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Summary

The spectacular crescendo of advance in mobile telephony applications
continuously raises public concern over the potential health hazards
resulting from exposure to radio-frequency (RF) electromagnetic fields
(EMF). In response, governments and industries worldwide have initi-
ated and conducted numerous research studies to address these public
health concerns.

The research field of RF EMF exposure assessment is a relatively
new field born out of the demand for novel scientific methods to assess
the potential health hazards of RF EMF exposure. The thrust of RF
EMF exposure assessment research is to develop methodologies and
numerical and experimental tools to perform exposure evaluations.
RF EMF exposure assessment is divided into three categories: (1)
the development of sound methods and procedures for demonstrating
compliance for specific devices operated in the closest vicinity of the
human body, e.g., testing mobile phones and wearable body-mounted
or body-supported wireless communication devices; (2) the develop-
ment of methods and procedures for demonstrating compliance in-situ
of far field and quasi far field sources, i.e., in the absence of dominant
near field sources, for example, mobile telephony and wireless local
area network base stations; and (3) the assessment of real-life expo-
sure to classify devices with respect to the user’s exposure or sound
exposure classifications in epidemiological studies.

Previous research mainly concentrated on the absorption mecha-
nisms of dominant RF sources in the very close near field with respect
to the human body and the quantification of exposure in terms of
incident fields from mobile telephony base stations. Methodologies,
procedures, and instrumentations for demonstrating compliance of in-

xi



xii SUMMARY

duced EMF from cellular phones with the basic restrictions in terms
of the Specific Absorption Rate (SAR) were developed, as well as
methods to assess the incident fields from base stations and to test
compliance with the derived limits. Governments and standardization
bodies have adopted these measures, and they are routinely applied
worldwide to certify mobile phones and base stations.

The wireless revolution has continued beyond cellular telephony
with the surging growth of other wireless communication applications,
including the pervasive presence of short range wireless communica-
tion devices in homes, schools, offices, trains, etc., and novel hand-
held, body- and head-mounted devices that are predominately used
with wireless communication links. As exposures diversify rapidly,
the ongoing debate about EMF safety in general and dosimetry in
particular persists with new and evolving concerns.

The constant evolution of wireless technology inevitably introduces
new scientific gaps in knowledge, as outlined in detail in Section 1.2 of
Part I. A thorough review of the currently available tools, procedures
and methodologies for exposure evaluations is provided in Part II.

Parts III and IV describe important scientific gaps in the field of
RF EMF exposure assessment that have been investigated and closed.
In particular, missing procedures and test modes for the testing of gen-
eral mobile communication devices employing novel unlicensed com-
munication technologies are identified. Technical deficiencies for some
of the current in-situ compliance test procedures for base station an-
tennas with safety limits are also revealed. As a result, these short-
comings are investigated in Chapters 3–5, and scientifically sound pro-
cedures and methodologies for the testing of compliance with safety
limits were developed. Test procedures and test modes for general
mobile wireless communication devices evolved from the research de-
scribed in Chapter 3. A validated in situ test procedure for wireless
telephony and communication base stations was developed directly
based on the absorption characteristics of the human body, as de-
scribed in Chapters 4 and 5. Furthermore, existing, yet ambiguous,
information about the reduction or enhancement of human exposure
using hands-free kits with mobile phones and the necessity of separate
compliance testing led to the development of procedures, methods,
and tools for the compliance testing of wireless and wired hand-free
kits in Chapter 9. Thus, the long-lasting scientific and public debate
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as to whether wireless and wired hand-free kits reduce or enhance hu-
man exposure has been closed: exposure of the entire head is reduced
when compared to the mobile phone operated directly at the head,
even under worst-case conditions; although, a very localized exposure
enhancement in the ear is possible when using the hands-free kits.

Chapter 4 also addresses whether current incident E- and H-field
reference levels are conservative and assessed consistently with re-
spect to the basic restriction for whole-body and localized SAR in
various human anatomies. The research confirms that the current
reference levels require conservative adaptation, especially in children,
and some of the current in situ assessment standards require revisions
to incorporate the proposed method in Chapters 4 and 5into current
assessment methods, which are primarily based on spatial averaging
of incident fields, to obtain a consistent assessment of the localized
SAR. Chapter 4 also describes the development of a novel metric for
predicting the actual absorbed average power in far field exposure sce-
narios in various human anatomies based on knowledge of the incident
field in epidemiologic studies.

Chapters 6–8 focus on dosimetry to assess mobile phone exposure
in epidemiologic research. Tools for assessing mobile phone expo-
sure under normal use conditions were developed, and a large-scale
compliance test data set was statistically analyzed. Novel proxies for
mobile phone exposure to support epidemiologic studies were also de-
rived. Communication technology is a dominant predictor of exposure
compared to other factors, such as the mechanical or antenna design,
radiation efficiency or usage orientation. Furthermore, the actual dif-
ferences between GSM and UMTS under normal usage conditions were
quantified in field evaluations, allowing for the direct application of
the derived variable in epidemiologic models.

The massive pervasiveness of wireless technologies in everyday life
fuels the demand for greater knowledge about the impact of the in-
creased exposure from the multitude of new technologies and devices
on human health. The exposure assessment of various general mobile
devices in Chapter 3 reveals a significantly higher exposure from these
devices as compared to the exposure from wireless telephony base
stations, for example. Mobile phones are still the dominant source of
exposure for the brain. By combining all the developed techniques,
the mobile phones can be reliably ranked based on the user’s exposure
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and in relation to the overall exposure from the various technologies.
In summary, the novel methods, procedures, tools, and conclusions

developed in the course of the research enhances dosimetric research
for compliance testing with safety limits, and provides support for
epidemiological studies. The results were disseminated to scientific
journals, and they contributed to the development of international RF
EMF exposure assessment and safety standards, in addition to gen-
erally providing more detailed information about the potential health
hazards of RF EMF exposure to the public.

Further research in the field of compliance testing is necessary to
keep pace with rapid technological advances. Future dosimetric efforts
to support epidemiologic studies should also consider the inclusion of
the latest results from laboratory studies, particularly for dosimetry
that is specific to the applied signal modulation and for quantification
of the exposure for specific tissues of interest.



Zusammenfassung

Der spektakuläre Zuwachs mobiler Telefonieanwendungen hat Besorg-
nis bezüglich möglicher Gesundheitsrisiken durch die Belastung durch
hochfrequente Elektromagnetische Felder (EMF) ausgelöst und zu ei-
ner fortwährenden Diskussion in der Öffentlichkeit und den Medien
geführt. Regierungsbehörden und Industrie haben deshalb in der Ver-
gangenheit mehrere Forschungsprogramme initiert, um die aufgewor-
fenen gesundheitsrelevanten Fragestellungen zu untersuchen und zu
beantworten. Durch diese Fragen kam es zur Gründung eines For-
schungsgebiet zur Abschätzung der Belastung des Menschen durch
EMF. Die Aufgabe dieses Forschungsgebietes ist es, Methoden so-
wie numerische und experimentelle Verfahren und Instrumente zur
Untersuchung der Exposition zu entwickeln und bereitzustellen. Das
Forschungsgebiet kann grob in drei Kategorien unterteilt werden: Die
erste Kategorie beinhaltet die Entwicklung von Methoden und Proze-
duren zur Zulassungsprüfung von Geräten, welche in nächster Nähe
des menschlichen Körpers betrieben werden, z.B. Mobiltelefone und
am Körper getragene sowie vom Körper gestützte drahtlose Kom-
munikationsgeräte. Eine weitere Kategorie beinhaltet die Entwick-
lung von Methoden und Verfahren zur In-situ-Prüfung von Fernfeld-
und Quasi-Fernfeldquellen, wobei eine dominante Nahfeldquelle aus-
geschlossen oder vernachlässigt werden kann. Dies schließt zum Bei-
spiel die Prüfung von Mobilfunkbasisstationen sowie von Zugangs-
punkten zu drahtlosen Netzwerken ein. Die letzte Kategorie dient der
Abschätzung der tatsächlichen Belastung, um z. B. Geräte bezüglich
ihrer Expositionsmerkmale zu charakterisieren, oder auch zur genauen
Quantifizierung der Exposition in epidemiologischen Studien.

