body-Antennenparameter in enger Anlehnung an die
Standarddefinitionen für den freien Raum definiert sind, ist eine intuitive Charak-
terisierung von On-Body-Antennen möglich. Weiterhin wird ein Antennenmess-
system entwickelt, um die definierten Antennenparameter für physische Proto-
typen auswerten zu können. Wie die untersuchten Beispiele zeigen, können die
On-Body-Antennenparameter und die ermittelte Übertragungsgleichung, analog
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IV Kurzfassung

zur Friis-Gleichung im Freiraum, auch zur Modellierung des gesamten Funksys-
tems verwendet werden. Die Schwierigkeit liegt hier jedoch in der Bestimmung
des Kanalmodells, die aufwändig und nicht für jede Anwendung universell mög-
lich ist.

Die entwickelte Methode auf Basis sphärischer Wellenfunktionen (SWF) ergänzt
die Charakterisierungsmethoden, da aufgrund der numerischen Implementierung
hiermit Kanäle beliebiger Komplexität modelliert werden können. Neben der
Charakterisierung von On-Body-Antennen und -Kanälen stellt der Entwurf von
optimierten Antennen für diese Anwendungen eine große Herausforderung dar.
Mithilfe der abgeleiteten Übertragungsgleichung für On-Body Antennen kann
die Antennenoptimierung direkt basierend auf den On-Body Antennenparame-
tern erfolgen, indem der Gewinn der On-Body Antenne in Richtung des Haupt-
ausbreitungspfads maximiert wird. Für komplexere Kanäle wird auch eine An-
tennenoptimierung auf der Grundlage der SWF-Modellierung entwickelt. Auf
diese Weise können die optimalen Eigenschaften der Antenne auf Grundlage vie-
ler verschiedener möglicher Kanalmodelle berechnet werden. Um auch hier eine
Möglichkeit zur messtechnischen Validierung zu erhalten, werden beide entwi-
ckelten Methoden miteinander verknüpft, sodass eine Bestimmung der On-Body
Antennenparameter auch auf Basis der SWF-Koeffizienten möglich ist.

Anhand mehrerer Anwendungsbeispiele konnte validiert werden, dass die entwi-
ckelten Methoden eine effiziente Modellierung sowie ein fundiertes Design von
tragbaren und implantierten Antennen für die On-Body-Kommunikation ermög-
lichen.



Abstract

The particular challenge for modeling wearable and implantable wireless systems
for on-body communications lies in the near-field coupling of the antenna and the
dissipative tissue. Hence, so far, the antennas could not be considered separately
from the propagation channel in the system description. Therefore, methods for
the systematic antenna design of on-body applications are developed, whereas the
antennas are characterized de-embedded. First, a method for characterizing on-
body antennas is developed based on physical modeling of the propagation along
the tissue. Furthermore, on-body antenna parameters are derived, representing an
adapted form of the standard free-space antenna parameters. Secondly, a method
for modeling on-body links based on spherical wave functions (SWF) is devel-
oped. It enables obtaining separate models of the antennas and the channel at a
higher level of abstraction.

Since the developed on-body antenna parameters are defined closely to the stan-
dard free-space definitions, an intuitive characterization of on-body antennas is
possible. Furthermore, an antenna test range is developed for assessing the de-
fined on-body antenna parameters for physical prototypes. As shown by the ex-
amples evaluated, the on-body antenna parameters and the determined transmis-
sion equation, analogous to the Friis equation in free-space, can also be used to
model the entire wireless system. However, the difficulty lies in determining the
directional channel model, which is costly and not universally possible for any
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VI Abstract

application. The developed method based on SWF complements the characteri-
zation methods, as channels of any complexity can be modeled since the method
could be implemented numerically.

Beyond the characterization of on-body antennas and channels, the design of
optimized antennas for these applications presents a substantial challenge. Based
on the derived on-body transmission equation, antenna optimization can be done
directly by maximizing the on-body antenna gain in the direction of the main
propagation path. For more complex channels, antenna optimization based on
SWF modeling is also developed. With this, optimal characteristics of the antenna
can be calculated based on many different possible channel models. To also obtain
a possibility for validation with measurements here, both developed methods are
linked with each other so that a determination of the on-body antenna parameters
is also possible based on the optimal SWF coefficients.

With several application examples, it has been validated that the developed meth-
ods enable efficient de-embedded modeling and educated design of wearable and
implanted antennas for on-body communications.

Keywords: Wireless Body Area Networks, On-Body Propagation, Wearable An-
tennas, Implanted Antennas, Antenna De-Embedding, Antenna Measurements,
Spherical Wave Functions



Contents

Danksagung I

Kurzfassung III

Abstract V

List of Abbreviations and Symbols XI

List of Author's Publications XV

1 Introduction 1

2 Antenna DeEmbedding for OnBody Communications 5
2.1 Free-Space Antenna Characterization . . . . . . . . . . . . . . 6

2.1.1 Far-Field . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.2 Antenna Parameters . . . . . . . . . . . . . . . . . . . 9
2.1.3 Friis Transmission Equation . . . . . . . . . . . . . . . 10
2.1.4 Channel Modeling . . . . . . . . . . . . . . . . . . . . 10
2.1.5 Measurement of Antenna Parameters . . . . . . . . . . 12

2.2 On-Body Antenna Characterization . . . . . . . . . . . . . . . 13
2.2.1 Problem Analysis . . . . . . . . . . . . . . . . . . . . . 13
2.2.2 State-of-the-Art . . . . . . . . . . . . . . . . . . . . . . 16

2.3 Objectives and Outline . . . . . . . . . . . . . . . . . . . . . . 20

VII



VIII Contents

3 OnBody Propagation Modeling and FarField Definition 23
3.1 On-Body Propagation Modeling . . . . . . . . . . . . . . . . . 24

3.1.1 On-Body Green’s Functions . . . . . . . . . . . . . . . 25
3.1.2 Surface Equivalence for On-Body Propagation Modeling 28
3.1.3 Example Application . . . . . . . . . . . . . . . . . . . 30

3.2 On-Body Far-Field . . . . . . . . . . . . . . . . . . . . . . . . 33
3.3 On-Body Far-Field Region . . . . . . . . . . . . . . . . . . . . 37
3.4 Influence of the Body’s Curvature . . . . . . . . . . . . . . . . 42

4 OnBody Antenna Parameters 45
4.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2 Implementation and Evaluation of Example Applications . . . . 50

4.2.1 Radiation of a Wearable Antenna along a Flat Path . . . 53
4.2.2 Radiation of an Implantable Antenna along a Curved Path 56

4.3 On-Body Gain Measurement . . . . . . . . . . . . . . . . . . . 59
4.3.1 Antenna Test Range Design . . . . . . . . . . . . . . . 60
4.3.2 Validation . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.4 Example Application: Implanted Pacemaker . . . . . . . . . . . 70
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5 SWF Channel Modeling and Antenna DeEmbedding 81
5.1 SWF Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.2 SWF Antenna De-Embedding in Presence of a Backscatterer . . 85
5.3 Antenna Optimization Using SWF . . . . . . . . . . . . . . . . 89
5.4 Example Application: Antenna for Eye-Wear Applications . . . 91

5.4.1 SWF Channel Modeling . . . . . . . . . . . . . . . . . 93
5.4.2 Antenna Optimization . . . . . . . . . . . . . . . . . . 94
5.4.3 Antenna Design . . . . . . . . . . . . . . . . . . . . . . 98
5.4.4 Antenna Channel Embedding . . . . . . . . . . . . . . 100



Contents IX

5.5 Antenna Performance Evaluation . . . . . . . . . . . . . . . . . 104
5.5.1 Measurement Setup . . . . . . . . . . . . . . . . . . . . 105
5.5.2 KPI: Connection Loss Probability . . . . . . . . . . . . 106
5.5.3 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . 108

5.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6 Conclusion 113

Bibliography 126

Appendix 127
A Definition of the On-Body Green’s Functions . . . . . . . . . . 127
B Derivation of the On-Body Far-Field Region . . . . . . . . . . . 130
C Relation: On-Body Antenna Effective Area - On-Body Gain . . 131
D Definition of the Spherical Wave Functions . . . . . . . . . . . 133
E SWF Radial Cut-Off / Mode Truncation . . . . . . . . . . . . . 135

Curriculum Vitae 139





List of Abbreviations and
Symbols
In this work, references are marked separately for own publications and exter-
nal works. For own publications, the alphabetical citation style [XY22] is used,
external works are listed in the standard IEEE citation style [99].

Acronyms and formula symbols used in this work are listed below. The formula
symbols do not distinguish between real and complex quantities. Vectors and
matrices are marked in bold type. In addition, indices and high-indexes are used
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NLOS Non-line-of-sight
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Introduction

Chapter1
Wireless body area networks (WBAN) are body-centric networks of wearable
or implantable computing devices. Their applications involve medical devices,
e.g., electronic implants like pacemakers, as well as devices from the consumer
sector like smartwatches, which often also process medical/physiological data.
Combined with personalized health management, WBAN are an essential ele-
ment for future healthcare procedures. To facilitate this progress, new methods
are needed to provide reliable and efficient wireless communication links.

Body-centric propagation with WBAN is usually classified into three different
categories: off-body, in-body, and on-body [1]. These terms are defined as:

• Off-body: Only one communication node is on (wearable) or inside the
body (implant). The channel is mainly influenced by the surrounding free-
space.

• In-body: Communication between implanted transceivers. The channel is
inside the body.

• On-body: Most of the channel is on the body surface. This can include two
communication nodes on the body (wearable) or mixed combinations with
communication nodes inside the body (implant).1

1The definition is slightly broadened here compared to the original definition (on-body domain only
defined concerning wearable antennas) [1].
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2 1 Introduction

On-Body

Off-Body

In-Body

Figure 1.1: Classification of body-centric propagation.

All three categories are illustrated in Fig. 1.1. As can be seen, in the off-body
domain, spherical waves travel off the body. The body leads to shadowing of
the radiated fields in directions in which no line-of-sight (LOS) component is
present. With in-body propagation, a high attenuation of the radiated waves is
observed due to the losses inside the tissue. Thus, only short distances can be
covered. This work focuses on on-body communications. In this case, as shown
in Fig. 1.1, propagation takes place along the interface between the tissue and air.
The fields propagate on both sides of the interface, which is why both wearable
and implanted antennas can be considered in this case.

Wireless communication systems are most commonly designed and evaluated
with the modeling being subdivided into the system blocks of antennas and chan-
nel. However, the standard antenna characterization methods are fundamentally
linked to the assumption of free-space propagation. This fact becomes already
clear from the definition of the term antenna:

”The antenna is a transitional structure between free-space and a
guiding device.” -Constantine A. Balanis, Antenna Theory [2]

As shown in Fig. 1.1, free-space propagation can be assumed with WBAN only
for the off-body domain. In the on-body domain, the propagation is very different
from free-space. Thus, the standard antenna characterization methods cannot be
used, and the system can only be characterized as a whole with the antennas
embedded into the channel.



1 Introduction 3

In standardization, WBAN network architectures are specially covered in IEEE
standard 802.15.6 [3] for short-range, wireless communications in the vicinity of,
or inside, the body. Standardized frequency bands are existing industrial scientific
medical (ISM) bands as well as frequency bands approved by national medical
and/or regulatory authorities in the range between 0.4 GHz - 2.5 GHz (narrow-
band) and 3 GHz - 10 GHz (ultra wideband). However, although the standard was
already issued in 2012, currently there are no devices supporting it on the mar-
ket [4]. Presumably, the interoperability, e.g., with widely available smartphones
as WBAN user interface lead to the fact that already established standards in the
2.4 GHz ISM-band (industrial, medical, and science), like Bluetooth, are utilized
for WBAN applications. Today, partly even actual medical devices like pacemak-
ers communicate via Bluetooth [5].

Standardization concerning the characterization of antennas for WBAN is only
partially established. The IEEE Standard Test Procedures for Antennas [6] are
only applicable for free-space propagation. Thus, with regard to WBAN, these
methods can only be used for off-body communications by including the human
body into the antenna characteristics. This is also the basis for the Test Plan for
Over-the-Air Performance of the Cellular Telecommunications and Internet As-
sociation (CITA) [7], which specifies standards for the measurements for off-body
radiation with mobile devices and gives specifications for in-situ measurements
with head and hand phantoms. In terms of safety, the Guidelines on Limiting
Exposure to Electromagnetic Fields of the International Commission on Non-
Ionizing Radiation (ICNIRP) for the protection of humans exposed to radiofre-
quency (RF) electromagnetic fields in the range 100 kHz to 300 GHz are most
widely accepted [8]. For measuring the main limiting factor, the Specific Ab-
sorption Rate (SAR), IEEE/IEC standard 62209-1528 specifies protocols and
test procedures inside simplified models of the human body [9].



4 1 Introduction

As can be seen, although many WBAN applications are long-established, stan-
dardization for the antenna performance characterization, especially for on-body
links, does not exist. Hence, it can be concluded that there is not yet a univer-
sally accepted solution to the problem of antennas embedded in the channel that
arises with wearable and implanted antennas for on-body communications. As a
consequence thereof, the design of antennas for these systems often is still based
on trial-and-error.

In this work, antenna de-embedding methods for on-body communications are
evaluated to enable an educated antenna design for these applications. First, in
Chapter 2, the modeling issue with wireless communications in the on-body do-
main is analyzed. Furthermore, the state-of-the-art is evaluated before the ob-
jectives and outline for this work are explained in more detail. Then, in Chap-
ter 3, on-body propagation modeling is provided to gain insights into the physi-
cal propagation mechanisms. Based thereon, an on-body far-field is defined. This
enables the antenna de-embedding in the form of on-body antenna parameters as
described in Chapter 4. In addition, a corresponding measurement principle is in-
troduced, and the design of a dedicated antenna test range is presented, enabling
an evaluation of the defined parameters for physical prototypes. In Chapter 5, a
second antenna de-embedding method for on-body communications is presented,
which adds capabilities for the efficient evaluation of the antennas within more
complex on-body channels. In addition, an optimization method is developed that
enables the antennas to be optimally adapted to corresponding on-body channels.
Finally, in Chapter 6, the developed methods are compared and discussed, also
with respect to possibilities for future work.



Antenna DeEmbedding
for OnBody

Communications

Chapter2
Wireless systems have been analyzed and designed subdivided into the system
blocks antennas and channel for a long time. The utilized Friis transmission equa-
tion is one of the most fundamental equations for modeling radio systems. More-
over, as already recognized in the original paper by Harald Friis, it is advanta-
geous to use because of its simplicity [10]. Hence, for operation in free-space,
de-embedding of antennas with wireless communication systems is performed
by default. Also, measurements are usually performed independently for antenna
and channel. In the following, first, a brief overview of the standard antenna char-
acterization and wireless system modeling is given as a baseline. Based on that,
the problems for on-body antenna characterization are analyzed. After that, the
state-of-art for on-body antenna de-embedding is considered. Finally, detailed
objectives are defined and the outline of the thesis is presented.

5
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2.1 FreeSpace Antenna Characterization

According to the IEEE Standard Definitions of Terms for Antennas [11], sev-
eral parameters have been defined for describing the performance of antennas. In
most cases, these are defined in the far-field. The definition of the far-field and
its main requirements are briefly summarized in the following as the baseline for
the problem analysis as well as for the adapted derivation for on-body propaga-
tion. Furthermore, the antenna parameters and the Friis transmission equation
are considered, as the essentials for the de-embedding of antennas and channel
in free-space. Lastly, standard channel modeling concepts and antenna measure-
ment techniques are summarized.

2.1.1 FarField

The primary condition for the characterization of the antenna parameters and the
modeling is that the antennas are mutually positioned in the (Fraunhofer) far-field.
Here, the following properties apply [2]:

• The angular field distribution is (essentially) independent from the distance
to the antenna.

• The power density W decreases with approximately 1/ρ2.

• The field components E and H are virtually transverse.

• The radiated waves can locally be approximated as a plane wave.

A widely accepted criterion for this approximation is the Fraunhofer distance:

ρff ≥
2D2

λ
, (2.1)
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with D the maximum dimension of the antenna and λ the wavelength. It is de-
rived by limiting the phase deviation over the antenna’s aperture of an incoming
spherical wave to a maximum of π/8 rad ( 22.5◦). The equation can also be re-
arranged for D and a formula is obtained which gives the width of the far-field
region of a point source in dependency of the distance ρ:

Dff(ρ) =

√
ρλ

2
. (2.2)

This observation is beneficial for understanding the upcoming derivation pro-
cedure of the on-body far-field region in Chapter 3.3 and is thus evaluated in
the following example. In Fig. 2.1(a), the E-field Eh of a point source (Hertzian
dipole) radiating in free-space is depicted. As summarized above, the far-field in
free-spaceEff is defined as a local plane wave in the direction under consideration
with a decrease in the power density of 1/ρ2:

Eff = Ke
e−γ0ρ

ρ
, (2.3)

with γ0 the complex propagation constant of free-space and Ke a constant
describing the excitation. The far-field reference fields Eff are depicted in
Fig. 2.1(b). The far-field region is now characterized by the condition that only
negligible deviations from the far-field reference exist. Hence, in Fig. 2.1(c)
and Fig. 2.1(d), the amplitude and phase deviations between the fields of the
point source in Fig. 2.1(a) and the far-field reference in Fig. 2.1(b) are depicted.
As can be seen, the boundary of the far-field region is described very well by
(2.2).
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Figure 2.1: Free-space far-field region; (a) E-field of a point source (Hertzian dipole); (b)
E-field of a local plane wave (far-field reference); (c) Amplitude deviation be-
tween fields of point source and local plane wave; (d) Phase deviation between
fields of point source and local plane wave; Fraunhofer far-field region Dff(ρ)
is depicted by a dashed line.
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2.1.2 Antenna Parameters
The directional radiation properties of an antenna are usually analyzed in spheri-
cal coordinates (θ,ϕ) in the form of the antenna radiation pattern, which is quanti-
fied in the antenna’s far-field. An isotropic source, as an ideal source that radiates
equally in all directions, is used as a consistent reference to obtain comparable,
relative parameters. Its radiation power density W0 is therefore given as:

W0 =
Prad

4πρ2
. (2.4)

Thus, the radiated power Prad is uniformly distributed on a sphere with the ra-
dius ρ. To eliminate the distance-dependency, usually, the radiation intensity as
an angle-related radiation quantity is used:

U(θ,ϕ) = ρ2W (θ,ϕ). (2.5)

The antenna directivity is defined as the ratio between the radiation intensity of
the antenna over that of the isotropic sourceU0, respectively the average radiation
intensity over the entire solid angle of 4π:

D(θ,ϕ) =
U(θ,ϕ)

U0
=

4πU(θ,ϕ)

Prad
. (2.6)

The antenna gain also considers losses of the antenna structure by the normaliza-
tion to the power accepted Pin at the antenna’s input terminals:

G(θ,ϕ) =
4πU(θ,ϕ)

Pin
. (2.7)

The antenna’s radiation efficiency as another important antenna parameter is de-
fined as:

e =
Prad

Pin
=
G(θ,ϕ)

D(θ,ϕ)
. (2.8)
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2.1.3 Friis Transmission Equation

The Friis transmission equation is used to analytically calculate the ratio between
transmitted (Pt) and received power (Pr) at the terminals of the antennas of a
communication system (link budget). In its simplest form it can be written as:

Pr

Pt
= Gt

(
λ

4πρ

)2

︸ ︷︷ ︸
L−1

FS

Gr , (2.9)

with Gr and Gt the gains of the receiving and transmitting antenna and ρ the
separation of both antennas. The termLFS is often called free-space loss, whereas
the term “loss” does not refer to dissipation but rather to the decreasing power
density with the square of the separation distance. Additionally, it accounts for
the increasing effective area of the receiving isotropic antenna with the square of
the wavelength [11].

2.1.4 Channel Modeling

Using the Friis equation, the power budget of a radio system can be calculated an-
alytically for LOS free-space propagation. However, it can also be used as the ba-
sic principle for describing a radio system broken down into three system blocks
of the antennas (represented by the antenna gain G) and channel (defined by the
propagation loss factor LP):

Pr

Pt
= GtL

−1
P Gr . (2.10)

For characterizing the channel, models for the loss factor LP have been found
for many different scenarios [12]. For example, in real applications, reflections
from the environment occur, and multiple components that are delayed from each
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Figure 2.2: Geometry for two-ray model.

other in time and suffer different attenuation are received by an antenna. This phe-
nomenon is summarized under the term multipath propagation. The simplest case
can be described in terms of the so-called two-ray model, whereas as depicted in
Fig. 2.2 in addition to the LOS ray, a reflected ray from the ground is considered.
Assuming the separation ρ between both antennas to be much greater then their
heights h,z above the ground (ρ≫ h,z) the propagation loss of this channel can
be approximated as [12]:

L2−ray =
ρ4

h2z2
. (2.11)

Compared to the free-space loss model (2.9), it is noticeable that the power den-
sity with (2.11) decreases with the inverse fourth (instead of second) power of
the distance in the far-field, which is explained by the destructive combination of
the direct and reflected paths.

Channel models were also developed based on simplified geometries, which sta-
tistically consider that many different reflection paths occur in practical appli-
cations. Likewise, statistical models can be created based on channel measure-
ments. In the simplified example in Fig. 2.2, it was assumed that the gain of the
antennas is approximately constant in the direction of LOS and reflected ray.
For more complex scenarios also the angles of departure and arrival of differ-
ent rays at transmitter and receiver can also be taken into account. For these
double-directional channel models, (2.10) can be redefined to summarize multi-
ple propagation paths, whereas also the phase of the different waves impinging
at the receiver must be considered.
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All these models have in common that it is assumed that the channel has no feed-
back effect on the antenna, i.e., the antennas are de-embedded from the channel.
This means that the interaction of the antenna with the channel takes place in the
far-field of the antennas, e.g., in the form of reflections so that the antennas can
be included in the transmission equation via their far-field antenna gain.

2.1.5 Measurement of Antenna Parameters

Antenna measurements ensure that the antenna meets design specifications or
can be used to characterize unknown antenna structures. Standardization for this
exists in the IEEE Standard 149-1979: Test Procedures for Antennas [6]. Antenna
measurement techniques can be subdivided into near-field and far-field measure-
ments. We will concentrate on far-field techniques here since adapting near-field
measurements for WBAN with the interfering tissue seems challenging to real-
ize. The method most commonly used to measure the absolute antenna gain is
the Gain-Transfer (Gain-Comparison) method [2]. Two measurements need to
be performed, one with the antenna under test (AUT) with the unknown gainGT,
and a second one with a standard antenna with known gain GS. The unknown
gainGT can then be calculated from (2.9) as the ratio between the received power
Pr in both cases, if the distance R between the antennas and the input power Pt

are kept constant as:

Pr,T
Pt
Pr,S
Pt

=

(
λ

4πR

)2
GrGT(

λ
4πR

)2
GrGS

→ GT =
Pr,T

Pr,S
GS. (2.12)

Since the calculation of the gain of the AUT is based on the Friis equation,
free-space propagation between both antennas must be ensured, and the antennas
must be sufficiently separated to ensure the far-field criteria.
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2.2 OnBody Antenna Characterization

With antennas for the on-body domain, the propagation environment of the anten-
nas differs significantly from free-space. Thus, the standard free-space modeling
methods described above cannot be used without modifications. First, the differ-
ences in the wave propagation in the on-body domain are compared with free-
space propagation. Then, the issues arising from this concerning the standard
modeling methods are summarized. Finally, an overview of the state-of-the-art
with regard to adapted wireless system modeling methods for WBAN is given as
a baseline for the defining the objectives of this work.

2.2.1 Problem Analysis

As the summary of the standard modeling methods (ref. Chapter 2.1) for free-
space shows, the main requirement is that the interaction between the channel
and the antennas takes place in the far-field. Since there is no feedback between
channel and antennas, the antennas are always de-embedded in free-space model-
ing. In great contrast to this, the feedback effect of the propagation environment,
i.e., the body tissue, on the antenna cannot be neglected with WBAN. At the same
time, the channel properties are significantly determined by the influence of the
body tissue.

By reviewing the requirements of the far-field definition, ref. Chapter 2.1.1, it
becomes clear that none of the required properties apply if propagation near the
tissue is considered. Due to the lossy dielectric properties of the tissue, additional
attenuation is observed for the propagation inside or close to the tissue. Thus,
the assumption of ρ−2-dependence of the power density in the far-field cannot
be made. Through the scattering at the tissue surface, the angle-dependent field
distribution changes continuously depending on the distance to the antenna. This
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also leads to the fact that the assumption of local plane waves in the far-field has to
be reevaluated for propagation with WBAN. Consequently, any definitions of cri-
teria for the far-field approximation, e.g., the Fraunhofer far-field distance (2.1),
are invalid for propagation close to the tissue.

Since the definition of the free-space antenna parameters, ref. Chapter 2.1.2, is
based on the assumptions made in the definition of the far-field, there are also
issues with their validity. Due to the fact that the attenuation with L ∼ ρ−2 near
the tissue is no longer given, the choice of the isotropic source as a reference is
not valid for characterizing antennas for the on-body domain because it leads to
a range-dependency in the antenna’s radiation pattern. As an example, in Fig. 2.3
the standard free-space antenna gainGθ of short dipole antenna above an infinite
half-space of muscle tissue, calculated at different distances ρ, is depicted.
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Figure 2.3: Standard free-space antenna gain Gθ of a short dipole antenna orientated nor-
mally at a height of h = λ/4 above an infinite half-space of muscle tissue
at f = 2.45GHz calculated at different distances ρ: (a) θ-cut; (b) ϕ-cut.
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Due to the losses in the propagation along the tissue surface, the standard defi-
nition for the antenna gain (2.7) yields decreasing antenna gain values with in-
creasing distance ρ. This also leads to the fact that the antenna radiation efficiency
(2.8) is not constant with WBAN antennas, as the radiated Power Prad decreases
with increasing distance from the antenna.

The commonly utilized Friis transmission equation (2.9), respectively the gen-
eral channel modeling approach (ref. Chapter 2.1.4), cannot be used for WBAN
systems because of the non-constant antenna gain values. Thus, the interface be-
tween the channel and the antennas is undefined due to the absence of a valid
far-field definition. Furthermore, the near-field interaction between antenna and
channel prevents the definition of universally valid channel models. Therefore,
especially channel measurements are not possible; respectively, their results are
to be considered specific to the antennas used in the measurements.

Finally, antenna measurements according to the IEEE Standard 149-1979: Test
Procedures for Antennas [6] are not possible for WBAN systems since these
also require free-space propagation. Measurements with the antenna placed on
an anatomical body phantom, as defined for example in the CTIA Test Plan for
Over-the-Air Performance [7], can model the near-field influence of the tissue
on the antenna. However, only the radiated off-body components are character-
ized. Furthermore, the results are specific to the body phantom used; accordingly,
parts of the channel would also be included in the characterization if considered
for on-body communications.

As becomes clear from the evaluation of the standard wireless system modeling
methods for the on-body domain, the main problem with on-body communication
lies with the antennas being embedded in the channel. Without appropriate mod-
eling methods, goal-oriented optimization of antennas for reliable and energy-
efficient on-body communications is not possible. Thus, antenna de-embedding
methods must be utilized.
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2.2.2 StateoftheArt

The development of adapted methods for WBAN systems spans already a period
of about 20 years. The fact that there are still no approved standards for many of
the discussed issues clarifies that no generally accepted solutions have yet been
found. Nevertheless, many interesting approaches have already been published,
which will be addressed in the following to provide starting points for further de-
velopments. Therefore, three overall approaches for modeling wireless systems
in the on-body domain have been identified as: antenna-embedded modeling, an-
alytical modeling and antenna de-embedding.

AntennaEmbedded Modeling for OnBody Communication

Many published approaches for on-body communications circumvent the de-
embedding problem by keeping the antennas embedded in the model. Channel
models were developed based on measurements or numerical simulations by ob-
serving different antenna positions and body poses. The dynamic behavior of
the on-body channel is taken into account in a frame-by-frame calculation of
the path loss during typical movements such as walking [13]–[19]. Evaluating
ultra-wideband measurements enables a detailed evaluation of channel behavior
and data analysis in the time domain by examining the corresponding channel
impulse responses [16], [17], [20]. The fact that the results are specific to the
antennas used is partly compensated by carrying out measurements with multi-
ple different antennas [13], [20] or alternatively infinitesimally small dipoles are
utilized to approximate the characteristics of small antennas [14], [15]. The influ-
ence of different polarizations on the path loss at different positions was also in-
vestigated, taking into account normal and tangential polarization with respect to
the body surface [15], [19]. Furthermore, path-loss variations with different body
shapes were investigated [18], [21]. Statistical channel parameters were then de-
rived from these simulations and measurements [15]–[17].
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From these antenna-embedded evaluations, many essential properties of the on-
body propagation can already be identified. Also, it is possible to define certain
criteria for optimal antenna designs, for example, for the polarization. However,
the numerical simulations and path gain measurements treat the whole system
as a black box, and measured quantities are only available at the outer ports.
Therefore, they are antenna- and subject-specific (posture, morphology/anatomy,
and locations of the WBAN nodes).

Analytical Modeling for OnBody Communications
Analytical modeling for on-body communications has been extensively
performed for simplified geometries [22]–[34]. Here, basic propagation mech-
anisms, such as available propagation modes at the tissue boundary, were
investigated [22], [23]. Furthermore, the necessity of a layered tissue repre-
sentation, i.e., the skin, was evaluated. The applicability of the Norton surface
wave theory was investigated for on-body propagation at approximately flat
tissue surfaces [22], [25], [26]. For a cylindrical approximation of the body,
creeping-wave theory was considered [24], [27]–[29], [31], [33]. Green’s
functions have been defined for modeling the on-body propagation environment
with cylindrical [24], [27], [29], [30] and spherical shapes [32]. A particularly
sophisticated model was developed for the ear-to-ear channel based on creeping
wave theory and the geometrical theory of diffraction [34]–[37].

The presented approaches for modeling on-body propagation have so far only
taken wearable antennas into account. Analytical models have also been devel-
oped for in-body to on-body links, where the antennas are in close distance and
displaced to each other mainly in the normal direction to the body surface (e.g.,
for wireless power transfer) [38], [39]. However, for in-body to on-body links
with greater separation between the antennas, surface waves or creeping waves
above the body surface play an essential role due to the high attenuation in the
tissue [40], which has not been considered for the modeling so far.
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With the proposed analytical modeling, it is possible to determine the coupling
between simple point-source antennas (e.g., short dipoles) in the presence of the
body [24], [27], [29]. For more complex structures, the described methods could
be extended using an integral-equation approach [24], [29]. However, a high com-
putational effort is necessary to consider each antenna, and no corresponding
results have been presented in any publication so far. In addition, the separa-
tion between antenna and channel is still missing. Based on the development of
the ear-to-ear channel model [34], it can also be seen that the development of
application-specific channel models is very complex.

OnBody Antenna DeEmbedding Methods
As discussed before, de-embedding the antennas from the channel is the
essential issue in the on-body domain. First approaches in the form of the
domain-decomposition technique compute the antenna and the human body
in different computational domains [41]–[43]. Here the Huygens method, i.e.,
surface equivalence, is used to perform the separation. Nevertheless, these
methods only reduce the computational effort; a real de-embedding of the
antennas is not achieved as the input to the channel is specific to the antenna.

Antenna de-embedding based on an antenna gain, as with the standard for mod-
eling in free-space, has also been considered for on-body propagation [28], [31],
[34], [44]. Primarily, the approach was to embed the antennas into analytically
calculated channels based on the standard free-space gain definition [28], [31],
[34]. E.g., the free-space gain calculated at a specific body phantom, which is
also used for the path loss measurements, was utilized [28], [34]. Thus, the uti-
lized antenna gain also depends on the channel, implying an undefined separa-
tion between antenna and channel. In [31] the concept of assessing an on-body
gain above a perfect conducting PEC (perfect electric conductor) plane was de-
scribed, as this case is considered the reference field in the creeping wave the-
ory [45]. However, this is only applicable for point sources as the impact of the
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antenna’s near-field and thus its input impedance and current distribution is dif-
ferent with PEC compared to the tissue in the on-body domain. Additionally, as
shown in [46], the standard gain calculation of an on-body antenna with reference
to the isotropic source reveals a dependency on the distance. Thus, published so-
lutions for the calculation of an on-body gain are still subject-specific and not
comparable for different applications.

Another approach for defining an antenna radiation pattern adapted for the on-
body domain is based on the modeling using Norton surface wave theory and by
approximating the body as an infinite half-space [44]. Instead of the normaliza-
tion with the isotropic source, the fields radiated by a Hertzian dipole in the same
environment as the antenna under test are utilized. However, a certain subject-
specificity remains due to variable positioning of the reference Hertzian dipole
with respect to the tissue.

An approach completely different from standard antenna modeling for solving the
de-embedding problem with antennas for the on-body domain is based on spher-
ical wave functions (SWF) modeling [47]. Here, the channel is characterized by
the coupling between all SWF modes at the source and the receiver. Similarly, the
antennas can be characterized by their ability to excite those SWF modes. Since
the method can be implemented numerically, no simplification of the geometry is
necessary. Although this method provides a mathematically exact solution to the
de-embedding problem, it is more of a black box approach. Since the antenna and
channel are characterized with complex value matrices little information about
the on-body propagation behavior is given, which hinders the design of optimized
antennas.
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2.3 Objectives and Outline

Based on the detailed analysis of the problem and the existing approaches to its
solution in the literature, the objectives and outline of this thesis are defined as
follows. As the analysis shows, the main problem with modeling in the on-body
domain is that antenna de-embedding methods need to be defined for enabling
a definite separation between channel and antenna. A problem of existing ap-
proaches lies either in their respective specificity for certain geometries, antennas,
etc., or the lack of interpretability especially with regard to the main objective of
an optimized antenna design.

Hence, the aim of this contribution is to develop methods that are as general as
possible and that can be applied to any on-body application without further adap-
tations. This should explicitly include implanted antennas, as these have not yet
been modeled for the on-body domain, but practical applications already exist
(e.g. pacemaker-smartphone link [5]). Furthermore, it is important to enable val-
idating the defined parameters in measurements in order to objectively evaluate
any prototypes. In addition to developing antenna characterization and modeling
capabilities, it is important that these also enable an educated antenna design.
Therefore, the characterization methods must yield parameters that provide in-
formation about the performance of the designed antenna within its subsequent
application environment.

Among the state-of-the art approaches for solving the de-embedding problem, es-
pecially the approach of an on-body radiation pattern with an adapted normaliza-
tion seems promising with regard to the defined objective of an universal antenna
characterization method. Therefore, first, in Chapter 3 a method is developed for
modeling the on-body propagation with wearable and implantable antennas based
on dydadic Green’s functions in combination with surface equivalence. Then, an
on-body far-field approximation is defined as well as equations for defining the
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far-field region. Based on that, in Chapter 4, adapted on-body antenna parameters
are defined, whereas the definition follows closely the known principles in free-
space. Finally, also the definition of an adapted transmission equation similar to
the Friis equation is provided for the on-body domain. Furthermore, in Chapter 4
an antenna test range is developed for measuring the defined on-body antenna
parameters.

To model the entire wireless link, i.e. to verify the antenna performance within its
subsequent application, a channel model is also required. As the analysis of the
state-of-the-art shows, it is difficult to find an universal method for the analytical
calculation of the channel models due to the great variety of on-body application,
respectively the body geometries that determine the channel behavior. Therefore,
as described in Chapter 5, the on-body antenna parameters are complemented
with the modeling approach based on SWF. Thus, also de-embedded channel
models can be developed. The numerical implementation of this method and the
associated possibility of efficient modeling of different body poses, morpholo-
gies and antenna positions furthermore enable the implementation of antenna
optimization method which is also described in Chapter 5.

All methods developed throughout this thesis are subsequently evaluated based
on example applications close to current commercially available devices. While
the derived methods are in general independent of the frequency, for concise-
ness all evaluations and example application make use of the 2.4 GHz ISM-Band.
Hence, for modeling the body, homogeneous muscle tissue was assumed in all
evaluations. Any limitations and necessary adaptions for other frequency bands
are considered subsequently in Chapter 4 and Chapter 5. In conclusion, Chapter 6
compares and discusses the developed methods as well as provides an outlook
on possible future work.





OnBody Propagation
Modeling and FarField

Definition

Chapter3
The analytical modeling of on-body propagation provides essential insights
into the physical propagation mechanisms. Based thereon, fundamental require-
ments for associated optimal antennas can be derived. Furthermore, antenna
de-embedding can be achieved by defining an on-body far-field. Overall, the
problem of wireless transmission in the vicinity of the human body is very
complex. The complex geometries of the human body and the high amount of
different dielectric materials (tissues) involved make it basically impossible to
solve the complete problem analytically. However, as shown in the following
through some simplifications, analytical modeling becomes possible. First, a
general propagation model is developed, which subsequently can be used as an
on-body near-field to far-field transformation. Based thereon, a far-field approxi-
mation is defined for the on-body domain. Finally, limits for the on-body far-field
region are derived. Thus, all fundamentals are provided for the derivation of the
adapted on-body antenna parameters in Chapter 4. 2

2This chapter is based on the following publications: [BM211, BM212] (©2021 IEEE).
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3.1 OnBody Propagation Modeling
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Figure 3.1: On-body propagation modeling [BM212].