In der Vergangenheit hat sich die Forschung hauptsächlich auf die

xv
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Absorptionsmechanismen in Bezug auf dem menschlichen Körper im
reaktiven Nahfeld einer Quelle sowie auf die Quantifizierung der ein-
fallenden EMF von Mobilfunkbasisstationen konzentriert. Methoden,
Prozeduren und Messgeräte zur Prüfung von Mobiltelefonen auf die
Einhaltung der für die induzierte EMF empfohlenen Basisgrenzwerte
und von Basisstationen auf Einhaltung der abgeleiteten Grenzwer-
te für einfallende EMF wurden entwickelt. Diese Forschungsergeb-
nisse wurden von Regierungsbehörden und Standardisierungsgremien
übernommen und werden alltäglich zur Zertifizierung von Mobiltele-
fonen und Basisstationen angewendet.

Die Revolution der drahtlosen Technologien hat jedoch nicht beim
Mobilfunk halt gemacht, sondern sich mit immensem Wachstum an-
derer Kommunikationstechnologien fortgesetzt. Drahtlose Geräte zur
Kurzstreckenkommunikation sind heute in Wohnungen, Schulen, Büros,
Zügen usw. allgegenwärtig. Neuartige auf dem Körper getragene und
vom Körper gestützte Geräte werden fast auschließlich mit drahtlo-
sen Schnittstellen benutzt. Sie gewinnen im Alltag mehr und mehr
an Bedeutung. Zusammenfassend lässt sich sagen, dass die Belastung
durch hochfrequente EMF heutzutage weitaus diversifizierter gewor-
den ist. Dies wiederum wirft weitere Fragen bezüglich der Sicherheit
im Allgemeinen und zur Dosimetrie im Speziellen auf.

Die oben genannten Faktoren haben eine Reihe von Lücken beim
Kenntnissstand der Abschätzung und Beurteilung der Exposition of-
fengelegt, welche im Detail in Abschnitt 1.2 der Einführung dieser Ar-
beit besprochen werden. In Teil II werden dann die heute verfügbaren
Methoden, Prozeduren sowie die experimenetellen und numerischen
Instrumente zur Quantifizierung der Exposition vorgestellt.

In den Teilen III und IV der Arbeit werden einige der wichtig-
sten bestehenden Wissenslücken zur Expositionsbeurteilung unter-
sucht und geschlossen. Insbesondere wurde das Fehlen von Testpro-
zeduren und Testmodi für Kurzstreckenkommunikationsgeräte jegli-
cher Art festgestellt, die moderne unlizenzierte Technologien einset-
zen. Des weiteren wurden technische Mängel einiger in-situ Testpro-
zeduren bezüglich des Einhaltens der Basisgrenzwerte beim Messen
der abgeleiteten Größen (E-Feld) identifiziert. Die zuvor genannten
Probleme wurden in den Kapiteln 3–5 untersucht, und es wurden fun-
dierte Methoden und Prozeduren zur Prüfung auf die Basisgrenzwerte
entwickelt. Testprozeduren und Testmodi für beliebige Kurzstrecken-
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kommunikationsgeräte gingen aus den Forschungsarbeiten in Kapi-
tel 3 hervor. Eine validerte Testprozedur für In-situ-Typenprüfungen
von Basisstationen, welche direkt auf Untersuchungen der Absorpti-
on von EMF im menschlichen Körper basiert, wurde in den Kapi-
teln 4 und 5 entwickelt. Des weiteren gab es in der Vergangenheit
unvollständige wissenschaftliche Untersuchungen bezüglich der Ver-
ringerung bzw. Erhöhung der Belastung durch die Verwendung von
Headsets beim Gebrauch von Mobiltelefonen. Es war unklar, ob ge-
gebenenfalls eine separate Typenprüfung der Headsets notwendig ist.
Zur Beantwortung dieser Fragen wurden in Kapitel 9 Verfahren und
Testgeräte für die Zulassungprüfung drahtgebundener und drahtloser
Headsets entwickelt. Mit dieser Studie konnte die seit langem beste-
hende wissenschaftliche und öffentliche Debatte über Headsets mit
dem Ergebniss abgeschlossen werden, dass ein Headset die Exposition
des gesamten Kopfes gegenüber dem Telefon am Kopf verringert, es
jedoch zu einer örtlich stark beschränkten Erhöhung der Belastung
im Innenohr kommen kann, dass aber auch keine zusätzliche Typen-
prüfung dieser Geräte notwendig ist.

Ein weiteres wichtiges Problem, mit dem sich das Kapitel 4 beschäf-
tigt, ist die Überprüfung, ob die heute bestehenden abgeleiteten Grenz-
werte für einfallende E- und H-Felder konservativ im Hinblick auf
die Basisgrenzwerte für die Ganzköperabsortion und die lokale Ab-
sorption in verschiedenen anatomischen Modellen des Menschen sind.
Darüberhinaus bestanden Zweifel, ob die räumliche Mittelung der ein-
fallenden Felder in inhomogenen Feldverteilungen zu einer Überschrei-
tung der Basisgrenzwerte für die lokale Spezifische Absorptionsrate
(SAR) führen kann. Tatsächlich haben die Resultate der hier vorge-
stellten Forschungsarbeiten bestätigt, dass die heutigen abgeleiteten
Grenzwerte einer Abänderung bedürfen, um das Einhalten der Basis-
grenzwerte insbesondere für Kinder zu gewährleisten, und dass eini-
ge der heutzutage verwendeten in-situ Beurteilungsstandards andere
Messmethoden als die räumliche Mittelung, z.B. die in den Kapiteln 4
und 5 entwickelte Methode, in Erwägung ziehen müssen. Die in Kapi-
tel 4 dargestellten Forschungsarbeiten haben außerdem zu einer neu-
en Metrik zur Vorhersage der absorbierten Leistung in anatomischen
Modellen des Menschen unter Fernfeldexposition für epidemiologische
Studien geführt.

Kapitel 6–8 behandeln die Dosimetrie für epidemiologische For-
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schung an Mobiltelefonen. Es wurden Instrumente zur Beurteilung
der Belastung durch Mobiltelefone während typischer Benutzungsbe-
dingungen entwickelt und eine große Menge an Typenprüfungsdaten
von Mobiltelefonen statistisch analysiert. Aus diesen Arbeiten konn-
ten Ersatzgrößen zur Abschätzung der Belastung zur Verwendung
bei epidemiologischen Studien abgeleitet werden. Es wurde festge-
stellt, dass die verwendete Kommunikationstechnologie der wichtigste
Prädiktor gegenüber anderen Faktoren wie dem mechanischen Auf-
bau, dem Antennentyp, der Strahlungseffizienz oder auch der Orien-
tierung des Telefons während der Benutzung ist. Des weiteren wurden
die tatsächlichen Unterschiede unter normalen Benutzungsbedingun-
gen zwischen GSM und UMTS durch Feldversuche quantifiziert. Dies
erlaubt es, die Benutzungsbedingungen als bekannte Variable in epi-
demiologische Studien einzuführen.