Links between WBAN nodes are often non-line-of-sight, e.g., as depicted in
Fig. 3.1 for the application of an implanted pacemaker that communicates with
a body-worn receiver. As shown in Fig. 3.1, surface waves traveling along the
body surface are crucial for these on-body links. The similarity to the so-called
Sommerfeld problem of near-earth propagation can be utilized to model the prop-
agation behavior along the tissue surface. This analogy was first discussed in [1]
and its applicability to on-body propagation has been investigated, e.g., in [22],
[25], [26], [44], [48].

For utilizing solutions for the Sommerfeld problem, the body surface is approxi-
mated as an infinitely extended half-space, ref. Fig. 3.1. Since the solution of the
Sommerfeld problem cannot be formulated in closed-form, there have been many
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Figure 3.2: Coordinate system for on-body propagation modeling.

attempts in the literature to derive approximate formulas [49]. The formulation of
Norton [50] and especially its extended form by Bannister [51] have been proven
to be a suitable approximate solution for the radiation of Hertzian dipoles in the
vicinity of a tissue half-space [22], [25], [48].

The solutions for the half-space problem used in the following are defined in a
cylindrical coordinate system as depicted in Fig. 3.2. As can be seen, the origin
is defined as the point at the tissue surface closest to the source. The z-axis is the
normal pointing away from the tissue surface and the z-coordinate of the source
is defined as the source height h. Negative values of the source height (h < 0) for
implanted antennas and positive values (h > 0) for wearable antennas therefore
follow from the choice of origin. Furthermore, ρ is the radial distance parallel to
the tissue surface and ϕ the angular coordinate in the plane parallel to the tissue
surface.

3.1.1 OnBody Green's Functions

On-body Green’s functions can be defined based on the solutions of the Som-
merfeld half-space problem. These are based on two fundamental solutions with
the current flowing either parallel (∥) or perpendicular (⊥) to the tissue bound-
ary, ref. Fig. 3.3, each for magnetic currents M and electric currents J . Far
from the antenna with |γ0ρ| >> 1 the solutions of the Sommerfeld problem,



26 3 OnBody Propagation Modeling and FarField Definition

Air
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Figure 3.3: Sommerfeld half-space problem.

respectively the on-body Green’s functions derived from it, can be indicated in a
simplified manner. For an electric current J flowing perpendicular (⊥) above
the tissue surface, the Green’s function for the z-component of the E-field is
defined as (h > 0; z > 0):

GE,z
J,⊥ = cos2 (ψ0)

e−γ0R0

R0
+ Γ⊥ cos2 (ψ1)

e−γ0R1

R1

+(1− Γ⊥)F (w) cos2 (ψ1)
e−γ0R1

R1
, (3.1)

where γ0 is the complex propagation constant of air. R0, R1, ψ0 and ψ1 are the
lengths and elevation angles of direct and reflected paths from the source cur-
rents (ref. Fig. 3.3). Γ⊥ is the specular reflection coefficient for perpendicular-
polarized waves and F (w) is the Sommerfeld surface wave attenuation factor
with the numerical distance w which depends on geometry and material param-
eters. 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 sys-
tem, ref. Fig 3.3, h = z′).

Equation (3.1) illustrates Norton’s observation that the fields above a dissipative
ground (in our case the tissue) can be described in terms of three quasi-optical
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components. The first term can be seen as a direct wave along R0, ref. Fig. 3.3.
The second term can be described as a reflected wave along R1 and the third
term as a so-called Norton surface wave component. Although, at first sight, the
solutions look like a far-field solution with plane wave reflections, e.g. like the
two-ray channel model (ref. Chapter 2.1.4), the antenna’s near-field interaction
with the tissue is also solved correctly within the Norton surface wave term by
the spectral decomposition of the spherical waves.

If also implantable antennas are considered, the height h of radiating current
element and/or the observer height z (ref. Fig. 3.3) becomes negative. Green’s
functions can also be obtained for these cases, whereas the solution with both
transmitter and observer in air serves as the basis. As derived by Bannister [51],
the Green’s functions can be formulated for the current element inside the tissue
(h < 0) as:

G(h < 0) = G(h = 0)eγ1h. (3.2)

In addition, the solution for the perpendicular electrical current must be multi-
plied by γ21γ

−2
0 for fulfilling the boundary condition at the tissue surface3. This

causes the paths R0 and R1 to be of equal length and the angles ψ0 and ψ1 to be
of equal value. Similarly, the solutions for the observer inside the tissue (z < 0)
are defined as [51]:

G(z < 0) = G(z = 0)eγ1z. (3.3)

In this case, for fulfilling the boundary condition at the tissue surface, all Green’s
functions for the z-polarized E-field (perpendicular component at the interface)
must be multiplied by γ21γ

−2
0 . Finally, for both transmitter and observer inside

the tissue the solution is defined by [51]:

G(h < 0, z < 0) = G(h = 0, z = 0)eγ1(h+z). (3.4)

3The resulting individual Green’s functions are listed in Appendix A.



28 3 OnBody Propagation Modeling and FarField Definition

As before, the factor γ21γ
−2
0 applies for all Green’s functions for the z-polarized

E-field and additionally for the perpendicular electrical current elements.

In summary, the individual terms for the different polarizations can be summa-
rized in form of dyadic Green’s functions GE

J and GE
M for calculating the E-field

in presence of the tissue halfspace in cylindrical coordinates (z-axis normal on
tissue surface) as:

GE
J =

γ0η0
4π


GE,ρ

J,∥ 0 GE,ρ
J,⊥

0 GE,ϕ
J,∥ 0

GE,z
J,∥ 0 GE,z

J,⊥

 , (3.5)

GE
M =

γ0
4π


0 GE,ρ

M,∥ 0

GE,ϕ
M,∥ 0 GE,ϕ

M,⊥

0 GE,z
M,∥ 0

 . (3.6)

All individual terms are listed in Appendix A. The magnetic field’s Green’s func-
tion can be derived equivalently.

3.1.2 Surface Equivalence for OnBody Propagation
Modeling

The solutions above serve only for calculating the fields of small dipole antennas.
In [44] it was shown that on-body fields of arbitrary antennas can be modeled by
decomposing the antenna’s current distribution into small electric dipoles. How-
ever, some difficulties arise when utilizing this method for typical WBAN appli-
cations, e.g., for characterizing hearing aid antennas. 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 reproduce the radiated fields correctly.
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Antenna Structure

Evaluated Surface

Tissue

Figure 3.4: Surface equivalence for on-body propagation modeling. The antenna’s near-
field is evaluated on an enclosing surface Ξ. For a numerical implementation,
the discretized fields (mesh cell ∆ξν ) can be processed using (3.10).

Using the surface equivalence theorem, the actual antenna can be replaced by
equivalent currents on a closed surfaceΞ enclosing the original sources, as shown
in Fig. 3.4. 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. 3.4) or be inside
the tissue. Setting the fields inside the surface to zero, the equivalent electric and
magnetic source current densities Js and Ms flowing on the surface Ξ can be
calculated as [52]:

Js(r′) = n × H(r′), (3.7)

Ms(r′) = −n × E(r′), (3.8)

where E(r′) and H(r′) are the (numerically) calculated near-fields of the antenna
on the surface Ξ and n is the surface normal pointing outwards the closed sur-
face.
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The fields radiated by the structure inside Ξ can be then calculated using the
dyadic on-body Green’s functions (3.5) and (3.6) as:

E(r) =
‹

Ξ

[
GE

J (r,r′) · Js(r′) + GE
M(r,r′) · Ms(r′)

]
dΞ. (3.9)

This 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-space near-field to far-field
transformation), the integral in (3.9) can be written as a sum:

E(r) =
∑

(ξ,ν)∈Ξ

GE
J (r,r′ξν)∆ξν (−nξν × Eξν) + GE

M(r,r′ξν)∆ξν (nξν × Hξν) ,

(3.10)
where the discrete surface currents [Js] = A/m, respectively [Ms] = V/m, mul-
tiplied with the corresponding mesh cells surface area [∆ξν ] = m2 correspond
with the dipole moments [p] = Am and [m] = Vm in the derivation of the
Sommerfeld problem solution [51].

3.1.3 Example Application

To prove the applicability of the approach, an example of a simplified hearing
aid model (ref. Fig. 3.4) which is modeled consisting of ABS plastic (permit-
tivity εr = 2.7, loss tangent tanδ = 0.005) is evaluated. The antenna is designed
as a conformal half-wave dipole on the hearing aid housing at f = 2.45 GHz.
The near-field on the surface Ξ of the antenna, including the pinna as depicted in
Fig. 3.4 , is utilized for the modeling. This way, the pinna is basically treated as
part of the antenna. As can be seen from the results in Fig. 3.6(a), 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
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than 1 dB in the far-field of the antenna compared to numerically calculated data.
Secondly, the E-field captured on a realistic path along the body at a constant
height of 10 mm above the phantom surface is evaluated. The results for the E-
field on this surface and the evaluated path are depicted in Fig. 3.5. In Fig. 3.6(b)
the fields along the path obtained from the numerical simulation are compared
to the results calculated with the derived 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.

Figure 3.5: E-field distribution at a constant height of 10 mm above the phantom surface
and the evaluated path [BM211].
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Figure 3.6: Verification of the implemented method by comparison of the calculated
E-field to numerical results: (a) Ideal flat tissue half-space, (b) Realistic path
along body phantom (ref. Fig. 3.5). The section inside surface Ξ is marked
with a grey background. Only the normal component of the E-field with re-
spect to the body surface is evaluated, as this is the dominating component (in
the example by more than 10 dB) close to the tissue interface [BM211].
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3.2 OnBody FarField

The previous section shows that the solutions for the Sommerfeld half-space
problem enable modeling the on-body fields of wearable and implantable anten-
nas. However, only a small part of the possible applications include sufficiently
flat paths that can 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. Therefore,
this section defines the on-body far-field based on the half-space approximation,
enabling the definition of adapted on-body antenna parameters.

As discussed in Chapter 2.1.1, for radiation in free-space, the far-field region is
defined by considering 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 radi-
ator. 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
attenuated by losses in the tissue. Thus, the standard antenna gain calculation for
on-body antennas reveals a dependency on the distance (ref. Chapter 2.2.1). This
inconsistency because of the additional attenuation due to losses in the tissue can
be dealt with 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.
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By analyzing the structure of the on-body Green’s functions, a boundary case for
the definition of the on-body far-field can be found if surface-to-surface propa-
gation is considered with h = 0 and z = 0. In this case, the angles in the solution
of the half-space problem become:

ψ0 = ψ1 = 0◦. (3.11)

Furthermore, the length of the two paths for direct and reflected waves are now
equal:

R0 = R1 = ρ. (3.12)

Hence the Green’s functions can be simplified, e.g. in the Green’s function GE,z
J,⊥

all cosine terms are replaced:

GE,z
J,⊥ = cos2 (ψ0)︸ ︷︷ ︸

1

e−γ0ρ

ρ
+ Γ⊥ cos2 (ψ1)︸ ︷︷ ︸

1

e−γ0ρ

ρ

+(1− Γ⊥)F (w) cos2 (ψ1)︸ ︷︷ ︸
1

e−γ0R1

R1
. (3.13)

Also, the specular reflection coefficient for perpendicular-polarized waves Γ⊥

can be set to:
Γ⊥ =

sin (ψ1)−∆m

sin (ψ1) + ∆m

ψ1=0−−−→ Γ⊥ = −1 (3.14)

Finally, for all Green’s functions for the z- and ρ-polarization only the Norton
surface wave term remains:

G(ρ) = KeF (ρ)
e−γ0ρ

ρ
. (3.15)

whereKe is a constant representing the excitation strengths of the surface wave in
the different Green’s functions. This can be explained physically by the fact that
with h = 0 and z = 0, the direct wave, and the reflected wave cancel each other
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out. Additionally, the Sommerfeld attenuation factor F (w) can be simplified for
h = z = 0 by only depending on the radial distance ρ as [51]:

F (ρ) = 1− j
√
πKρ · wF(−

√
Kρ), (3.16)

with wF(x) the Faddeeva function and K = −0.5γ0∆
2
m.

As noted, the form in (3.15) results only for the ρ- and z-polarization. However,
comparing the magnitude of the different Green’s functions near the tissue sur-
face at (z = λ/4) as shown in Fig. 3.7, it becomes clear that the Green’s functions
for ρ- and ϕ-polarization are attenuated by more than 10 dB - 20 dB compared to
the z-polarization. Thus, the on-body far field above the tissue surface (z ≥ 0)
can be approximated to be purely z-polarized. For wearable antennas (h > 0),
the terms GE,z

J,⊥ and GE,z
M,∥ dominate, which correlates with the prior knowledge

that antennas polarized normally to the body surface provide a higher on-body
path gain [22], [24], [34], [44]. For implanted antennas (h < 0), besides GE,z

M,∥,
the Green’s functionGE,z

J,∥ for currents aligned parallel to the boundary layer dom-

Figure 3.7: Normalized magnitude of the Green’s functions at ρ = 10λ and z = λ/4 as a
function of the height h [BM211].
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Figure 3.8: Normalized magnitude of the Green’s functions at ρ = 10λ and z = −λ/4
as a function of the height h.

inates due to the boundary condition for the normal E-field. If the same consid-
eration is made for the Green’s functions to calculate the fields within the tissue
(z < 0) as shown in Fig. 3.8, the Green’s functions for the same current elements
dominate (h ≥ 0: J⊥ and M∥, respectively, h < 0: J∥ and M∥). However, with
z < 0, the E-field polarization of the dominating terms changed from z to ρ. This
can be attributed to the fact that the z-polarized E-field (perpendicular component
at the tissue surface) has a step of γ20γ21 at the interface, whereas the ρ-polarized
E-field (tangential component at the tissue surface) is continuous.

Based on the observation made for the derived on-body Green’s functions, a def-
inition of the on-body far-field reference can be found as:

ESW =

KeF (ρ)
e−γ0ρ

ρ ez if z ≥ 0,

KeF (ρ)
e−γ0ρ

ρ
γ0
γ1
eγ1zeρ if z < 0.

(3.17)

Above the tissue for z ≥ 0, this definition is very similar to the far-field reference
in free-space, ref. (2.1). The difference here is that the defined plane wave, in ad-
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dition to its ρ−1 dependence, is attenuated by the factorF (ρ) corresponding to the
on-body surface wave. From the tissue surface, the surface wave also propagates
into the tissue (z < 0) whereas the field strength decreases with eγ1z due to the
lossy tissue properties, as analyzed within the derivation of the on-body Green’s
functions, ref. Chapter 3.1.1. Furthermore, as can be seen in (3.17), the on-body
far-field can be simplified to be purely z-polarized above the tissue and purely
ρ-polarized inside the tissue. The factor γ0γ−1

1 can be found as a constant offset
between all corresponding Green’s functions for the ρ- and z-polarization4.

3.3 OnBody FarField Region

The definition of the on-body far-field is based on the boundary case with both
excitation and observer directly at the tissue surface (h = z = 0). Realistic
antenna structures naturally have a non-zero height. Therefore, limits have to
be defined for which the Norton surface wave can sufficiently approximate the
Green’s functions. Thus, the far-field region can be estimated within which the
on-body far-field reference sufficiently approximates the radiated fields of an an-
tenna, ref. (3.17). As evaluated before, at the tissue surface, the influence of the
direct and reflected wave on the field distribution is eliminated by their mutual
cancellation so that only the surface wave remains. This condition can be trans-
lated into two requirements. Firstly, the phase difference ∆φ between direct (R0)
and reflected wave (R1) must be negligible:

∆φ = |γ0| (R0 −R1) ≈ 0. (3.18)

4See appendix A for the individual Green’s functions.
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An estimation can be made by restricting the phase difference to ∆φ ≤ π/8.5

With the approximation of parallel paths R0 and R1 this leads to a far-field dis-
tance of:

ρ ≥ ρ∆φ =

√(
16hz |γ0|

π

)2

− h2. (3.19)

Secondly, the reflection coefficient Γ⊥ needs to be negative such that direct and
reflected waves interfere destructively. According to (3.14), the coefficient Γ⊥

can be calculated from the angle ψ1, which varies with the distance ρ, and ∆m

which is a constant complex number depending on the material parameters of the
tissue. By analyzing its behavior as a function of the distance ρ, it can be found
that:

arg{Γ⊥}(ρ→ 0) ≈ 0, arg{Γ⊥}(ρ→ ∞) = π.

The distance where arg{Γ⊥} ≈ π/2 can be determined by ψ1 = Re{∆m}. This
leads to a second restriction for the far-field distance:6

ρ ≥ ρ∆Γ =
z + h

|∆m|2√εr,1
. (3.20)

Both conditions must be satisfied to ensure the field’s approximation by the sur-
face wave term only, thus fulfilling the on-body far-field criteria. As can be seen,
both depend on the transmitter’s height h and the receiver’s height z. The dis-
tance of the highest point above the tissue surface needs to be used for extended
antenna structures. In Fig. 3.9 the dominating Green’s functions GE,⊥

J,z and GE,∥
M,z

are depicted exemplary, calculated at a height of z = h = λ/2. Here, the far-
field distance according to (3.20) gives a value of ρ ≥ 7.5λ. As required, at this
range, the trajectories of both Green’s functions have sufficiently converged into
the surface wave attenuation term F (ρ).

5Same limit was chosen for the definition of the widely accepted Fraunhofer far-field distance
6See Appendix B for the complete derivation
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Figure 3.9: Dominant Green’s functions for z = h = λ/2 compared to surface wave
attenuation factor F (ρ) and corresponding far-field distance (3.20) [BM211].

Using the two above determined conditions, it is ensured that the distance-
dependent attenuation along the tissue is sufficiently modeled by the on-body
far-field approximation from equation (3.15). In addition, for heights (z > 0), it
must be noted that the surface wave term F is also height-dependent. Analyti-
cally, this height-dependency of the surface wave in the air can be approximated
under the assumptions γ0ρ ≫ 1 and ρ2 ≫ h2; z2 through an additional
factor H(h,z) [53]:

F (ρ,h,z) = F (ρ) ·H(h,z), (3.21)

H(h,z) = (1 + hγ20/γ1)(1 + zγ20/γ1), (3.22)

with wF(x) the Faddeeva function and K = −0.5γ0∆
2
m. Considering a constant

source height h and limiting the amplitude variation to:

|H(h,zmax)/H(h,z = 0)| = 1 + δ (3.23)
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the maximum z-value can be found as (α1 = Re{γ1}):

z ≤ z∆F =
α1 +

√
α2
1 + (δ2 + 2δ) |γ1|2

|∆|2|γ1|2
. (3.24)

Compared to (3.20) and (3.19), Equation (3.24) gives a constant value which only
depends on the dielectric parameters of the tissue.

In the formulas up to this point, only the extended height of the antenna above the
tissue surface is considered for the extension of the far-field region. Additionally,
the far-field distance accounting for an extended widthD of the antenna structure
parallel to the tissue boundary layer can be calculated. Since the phase term of
the surface wave corresponds to that of the free space the common Fraunhofer
far-field approximation can be used [2]:

ρ ≥ ρD =
2D2

λ
. (3.25)

The combination of all four far-field conditions, (3.19), (3.20), (3.24), and (3.25)
defines the limit for the on-body far-field region sought.

In Fig. 3.10, the derived on-body far-field and its limits can be analyzed equiv-
alently to the consideration in free-space (ref. Chapter 2.1.1). In Fig. 3.10(a),
the numerically calculated E-field of Hertzian dipole at the tissue interface is de-
picted in the ρz-plane. Below in Fig. 3.10(b), the on-body far-field reference field
as defined in (3.17) is depicted. The difference between these can be analyzed for
the amplitude in Fig. 3.10(c) and for the phase in Fig. 3.10(d). As can be seen in
Fig. 3.10(c), the constant term z∆F is needed mainly for limiting the z-dependent
amplitude deviation for the on-body far-field as expected from the derivation. For
the graphical representation (3.20) and (3.19) can also be rearranged for z. Since
the height h of the radiating current element for the depicted fields is very small,
the limit z∆φ calculated using (3.19) for limiting the phase difference between
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Figure 3.10: On-body far-field region; (a) E-field of a point source (Hertzian dipole) at
the tissue interface; (b) E-field of on-body far-field reference (3.17); (c) Am-
plitude deviation between fields of point source and far-field reference; (d)
Phase deviation between fields of point source and far-field reference.
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direct and reflected wave covers a very large angular range in the chosen example.
Therefore, z∆Γ calculated from (3.20) is the limiting factor for distance ρ < 6λ0

in the example as depicted. As shown in Fig. 3.10(d), this limit also ensures a suf-
ficiently plane wave concerning the phase. Thus, the combination of all limits,
depicted by the white graph in Fig. 3.10(c) and (d), defines the far-field region as
required. Inside the tissue no further restrictions have to be made since due to the
high losses all other wave components rapidly decay besides the surface wave,
which continuously radiates into the tissue while traveling along the interface.

3.4 Influence of the Body's Curvature

Up to this point, on-body propagation was modeled purely with the approxima-
tion of the body as an infinitely extended half-space. However, in real appli-
cations, curvatures also play an essential role. Fortunately, both problems are
closely related as shown by Wait in [45]. For the half-space problem with pure
surface wave propagation (h = z = 0), which, as shown, is also a valid ap-
proximation in the on-body far-field, Wait rewrites the solution for the normally
polarized E-field as:

E⊥ = E0F (ρ), (3.26)

where F (ρ) is the aforementioned Sommerfeld attenuation factor. The term E0

is denoted as a reference field. This term can also be found in Wait’s notation for
the creeping wave propagation around a cylindrical curvature [45]:

E⊥ = E0W (x,q). (3.27)

Here,W (x,q) represents the attenuation function for the creeping wave problem,
which depends on the x as a normalized range parameter and q accounting for
the curvature’s radius. Thus, the excitation properties, i.e., the antenna, are quan-
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tified with E0 in both cases. After normalization by the attenuation term F (ρ),
as derived in the following, applying the on-body antenna parameters calculated
in the case of a flat tissue half-space is equally possible for propagation channels
with curved surfaces.

This work does not provide a more detailed consideration of these properties or
the extension of the far-field definition to curved surfaces. Due to the additional
parameter of the radius of curvature, which is also not constant in practical appli-
cations, it can be assumed that the definition will be considerably more complex
so that its practical applicability can be doubted. Furthermore, it will be shown
in the following employing practical examples that already with the investiga-
tions made so far for the tissue half-space, according to the close relation to the
curved surface, meaningful antenna characterization possibilities can be devel-
oped. For modeling more complex problems in Chapter 5 an alternative method
is proposed.





OnBody Antenna
Parameters

Chapter4
The on-body far-field defined in the previous chapter allows for the character-
ization of wearable or implanted antennas independent of the application, just
as it is done by default for antennas radiating in free-space, ref. Chapter 2.1.2.
The derivation of the on-body antenna parameters in the following is based as
far as possible on the known definitions for free-space in order to ensure good
comprehensibility.

First, a complete redefinition of the standard antenna parameters according to
the IEEE Standard for Definitions of Terms for Antennas [11] is carried out for
the on-body domain. For the numerical evaluation of the defined parameters an
adapted near-field to far-field transformation is defined. Secondly, the Friis trans-
mission equation is redefined for the on-body domain. Example applications are
then used to validate the definitions. For the practical applicability of the meth-
ods, a test procedure for measuring the defined on-body antenna parameters is
defined. Furthermore, a corresponding test range is designed and validated using
another example application.7

7This chapter is based on the following publications: [BM211, BM212, BM213, BM214] (©2021
IEEE).

45
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4.1 Definition

Based on the defined on-body far-field, an on-body radiation pattern can be de-
fined. 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),
ref. Chapter 2.2, the antenna’s directivity can be adapted for on-body (B) propa-
gation to:

DFS(θ,ϕ) =
U(θ,ϕ)

U
→ DB(ϕ) =

U⊥(ϕ)

U⊥
. (4.1)

Here U⊥(ϕ) is the radiation intensity corresponding to the normal polarization
(with respect to the tissue) only, since it dominates close to the tissue boundary
in the far-field, ref. Chapter 3.2. Because in the on-body far-field the amplitude
ratio of the associated Green’s functions for E⊥ and H∥ also is η0 = µ0ε0, the
radiation intensity can be calculated as:

U⊥(ϕ) = ρ2
1

2
E⊥(ϕ)H∥(ϕ) =

ρ2E⊥2

(ϕ)

2η0
. (4.2)

To quantify the surface wave radiation solely, the mean intensity U⊥ for the di-
rectivity is only determined over ϕ in the plane parallel to the body surface as:

U⊥ =
1

2π

˛

2π

U⊥(ϕ)dϕ. (4.3)

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 quanti-
fied by 2|F (ρ)| for the dominant Green’s functions as shown in Chapter 3.2.
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Thus, following the derivation in free-space, the on-body antenna gain can be
defined as:

GFS(θ,ϕ) =
U(θ,ϕ)

Pin/4π
→ GB(ϕ) =

U⊥(ϕ)

Pin|F (ρ)|2/π
. (4.4)

with Pin the power accepted at the antenna port. Through normalizing the surface
wave attenuation, the defined on-body gain is independent of the measurement
distance. To illustrate this, in Fig. 4.1(a) the standard free-space gain GFS is de-
picted for the example of a short dipole antenna above a tissue half-space again,
ref. Chapter 2.1.1. As can be seen there is a significant variation in the gain if
calculated at different distances ρ. In contrast, the defined on-body gain GB, as
depicted in Fig. 4.1(b), is constant, independent of the measurement distance ρ.
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Figure 4.1: Antenna gain of short dipole antenna orientated normally at at height
of h = λ/4 above an infinite half-space of muscle tissue calculated at different
distances R: (a) Standard free-space gain GFS; (b) On-body gain GB.
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The constant ratio between on-body gain and directivity also gives an adapted
definition of the antenna radiation efficiency:

eB =
GB

DB
=

πU⊥

|F (ρ)|2Pin
. (4.5)

This measure approximates the ratio between the power accepted at the port and
the power radiated in form of the surface wave. The normalization based on the
surface wave attenuation factor F (ρ) is only valid for antenna structures close to
the tissue surface. Efficiency values greater than one can therefore also be calcu-
lated for higher heights. In Fig. 4.2 the on-body antenna radiation efficiency eB is
depicted in comparison to the standard antenna radiation efficiency eFS for three
short dipole antennas in dependency of the height h above the tissue surface.
As can be seen, for the electric dipole orientated perpendicular to the tissue sur-
face (J⊥), and the magnetic dipole parallel to the tissue (M∥), both measures have
a comparable trend with increasing efficiency for increasing height h. However,
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Figure 4.2: On-body efficiency eB compared to standard antenna radiation efficiency eFS
for short dipole antennas in dependency of the height h above the tissue sur-
face.
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with the electric dipole parallel to the tissue (J∥) the results differ significantly.
As before, the free-space efficiency eFS (J∥) increases with increasing height h.
In contrast, the on-body efficiency eB (J∥) is much smaller in magnitude, has
a maximum at h ≈ 0.075λ0, and decreases thereafter with increasing height h.
Physically interpreted, both efficiencies take equal account of near-field dielectric
losses through the tissue. However, the free-space efficiency mainly is influenced
by the field components radiated off the body, whereas the on-body antenna ef-
ficiency quantifies the excitation of the surface wave along the body. Thus, the
on-body efficiency is an important relative indicator for on-body antennas, es-
pecially since the free-space radiation efficiency for on-body propagation gives
partly contradictory results.

The relation between the on-body gain and the effective area (aperture) can be
calculated by the same procedure as in free-space to8:

Ae,B =
λ2

4π
GB. (4.6)

Finally, the transmission equation for on-body propagation can be reassembled
to:

Pr

Pt
= GB,t

(
λκSW

4πρ

)2

︸ ︷︷ ︸
L−1

B

GB,r. (4.7)

In comparison to the original form of the equation (2.9), all three quantities, the
antenna gains GB of transmit and receive antenna as well as the path-loss factor
LB were newly defined for the on-body domain. Here κSW 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 κSW = 2F (ρ),
and for curved path sections the term can be determined by κSW = 2W (x,q) (ref.
Chapter 3.4).

8The proof based on a Hertzian dipole can be found in Appendix C.
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4.2 Implementation and Evaluation of
Example Applications

Antenna 4,5,6

Path 2

d2

d1

Path 1

Antenna 1,2,3

Figure 4.3: Evaluated example applications of a hearing aid antenna and a pacemaker
[BM211].

For evaluating the defined parameters, two example applications are considered,
one for a wearable and one for an implantable antenna. Simple dipole antennas
are used since the focus is not on the antenna design but on the verification of the
developed methods. Two different paths are evaluated, as can be seen in Fig. 4.3.
Path 1 along the torso is chosen to be relatively flat. In contrast, path 2 around the
torso contains curved sections and has no line-of-sight. For the implementation
and verification both examples are modeled numerically using the FDTD-solver
of Empire XPU [54].
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Surface 

Antennas

Figure 4.4: Enclosing surfaces Ξ of the near-field box for the scenarios: hearing aid an-
tenna (left) and pacemaker (right) [BM211].

The implementation of the described methods for calculating the defined on-body
antenna parameters can be divided into the following three steps:

1. Calculation of the antenna’s near-field
First the antenna’s near-field on an enclosing surface Ξ in presence of the
body phantom is calculated numerically. This is illustrated for the evalu-
ated examples in Fig. 4.4. As can be seen, for the example of the hearing
aid antenna, the pinna is also enclosed by Ξ and thus treated as part of the
antenna. Furthermore, the surfaceΞ intersects with tissue surface, which is
taken account by considering negative values for the heights h (ref. Chap-
ter 3.1.1) for these parts of Ξ in the following step 2. The same applies to
the surfaceΞ lying completely within the tissue for the implant application,
ref. Fig. 4.4 (right).
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For calculating the antenna’s near-field often a large part of the body phan-
tom can be excluded from the simulation model since the influence of dis-
tant parts on the near-field can be neglected. Thus, simulation times are
accelerated, as e.g. for the hearing aid application only one half of the phan-
tom’s head must be included in the calculation.

2. On-body near-field to far-field transformation
The on-body far-field of the analyzed antenna structure is calculated
from the numerically calculated near-field (step 1) and the on-body
Green’s functions in Appendix A. Thereby, using surface equivalence
(ref. Chapter 3.1.2) the angle-dependent radiated E-field above the tissue
surface is calculated using (3.10). Using the prior knowledge from
the definition of the on-body far-field, only the dominant component
perpendicular to the tissue surface E⊥ has to be determined. In addition
to the relative distances between the points on Ξ and the observation point
in the far-field, the absolute heights h of the points on Ξ above or below
the tissue surface are included in the calculation. A sufficient calculation
distance ρ for fulfilling the on-body far-field limits is calculated using
the equations in Chapter 3.2. Furthermore the dielectric properties of
the tissue tissue along which the waves propagate are considered in the
calculation of the on-body far-fields.

3. Calculation of the on-body antenna parameters
Finally, the on-body antenna parameters as described in Chapter 4.1 are
calculated from the radiated E-field. The same dielectric properties of the
tissue as in step 2 and the same calculation distance ρ have to be considered
for calculating the surface wave attenuation factor F (ρ) to ensure a correct
normalization of on-body gain and efficiency.
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4.2.1 Radiation of a Wearable Antenna along a Flat Path

As an example of a wearable antenna, a simplified hearing aid model as shown in
Fig. 4.3 is considered. The antenna is designed as a conformal half-wave dipole on
the hearing aid housing, which is modeled consisting of ABS plastic (permittivity
εr = 2.7, loss tangent tanδ = 0.005) at f = 2.45 GHz. To compare the effects of
different antenna patterns along path 1 (ref. Fig. 4.3), the antenna is positioned
on the housing in three different configurations (antenna 1-3), as can be seen in
Fig. 4.5. The calculated on-body antenna gain for all three antenna configurations
is depicted in Fig. 4.6. The minimum on-body far-field distance is calculated by
(3.20) to ρmin ≈ 200 mm for the maximum antenna height of h = 17 mm and the
receiver height of z = 10 mm.

In the next step, the radiated fields of all three hearing aid antenna configurations
along path 1 are evaluated to characterize e.g. the wireless link of a hearing aid to
a smartphone. In Fig. 4.7(a) the path gain (PG) of the antennas calculated with
the adapted Friis transmission equation (4.7) is compared to FDTD calculated
data of the actual geometry as reference. Here, a receiver gain of GB,r = 0 dB
is assumed. The propagation loss factor LB is 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.

Antenna 1 Antenna 2 Antenna 3 

Figure 4.5: Conformal dipole on hearing aid housing in three different configurations
[BM211].
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Figure 4.6: On-body gain of the three different hearing aid antenna configuration as de-
picted in Fig. 4.5. The on-body gain is calculated including the influence of
the pinna [BM211].

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. 4.7(b) 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. 4.6) precisely predicts the difference between
the different antennas considered. Beyond the minimum far-field distance ρmin,
the relative path gain predicted from the on-body gain deviates by less than 1 dB
from the numerically calculated reference.
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Figure 4.7: Antennas 1-3: (a) 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 [BM211].
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4.2.2 Radiation of an Implantable Antenna along a
Curved Path

As an example of an implantable antenna, the application of a pacemaker is
evaluated, which is depicted in Fig 4.3. Therefore, the on-body propagation
along path 2 around the torso which has a significant curvature is investigated.
The antenna consists of a half-wave dipole encapsulated by a 1.3 mm thick
substrate (εr = 10.2) implanted in a depth of 10 mm. For simplicity, no addi-
tional peripherals of the implant are modeled in the simulation. The minimum
on-body far-field distance according to (3.20) in this case is ρmin ≈ 75 mm. To
compare the propagation for different gain values, the antenna is rotated in the
three different angles (∆ϕ = 30◦) in the plane parallel to the tissue surface.
Consequently, as depicted in Fig. 4.8, the radiation pattern quantified in form of
the on-body gain varies in direction of the evaluated path 2 by ∆GB,5 = 3.3 dB
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Figure 4.8: On-body gain GB for the evaluated pacemaker antenna. Three different rota-
tion angles are considered [BM211].
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for antenna 5 and ∆GB,6 = 9.8 dB for antenna 6, provided that antenna 4 is used
as reference. Looking at the path gain along path 2 in Fig. 4.9(a), 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 (4.7) can
be made by calculating the propagation loss factor LB from the first creeping
wave mode assuming a cylindrical curvature with a radius of 140 mm, as
proposed in [28]. The deviation of the simplified model from the numerical data
of the realistic geometry is still significantly higher compared to approximately
flat path with the hearing aid application. 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. 4.9(b), 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 influence 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.
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Figure 4.9: Antennas 4-6: (a) on-body path gain at a height of 10 mm above the tissue
surface; (b) path gain difference with antenna 4 as reference. Shaded areas
mark the deviation limited to ±1 dB [BM211].
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4.3 OnBody Gain Measurement

Having defined adapted antenna parameters for on-body propagation, methods
for their measurement can also be developed. For the standard free-space an-
tenna parameters, the gain-transfer method, ref. Chapter 2.1.5, is the most com-
monly employed method for antenna gain measurements [6]. Through the newly
defined on-body transmission equation (4.7), this method can also be adapted
for measuring the on-body gain of an antenna under test (AUT). Fig. 4.10 out-
lines a corresponding test procedure. The transmission coefficient between a feed
antenna and the AUT separated by the measurement distance R is measured at
a tissue half-space in dependency of the AUT rotation angle ϕ. The unknown
on-body antenna gain GB,AUT of the AUT can be calculated from the difference
of the transmission coefficient S21 compared to a measurement with a known
calibration antenna GB,cal (all parameters in log-scale / dB) as:

GB,AUT = |S21,AUT| − |S21,cal|+GB,cal. (4.8)

For both measurements (calibration and AUT), the distanceR to the feed antenna
is kept constant. Thus, the necessary normalization of the distance-dependent
surface wave attenuation factor F (ρ), ref. (4.4), is achieved inherently.

Plane 1

Plane 2

Feed Antenna

Phantom / Tissue

AUT

xy
z

R

hmax

Figure 4.10: Measurement principle with planes of analyzed fields [BM212].
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4.3.1 Antenna Test Range Design

Standard test ranges are designed such as the uniformity of the illuminating field
over a given region within the range meets certain specifications. This region is
usually referred to as the quiet zone (QZ) and is the region in which the AUT is
to be placed [6]. For free-space measurements, the reference is usually a plane
wave according to the far-field definition. Thus, the QZ is specified by the approx-
imation to a plane wave. In Chapter 3, an adapted on-body far-field was defined,
which subsequently is utilized as the reference for evaluating the QZ of the de-
signed on-body antenna test range. Likewise, the limits for the on-body far-field
region derived in Chapter 3 can be used directly to estimate the extent of the QZ
of the designed antenna test range.