Trotz großen Drucks sowohl von öffentlicher Seite als auch durch
Epidemiologien bestand für lange Zeit eine Wissenslücke bezüglich
der zu erwartenten Exposition durch Kurzstreckenkommunikations-
geräte. Diese Lücke konnte durch die Quantifizierung der Belastung
einer Vielzahl solcher Geräte geschlossen werden (Kaptiel 3). Ein wich-
tiges Ergebnis ist, dass die Belastung durch diese Geräte gerade im
Vergleich mit der Belastung durch Mobilfunkbasisstationen signifikant
ist. Es wurde aber auch festgestellt, dass das Mobiltelefon noch im-
mer die Strahlungsquelle ist, die das Gehirn am stärksten belastet.
Schließlich haben die Forschungsarbeiten in dieser Arbeit auch da-
zu beigetragen, die Belastung durch das Mobiltelefon wieder in die
Gesamtexposition durch alle Technologien einzuordnen.

Zusammenfassend lässt sich sagen, dass diese Arbeit signifikant
zum Fortschritt der dosimetrischen Forschung für die Typenprüfung,
zur Begrenzung der Belastung durch hochfrequente EMF sowie zur
Dosimetrie für epidemiologische Studien beigetragen hat. Die Ergeb-
nisse der Arbeit wurden in wissenschaftlichen Zeitschriften veröffent-
licht und haben zur Entwicklung internationaler Mess- und Sicher-
heitsstandards sowie zur Information der Öffentlichkeit beigetragen.

Weitere Forschungsarbeiten auf dem Gebiet der Typenprüfung
sind jedoch notwendig, um mit der schnellen Entwicklung und mit
dem Technologiewechsel in der drahtlosen Kommunikation Schritt zu
halten. Darüber hinaus sollten zukünftige Arbeiten zur Dosimetrie in
epidemiologischen Studien die neuesten Ergebnisse aus Laborstudi-
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en berücksichtigen. Insbesondere ist zu empfehlen, die dosimetrischen
Untersuchungen für epidemiologische Studien unter Berücksichtigung
der verwendeten Modulationsverfahren und der einzelenen belasteten
Gewebetypen durchzuühren.
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Chapter 1

Introduction

1.1 Background

Since the advent of mobile telephony growth and success, concern
and debate over the potential health hazards resulting from exposure
to radio-frequency (RF) electromagnetic fields (EMF) has dominated
public and media interests. In response, governments and industries
worldwide have initiated and conducted numerous research programs
to address the public health concerns.

One of the research areas of the IT’IS Foundation and the Bio-
Electromagnetics Group of IIS focuses on the investigation and de-
velopment of methodologies and numerical and experimental tools for
exposure assessments, exposure evaluations, and exposure systems for
biomedical experiments. The exposure evaluations are divided into
three categories:

• Methods and procedures for demonstrating compliance for spe-
cific devices operated in the closest vicinity of the human body,
e.g., mobile phones and wearable body-mounted or body-supported
wireless communication devices

• Methods and procedures for demonstrating compliance in-situ
of far field and quasi far field sources, i.e., in the absence of
dominant near field sources, for example, mobile telephony and
wireless local area network (WLAN) base stations

3



4 CHAPTER 1. INTRODUCTION

• Assessment of real-life exposure to classify devices with respect
to the user’s exposure, for example, or for sound exposure clas-
sifications in epidemiological studies.

Past research at the IT’IS Foundation mainly concentrated on the
absorption mechanisms of RF sources in the very close near field.
Methodologies, procedures and instrumentations for demonstrating
compliance of cellular phones with safety limits were developed, and
governments and standardization bodies adopted them. They are also
routinely applied for the certification of mobile phones worldwide.

The wireless revolution has progressed beyond cellular telephony
with the immense growth of other wireless communication applica-
tions, such as pervasive WLAN devices in homes, schools, offices,
trains, etc. and novel handheld, body- and head-mounted devices
that are predominately used with wireless communication links. As
exposures undergo rapid diversification, the ongoing debate over RF
EMF safety in general and dosimetry in particular persists with new
and evolving concerns.

1.2 Motivation and Objectives

Several scientific gaps in knowledge related to dosimetry and exposure
characterization are identified:

• Lack of procedures and test modes for testing general mobile
communication devices employing novel communication stan-
dards with safety limits

• Absence of rigorous evaluations to determine the conservative-
ness of the derived incident E- and H-field limits with respect to
the basic restrictions, i.e, induced fields in various anatomical
human body models

• Lack of models representing the absorption characteristics of
human bodies exposed to RF EMF in the far field of transmitters

• Lack of conservative, robust and fast in-situ measurement pro-
cedures based on absorption characteristics of the human body
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• Limited information about the level of exposure from pervad-
ing technologies, such as general mobile, handheld, and body
mounted communication devices

• Ambiguous information about the reduction or enhancement of
exposure when mobile phones are used with hands-free kits

• Lack of sound exposure proxies for mobile phone epidemiological
studies

• Lack of information about the exposure from mobiles phones
under normal use conditions

• Lack of standardized procedures for the testing of implants and
devices that allow adaptive beam-forming

• Need for near field probes that overcome the limitations of cur-
rent probes when measuring complex signal waveforms

• Need for dosimetric measures that are specific to the applied sig-
nal modulation and a quantification of the exposure for specific
tissues.

Addressing and closing these scientific gaps in knowledge through the
review, analysis and development of the necessary methodologies, pro-
cedures and tools to advance the dosimetry for the assessment of hu-
man exposure to RF EMF was the main objective of the research.

1.3 Outline of the Thesis

To address the aforementioned issues, the thesis is divided into three
parts: Part II the methodological aspects of RF dosimetry; Part III
studies contributing to the exposure assessment of general mobile and
far field sources; and Part IV contributions for quantifying typical lev-
els of exposure and relevant dosimetric metrics to support epidemi-
ological studies on mobile phones. Each section is divided into the
following individual chapters:

Methods (Part II):
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• Chapter 2: Overview of instrumentation and methods for
RF EMF dosimetry and compliance testing with safety lim-
its.

General Mobile and Far Field Sources (Part III):

• Chapter 3: Development of dosimetric compliance test pro-
cedures for general mobile wireless communication devices
as well as the quantification of the induced and incident
EMF from those devices.

• Chapter 4: Evaluation of the conservativeness of the ref-
erence levels with respect to the basic restrictions in vari-
ous human anatomies for multiple incident plane-wave and
scattered field configurations. Development of an in-situ
incident field measurement procedure that is conservative
with respect to whole-body and localized SAR limits.

• Chapter 5: Evaluation of the applicability and uncertainty
of the in-situ measurement procedure for base station com-
pliance testing developed in Chapter 4 for indoor environ-
ments.

Mobile Phones (Part IV):

• Chapter 6: Evaluation of the effect of radiation efficiency
of mobile phones on human exposure in GSM networks.

• Chapter 7: Evaluation of the effect of the communication
system (GSM and UMTS), communication network oper-
ator, and geographical location on the power control of
mobile phones.

• Chapter 8: Analysis of the United States Federal Commu-
nication Commission (FCC) SAR compliance test database
to identify statistically significant mobile phone design pa-
rameters that impact on human exposure.

• Chapter 9: Evaluation of human exposure when mobile
phones are used with wired and wireless hands-free kits.