As illuminating feed antenna, a standard horn antenna (Seavey SGA-30 L,
free-space gainG = 8.1 dBi at f = 2.45GHz), ref. Fig 4.10, is used. It is placed
at a center height of h = 40mm above the tissue with normal polarization
towards the tissue surface. Thereby, the highest point of the aperture is at
hmax = 70mm. Fig. 4.11(a) depicts the FDTD-calculated amplitude of the
electric field radiated by the horn antenna above homogeneous muscle tissue
(εr = 52.7, σ = 1.74S/m). As can be seen, the fields in plane 1 (perpen-
dicular to the tissue surface, ref. Fig. 4.10) differ from the on-body far-field
reference ESW

9, depicted in Fig. 4.11(b). The amplitude of the excited fields
is also dependent on the height above the tissue boundary. With the dielectric
parameters of the assumed muscle tissue at f = 2.45GHz, the maximum
height is calculated using (3.24) as zQZ,max = 92mm for limiting the amplitude
deviation to 1 dB. Fig. 4.11(c) depicts the amplitude deviation between the
excited fields as depicted in Fig. 4.11(a) and the surface wave reference as
depicted in Fig. 4.11(b). It can be seen, that the estimation of the maximum
height is sufficient for distances above approximately R ≥ 0.5m.

9For the definition of the on-body far-field reference ESW see (3.17) in Chapter 3.
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Figure 4.11: (a) Radiated E-field amplitude in plane 1; (b) On-body far-field reference am-
plitudeESW; (c) Amplitude deviation, i.e. QZ. Dashed-dotted line: maximum
height zmax; (d) Phase deviation in plane 2. Dashed line highlights maximum
QZ width WQZ [BM212].
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For minimizing the necessary far-field distance according to (3.19) and (3.20),
the highest point of possible antennas under test (AUTs) is further limited
to zmax = 50 mm, which results in a measurement distance of R ≈ 1000mm.
In plane 2 (ref. Fig. 4.10), parallel to the tissue surface, the QZ for the on-body
antenna test range is mainly limited by phase variations. Therefore, equivalently
to free-space, the Fraunhofer far-field approximation (3.25) can be used to
estimate the width of the QZ, as can be seen in Fig. 4.11(d). By rearranging
(3.25) for the AUT diameter D and setting ρ = R, a maximum QZ width of
WQZ,max = 247mm (maximum phase deviation of 22.5◦) is obtained.

As described before, the defined on-body gain, ref. (4.4), needs to be measured
above an infinite tissue half-space. However, a corresponding flat body phan-
tom, ref. Fig. 4.10, can only be realized with finite size which should be kept to
a minimum due to the cost and handling of the tissue-simulating material. Size
and shape of the flat phantom for the designed measurement setup are therefore
optimized by numerical simulations, starting with a rectangular shape, as illus-
trated exemplary in Fig. 4.12(a). Here, the flat phantom has a width ofW = 0.7m
and the far end at x = 1.4m is terminated with an absorbing boundary. As can
be seen, a spatial interference pattern arises through reflections at the phantom
edges. A solution for this in form of a tapered shape of the phantom can be adapted
from the free-space case with tapered anechoic chambers [6], [55]. The taper an-
gle of the flat phantom of α = 23.5◦ has been optimized numerically. As illus-
trated in Fig. 4.12, the spatial interference pattern varies less and the test zone
is illuminated smoothly because of the reduced phase difference between direct
propagating waves and the reflected wave at the phantom edge. At the same time,
this solution significantly reduces the volume of necessary tissue-simulating ma-
terial.

To enable automatic pattern measurements, the AUT needs to be rotated around
the axes perpendicular to the tissue surface. To prevent the mechanical parts from
coming in contact with the tissue-simulating liquid, a positioner is designed that
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Figure 4.12: FDTD-simulated E-field in plane 2 (ref. Fig 4.10) at z = 20 mm,
(a) rectangular body phantom, (b) tapered body phantom [BM212].

is supported from above. However, with this setup the AUT fixture is in the line
of sight between both antennas. Therefore, the fixture is optimized to be as elec-
tromagnetically transparent as possible. As a solution, a cylindrical cage is de-
signed in the form of an iso-truss structure [56], ref. Fig. 4.13. It is manufactured
by 3D printing of polylactic acid (PLA) plastic (εr ≈ 3) and consists of rods
with a diameter of d = 5mm. The results of numerical simulations as depicted
in Fig. 4.14 show that the radar cross-section (RCS) of the designed iso-truss
structure is only 12% of that of a cylinder with t = 2mm wall thickness and the
same diameter, height and material. Thus, the designed AUT positioner ensures
very low reflectivity while maintaining mechanical stability.
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Figure 4.13: Designed iso-truss [56] AUT positioner
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Figure 4.14: AUT positionier reflectivity analysis: (a) cylinder, wall thickness t = 2mm;
(b) designed iso-truss structure.

The setup is realized using a body phantom constructed from a acrylic container
filled with tissue-simulating liquid as can be seen in Fig. 4.15. Manufacturing
from silicone-carbon-based mixture is also possible [7], which facilitates usabil-
ity for the cost of reduced flexibility in regard of the dielectric properties. The
absorption at the far end is achieved by utilizing a layer of pyramidal absorbers
(Emerson & Cuming WAVASORB® VHP-12). The frame that supports the iso-
truss structure as well as the other mechanical components are covered with pyra-
midal absorbers.
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Figure 4.15: On-body antenna test range setup: (a) CAD drawing with dimensions and
reference planes; (b) Picture of realized system [BM212].
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Table 4.1: Antenna test range dimensions, ref. Fig. 4.15.
Parameter Value (mm)

L1 1500
L2 1000
Wt 700
Wb 210
Wp 210
H 875
α 23.5◦

All dimensions of the realized test range as depicted in Fig. 4.15 can be found
in Table 4.1. Fig. 4.16 depicts the results of the numerically evaluated QZ of
the complete system. The usable QZ inside the positioner (surrounded by the
dash-dotted line) has a horizontal width of WQZ = 200mm and spans in height
between zQZ ∈ [−30mm; 130mm]. As can be seen in Fig. 4.16(a) and (b), the
amplitude deviation in the test zone of the final setup is |ESWE

−1| ≤ 1 dB.
Also, the maximum phase deviation is arg{ESWE

−1} ≤ 10◦, ref. Fig 4.16(c)
and Fig 4.16(d). Thus, overall the determined QZ dimensions correspond closely
to the dimensions estimated analytically above. The reflections on the side walls
could be reduced as well. Nevertheless, the QZ is slightly limited in its width,
but this does not have any restrictions for the intended applications. In terms of
QZ height above the tissue, the estimate is even slightly exceeded. The small
extent in height of the QZ within the tissue is due to the reduced thickness
of the phantom, which is chosen to minimize the amount of tissue-simulating
fluid required. For typical implant applications like pacemakers, which are
most often placed subcutaneously [57], the achieved test zone depth is still
sufficient. Because of the tapered design, absolute gain measurements, e.g. with
the three-antenna method [2], are not possible with designed antenna test range.
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Figure 4.16: QZ: amplitude deviation with final setup: (a) Amplitude variation plane 1; (b)
Amplitude variation plane 2; (c) Phase variation plane 1; (d) Phase variation
plane 2; Usable QZ inside positioner surrounded by dash-dotted line, the
dashed line marks the area of the body phantom [BM212].
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4.3.2 Validation

For all measurements, a vertical quarter-wave wire monopole (l = 28mm),
centrally positioned on a circular-shaped ground plate (diameter d = 100mm),
is used as the calibration antenna. The associated omnidirectional on-body
gain GB,cal = 0.25 dB is determined numerically [BM211]. To realize the body
phantom, the container as depicted in Fig. 4.15 is filled with 70 liters of tissue-
simulating liquid. The target dielectric properties of εr = 52.7 and σ = 1.7S/m
at f = 2.45GHz were determined assuming homogeneous muscle tissue using
the database available for this purpose based on data by C. Gabriel [58].
Based thereon, the tissue-simulating liquid is made of a mixture of deionized
water with 40 wt% sucrose according to the formulation in [59]. Its dielectric
properties were measured using a coaxial probe (εr = 52.5 and σ = 2.5S/m).
The influence of the increased conductivity compared to the target is assumed to
be negligible, as the resulting increased path loss appears in all measurements
including the calibration.

To validate the developed setup, the on-body pattern of a half-wave slot dipole
antenna is measured, since its simple structure can be modeled precisely in the

Positioner

Slot Dipole Antenna

Rotation Axis

RF Module

Battery

Tissue Simulating Liquid

Figure 4.17: Validation measurement: slot dipole antenna with battery-powered RF mod-
ule inside the positioner [BM212].
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Figure 4.18: Validation measurement: on-body antenna gain pattern of slot dipole antenna
[BM212].

numerical simulation used as a reference for the validation. In the measurement,
the antenna’s ground plate is oriented perpendicular to the tissue surface, ref.
Fig 4.17. As can be seen, the antenna is attached to a battery-powered RF module
emitting a continuous wave signal at f = 2.45GHz. This way, cable effects due
to common-mode currents are omitted. The path loss S21,AUT is calculated from
the measured output power of the module and the power received at the feed
antenna.

Fig. 4.18 depicts the measured on-body gain pattern compared to the pattern ob-
tained from the numerical simulation. The deviation for angles ϕ ∈ [90◦; 270◦]

can be explained by the influence of the attached RF module feeding the antenna
in the measurement, ref. Fig. 4.17. Apart from this, the results of the measure-
ment of the slot dipole antenna with a deviation of 0.3 dB in peak gain reveal an
excellent agreement with the simulated pattern and prove the successful imple-
mentation of the measurement principle for the desired on-body gain patterns.
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4.4 Example Application: Implanted
Pacemaker

To evaluate the applicability of the proposed test method using the flat-phantom
antenna test range, we analyze the on-body performance of antennas embed-
ded into a cardiac pacemaker. Since recent pacemakers support Bluetooth in
the 2.4 GHz ISM-band for communication with standard consumer devices (e.g.
smartphones), on-body propagation becomes an important factor with this ap-
plication [60]. Hence, as depicted in Fig. 4.19 the on-body link between an im-
planted pacemaker and typical locations of a smartphone, e.g. carried in the pock-
ets, are evaluated.

Three different antennas, a folded dipole, a monopole, and a slot dipole are
integrated into the pacemaker as example antennas as can be seen in Fig. 4.20.

Pacemaker

Smartphone
Locations

Figure 4.19: Example pacemaker application.
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The antennas are realized on a PCB together with a Bluetooth-transceiver which
is then encapsulated in epoxy resin, ref. Fig. 4.20. The pacemaker housing
enclosing the battery and the lower half of the PCB is 3D-printed, electroplated
with copper and finished with epoxy resin. With the developed antenna test
range, the on-body gain of all three antennas placed at a depth of h = −20mm
inside the tissue-simulating liquid is measured. Therefore, a spectrum analyzer
connected to the feed antenna measures the power of the Bluetooth advertising
packets emitted by the Bluetooth-transceivers inside the pacemakers. Hence,
results for the on-body gain at the three Bluetooth advertising channels at
f ∈[2.042 GHz, 2.426 GHz, 2.480 GHz] are gathered.

Monopole

Folded Dipole

Slot Dipole

PCB

Metallized Housing with Battery

Epoxy Encapsulation

Figure 4.20: Cardiac pacemaker example application with three different antenna struc-
tures integrated [BM212].
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(a) Folded Dipole
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(b) Monopole
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(c) Slot dipole

Figure 4.21: Measured on-body gain of pacemaker antennas compared to simulation re-
sults [BM212].
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As can be seen in Fig. 4.21, the measured on-body gain of the antennas agrees
reasonably well with the simulated values. The patterns of all three antennas are
of similar shape, but rotated in the diagram resulting in different directions for
lobes and nulls. In addition, the peak gain between the different structures dif-
fers with the monopole having the lowest peak gain (GB,max = −26 dB) and the
slot dipole having the highest gain (GB,max = −23.7 dB) of all three antennas.
We will come back to these observations later when we discuss the path loss
performance of the in-situ tests.

To showcase the insights that the on-body patterns offer, in-situ path-loss mea-
surements of the implanted pacemakers communicating with a Bluetooth node
(e.g. Smartphone) located at different positions on the body are evaluated. In or-
der to keep the complexity limited at this point, a cylindrical phantom having a
diameter of d = 300mm and height of l = 1000mm is used for the in-situ tests.
The phantom is built from a acrylic tube (wall thickness t = 4 mm) filled with
tissue-simulating liquid with the same properties as in the on-body gain measure-
ments.

20 mm 8 mm
S51

S21 S31

S41

Pacemaker

Ref. Antennas
top view

Pacemaker (1)

Ref. Antennas

(2)

(3)

(4)

(5)

Figure 4.22: In-situ measurement setup for the pacemaker example application [BM212].
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The pacemaker antennas are again placed at a depth of h = −20mm inside the
liquid. As reference antennas four top-loaded monopole antennas (omnidirec-
tional on-body gainGB = 1.7 dB) are used which are also integrated with a Blue-
tooth transceiver on a single PCB as shown in Fig. 4.23. Thus, the path loss can
be estimated over-the-air (OTA) with the Bluetooth received signal strength in-
dicator (RSSI). This way, cable effects are avoided. The four reference antennas
(ports 2-5) are placed circumferentially around the cylinder with an axial sep-
aration of 0.5 m to the location of the pacemaker, as can be seen in Fig. 4.22.
To account for fading effects, the measurements are repeated five times, whereby
each time the antennas are displaced circumferentially by about λ/8. Also, the
path loss is measured in all three Bluetooth advertising channels and the results
are combined for the plot in Fig. 4.24. Here, the measured value range of the
path loss at each position of the reference antennas is displayed as a boxplot. As
expected, due to fading, at some positions the measured path loss varies strongly
within a range of up to 20 dB. This phenomenon is especially pronounced with
antenna 4 which is located at the opposite side of the phantom with respect to
the pacemaker, since the length and thus the path loss of the left and right-hand
paths of the surface waves is equal here and the two propagation paths lead to a

Figure 4.23: Reference antenna: top-loaded monopole integrated together with a
Bluetooth-transceiver IC.
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Figure 4.24: Results of the path loss measurements as depicted in Fig. 4.22 [BM212].

strong fading profile at this position. A meaningful comparison between the dif-
ferent antennas investigated only becomes possible by looking at the mean path
loss from multiple measurements, ref. Fig. 4.24 (marked by circles with dots).
Particularly, significant differences can be found with the antennas in positions 2
and 5. Here, the path loss differs by up to 20 dB in comparison between the dif-
ferent pacemaker antennas.

Now, it is interesting to notice that these effects on the path loss can be easily
predicted from the measured on-body gain of the antennas in Fig. 4.21(a)-(c).
Looking at the gain of the folded dipole antenna in Fig. 4.21(a), the poor per-
formance of the link to antenna 2 can be explained by the null of the on-body
pattern in the downward direction. The slot dipole has overall the highest gain
in the downward direction, therefore the overall observed path loss is the lowest.
For the monopole antenna, the gain lobe is directed downward to the left. Thus,
the path loss to the left side (position 5) is reduced.
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The illustrative interpretation as discussed above can be quantified for all an-
tennas and all positions in the in-situ example. Based on the assumption that the
on-body gain is in average proportional to the overall path loss, the measured path
loss with the folded dipole antenna is used as a baseline. From the gain difference
in direction of the geodesics to the reference antennas GB(ϕg), see Fig. 4.22, the
path loss of the other two antennas is calculated (all parameters in log-scale /
dB):

S21,pred.,i = S21,base +GB,i(ϕg)−GB,base(ϕg), (4.9)

with S21,base and GB,base being the measured path loss and on-body gain of the
folded dipole antenna, and GB,i the measured on-body gain of the monopole or
slot dipole antenna, respectively.

The results are also plotted in Fig. 4.24, where the solid lines highlight the mean
path loss obtained from the in-situ measurements, and the dashed lines depict
the prediction from the gain difference added to the path loss of the folded dipole
antenna. As can be seen, the overall performance can be predicted well with dis-
crepancies of only a few dB. Also, the ranking of the performance of all three
antennas is correct in the prediction at all positions.
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4.5 Discussion

Based on the on-body far field as derived in Chapter 3, on-body antenna param-
eters have been developed. As shown by various examples, the on-body antenna
parameters are beneficial as they enable a de-embedded characterization of the
antenna itself, excluding any influence of the subsequent application. The spe-
cific quantification of an antenna’s suitability for on-body propagation enables an
objective evaluation of the antennas and the assessment of dedicated on-body an-
tenna design specifications. Since the underlying principles of propagation along
the dissipative body surface are similar even with curved body contours, the de-
rived antenna parameters are also valid, as shown in the examples.

As evaluated in Chapter 3, for the on-body domain, surface waves traveling along
the body’s surface can be considered the dominating propagation mechanism in
most cases. The derived on-body far-field as well as the modeling based on the
on-body antenna parameters as described in this chapter, accordingly, also re-
quire that surface waves are the main propagation principle for any application to
be considered. Therefore, as derived with the definition of the on-body far-field
region in Chapter 3, the electrical height h of the antenna above the body sur-
face must be small, which in the usually used WBAN frequency bands (low GHz
range) is in accordance with the standard low profile requirements for portability.
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.

Furthermore, the on-body Green’s functions utilized in the derivation of the on-
body far-field in Chapter 3 as well as the on-body antenna parameters in this
chapter were derived assuming a single homogeneous tissue. This is a reasonable
simplification regarding the propagation properties at sufficiently low frequen-
cies [22]. Due to the decreasing skin depth for higher frequencies, the Green’s
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functions must be adapted for considering a multilayered tissue model, for the
necessary adjustments ref. [22], [45]. However, the simplifying assumption of a
homogeneous half-space can be made at millimeter-wave frequencies again. In
this case, the dielectric properties of the skin must be considered, as the penetra-
tion depth becomes so small that underlying tissues can be neglected [26]. Apart
from the influence of tissue modeling on propagation, especially with implantable
antennas, the antenna properties are strongly impaired by the surrounding tissue
[61]. The homogeneous or layered tissue representation is to be seen critically
here. However, the tissue in the immediate vicinity of the antenna can be modeled
during the numerical calculation of the antenna’s near-field, ref. Chapter 4.

Due to the developed measurement procedures, e.g., with the antenna range as
designed in Chapter 4.3, high practical relevance of the developed methods is
achieved. Thus, all advantages of the de-embedded on-body antenna characteri-
zation also apply to the validation of physical prototypes. For the development of
these measurement systems, especially the defined far-field region is important
in order to qualify the system and ensure agreement in the results compared to
numerical calculated parameters. The proposed antenna range has been devel-
oped for a target frequency of 2.45 GHz. For lower frequencies, the cross-section
of the required horn antenna increases and thus also the maximum height h of
the antenna above the tissue surface as well as the necessary on-body far-field
distance, ref. Chapter 3.3. The phantom required for the antenna range would
therefore have to be enlarged. As discussed above, for higher frequencies, mul-
tilayered phantoms may be needed. In terms of realization complexity this is a
benefit of the proposed measurement approach, as only a flat phantom is needed,
compared to the complex body shapes used for in-situ measurements. A two-
layer (fat and muscle) flat phantom, as required for the proposed measurement
approach, has already been presented in [62]. Furthermore, for any application
scenario considered, the body surface in the direct vicinity of the antenna must be
sufficiently flat to correctly characterize the on-body gain. Otherwise, protruding
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body parts, as e.g. the ear for hearing aid applications, can be taken into account
as part of the antenna [BM211]. In the measurement, these need to be physically
modeled and added to the positioner.

As shown by the examples evaluated in Chapter 4.2.1 and 4.2.2, the on-body
antenna parameters and the determined transmission equation, analogous to the
Friis equation in free space, can also be used to model the entire wireless system.
In the same way, the antenna can be optimized based on the on-body gain by
maximizing the on-body gain in the direction of the most relevant propagation
path. However, the difficulty here lies in the determination of the channel model.
The determination is only possible via analytical methods for clear separation
from the antenna. In this case, the complex, variable body geometries and the
complex interaction of the fields and the body tissue lead to a high modeling
effort. Examples from the literature as evaluated in Chapter 2.2.2 show that such
modeling is possible in principle, but it is costly and not universally possible for
any application as described above. However, given the high effort of analytical
channel modeling, a numerical solution may be more appropriate. For this, the
reader is referred to the following Chapter 5. As the last evaluated example in
Chapter 4.4 shows, for applications with an approximately static channel and with
negligible fading, antenna optimization is possible even without the analytical
calculation of a channel model.





SWF Channel Modeling
and Antenna

DeEmbedding

Chapter5
As shown in the previous chapters, modeling of antennas for the on-body domain
is possible using adapted methods by characterizing the directional radiation
properties. However, as the analysis of the state-of-the-art (ref. Chapter 2.2.2)
shows, it is difficult to find a universal method for the analytical calculation of
directional on-body channel models due to the great variety of applications.

Therefore, in this chapter, the developed on-body antenna parameters are com-
plemented with a modeling approach based on spherical wave functions (SWF)
to enable also de-embedded channel models. Here, the channel is characterized
by the coupling between all SWF at the source and the receiver. The numerical
implementation of this method enables a universal channel modeling method for
any on-body applications. Furthermore, a possibility is derived to calculate opti-
mal antenna characteristics for a given SWF channel model. By the combination
of the SWF modeling with the previously developed on-body antenna parameters
an antenna optimization method for the on-body domain is developed.10

10This chapter is based on the following publications: [Ber+22, BM19, MBM22] (©2022 IEEE).

81



82 5 SWF Channel Modeling and Antenna DeEmbedding

5.1 SWF Modeling

Spherical wave functions represent a complete and orthogonal set of basis func-
tions for solutions to Maxwell’s equations. Any electrical field can be decom-
posed into a linear combination of SWF at an arbitrary origin point by [63]:

E ≈ k
√
η0

J∑
j=1

(
bjF(4)

j + ajF(3)
j

)
, (5.1)

where k is the wavenumber, η0 is the wave impedance of free-space, and j is
the mode index.11 F(4)

j represent outgoing SWF and bj ∈ C are the associated
weighting coefficients. Accordingly, F(3)

j and aj ∈ C represent incoming SWF.12

For the mathematical definition of the term F(c)
j ref. appendix D. Theoretically,

an infinite number of SWF modes J is necessary for the description of arbitrary
fields. However, it is well known that fields radiated by antennas can practically
be characterized by a finite number of modes due to the radial cut-off property13

of F(c)
j [63].

As shown by Pirkl, the coupling between two antennas in arbitrary environ-
ments can be described utilizing spherical wave scattering matrices [64]. If this
is applied to WBAN, the channel is partly formed by body tissue, as depicted
in Fig. 5.1. If the link between a transmitting antenna 1 and a receiving an-
tenna 2 is to be calculated, the transmission vector T1 ∈ CJ×1 quantifies the
transitional behavior between the incident wave v1 at the physical port 1, and
the vector b1 ∈ CJ×1 consisting of all outgoing SWF coefficient bj at antenna 1
(assuming a1 = 0) as:

b1 = T1v1 . (5.2)
11The variable j is used here both as a running index (to remain compatible with the literature) and

as the imaginary unit. As the index only occurs in subscripts, keeping them separate is possible.
12In contrast to [63], the time-dependence ejωt is utilized.
13See appendix E for more details on the cut-off property and the mode truncation.
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T1 can be calculated numerically from the radiated fields of the transmitting an-
tenna by assuming only coefficients for outgoing waves bj in (5.1). The receiving
vector R2 ∈ C1×J of antenna 2 can be defined equivalently (assuming b2 = 0)
as:

w2 = R2a2, (5.3)

with w2 the outgoing wave at the physical port 2 and a2 ∈ CJ×1 the SWF coeffi-
cient vector consisting of the coefficients aj of all incoming SWF. For reciprocal
antennas, R2 can be calculated from T2 and vice versa [63]. Incoming waves at
the antennas are also partially re-radiated/backscattered, which is quantified e.g.
for antenna 1 by the scattering matrix S1 ∈ CJ×J . Finally, the free-space input
reflection coefficient at the physical port of e.g. antenna 1 is defined as Γ1.

SWF channel modeling is based on the SWF scattering matrices Mmn ∈ CJ×J ,
ref. Fig. 5.1. For example, the transmission from antenna 1 in form of the out-
going spherical waves b1 to the incoming waves a2 at antenna 2 is described by

Tissue

Antenna 1 Antenna 2Channel

Figure 5.1: Antenna coupling between two antennas in the presence of body tissue. The
SWF scattering matrices Mmn describe the mode-to-mode transmission and
reflection behavior of the channel. Antennas are characterized by their SWF
transmitting and receiving behavior denoted by the vectors T and R. [Ber+22]
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(assuming b2 = 0):
a2 = M21 b1. (5.4)

Based on SWF modeling, the near-field coupling of the antennas with the body
tissue can be described as backscattering of the channel and can be characterized
by:

a1 = M11b1. (5.5)

As shown by Pirkl [64], the SWF scattering matrices of the channel can be calcu-
lated numerically. In the most simple case, with ideally matched antennas (Γ = 0)
and a channel with negligible back scattering (M11= M22 ≈ 0), the narrow-band
transmission coefficient S21 can be calculated as [65]:

S21 = w2v
−1
1 = R2 M21 T1. (5.6)

As can be seen from (5.6), the system is now separated into three building blocks
for antennas and channel, similar as with the Friis transmission equation (2.9).
Once the channel is characterized with M21, the transmission coefficient with
any combination of antennas R2, T1 can be calculated by simply carrying out
the matrix multiplication in (5.6). Thus, for optimizing the antenna for a specific
application the channel matrices M21 to all possible receiver locations can be
calculated first. Then, the link to all considered receiving locations can be cal-
culated using (5.6) with every design iteration from a single simulation of the
transmitting antenna by recalculating T1.
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5.2 SWF Antenna DeEmbedding in Presence
of a Backscatterer

A difficulty that arises specifically when applying SWF antenna de-embedding
for WBAN is that due to the near-field coupling of the antennas with the tissue, the
assumption (M11= M22 ≈ 0) is not valid. Therefore, the system response (5.6)
becomes [64]:

S21 = R2 (I − M22S2)
−1︸ ︷︷ ︸

K2

M21 (I − S1M11)
−1︸ ︷︷ ︸

K1

T1, (5.7)

where the matrices K1 and K2 account for multiple scattering between the an-
tennas and their environment. The influence of the backscattering from the re-
ceiving antenna 2 to antenna 1 through M12, ref. Fig. 5.1, is neglected. Com-
pared to (5.6), determining all necessary parameters of channel and antennas
in (5.7) increases the computational effort significantly [64]. To make the SWF
de-embedding approach for WBAN more straightforward and applicable with
standard commercial simulation software, an alternative, single-step antenna de-
embedding scheme is derived in the following. The antenna de-embedding prob-
lem as depicted in Fig. 5.1 can be reduced to the one shown in Fig. 5.2(a) if the
influence of the second antenna on the input reflection coefficient of the first an-
tenna can be neglected. The outgoing waves b1 of the transmitting antenna are
then determined by:

b1 = T1v1 + S1a1. (5.8)

If the radiated fields of an antenna are characterized trough a1 and b1, in (5.8)
there are two unknowns: S1 and T1. Thus, a direct solution as above in (5.2) is not
possible. To circumvent this problem, the radiating antenna is virtually removed
from the scenario and replaced by equivalent currents (Jeq, Meq) on an enclosing
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Antenna

Tissue

(a) (b)

Tissue

,

Figure 5.2: Antenna scattering matrix in WBAN scenario. (a) Original scenario; (b) Sur-
face equivalence theorem: equivalent currents Jeq,Meq on enclosure Ξ excite
outgoing waves b′

1 and incoming waves a′
1 [Ber+22]

surface Ξ, ref. Fig. 5.2(b), according to the surface equivalence theorem [52]14.
The interior of the surface Ξ is now assumed to be empty space, such as the
antenna’s SWF scattering matrix becomes equal to the unity matrix S′

1 = I,
because the origin reflects every incoming SWF as the corresponding outgoing
SWF (similar to an open termination with guided waves).

Furthermore, the currents Jeq and Meq are determined with the constraint that
they excite only outgoing waves (a′1 = 0, ref. Fig. 5.2(b)). If now the outgoing
waves excited by Jeq and Meq are chosen as [MBM22]:

b′
1 = b1 − a1, (5.9)

14Same procedure as with the on-body propagation modeling, ref. Chapter 3.1.2.
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the overall SWF coefficients b̂1 and â1 in the equivalent setup, ref. Fig. 5.2(b),
and thus the fields outside Ξ remain equal to the original setup in Fig 5.2(a):15

b̂1 = b′
1 + Ia1 = b1; â1 = M11b̂1 = a1. (5.10)

The computational complexity of (5.8) is reduced, since T′
1 is now readily avail-

able from:
b′
1 = T′

1v
′
1. (5.11)

To keep the accepted port power Pa constant between the original domain, ref.
Fig. 5.2(a) and the equivalent problem, ref. Fig. 5.2(b), the virtual port signal in
(5.11) is defined as v′1 =

√
2Pa =

√
|v1|2 − |w1|2.

Instead of obtaining the coefficients aj and bj separately, the coefficients b′j of
the vector b′

1 in (5.9) can be calculated directly from the near field of the antenna
using a regular wave F(1)

j :

b′j = bj − aj =
2k

j
√
η

〈
E,F(1)∗

j

〉
. (5.12)

Here, the SWF decomposition is performed on the surface Ξ with the notation:

⟨u, v ⟩ =
‹

Ξ

{u × (∇× v)− v × (∇× u)}nΞ dΞ, (5.13)

where nX i is the surface normal pointing out of the closed surface Ξ.

Using regular SWF in the decomposition is also numerically superior compared
to calculating b or a independently, as Santiago et al. have recently shown [66].
The receive vector R′

2 of the equivalent problem can be found from T′
2 using

reciprocity [63]. Finally, for adopting the channel response S21 in (5.4) to the

15It is interesting to note here that although the excited currents radiate only outwards, the fields
inside Ξ are non-zero and consist of the incoming waves a1,i = M11b.
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modified coefficients b′, an alternative mode-to-mode transmission matrix M′
21

is defined as:
a′2 = M′

21(b1 − a1) = M′
21b′

1, (5.14)

where a′2 are the incoming waves at the location of the receiving antenna in the
equivalent problem with removed antennas, ref. Fig. 5.2(b).

By resolving the loop between M11 and S in Fig. 5.2(b) according to signal flow
graph theory, the relation to the original SWF channel transmission matrix is
determined as:

M′
21 = (I − M22S′

2)
−1 M21 (I − S′

1M11)
−1
. (5.15)

As can be seen from the equation, the adapted SWF channel transmission ma-
trix M′

21 already includes the influence of the backscattering of the channel for the
equivalent problem with removed antennas. The channel response of the equiv-
alent problem is then calculated as:

S21 = R′
2M′

21T′
1. (5.16)

Concluding, (5.7) has been rearranged to the simple form (5.16) with only three
parameters to be determined as in (5.6).
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5.3 Antenna Optimization Using SWF

Up to this point, the SWF antenna de-embedding for WBAN is used solely as a
modeling approach for enabling an efficient assessment of the behavior of differ-
ent antennas in a channel. In contrast to the concept of using directional channel
models and optimizing antennas by means of their on-body gain as described
in Chapter 4, antenna optimization with SWF modeling still is trial and error.
However, as will be shown in the following, SWF modeling can also be used for
antenna optimization.

To optimize the transmitting antenna, the goal is to maximize the power of the
incoming waves a′2 at the receiver position. Without loss of generality, the Eu-
clidean norm of the outgoing wave coefficient vector can be set to ∥b′

1∥2 = 1

and the optimization problem can be formulated as:

max ∥a′2∥2 = max
∥b′

1∥2=1
∥M′

21b′
1∥2 . (5.17)

Assuming a known SWF channel transmission matrix M′
21, the optimal excita-

tion b′
1,opt is sought. By using the definition of the spectral norm, the optimum

can be calculated analytically as [67]:

max
∥b′

1∥2
=1

∥M′
21b′

1∥2 =
√∥∥M′H

21 M′
21

∥∥
2
=
√
λmax, (5.18)

where λmax is the largest eigenvalue of M′H
21 M′

21. Finally, the corresponding
eigenvector is the optimal excitation b′

1,opt. For calculating the transmission co-
efficient (5.16) with the optimal excitation, T′

1,opt is calculated using (5.11) as:

T′
1,opt =

1√
2Pa

b′
1,opt. (5.19)
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If the optimal antenna is assumed to be lossless, the accepted powerPa is identical
to the radiated power Prad going through Ξ in Fig. 5.2(b) and can be calculated:

Pa = Prad =
1

2

(
∥b̂1∥22 − ∥â1∥22

)
. (5.20)

Using the signal flow graph in Fig. 5.2(b), this can be written as:

Pa =
1

2
+ Re

{(
(I − M11)

−1 M11b′
1

)H
b′
1

}
. (5.21)

While the vector T′
1,opt already represents the optimal solution (in a spherical

basis), antenna designers typically do not think in terms of spherical wave coef-
ficients, so T′

1,opt is a quite abstract parameter. Therefore, a visualization of the
calculated optimal antenna properties for a given channel will be derived. For
this matter, the on-body gain as defined in Chapter 4 is calculated for the optimal
antenna. Hence, for each individual spherical mode j to be considered, equiva-
lent currents (Jj ,Mj) on surface Ξ, ref. Fig.5.2(b), are defined analytically:

Jj = n ×
(
ikv
√
η

F(4)

j
(rΞ)

)
, (5.22)

Mj = −n ×
(
k
√
ηvF(4)

j (rΞ)
)
, (5.23)

with i being the imaginary unit and rΞ the position vectors on the surface Ξ. The
on-body far fields radiated by the optimal antenna can then be calculated by:

E =

‹

Ξ

J∑
j=1

b′j,opt
(
GJ · Jj + GM · Mj

)
dΞ (5.24)

where GJ and GM denote the dyadic Green’s functions for the on-body case ap-
proximated by a tissue half-space as derived in Chapter 3, and b′j,opt the individ-
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ual coefficients in b′
opt. The on-body gain can then be calculated using (4.4), ref.

Chapter 4.

5.4 Example Application: Antenna for
EyeWear Applications

An antenna for eye-wear applications in the 2.4 GHz ISM-band is designed and
tested as an example in the following to implement and evaluate the methods as
derived above. The antenna is supposed to be integrated in the right glasses tem-
ple as can be seen in Fig. 5.3(a). Thus, the available antenna integration space has
a volume of (dx × dy × dz) = (60× 10× 7.5)mm3, respectively (0.5×0.08×
0.06)λ3 at f = 2.45GHz.

In the following, the node with the antenna integrated into the glasses is referred
to as the transmitter. The RF link from the glasses to a receiver (e.g. a smart-
phone), which is assumed to be carried in a trouser pocket, is optimized. Given
the selected application, the antenna optimization is performed exclusively for the
transmitter. As the receiver, the same top-loaded monopole antenna as in Chap-
ter 4.3.2 (isotropic on-body gain GB = 1.7 dB) is utilized as a simplified place-
holder, e.g. of a smartphone. Four different possible positions of the receiver are
considered, ref. Fig. 5.3(b). The modeling approach should take the influence
of posing and different anatomies into account. Therefore, considering different
anatomies, three different body phantoms are chosen as depicted in Fig. 5.3(c),
an average tall woman (h = 1.6m) and man (h = 1.8m) are considered, as well
as a particularly tall, portly man (h = 2m). As can be seen in Fig. 5.3(d), with
regard to posing, five different head rotation angles are considered, since this pa-
rameter is assumed to have the biggest effect on the on-body propagation in the
chosen example. Thus, in total 60 different channel matrices are considered.
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crrr

FR FL BL BR

l ll

(a) (b)

M
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(d)

Figure 5.3: Example application of antenna for eye-wear application: (a) Antenna inte-
gration volume; (b) Receiver locations: front-left (FL) to back-right (BR);
(c) Anatomies: small (S) to large (L); (d) Body poses (head rotation): right-
right (rr) to left-left (ll) [Ber+22]
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5.4.1 SWF Channel Modeling

For the channel modeling with regard to antenna de-embedding as derived in
Chapter 5.2, the transmission matrix M′

21 needs to be calculated. The numerical
calculation procedure is realized as a sequential excitation of each SWF mode in
place of the antenna by a near-field source, which is usually part of standard EM
modeling software. The implementation is outlined in Fig. 5.4. Here, the near-
field source must be transparent and non-scattering so that the incoming waves
can pass through unhindered. This is necessary so that the assumptions made for
the equivalent problem, ref. Fig 5.2(b), are valid. The surface Ξ1, that encloses
the transmitting antenna, is used for the excitation, ref. Fig. 5.4 (top left).

(...)

Near-field source

Field monitor
(receiver / 2)

(transmitter / 1)

Decomposition

(...)