Epilogue (Part V):
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• Chapter 10: Conclusions and future outlook on required
research topics.
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Methods
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Chapter 2

EMF Exposure
Assessment: Tools and
Methodologies

2.1 Introduction

Radio-frequency (RF) electromagnetic field (EMF) exposure assess-
ments can be divided into two categories: 1) incident field assessment,
i.e., quantification of the incident EMF or the field characteristics at
the location of exposed bodies but without their presence, and 2)
dosimetry, i.e., quantification of the EMF induced in biological tis-
sues or bodies. In most cases of compliance evaluation, verification
that the actual exposure is below a certain value is paramount to accu-
rate determination of individual exposure. However, highly accurate
predictions are needed for some purposes, e.g., medical applications
for such as hyperthermia as well as for biological in-vivo and in-vitro
experiments. Another field of research that requires accurate dosime-
try are epidemiological studies aiming to correlate human exposure to
EMF with possible health effects. However, due to the complexity of
the exposure scenarios, the uncertainties accompanied with dosimetry
for epidemiological studies are often much higher than for laboratory
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studies. A further important aspect concerning dosimetry for epi-
demiological studies is that typical levels of exposure of a subject
from a technology have to be assessed as opposed to worst-case levels
in compliance testing.

2.1.1 Electromagnetic Field Dosimetry

Dosimetry is the science of quantifying the three-dimensional distri-
bution of EMF inside tissues and organs of biological bodies. The
term is also applied to media having dielectric characteristics simi-
lar to biological bodies, e.g., cell cultures, tissue simulating liquids,
etc. The induced field is the only field parameter that can interact
with biological processes and is therefore referred to as the primary
quantity.

Dosimetry usually refers to the assessment of the induced field on a
macro level, i.e., the averaged induced field across cells. Microdosime-
try refers to the evaluation of fields across membranes, proteins, etc.
This is a new specialty facing various basic problems such as material
models and transitions between classical and quantum electrodynam-
ics. In all cases macrodosimetry is the first step, since microdosiemtry
can develop from the locally averaged induced fields.

The distribution of induced fields, particularly RF, is a complex
function of numerous parameters such as frequency, incident field
strength, incident angle, field impedance, incident field distribution,
polarization, size and shape (posture) of the biological body, tissue
distribution, dielectric characteristics of the tissues, etc. In general,
the dynamics of the induced field strength range over several orders of
magnitude. In other words, the strength and distribution of the fields
induced by the same incident exposure vary greatly with anatomy and
body orientation with respect to the field.

It is practically impossible to measure the fields non-invasively or
in-vivo; thus, measurements can only be obtained postmortem. The
limitations [1] associated with postmortem evaluations include 1) ac-
cessibility to only certain tissues, 2) field distortions by the invasively
introduced probe and dielectric changes due to decreased tissue tem-
perature and blood content, and 3) large uncertainties associated with
obtaining accurate measurements near and across tissue boundaries
[2, 3]. Only the integrated, totally absorbed power can be determined
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relatively easily by the calorimeter method (see Section 2.3.2).
Progress in computational electromagnetics (CEM) along with the

exponential growth of computational power and memory have facil-
itated the determination of field distributions in full anatomical hu-
man bodies with resolutions much smaller than one cubic millimeter
(see Section 2.6). The lossy and low quality factor properties of com-
plex anatomical structures pose no special challenges for numerical
methods such as the finite-difference time-domain (FDTD) method
(Figure 2.1). Limitations are mainly due to inadequate phantoms
providing insufficient spatial resolution, e.g., to accurately represent
the skull [3] as well as uncertainties in the applied tissue properties.

Figure 2.1: The latest advances in numerical techniques enable the
computation of realistic scenarios without restrictions regarding spa-
tial resolution and material description. Remaining difficulties are
material parameters and manufacturing tolerances.

Nevertheless, experimental dosimetry is often superior to numeri-
cal approaches for the compliance testing of commercial devices. The
sources usually consist of highly resonant structures tightly assembled
with other electronic and metallic structures. It is difficult to predict
with low uncertainty whether, how, and by what means secondary
resonant structures might be excited through simulations, especially
when also considering the scattered fields of biological bodies. Small
differences can easily result in deviations of more than a factor of two
from reality. Only when the structure is electromagnetically well de-
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fined can good correspondence between simulations and measurement
generally be achieved, i.e., smaller than 20%. [4]. In addition, detailed
information about field distributions inside anatomical bodies is often
irrelevant because it cannot be generalized; differences in anatomy and
posture can result in significantly different distributions. However, for
safety considerations, the upper boundary (typically 95th percentile)
of exposure for the entire population is relevant rather than individ-
ual exposure. Hence, worst case phantoms are often applied to assess
the upper exposure boundary for specific exposure conditions, e.g.,
mobile telephone handsets.

Since the degree of freedom for these phantoms is relatively large,
they can be chosen homogeneously (see Section 2.4.1), which fosters
the use of experimental techniques. Furthermore, experimental tech-
niques allow testing of the physical device under test (DUT) and do
not require verification of the computational model. Consequently,
experimental techniques have proven to be cheaper and faster for com-
plex transmitters, particularly when the device is operated in the clos-
est vicinity of the human body. Recent evaluation of the procedures
for mobile phone compliance testing has revealed that a conservative
assessment is possible with a simplified experimental technique using
homogenous phantoms [4, 5, 6].

During the past decade, considerable progress has been achieved
in experimental and numerical dosimetric assessments. Experimental
dosimetric assessments are limited to homogeneous phantoms or to
a few tissues in biological bodies. These assessments are normally
applied for testing compliance with the basic restrictions or for the
validation of results obtained by computational techniques. If the
SAR distribution in anatomical tissues, for example, is of interest,
numerical dosimetry has to be applied

2.1.2 Incident Exposure Assessment

Experimental dosimetry requires sophisticated instrumentation, sig-
nificant expertise and time. It is impractical for in-situ exposure as-
sessments. Therefore, easy-to-apply techniques and methods using a
worst case approach have been developed to determine compliance
with potentially hazardous induced fields by determining the incident
fields. The worst case concept derives the conditions for maximum
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induced fields inside the human body for an incident field strength
in terms of the polarization, field distribution (plane wave), field
impedance (plane wave), size and posture of the human body and
its dielectric properties. The induced fields are lower than a value X
if the local maximum incident field strength of the E field and H field
is below the value Y. Attempts to alter this conservative approach
have yielded alternatives with an insufficient scientific and engineer-
ing basis (see Chapter 4).

Assessment of the incident exposure is simple for plane wave or far
field conditions. Under these conditions, the E-field vector is perpen-
dicular to the H-field vector, and both are orthogonal to the direction
of propagation. The ratio of the amplitudes of the E- and H-fields or
the intrinsic impedance of the medium with a permittivity (ε) and a
permeability (µ) is equal to the wave impedance Z at any location [7]:

Z =
E

H
= η =

√
µ

ε
(2.1)

and in free space
Z0 = 377 Ω (2.2)

Furthermore, the amplitude is constant over the entire volume of
the absent exposed body. In these cases, it is necessary to measure
only one component (E- or H-field) at one location in space. Unfortu-
nately, far field conditions rarely occur. However, far field conditions
are approximately met locally by changing the amplitude in space at
distances larger than the extension of the reactive near field zone [8]:

r > max

 λ
D
D2

4λ

 (2.3)

where r is the radius or distance from the transmitting structure, λ
the wavelength and D the largest antenna dimension.