1

Figure 5.4: SWF channel modeling: A near-field source is used to excite the SWF
modes bj sequentially (top left). At the receiver position (bottom right),
the incident fields are recorded and decomposed into vectors of incom-
ing waves a [Ber+22].
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Based on (5.1), for each mode j, the fields to excite on Ξ1 are calculated as:

Ej = k
√
ηF(4)

j , (5.25)

where compared to (5.1) a single entry j is set as bj = 1 and all other entries in b1

are zero. The radiated fields are calculated numerically for each excited mode in-
dividually. Thus, in total, J simulations need to be performed. In the presented
implementation, this is done using the FDTD solver of EMPIRE XPU [54]. In
the simulations, the fields on the enclosing surfaces Ξ2 around each receiving
antenna location are recorded, ref. Fig. 5.4 (bottom right). These fields on Ξ2

represent the incoming waves at the receiver and thus are decomposed into vec-
tors of incoming wave coefficients a′2. Because a single mode b′j is excited in each
simulation, each vector a′2 directly forms a column of the channel matrix M′

21.
In Fig. 5.4 (center), this is outlined by the arrows connecting a single excited
outgoing spherical wave b′j with each incoming mode a′j at the receiver.

5.4.2 Antenna Optimization

To find optimal antennas as discussed in Chapter 5.3, additionally the channel’s
spherical mode reflection property in form of M11 in (5.21) needs to be deter-
mined. For this purpose, the total fields on the surface Ξ1 enclosing the antenna
resulting from the simulation are also recorded when the individual modes b′j are
excited and decomposed into b̂1, ref. Fig. 5.2(b). Assembling all column vec-
tors b̂1 in the matrix B̂1, the channel reflection matrix can be calculated as:

M11 = I − B̂−1
1 . (5.26)

Due to the small antenna integration volume with the largest dimension of
about d = 0.5λ in the example application, ref. Fig. 5.3, it can be assumed
that the antenna is mainly represented by the first six spherical wave modes



5.4 Example Application: Antenna for EyeWear Applications 95

(corresponding to small electric and magnetic dipoles). Hence, the channel
matrices M′

21 for the antenna optimization are also calculated for the first six
spherical wave modes only. The utilized near-field source has an edge length
of 16 mm, with its center coinciding with the center of the antenna integration
space. In Fig. 5.5, one of the calculated channel matrices is shown as an
example. For the antenna optimization, the columns with the largest norm
(the highest power at the receiver) are now sought. At this point, it is not yet
possible to define clear antenna design goals (e.g. for exciting a selected mode),
as obviously multiple solutions exist and multiple modes are to be combined
eventually. However, based on the channel matrices M′

21, optimal properties
for the transmitting antenna can be calculated using the optimization method
derived in Chapter 5.3.

-66 dB -77 dB -71 dB -60 dB -59 dB -70 dB

-58 dB -67 dB -62 dB -57 dB -56 dB -63 dB

-55 dB -63 dB -58 dB -54 dB -54 dB -59 dB

-66 dB -89 dB -80 dB -60 dB -60 dB -78 dB

-72 dB -75 dB -71 dB -66 dB -63 dB -74 dB

-58 dB -66 dB -62 dB -58 dB -57 dB -63 dB

1 2 3 4 5 6

1

2

3

4

5

6

Figure 5.5: Magnitudes of the entries of a transmission matrix M′
21 (example: receiver FL

with phantom M/c, ref. Fig. 5.3). The columns j correspond to the excitation
of b′ at the transmitter, rows i to the incoming waves a′ at the receiver [Ber+22]
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In general, the optimal solution b′
opt may consist of an arbitrary combination of

excited spherical waves. To realize such a general antenna, both TE and TM
modes would have to be excited simultaneously by that antenna. This requires
so-called Huygens antennas, whose design is very challenging [68]. Therefore,
the solution space is restricted and the optimization is performed individually for
either only TE or TM Modes.

The optimal spherical wave excitation b′
opt is calculated individually for all chan-

nel matrices M′
21 of the evaluated example as depicted in Fig. 5.3. A global op-

timum b′
opt,g can then be defined by the superposition of the individual optimal

antenna properties:

b′
opt,g =

60∑
k=1

pkb′
opt,k, (5.27)

whereby k is the index describing the scenarios, ref. Fig. 5.3, pk is the weighting
(e.g. based on the likelihood) of the kth scenario and bopt,k′ is the optimum in
the individual scenario. In this case, it is assumed that all scenarios are equally
weighted (pk = 1/60). In the chosen example, the optimum calculated for TE-
mode excitation gives a higher power of incoming waves at the receivers on av-
erage. Therefore, only this optimum is considered in the following.

Fig. 5.6(a) depicts the global optimum for TE-mode excitation b′
opt,TE which is

calculated using (5.27). From the first six SWF as depicted in Fig. 5.6(a), the
weighting coefficients gopt,TE for equivalent dipoles can also be obtained [63] as
depicted in Fig. 5.6(b). As can be seen, for the chosen example, the solution of the
optimization using only TE modes can be approximated very well by a single x-
directed magnetic dipole, which can be used subsequently as an antenna design
guideline. However, the design guideline for the optimal antenna cannot always
be expected to be as clear as in the chosen example. In those cases, the on-body
gain pattern for the optimal excitation can be calculated using (5.22) - (5.24) and
(4.4).
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Figure 5.6: Optimized spherical wave excitation for the example application (weighted
superposition, ref. (5.27)): (a) optimal TE-mode excitation; (b) associated
weighting coefficients for small magnetic (MD) and electric (ED) dipoles
[Ber+22].
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5.4.3 Antenna Design

Based on the calculated optimal excitation for the example application, the an-
tenna can be designed. An antenna that realizes anx-directed magnetic current re-
quired for the optimal antenna, is depicted in Fig. 5.7(a). It consists of two parallel
metal plates (realized on an FR4 substrate) with a length of approximately 0.5λ,
which are connected to each other through multiple pins at both ends. The ex-
cited E-field distribution with its maximum at the center of the antenna in x-
direction is outlined in the xz-cut of the antenna structure in Fig. 5.7(b). The
radiated fields can equivalently be represented by an x-directed magnetic half-
wave dipole of magnetic currents M which are also outlined in Fig. 5.7(b).

The relationship to the optimal antenna is particularly evident in the on-body
gain pattern as depicted in Fig. 5.8. For the magnetic dipole antenna structure,
the on-body gain is calculated directly from the simulated antenna’s near field as
described in [BM211]. The on-body gain for the optimal antenna is calculated by
(5.22)-(5.24) and (4.4). As can be seen, the chosen magnetic dipole antenna has
an on-body gain pattern very similar to the optimum case. However, due to losses
of the antenna structure, the gain is reduced by approximately 2 dB compared to
the theoretical optimum.
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Figure 5.7: Magnetic dipole antenna design for example eyewear application: (a) Antenna
structure (b) xz-cut of the designed antenna with excited E-fields and equiva-
lent magnetic currents M. [Ber+22]
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Figure 5.8: On-body gain [BM211] (xy-plane) of the optimal TE mode excita-
tion (ref. Fig. 5.6), compared to magnetic dipole design (ref. Fig. 5.7). The
dashed lines mark the axes with maximum gain. [Ber+22]
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5.4.4 Antenna Channel Embedding

To evaluate the behavior of the chosen antenna design inside the different SWF
channel models, first, the antenna’s near field is extracted from a simulation
as depicted in Fig. 5.9. Secondly, the antenna’s radiated fields are decomposed
into b′. In the evaluated example, the field monitor Ξ surrounding the antenna,
respectively the near-field source in the channel simulation, has an edge length
of 62 mm. To find a sufficient truncation for the number of modes J utilized for
modeling the designed antenna, the convergence of the decomposition can be
checked based on the norm ∥b′∥2 for different truncation numbers.

As depicted in Fig. 5.10, the power of the excitation ∥b′∥2 converges to a limit
with increasing J . Since the exact value of this limit is not known16, the SWF
decomposition is performed step-wise with an increasing mode truncation num-
ber J .17

(...)

1. Near-field simulation
   

2. SWF decomposition

Antenna

Near field

Figure 5.9: SWF antenna modeling: The near field of the antenna is first extracted from a
simulation and the fields are then decomposed using (5.12) [Ber+22]

16For the SWF mode truncation see also Appendix E.
17It makes sense to use complete sets of a certain grade of SWF, e.g. J = 6 for dipole modes only

and J = 16 to additionally include all quadrupole modes, etc., ref. [63].
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With every step n for increasing J the relative difference of ∥b′∥2 with the pre-
vious step (n− 1) is evaluated:

∆∥b′∥2 =
∥b′
n∥2 − ∥b′

n−1∥2
∥b′
n∥2

. (5.28)

Thus, this quantity approaches zero when convergence is achieved. Evaluating
the convergence with the designed magnetic dipole antenna in Fig. 5.10, it
can be concluded that as expected the antenna mainly excites SWF modes up
to J = 6. However, at the next higher number of J = 16 the difference is still
about ∆∥b′∥2 ≈ 20%. A possible reason for this is that the phase center of
the antenna is not congruent with the origin of the SWF decomposition [63].
Therefore, J = 30 is used for the embedding of the antennas in the following.

Finally, the antenna’s transmission vector T′ is calculated from b′ according to
(5.11) by normalizing it to the accepted power Pa, which is readily available from
the numerical simulation of the antenna conducted for calculating the near field
as depicted in Fig. 5.9. The monopole antenna, which is used at the receiver side,
is characterized equivalently to calculate R′. As mentioned before, the receiving
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Figure 5.10: Convergence of the SWF antenna decomposition in dependence of mode
truncation of the magnetic dipole antenna [Ber+22]
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antenna (e.g. integrated inside a smartphone) cannot be adjusted concerning the
chosen example application and is thus not evaluated in the analysis.

With all parameters in (5.16) determined, the transmission coefficient S21 can
be calculated with the designed antenna embedded into the different channels to
evaluate the antenna’s performance with regard to posing. In Fig. 5.11, the results
calculated for the antenna embedded into all considered channels are visualized.
The results of the magnitude of the transmission coefficient to the four receiver
locations (FL-BR, ref. Fig. 5.3) are depicted in separate plots. Each of the four
plots in Fig. 5.11 depicts the transmission coefficient to one of the receivers in de-
pendency of the body pose (ll-rr, ref. Fig 5.3). With regard to varying anatomy,
the average of the results with the three different sized phantoms (ref. Fig. 5.3) is
considered in Fig. 5.11. The illustrated results reveal that the average transmis-
sion coefficient varies by up to 30 dB due to different body poses considered in
the evaluation. At the receivers located in front of the torso (FL, FR), the highest
magnitudes of the transmission coefficient are observed in the pose ll with the
head turned all the way to the left so that the antenna integrated into the right
glasses temple is facing to the front of the torso. Conversely, in the pose rr, the
transmitter and receiver are on different sides of the body, hence their transmis-
sion coefficients are the lowest. With the receivers on the backside (BL, BR), this
behavior is reversed.

To validate the results obtained from the SWF modeling, in Fig. 5.11, the trans-
mission coefficient obtained from a conventional FDTD simulation of the whole
system for each scenario is depicted as well. As can be seen, only marginal de-
viations can be observed between the FDTD results and the SWF modeling ap-
proach. Additionally, the results calculated for the optimal TE mode excitation,
ref. Sec. 5.4.2, are depicted. The very similar slopes of the pose-dependent trans-
mission coefficients show the close relationship of the designed magnetic dipole
antenna to the optimal TE mode excitation. Only at the receiver position BR,
significant deviations of the slope with the designed antenna compared to the
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theoretical optimum can be observed. This can be attributed to the fact that the ra-
diation pattern of the optimum antenna is slightly tilted compared to the straight
vertical orientation of the designed magnetic dipole antenna, ref. Fig 5.8. The
influence of this tilt becomes more obvious if the optimal radiation pattern is ex-
plicitly calculated for the link with receiver BR (tilt of about 30◦, not shown),
rather than the overall optimum as depicted in Fig. 5.8.

FL FR

BL BR

TE opt.

magn. dipole (SWF)

magn. dipole (FDTD)

Figure 5.11: Transmission coefficient |S21| (average of different anatomies) to different
receivers (FL-BR) in dependency of the body pose (ll-rr) with magnetic
dipole antenna compared to theoretical optimal TE-mode antenna [Ber+22]
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5.5 Antenna Performance Evaluation

In the following, on the one hand, the implemented approach of SWF antennas
and channel modeling for the selected example is further validated in compar-
ison to a measurement campaign. On the other hand, it is shown how the sys-
tem performance with different antennas can be predicted efficiently using the
SWF modelling (without measurements) by embedding an antenna candidate into
many different channel scenarios. Therefore, two additional antenna designs are
evaluated for the eye-wear example application as described above. In addition to
the designed magnetic dipole antenna (ref. Fig. 5.7) based on the SWF antenna
optimization, a standard folded half-wave dipole antenna as well as an inverted-F
antenna (IFA) as depicted in Fig. 5.12 are utilized.

Folded dipole

IFA

Figure 5.12: Additional antenna designs for evaluation of the SWF modeling method
[Ber+22]
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5.5.1 Measurement Setup

Physical prototypes of all three antennas were realized as depicted in
Fig. 5.13(a) and integrated along with a battery-powered Bluetooth trans-
mitter circuit (Espressif ESP32-PICO-D4) into the glasses temples. Likewise,
the four receivers are equipped with active Bluetooth transceivers. The
transmission coefficients are estimated over-the-air (OTA) with the Blue-
tooth received signal strength indicator (RSSI). This way, cable effects are
avoided. Measurements are performed with five human test subjects (all male,
body heights: h ∈ [172; 176; 178; 189; 192] cm) inside an anechoic chamber as
depicted in Fig. 5.13(b). With each test subject, multiple measurements in the
five different body poses as defined in Fig. 5.3 are taken. To compensate for
uncertainties in the measurements with regard to the transmitting power of the
transceivers and possible antenna mismatching, a calibration factor is introduced
for each antenna. It is calculated as the average magnitude of the transmission
coefficient obtained from the numerical simulations divided by the average of
all measured RSSI values.

Antenna

Integrated electronics

BL
BR

FR
FL

(a) (b)

Figure 5.13: (a) Physical prototype of the evaluated antennas; (b) Measurements with hu-
man test subjects inside an anechoic chamber [Ber+22]
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As illustrated in Fig. 5.14, the measured and calibrated transmission coefficients
for each scenario are evaluated statistically. The average transmission coefficient
(depicted as bold markers) is calculated depending on the pose at each receiver by
combining the results of all five test subjects. The results in Fig. 5.14 also reveal
that presumably due to fading, the observed transmission coefficient in individual
measurements is partly (10 - 20) dB below the calculated average.

5.5.2 KPI: Connection Loss Probability

To further evaluate the antenna performance, the probability of connection losses
is identified as a simplified key performance indicator (KPI) for the considered
application. Assuming a common value for the maximum dynamic range of 90 dB
of the RF link (receiver sensitivity of -90 dBm and transmit power of 0 dBm), and
the measured deviation of individual values from the average of up to 20 dB, an
average transmission coefficient |S21| < −70 dB can be assumed to potentially
cause connection losses. Accordingly, assuming that all poses are equally likely,
the KPI can be calculated as the percentage of poses with |S21| < −70 dB. In
Fig. 5.14, this lower limit for the average transmission coefficient is outlined by a
dashed line. If the results with the two different antennas as depicted in Fig. 5.14
are evaluated in this regard, pose rr represents such a case in which with the
folded dipole antenna the average transmission coefficient drops below the -70 dB
limit and also individual measured values are very close to the sensitivity limit.
However, with the magnetic dipole antenna, which is designed based on the op-
timization, the average is increased by about 10 dB, whereby the connection can
be assumed to remain stable even in the critical pose rr.
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(a)(a)

(b)

Figure 5.14: Distribution of the measured transmission coefficients at receiver FL: (a)
Magnetic dipole; (b) Folded dipole. At each body pose (ll-rr), five boxplots
depict the statistical distribution of the results of the individual measurements
with the different test subjects. The calculated average transmission coeffi-
cient per pose is depicted by the bold markers. The dashed line outlines the
limit for the calculation of the KPI. [Ber+22]
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5.5.3 Evaluation

Fig. 5.15 compares the measured average transmission coefficients of all three
antennas considered. As can be seen, significant differences between the three
antennas exist, even if the general behavior concerning the posing is similar. By
calculating the SWF transmission vector T′ also for the additional two antennas
from their near field, these can also be embedded into the beforehand calculated
channel matrices. The resulting average transmission coefficients derived using
the SWF modeling are depicted in Fig. 5.16. As can be seen, the main trends
compared to those from the measurement in Fig. 5.15 are clearly the same. With
the magnetic dipole antenna, the highest average transmission coefficients are
found and thus the optimization goal is fulfilled. Depending on whether SWF
modeling or measurement is considered, there is only one pose with a risk of
connection losses.

The folded dipole antenna shows the worst performance in the calculated and
measured transmission coefficients. Interestingly, this antenna also shows a drop
in the transmission factor to the receiver FR when the transmitter and receiver are
on the same side of the body (pose ll). This behavior equally occurs in the mea-
surement and the SWF modeling. In both measurement and SWF modeling, there
are four poses with potential signal losses with the folded dipole. The transmis-
sion coefficients with the IFA are noticeably low for the receivers at the front (FL,
FR), whereas at the back (BL, BR) it partly even outperforms the magnetic dipole
antenna. Related to poses with potential signal losses, three cases are counted in
the results of the measurement and SWF modeling with the IFA, while one case
is counted at different positions in SWF modeling and measurement.
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BL BR

magn. dipole
fold. dipole
IFA

Figure 5.15: Measurement: average transmission coefficient in dependency of the body
pose. The dashed line outlines the limit for the calculation of the KPI.
[Ber+22]

FL FR

BL BR

magn. dipole
fold. dipole
IFA

Figure 5.16: SWF modeling: average transmission coefficient in dependency of the body
pose. The dashed line outlines the limit for the calculation of the KPI.
[Ber+22]
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Table 5.1: Antenna Performance Evaluation [Ber+22]
magnetic dipole folded dipole IFA

KPI (SWF)1 5% (1) 20% (4) 15% (3)
KPI (meas.)1 0% (0) 20% (4) 15% (3)
1 The KPI is calculated as the percentage of poses with potential connection

losses, lower is better. The value in brackets indicates the absolute number of
cases.