In other words, for distances meeting the requirements of 2.3, only
the maximum of the field components must be determined to demon-
strate compliance. For any distance smaller than the requirements of
2.3, the maximum of both components must be spatially scanned to
reliably predict that the maximal induced fields are below a certain
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limit. Fine volume scanning of transmitter antennas in the very near
field yields greater uncertainty, neglects feedback onto the source due
to the presence of a lossy body, and is more time consuming than
dosimetric measurements in homogeneous phantoms. Since such near
field assessments are more conservative, they are rarely conducted in
the context of exposure assessments.

2.2 Fundamental Quantities of EMF

The basic quantities necessary for electromagnetic exposure assess-
ment are summarized in Table 2.1.

Symbol Quantity Unit
~E Electric field (vector) V/m
~H Magnetic field (vector) A/m
~B Magnetic flux density (vector) Wb/m2

S Power density (scalar) W/m2

~S Pointing vector ~S = ~E × ~H W/m2

W Energy density W/m3

SAR Specific absorption rate W/kg
∆T Temperature increase K
J Electric current density A/m2

ε Complex permittivity ε = ε0 · εr F/m
ε0 Permittivity of free space ε0 = 8.854× 10−12 F/m
εr Complex relative permittivity εr = ε′r − jε′′r
σ Conductivity S/m
µ Permeability µ = µr · µ0 H/m
µ0 Permeability of free space µ0 = 4π · 10−7 H/m
µr Relative permeability
c Specific heat capacity J/(kgK)
ρ Mass density kg/m3

Table 2.1: Quantities, symbols and units used in experimental expo-
sure assessment.
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2.2.1 Primary Quantities: Basic Restrictions

Restrictions on exposure to time varying electric, magnetic, and elec-
tromagnetic fields that are based directly on established health effects
are termed basic restrictions [9]. Depending upon the frequency of
the field, the physical quantities used to specify these restrictions are
either the current density (J) or the specific absorption rate (SAR).
The dosimetric quantities used in current guidelines [9, 10, 11, 12] are
J for frequencies up to 10 MHz and the specific absorption rate (SAR)
for the frequency range from 100 kHz to 10 GHz. J is related to the
internal electric field by the Ohm’s-Law:

J = σE (2.4)

E is the internal electric field, and σ is the complex conductivity of
the tissue.

The SAR is the ratio between the average rate of the absorbed
power to the absorbing mass. It is defined as follows:

SAR =
d

dt

(
dW

dm

)
=

d

dt

(
dW

ρdV

)
(2.5)

where dW is the incremental energy dissipated in an incremental mass
dm included in an incremental volume dV and ρ is the mass density.
The SAR can also be calculated directly from the electrical loss, which
is proportional to the mean square of the locally induced root mean
square value (rms) of the electric field strength Erms:

SAR =
σE2

rms

ρ
=
J2

σρ
(2.6)

and to a temperature increase by:

SAR = c
dT

dt
(2.7)

where c is the local specific heat capacity of the tissue. Equation 2.7
is only valid if the exposed body is in thermal equilibrium or a steady
thermal state at the beginning of the exposure and either heat ex-
change processes can be neglected during the measurement interval
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or the processes are known and corrected such that dT can be cor-
respondingly corrected. Current safety standards [9, 13] for limiting
EMF exposure provide maximum limits for basic restrictions for the
uncontrolled/general public as well as for controlled/occupational ex-
posure over the whole considered frequency range. The standards
are ambivalent with respect to the quantity SAR. Typical, basic re-
strictions regarding SAR are 2 W/kg averaged over a cubic volume of
10 g [9] and 1.6 W/kg averaged over a cubic volume of tissue of 1 g
[13], applied in Europe and the United States/Canada, respectively.
Furthermore, safety standards typically require the SAR to be aver-
aged over a time-period of 6 minutes, where this time-averaged SAR
is proportional to the time-average output power of the device dur-
ing the 6 minute-period. The debate among experts is whether SAR
is a dosimetric quantity only relevant to thermally-based models of
EMF interaction, as a surrogate for temperature, or whether it can
describe effects in addition to those related to temperature. In fact,
SAR is directly related to the induced internal E-fields and current
density (Equation 2.6), but only in special cases directly related to
the induced H-fields. SAR is also directly proportional to the radio-
frequency output power of a device [14].

2.2.2 Derived Quantities: Reference Levels or Max-
imum Permissible Exposure

The derived quantities are the electric field strength (E), magnetic
field strength (H), magnetic flux density (B), power density (S), and
currents flowing through the limbs (I). These quantities were derived
from the basic restrictions using experimental or computational meth-
ods. They represent conservative limits for worst case scenarios. De-
rived limits are called reference [9] or maximum permissible exposure
levels [10, 11]. Compliance with these quantities implies compliance
with the basic restrictions. However, if the reference quantities exceed
the derived limits, the relevant basic restrictions are not necessarily
exceeded. In such cases, compliance can be demonstrated by dosimet-
ric means.

In summary, reference levels are easy to assess if the plane wave or
far field conditions are approximately met (see Section 2.1.2) and the
resulting SAR and induced current densities are below the correspond-
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ing basic restrictions under all circumstances. The reference limits for
occupational/controlled and general public/uncontrolled exposure are
given in [9, 10, 11, 12].

2.3 Experimental Techniques

2.3.1 Field Probes

E-field probes have been used for microwave measurement since the
early 1970s. The first power density meters were developed by Aslan
[15] and Rudge [16]. Aslan used a thermo-coupling model consisting
of two pairs of thin film, vacuum evaporated electrothermic elements
that functioned as both an antenna and a detector. Rudge employed
two small diode loaded dipoles as sensor elements. The first prototype
of an isotropic, miniature field probe was introduced by Bassen [17] in
1975. Additionally, fiber optic field probes were proposed as early as
the 1970s [18]. Comprehensive overviews of field probes are reported
in [19] and [2].

Broadband E-field Probes

Diode-based field probes are well established and commonly used for
dosimetric assessments. These probes consist of an appropriate field
sensor, a detector, transmission lines and readout electronics (Fig-
ure 2.2). Three mutually orthogonal diode-loaded dipoles with an
isotropic receiving pattern constitute the probe. To achieve good spa-
tial resolution and broadband performance, electrically short dipoles
are employed:

βh =
2πh
λ
� 1 (2.8)

where h is the length of a dipole arm, β the propagation constant
and λ the wave length [19]. A flat frequency dependence cannot be
achieved if the length of the probe is larger than a fraction of the
wavelength (< 0.05λ). However, this limitation can be overcome by
gradually resistive dipoles [20].

Typical isotropic E-field probe sensors are shown in Figure 2.3. A
radio frequency (RF) detector diode (usually Schottky-type) is located
in the center of the dipole arms. If the detector diode is operated in
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Figure 2.2: Simplified schematic of a broadband field probe.

a) b) c)

Figure 2.3: E-field probe configurations: a) E-field probe for mea-
surements in air with one sensor aligned to the probe axis and two
orthogonally, b) dosimetric probe for E-field measurements in tissue-
simulating liquids allowing integration of an optical proximity sensor
in its center, c) miniature dosimetric probe with interleaved dipoles.
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the square-root law region, the diode current is proportional to the
RF power delivered over the dipole to the detector diode. The detec-
tor diode is connected to the data acquisition electronics by a highly
resistive line. The transmission lines must be designed precisely to
eliminate distortions such as parasitic sensor elements and scattering,
which cause degradation of the pattern and unwanted polarization
characteristics of the actual receiving elements. High-resistive trans-
mission lines are ideal for minimizing field perturbation and pick-up ef-
fects. A detailed investigation of transmission line design can be found
in [21]. Current probe designs apply either thin-film (R ∼ 10MΩ/m)
[18] or thick-film (R ∼ 500MΩ/m) [22] techniques.

The induced fields are recorded by the read-out electronics. The
electronics typically consist of a measurement amplifier and an analog
digital converter. The read-out values are then optically forwarded.
The optical transmission provides a galvanic decoupling and reduction
of field perturbing conductive parts near the DUT.

In addition to E-field probes, H-field probes are also available, the
basic theory of which can be found in [23]. H-field probes and E-field
probes are basically similar except for the field sensor element, i.e.,
H-field probes employ a small loop element instead of a dipole sensor.
The disadvantages of loop based sensors include a strong frequency
dependence and currents induced by both H- and E-fields. Different
methods for flattening the frequency dependence of loop probes have
been proposed in [2, 24]. The ratio of the voltage induced in a circular
loop with diameter d by the E-field and the H-field is [23]:

VE
VH
' −j2π d

λ
. (2.9)

Therefore, for electrically small loops only, i.e., d/λ � 0.01, the cur-
rent will mainly be determined by the magnetic field. In [2], lossy
covers were proposed to further suppress the E-field sensitivity of the
loop.

A general problem of diode based probes is their inherent non-
lineraty over the dynamic range due to the diode characteristics as
well as imbalance effects between forward and reverse operation when
measuring amplitude modulated signals. Methods to overcome these
limitations have been presented in [25]. In contrast to diode based sen-
sors, thermocouple probes are true square-law detectors. Such sensors
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are, for example, used in free space field probes [26]. These sensors
are, however, impractical for dosimetric and near field applications
because of their generally lower sensitivity and dynamic range. Based
on the setup of these isotropic field probes, the measured field mag-
nitude is yielded from the root sum square of the three orthogonal
components:

|X| =
√
|X1|2 + |X2|2 + |X3|2 X ∈ {E,H}. (2.10)

This summation is carried out regardless of any phase differences be-
tween the respective components. Hence, the field reading represents
the upper bound of the field magnitude.

The output signal of the probes just described is dependent on the
following parameters:

• frequency, modulation, and field strength

• polarization, direction, and field gradients

• material boundaries near the probe sensors

• sources of interference (noise, static and low frequency fields,
vibration, temperature etc.)

Therefore, it is necessary to quantify the influence of these param-
eters. A calibration under well-defined conditions is carried out to
characterize the most crucial parameters for each probe individually.
A detailed summary of different calibration methods for field probes
and a characterization of the parameters contributing to the mea-
surement uncertainty is given in [2]. All possible influences must be
included in the resulting uncertainty assessment, since the conditions
during the actual application of the probes differ considerably from
the calibration scenario. Figure 2.4 provides an overview of different
probe construction parameters that contribute to the probe charac-
teristics.

Modern dosimetric field probes are available in the frequency range
from 10 MHz up to 6 GHz. They have an isotropy error lower than
±0.5 dB and sensitivities in the range of 5-10µW/g [27]. Modern
probes have very small sensor tip dimensions (2.5 mm) and high spa-
tial resolution, allowing measurements very close to material bound-
aries. A probe with reduced size (tip diameter 1.0 mm) was introduced
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Figure 2.4: Impact of the constructional details on the probe charac-
teristics.

in [28] and enables accurate dosimetric measurements for frequencies
exceeding 10 GHz. Although this probe consists of only a single sensor
element, isotropy is obtained by 120◦ rotation around the probe axis
and an appropriately aligned sensor element. Probes for determining
both the electrical and magnetic field pseudo-vector information are
presented in [29]. This technique is based on measurements of five
or more field components in space and reconstruction of the ellipse
parameters.

2.3.2 Temperature Instrumentations

Temperature Probes

The locally induced SAR can also be assessed by temperature mea-
surements, as summarized in Equation 2.7. However, diffusion effects
must be excluded. Due to thermodynamic processes, this is only pos-
sible if the system is in thermal equilibrium directly at the beginning
of the exposure, or if the diffusion process is known for the assessment
period. Heat radiation and convection must be negligible or known
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and correct during the measurement interval. If those processes are
unknown a sufficiently small response time of the measurement equip-
ment is necessary [30]. A typical temperature rise curve as applied for
SAR measurements is shown in Figure 2.5. The temperature rise curve
is only valid for SAR determination if the linear part is considered.

Figure 2.5: Typical temperature rise curve for SAR assessment. The
linear part of the rise-curve is applied for the calculation of the SAR.
(Acquired using DASY4 from SPEAG, Switzerland)

Two types of temperature probes exist: those based on thermistors
or those based on optical effects. The requirements for temperature
probes for SAR assessments are:

• small size: the probe must be small to resolve high temperature
gradients, without disturbing the temperature distribution as
well as the RF field

• non-conductive materials: only electrically non-conductive ma-
terials prevent heating of the probe by induced currents and are
transparent to electromagnetic fields

• low noise-level: small differences must be detected accurately,
especially for dynamic temperature measurements, e.g., SAR,
and thus the noise level should be much smaller than 10 mK
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• short reaction time: a short reaction time is essential for SAR
measurements as the temperature rise (dT/dt) is only propor-
tional to the SAR if heat diffusion does not occur. An appro-
priate probe must have reaction times much lower than 100 ms
[31].

Temperature probes for SAR measurement using thermistors were
first described in [32]. These probes utilize high resistance thermis-
tors that are connected through high resistance lines to the readout
electronics. In [33], a temperature probe based on a VITEK thermis-
tor (BSD Medical Devices, USA) is presented. This probe has a noise
level of 5 mK, a sensitivity of 5 mK/s and a tip diameter of 1 mm; how-
ever, it has a relatively slow reaction time of 240 ms. In [30], a novel
temperature probe design for dosimetric assessments was introduced.
This probe provides a spatial resolution of 0.02mm3, noise level of
4 mK, sensitivity of 0.5 mK/s as well as a reaction time of 10 ms.

In addition to the thermistor concept, temperature probes based
on thermo-optical effects are also available. These probes are applied
in high-voltage transformers, industrial microwave ovens and hyper-
thermia treatment. One of the exploited effects is the decay rate of
a phosphorescent layer at the tip of a fiber optic cable [34]. These
modern commercially available probes have a noise level of 0.1 K and
reaction times of 250 ms. Another exploited effect is the interfero-
metric application of a cavity that is filled with materials that have
highly temperature dependent refraction indices. These probes reach
sensitivities of 2-3 mK/s [33].

Infrared Photography

The measurement of temperature by black body-equivalent radiation
(infrared photography) is an alternative to invasive measurements us-
ing temperature probes. The resolution of infra-red thermographs
can be very high (< 1 mm), and the sensitivity of affordable systems
has continuously improved over the years. This was also one of the
first methods used to measure SAR [35] as the surface radiation can
be recorded quickly using infrared cameras without perturbation of
the incident field. Infrared cameras were also used to measure the
temperature of GSM mobile phones [36]. The technique has several
disadvantages:
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• limited sensitivity compared to temperature or dosimetric probes

• limited to surfaces

• the thermal radiation characteristics of the materials must be
determined accurately

• the background radiation must be homogeneous

• evaporation and convection can cause substantial errors and
must be controlled

• different aspect angles of the camera can cause different results.

Micro-Capsulated Thermo-Chromic Liquid Crystals

A novel idea to assess 3D temperature distributions optically and in
quasi real time was proposed by Suzuki et al. [37]. Micro-capsulated
thermo-chromic liquid crystals (MTLC) were suspended uniformly in
a gel with the dielectric properties of human muscle tissue. The tem-
perature of the gel is determined by measuring the light scattered
from a laser beam that scans through the liquid. The technique has
a limited dynamic range and sensitivity.