In Tab. 5.1, the results of the calculated KPIs are summarized for all three anten-
nas. For the calculation of the relative probability of connection losses, the total
number of 20 equally likely poses and receiver locations is considered here. The
comparison by means of the more complex analysis of the curves in Fig. 5.15 and
Fig. 5.16 can thus be translated into a quantitative factor. Its calculation with SWF
modeling purely based on numerical near-field data of the evaluated antennas is
very fast compared to time-consuming measurements or conventional scenario-
specific simulations of the entire system, with the obtained results showing very
good agreement.

5.6 Discussion

Compared to the modeling using the on-body antenna parameters developed in
Chapter 4, with the modeling based on SWF as derived in this chapter, channels of
any complexity can be described since the method could be implemented numer-
ically. The numerical calculation with the SWF modeling also includes the prop-
agation channel, which could only be determined analytically in a costly process
when modeling with the on-body antenna parameters. The computational effort
to determine the channel models with the SWF modeling is also not negligible as
simulations have to be performed for each mode to be considered. However, the
simulations can be automated to a large extent. Thus, as shown with the example
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above, it is also possible to perform modeling for quasi-dynamic on-body chan-
nels. The body’s movement and, accordingly, the varying propagation channel
can be modeled frame-wise. Also, the influence of all other factors like vary-
ing body sizes or varying antenna positions can be calculated exemplary as it is
demonstrated with the example evaluated. Once the channel models have been
determined, the embedding process for the antennas employing simple matrix
multiplication is very efficient. Subsequently, as shown, a statistical evaluation
of the antenna performance in different channels is easily possible.

The SWF modeling has no limitations for the applications due to its theoretical
basis. However, for efficient numerical evaluation, certain assumptions have been
made, which must also be considered when using this method to obtain correct
results. To solve the near-field coupling problem between the antenna and the
body tissue, respectively, the channel, it was assumed that the antenna scattering
matrix corresponds to the unity matrix in the alternative arrangement with the an-
tenna replaced by equivalent currents. This assumption is only valid if the interior
of the enveloping surfaceΞ used for the equivalence principle corresponds to free
space when the antenna is replaced, and no reflections occur at its boundary sur-
face. Therefore, implanted antennas cannot be modeled with this method so far.
Furthermore, the numerical solution always is an approximation since the SWF
expansion theoretically represents an infinite series. As shown, real problems can
always be described sufficiently accurately with a finite number of modes. How-
ever, an estimate of this number depends on many factors, in particular on the
exact numerical implementation, such as the size and spatial position of the near-
field reference surfaces and antennas considered. Thus, an adaptive convergence
check has been implemented as described in Chapter 5.4.4.

In addition, when exciting the individual SWFs for the channel modeling, it must
be taken into account that large spatial field gradients are generated at higher
modes, which must be considered to avoid excessive numerical errors. This prop-
erty should also be taken into account when choosing the reference surface Ξ en-
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closing the antenna. In order to calculate as few modes as possible, it is desirable
to place the antenna as centrally as possible within Ξ, respectively the coordinate
system used.18 In contrast, the field gradient on the surface increases with de-
creasing surface when the individual modes are excited. Hence, other than with
the implementation of the on-body antenna parameters, the choice of the refer-
ence surface Ξ is always a trade-off and should be considered in the modeling.

Another significant advantage of the SWF modeling is that, based on a calculated
channel model, the characteristics of the optimum antenna can be calculated that
lead to the largest possible magnitude of the transmission parameter. However,
this information for the optimum antenna is available in an unintuitive form as a
vector with complex coefficients when modeling with SWF. Similarly, the chan-
nel models consist of complex-valued matrices, so that little information about
the physical transmission behavior can be obtained. On the other hand, the an-
tenna characterization with both the SWF modeling as well as with the on-body
antenna parameters is based on the near-field of the antenna in the presence of
the surrounding body tissue. Accordingly, as shown, a combination of both devel-
oped methods could be implemented so that the antenna characteristics can also
be analyzed in the form of an intuitive radiation pattern when using the SWF
method.

18This leads to the smallest possible minimum sphere, see Appendix E.
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Chapter6
The objective of this research is to develop antenna de-embedding methods for
on-body propagation that enable an educated antenna design for such applica-
tions. As the problem analysis revealed, the standard antenna characterization
methods are not applicable for the on-body domain due to the near-field interac-
tion between the antenna and the body tissue as part of the propagation channel.
Furthermore, existing approaches in literature for solving this issue as discussed
in Chapter 2 are either specific for certain geometries, antennas, etc., or lack in-
terpretability, especially with regard to optimized antenna designs. Hence, this
work aims to develop universal methods that can be readily applied to antenna
optimization. For this purpose, two different approaches have been developed.

First, in Chapter 3, an on-body propagation model was derived. Therefore, the
body is approximated as an infinite tissue half-space. Due to this very strong
simplification, the derived model by itself can only be used for practical prob-
lems to a very limited extent. On the other hand, the derived solutions allow a
good understanding of the occurring propagation mechanisms. Also, based on the
simplified solutions, an on-body far-field and associated boundaries could be de-
rived. The on-body antenna parameters as derived in Chapter 4 are advantageous
as they allow de-embedded characterization of the antenna itself and eliminate

113
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any influence of the subsequent application. The specific quantification of an an-
tenna’s suitability for on-body propagation enables an objective evaluation of the
antennas and the assessment of dedicated on-body antenna design specifications.
Due to the developed measurement procedures, e.g., with the antenna range as
designed in Chapter 4.3, high practical relevance of the developed methods is
achieved. As shown by the examples evaluated, the on-body antenna parameters
and the determined transmission equation, analogous to the Friis equation in free
space, can also be used to model the entire wireless system. In the same way,
the antenna can be optimized based on the on-body gain by maximizing the on-
body gain in the direction of the most relevant propagation path. However, the
difficulty here lies in the determination of the channel model. The determination
is only possible via analytical methods for clear separation from the antenna. In
this case, the complex, variable body geometries and the complex interaction of
the fields and the body tissue lead to a high modeling effort. Examples from the
literature show that such modeling is possible in principle, but it is costly and not
universally possible for any application as described above.

At this point, the advantage of the second method developed becomes apparent.
With the modeling based on SWF as derived in Chapter 5, channels of any com-
plexity can be described since the method could be implemented numerically.
Thus, it is also possible to perform frame-wise modeling of the body’s move-
ment and all other influencing factors like varying body sizes or varying antenna
positions. In contrast to previous methods, where the entire system had to be re-
calculated for each antenna to be investigated, the major numerical effort with
SWF modeling is incurred only once for the determination of the channel mod-
els. Any antennas, or iterations during an antenna design process, can then be
embedded into the channel model using a simple matrix multiplication, which,
compared to standard methods, also correctly reproduces the near-field coupling.
For the characterization of the antennas, the near-field of the antenna in the pres-
ence of the body tissue is used as before for the calculation of the on-body antenna
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parameters. As has been shown, SWF modeling is also very well suited for an-
tenna optimization. Based on the channel model, the optimal characteristics of
the antennas for minimizing the path loss can be determined. To make this in-
formation intuitively usable for the antenna design and to compare real antenna
designs with the theoretical optimum, a link to the on-body antenna parameters
was established in Chapter 5, which allows an evaluation of the on-body pattern
also on the basis of the SWF coefficients.

With the combination of the two methods developed, the objectives set for this
work can be well achieved, as shown by the results of the different examples
studied. Compared to previous work, this work provides more general methods,
with limitations tolerable for most of today’s applications. In future work, the
developed on-body antenna parameters could be used for standardized antenna
characterization methods and test procedures for wearable and implantable an-
tennas since, compared to previous approaches, a clear definition has been found
that also allows good measurability of the parameters. The SWF modeling ef-
ficiently enables a detailed antenna performance evaluation, which significantly
simplifies antenna optimization, especially for on-body systems with many influ-
encing factors. A future automated implementation using standard EM-modeling
software would promote the use of the method for practical applications. Also, it
is desirable to broaden the applicability of the SWF modeling method concerning
implanted antennas.

This work was initiated within the framework of the project ”Models for the opti-
mized development of antennas worn on the body and integrated into implants,”
which was funded by the German Research Foundation (DFG). In addition, a suc-
cessful industrial cooperation has already resulted in a first practical application
of the methods and the development of a patented antenna design. Further trans-
fer of the developed methods for industrial applications is therefore desirable.
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Appendix

A Definition of the OnBody Green's
Functions

In the following the on-body Green’s functions as discussed in Chapter 3.1.2 are
listed. Here, the far-field approximation |γ0R1| ≫ 1 from [69] was used, which
is sufficient for the necessary near-field to far-field transformation during the cal-
culation of the on-body antenna parameters. The original solution for magnetic
dipoles in [51] is based on the current loop representation [ml] = Am2 which
can be converted to magnetic current dipoles [m] = Vm with m = jωµ0ml.
[52]. The complete version valid also in the near-field can be derived from the
solutions in [51].

a0 =



z − h if h > 0, z > 0

z if h ≤ 0, z > 0

h if h > 0, z ≤ 0

0 if h ≤ 0, z ≤ 0

(A.1)
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a1 =



z + h if h > 0

z if h ≤ 0

h if h > 0, z ≤ 0

0 if h ≤ 0, z ≤ 0

(A.2)

Rn =
√
ρ2 + a2n (A.3)

Sn = sin (ψn) =
an
Rn

(A.4)

Cn = cos (ψn) =
ρ

Rn
(A.5)

Qn =



R−1
n e−γ0Rn if h ≥ 0, z ≥ 0

R−1
n e−γ0Rn+γ1h if h < 0, z ≥ 0

R−1
n e−γ0Rn+γ1z if h ≥ 0, z < 0

R−1
n e−γ0Rn+γ1(h+z) if h < 0, z < 0

(A.6)

A =
1 + Γ⊥

2
+

1− Γ⊥

2
F (w) (A.7)

k⊥ =

1 if h ≥ 0

∆2
m if h < 0,

(A.8)
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kz =

1 if z ≥ 0

∆2
m if z < 0,

(A.9)

Electric currents J:

GE,ρ
J,∥ = −S2

0Q0 +
[
Γ⊥S

2
1 + (1− Γ⊥)∆

2
mF (w)

]
Q1 (A.10)

GE,ρ
J,⊥ = k⊥S0C0Q0 (A.11)

+k⊥
[
Γ⊥S1 − (1− Γ⊥)∆mF (w)

]
C1Q1

GE,ϕ
J,∥ = Q0 +

[
− 1 +

2

γ0n2R1
(1 +A+ γ1R1S1)

]
Q1 (A.12)

GE,z
J,∥ = kzS0C0Q0 − kz

[
Γ⊥S1 − (1− Γ⊥)∆mF (w)

]
C1Q1 (A.13)

GE,z
J,⊥ = −kzk⊥C2

0Q0 − kzk⊥
[
Γ⊥ + (1− Γ⊥)F (w)

]
C2

1Q1 (A.14)

Magnetic currents M

GE,ρ
M,∥ = S0Q0 + [Γ⊥S1 − (1− Γ⊥)∆mF (w)]Q1 (A.15)

GE,ϕ
M,∥ = −S0Q0

−
[
S1 +

2

n

(
S2
1 − 1

γ0R1
(1 +A− 3S2

1)
)]
Q1 (A.16)

GE,ϕ
M,⊥ = k⊥C0Q0 − k⊥

[
1− 2

γ0n2R1
(1 + γ1R1S1)

]
C1Q1 (A.17)

GE,zM,∥ = kzC0Q0 + kz
[
Γ⊥ + (1− Γ⊥)F (w)

]
C1Q1 (A.18)
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B Derivation of the OnBody FarField Region

In the following, the complete derivation of the far-field distance ρ∆Γ (3.20),
ref. Chapter 3 is presented.

Γ⊥ =
sin (ψ1)−∆m

sin (ψ1) + ∆m

ψ1→0−−−−→ Γ⊥ ≈ ψ1 −∆m

ψ1 +∆m
(B.1)

Γ⊥ ≈ ψ1 − Re{∆m} − jIm{∆m}
ψ1 + Re{∆m}+ jIm{∆m}

(B.2)

arg
{
Γ∥(ρ∆Γ)

}
≥ π

2
if ψ1 < Re{∆m} (B.3)

ψ1 = arctan
(
z + h

ρ

)
ρ≫z+h−−−−−→ ψ1 ≈ z + h

ρ
(B.4)

∆m =
γ0
γ1

=
jβ0

α1 + jβ1
(B.5)

Re{∆m} =
β0β1

α1
2 + β1

2 =
|γ0|
|γ1|2

β1 (B.6)

|γ0|
|γ1|2

β1 ≈ |γ0|2

|γ1|2
√
εr,1 = |∆m|2√εr,1 (B.7)

ψ1 < Re{∆m} → z + h

ρ
≤ |∆m|2√εr,1 → ρ ≥ z + h

|∆m|2√εr,1
(B.8)
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C Relation: OnBody Antenna Effective Area 
OnBody Gain

The derivation is based on the procedure for free-space according to [2] where it
is shown that the effective areaAe of the isotropic antenna can be calculated from
the ratio between gain and effective area of any other antenna. In the following, it
is proved 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 (4.6).

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

Ae =
(Ei · l)2

8WiRr
, (C.1)

where Ei and Wi are the electric field strength and power density of the incom-
ing wave. Rr is the antenna’s radiation resistance, which depends on the dipole’s
length l and in the on-body case also on its height h above the tissue. A solution
for this can be found in [70] as:

Rr = η0

(
l

λ

)2

· s(h), (C.2)

with η0 the impedance of free space,λ the wavelength and s(h) the factor defining
the dependency on the height h above the tissue. As evaluated in Chapter 3, in the
on-body far-field the fields can locally be approximated by a plane wave. Thus,
the incoming wave’s power density becomes:

Wi =
E2

i
2η0

. (C.3)
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This reduces the expression for the on-body effective area of a normal Hertzian
dipole to:

Ae,B =
λ2

4πs(h)
. (C.4)

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:

E =
pγ0η0
4πR

· 2F (ρ). (C.5)

The electric dipole moment p can be related to the accepted power Pin using the
relationships in [70] as:

p = ω

√
Pin8πε0
c0γ40s(h)

. (C.6)

According to (4.4) this leads to the on-body gain of a normal Hertzian dipole
as:

GB = s−1(h). (C.7)

Finally, the effective area of the isotropic antenna (4.6) for the derived on-body
antenna parameters is calculated as the ratio between the effective area (C.4) and
gain (C.7) of the Hertzian dipole.
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D Definition of the Spherical Wave Functions

The spherical wave function (SWF) F(c)
j are defined in a spherical coordinate

system (ρ,ϕ,θ) in dependence of the running index j19 and the order c as [63]:20

F(c)
1,m,n(r) =

1

2
√
π

1√
n(n+ 1)

(
− m

|m|

)m
z(c)n (k0ρ)e

jmϕ

{
jmP

|m|
n (cos θ)
sin θ

eθ

− dP |m|
n (cos θ)

dθ
eϕ
}

(D.1)

and

F(c)
2,m,n(r) =

1

2
√
π

1√
n(n+ 1)

(
− m

|m|

)m
ejmϕ

·
{
n(n+ 1)

z
(c)
n (k0ρ)

k0ρ
P

|m|
n (cos θ)eρ

+ w(c)
n (k0ρ)

(
dP |m|

n (cos θ)
dθ

eθ +
jmP

|m|
n (cos θ)
sin θ

eϕ

)}
, (D.2)

where the multi-index j is resolved to three single indices n,m, s.

This is done through the relations:

j = 2(n(n+ 1) +m− 1) + s, (D.3)

n ∈ N, (D.4)

19The variable j is used here both as a running index (to remain compatible with the literature) and
as the imaginary unit. As the index only occurs in subscripts, keeping them separate is possible.

20In contrast to [63], the time-dependence ejωt is assumed here.
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m ∈ {−n, ...,−1, 0, 1, ...n}, (D.5)

and
s ∈ {1, 2}. (D.6)

Finally, the radial dependencies are defined containing the spherical Bessel (J),
Neumann (Y ) or Hankel (H) functions of the first and second order as:

z(1)n (kρ) = jn(kρ) =

√
π

2kρ
Jn+1/2(kρ) (D.7)

z(2)n (kρ) = yn(kρ) =

√
π

2kρ
Yn+1/2(kρ) (D.8)

z(3)n (kρ) = h(1)n (kρ) =

√
π

2kρ
H

(1)
n+1/2(kρ) (D.9)

z(4)n (kρ) = h(2)n (kρ) =

√
π

2kρ
H

(2)
n+1/2(kρ) (D.10)

w(c)
n (kρ) =

1

kρ

d
d(kρ)

{kρz(c)n (kρ)}. (D.11)
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E SWF Radial CutOff / Mode Truncation

The radial cut-off property of the SWF can be interpreted by visualizing the radi-
ation as taking place in a spherical waveguide [63]. The waveguide extends from
the radius of the minimum sphere circumscribing the antenna ρ0 to infinity. Other
than with a conventional waveguide, the cross-section of the spherical waveguide
increases with ρ. Hence, more and more spherical modes may propagate if ρ in-
creases. If various modes excited by the antenna at ρ0 are assumed to have the
same order of magnitude, it can be observed that all modes with n > kρ0 are
heavily attenuated with increasing ρ. This is also visualized in Fig. 6.1 where the
amplitude of the Hankel function h(1)n (kρ), as an example for the radial depen-
dency of the SWF (ref. D), is depicted in dependency of kρ and for different n.
In Fig. 6.1(a) the graphs where normalized to 0 dB at kρ0 = 10. As can be seen,
the function with n = 20 is attenuated by about 80 dB compared to the one with
n = 5 for increasing distances kρ. However, if the normalization is performed at
kρ0 = 100 as depicted in Fig. 6.1(b) the function with n = 20 compared to the
one with n = 5 stays at the same order of magnitude. Thus, in dependency of the
minimum sphere ρ0 modes above a certain boundary can be neglected for SWF
decomposition in (5.1).

For free-space propagation, the boundary for the mode truncation can be esti-
mated by the empirical rule [63]:

N = [kρ0] + n1, (E.1)

where ρ0 is the radius of the minimum sphere enclosing the antenna structure,
and n1 an empirical factor that depends on the location of the coordinate system
and the accuracy required. The square brackets indicate the largest integer smaller
than or equal to kρ0.N is the maximum order of the spherical Bessel, or Hankel
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Figure 6.1: Amplitude variation of h(1)
n (kρ): (a) normalized at kρ0 = 10; (b) normalized

at kρ0 = 20 [63].
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functions. The number of associated modes in (5.1) is calculated as:

J = 2N(N + 2). (E.2)

With on-body propagation, the validity of the rule is reduced due to the near-
field coupling with the tissue. Therefore, an adaptive convergence check has been
introduced as described in Chapter 5.4.4.
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