Calorimeters

Calorimetry specifies methods for measuring heat due to biological,
chemical or physical processes that are endothermic or exothermic.
Calorimetric methods are suitable for determining average whole-body
SAR, but they cannot reveal SAR distributions.

Calorimetry can be subdivided into two types:

• direct calorimetry: the heat is determined directly using calorime-
ters

• indirect calorimetry: the amount of expressed heat is determined
indirectly by measuring the amount of oxygen consumption and
relating it to the oxicaloric equivalent of the reaction.

Basically, calorimetric dosimetry analyzes the heating and cooling
processes of an exposed sample. Typical calorimeters used in mi-
crowave dosimetry are the Dewer Flask Calorimeter and the Twin
Well Calorimeter [38].
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2.3.3 Measurement Antennas

Different types of broadband matched antennas are usually applied for
the frequency selective exposure assessment of external fields. These
measurement antennas are matched to 50 Ω to be compatible with
standard RF measurement equipment. They are usually applied to
far field measurements of emissions by cellular telephony base sta-
tions, broadcast services, etc. Common broadband RF measurement
antennas such as horn or logarithmic periodic antennas have a certain
directivity. For example, an antenna with a 45◦ beam width requires
more than 18 measurement directions for each polarization as the re-
ceiving patterns do not have the shapes of square sectors. This reduces
the applicability of these antennas for complex propagation scenarios,
i.e., locations where the received field is not dominated by a direct
line of sight propagation path but by multi-path reception. Tuned
dipole antennas do not show a directivity in the radial direction, but
they lack broadband operation. Conical [39] and bi-conical [40] an-
tennas have the advantage of non-directiveness in the radial direction
and generally good broadband characteristics. If, for example, the
ADD3D method [41] is applied in combination with a conical dipole
antenna, the measurement orientations for a fully isotropic scan can
be reduced to three different directions. In this case, the isotropy is
obtained by an antenna alignment similar to near field probes such
that the resulting field is:

|E| =
√
|E1|2 + |E2|2 + |E3|2 =

√
|U1|2 + |U2|2 + |U3|2 ·AF (2.11)

where AF is the frequency-dependent antenna factor in linear quanti-
ties (1/m) and Ui is the antenna output voltage at the three different
antenna orientations. To obtain the antenna output voltages, a mea-
surement receiver (see Section 2.5.1) connected via a well-characterized
cable is applied. The antenna output voltage is:

|Uiantenna
| = |Uireceiver

| ·ATTcable (2.12)

where |Uireceiver
| is the voltage measured with the receiver andATTcable

the attenuation of the cable in linear units. Other sources of atten-
uation, e.g., attenuators to reduce the VSWR of the measurement
antenna, must be similarly considered.
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2.4 Near Field Scanners

2.4.1 Scanners for Dosimetric Compliance Testing

In dosimetric compliance tests, exposure from RF transmitters op-
erating in close proximity to the body, e.g., mobile phones or body-
worn wireless devices, are compared to the basic restrictions (see Sec-
tion 2.2.1). This is a complex task as the exposure greatly depends
upon the device design, the position of the device with respect to the
body, the external and internal anatomy, as well as the effect of the
backscattered field on the device (Figure 2.6). In order to obtain a
reliable assessment with acceptable effort, the standards must deter-
mine the maximum or 95th percentile exposure for the entire popula-
tion that may be operating the DUT. Measurement standards have
been developed by different organizations, e.g., by IEC (International
Electrotechnical Commission), IEEE (Institute of Electrical and Elec-
tronics Engineers), ARIB (Association of Radio Industries and Busi-
nesses), KEES (Korea Electromagnetic Engineering Society), and oth-
ers.

MTE

Current distribution

on the antenna

& device

SAR

Phantom / Head

Position of the device

•

•

design (antenna, housing, internal details)

antenna matching

• H-field coupling

•

•

•

•

size / shape

external objects

(ear, glasses...)

hand
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•
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Figure 2.6: Overview of impact parameters for dosimetric compliance
testing of mobile terminal equipment (MTE).

In general, a dosimetric evaluation requires the measurement of
several hundreds of points distributed over a complex 3-dimensional
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phantom. The task is divided into 1) searching for the location of the
maximum absorption on the two-dimensional (2D) grid, and 2) deter-
mining the peak spatial SAR value on a fine 3D grid. These points
must be determined with high accuracy, especially at high frequen-
cies, in order to achieve low measurement uncertainty despite high
attenuation and large spatial field variations. Automated dosimetric
assessment systems are utilized to perform these compliance tests. A
typical configuration of a dosimetric assessment system is shown in
Figure 2.7. A computer controlled 6-axis positioner is used to move
the dosimetric E-field probe within the scanning grid, which can be
adaptive, e.g., along a surface that is being detected during the scan-
ning job. The different field probe designs have already been discussed
in Section 2.3.1. Phantoms, for example, the specific anthropomorphic
mannequin (SAM) phantom, the elliptical phantom, etc., and tissue-
simulating liquids (see Table 2.2) have been developed and validated
with respect to the 95th percentile requirements [42, 43].

There are currently several commercially available dosimetric as-
sessment systems. The first version of the most prominent system,
DASY4/5 (SPEAG, Switzerland), is described in [22]. This system
consists of a six-axis robot with a positioning repeatability of±0.2 mm.
Diode-based isotropic E-field probes with integrated optical surface
detection are employed. The measurements are computer aided and
computer controlled. The measurement results, i.e., field and SAR
distributions as well as 1 g and 10 g spatial average peak SAR, are
automatically determined and visualized. The expanded standard un-
certainty (k=2) is less than 20%. Most other systems also follow this
concept.

It should be noted that this approach provides reliable conservative
estimates of the maximum spatial peak SAR that might occur in the
user population, but little information about the exposure of specific
tissues.

2.4.2 Fast Dosimetric Scanners

Dosimetric compliance tests are extremely time-consuming, especially
as all configurations with all accessories must be evaluated. Faster
SAR measurement techniques are desirable. SAR information pro-
vides further valuable intelligence such as 1) output power under
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2 mm

6 mm

Tissue Simulating Liquid

DUT

Twin SAM Phantom
Dosimetric Probe

Positioner

Figure 2.7: Dosimetric assessment systems consist of a computer con-
trolled positioner, a dosimetric field probe, and a phantom (left and
right head, flat region for system validation and body mounted mea-
surements) filled with tissue equivalent liquid.

loaded conditions as indicated by a different spatial peak SAR, if
the absorption pattern is not altered, and 2) changes of the inter-
nal RF path, e.g., by poor contacts, as indicated by a modified SAR
pattern. Therefore, fast SAR scanners meeting the requirements of
production lines with respect to assessment time and reliability would
be beneficial for quality assurance purposes.

An approach to extrapolate mass-averaged SAR from the area scan
performed at the phantom surface was presented in [44]. The proposed
algorithm allows extrapolation of the peak spatial SAR from the 2D
scan. Another algorithm reducing the measurement time of an area
scan lasting 5 to 10 minutes was proposed by Merckel [45].

Two additional approaches have been presented to further accel-
erate the assessment. The first approach, using a scanner based on
incident H-field measurements, is described in the next section. The
second approach [46] is based on a sensor array implanted in a solid
flat phantom (Figure 2.8). The phantom is filled with a broadband
tissue-simulating gel (300 MHz up to 6 GHz), with sensors located
4 mm below the surface. The density of the sensor array is sufficient
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Frequency Head Tissue Body Tissue
MHz εr σ (S/m) εr σ (S/m)
150 52.3 0.76 61.9 0.80
300 45.3 0.87 58.2 0.92
450 43.5 0.87 56.7 0.94
835 41.5 0.90 55.2 0.97
900 41.5 0.97 55.0 1.05
915 41.5 0.98 55.0 1.06
1450 40.5 1.20 54.0 1.30
1610 40.3 1.29 53.8 1.40

1800-2000 40.0 1.40 53.3 1.52
2450 39.2 1.80 52.7 1.95
3000 38.5 2.40 52.0 2.73
5800 35.3 5.27 48.2 6.00

Table 2.2: Electric parameters of head and body tissue equivalent
liquids at various frequencies.

to reliably assess the exposure, i.e., 15 mm. The measured SAR val-
ues of all sensors are acquired and integrated in parallel, such that
the total assessment time is less than 3 s. The parallel sampling of all
sensors makes this device the only available SAR measurement system
for the assessment of devices with multiple simultaneous transmitters.

2.4.3 Incident Near Field Scanners

In the reactive near field, field gradients are generally very high, and
the field impedance differs greatly from the far field impedance and
rapidly changes over short distances. Hence, both E- and H-fields
must be assessed, based on requirements regarding spatial resolution
and isotropy that are similar to those of dosimetric scanners. In ad-
dition, distortions by reflections from instrumentation must also be
carefully evaluated and included in the uncertainty budget.

General purpose scanner systems are equal or similar to those used
for dosimetric evaluations, except that E- and H-field probes opti-
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Figure 2.8: The concept of a fast dosimetric scanner based on a dense
array of sensors completely immersed in a broadband tissue simulating
medium. In order to provide a quick response, the signals of all sensors
must be amplified and integrated in parallel allowing novel devices
with multiple transmitting antennas to be tested. The high-resistive
sensor leads are vertical to minimize field distortions.

mized for free space are used instead of dosimetric probes. Since scan
procedures do not need to follow complex surfaces, 3-axis systems
[47] are also suitable. However, such evaluations are rarely used to
test compliance with safety limits as the limits are significantly more
conservative and the measurement resources, time required and uncer-
tainty budget are higher than for dosimetric assessments. Neverthe-
less, such measurements are valuable for the validation of numerical
results [48] or to test compliance with interference limits in the close
near field, e.g., for hearing aids [49].

A specialized near field scanner was proposed and developed to
test pre-compliance of mobile handsets with safety limits [50]. Its un-
derlining concept is based on the primary interaction mechanism of
near field exposure [51], i.e., the local SAR is approximately propor-
tional to the square of the incident magnetic field at the surface of the
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phantom:

SAR = αH2
s (2.13)

The magnetic field is scanned in a reference plane above the DUT
using a loop antenna array. The factor α is determined by relating a
traditional compliance measurement inside the phantom to the mag-
netic field scan in free space for a certain DUT. The system can predict
the SAR within 30 seconds. The main disadvantage of such a system
is that it does not simulate a realistic load to the antenna of the DUT.

2.5 Incident Field Evaluations in the Far
Field of Transmitters

Evaluation of the exposure in the far field of a transmitter is usually
conducted for fixed transmitters such as radio and TV broadcast an-
tennas, radar sites, or cellular base stations. Exposure assessments
are carried out in areas that are generally accessible or restricted to
qualified working personnel. Compliance is tested with the reference
limits by assuming free space field impedance, i.e., by E-field evalu-
ation. As described in Section 2.1.2, only one measurement point is
required under real far field conditions. However, actual environments
usually involve nearby reflectors, i.e., a scanning procedure is required
to find the maximum exposure.

Broadband instant measurements are often insufficient as the eval-
uated transmitters do not always operate at maximum power, for ex-
ample, the transmitted power of base stations is dependent on the
traffic. In such cases, information on the maximum exposure with re-
spect to the measured exposure must be available and soundly applied
to extrapolate the worst case exposure. Table 2.3 lists the parameters
that are necessary to extrapolate the worst case exposure and to re-
duce the uncertainty of the actual measurement campaign. It is easier
to determine the measurement methods when additional parameters
are known. General sources of error are:

• field perturbation by measurement personnel, e.g., reflection and
absorption of EMF due to the body of the measurement engineer
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• application of the measurement antenna, e.g., non-observance of
antenna directivity and polarization

• application of ineffectively decoupled cables, e.g., acting as sec-
ondary antennas

• application of the measurement receiver, e.g., incorrect measure-
ment settings for the measured signals

• selection of the measurement point, e.g., measurement points
that are not feasible for yielding the maximum EMF exposure,
measurement points close to bodies that influence the measure-
ment antenna’s calibration.

Different methods for assessing EMF exposure in the far field have
been proposed. One approach is the sweeping method. This method
requires the engineer to slowly move the measurement antenna with
varying polarizations and directions through the volume of interest
[52]. The measurement receiver operates in maximum hold mode dur-
ing the assessment, i.e., the maximum field value is determined and
compared to the reference values. The method is evaluated in greater
detail in Chapter 5 of this thesis. Another method is based on the ex-
amination of several well-defined points in the area of interest. In this
case, the antenna is mounted on a tripod and the different directions
and polarizations are examined at the considered points [53]. The
first method is conservative but sensitive to the position of the mea-
surement operator with respect to the antenna. The second method
can be performed with the measurement engineer further away, but
the number of measurements in the volume is small. A combination
of both methods is presented in [54], i.e., first the region is scanned
for the field maximum in the area of interest and then an isotropic
and frequency-selective measurement is performed at the location of
the maximum.

Far field techniques are also often employed in the near field of
transmitters, e.g., on transmitter towers. Some standards allow a
spatial averaging of E-field evaluations [11], the rationale of which is
based on the whole-body SAR limit. However, this constitutes a re-
laxation of the safety concept as it does not consider H-field coupling
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Site Parameter Explanation
Location The location of the transmitter

with respect to the measurement
point

Line of sight / non-line of sight Determines if a prevalent propa-
gation path may be expected

Type of site Single or multiple antenna site
Antenna directivity Antenna beam characteristics
Antenna radiation direction The direction the transmitter ra-

diates
Antenna power at measurement The antenna input power at

the time the measurement takes
place

Maximum antenna input power Maximum permissible antenna
input power

Frequency Frequencies at which the site
transmits

Communication system Communication system that is
used, i.e., which signal character-
istics are expected

Other sources of radiation The field at the measurement
point if the assessed transmitter
is switched off

Table 2.3: Important parameters of RF transmitter sites assessed in
the far field.
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as the dominant mechanism in the near field nor the limits of spa-
tial peak SAR. Based on current knowledge, such relaxations do not
exclude violations of the basic restrictions.

The advantages and limitations of different measurement equip-
ment for assessing the exposure of unknown transmitters are discussed
below.

2.5.1 Broadband Measurements

Broadband measurements are especially applicable for survey mea-
surements. The field is measured and automatically summed over a
broad frequency range. No information on the spectral characteristics
of the field is available. Therefore, if a broadband meter is used for
compliance testing, the measured field value must comply with the
lowest permissible limit defined in the measurement range of the me-
ter. Broadband survey meters are relatively inexpensive and easy to
apply. Hence, these probes are often used for field measurements.

Field probe with separate
measurement amplifier and

field monitor

Field probe with
integrated amplifier

and field monitor

Sensor Head
(with dipole / loop sensor and diode detector)

Transmission lines

Field monitor

Pre-amplifier

Figure 2.9: Schematic of the most common designs of broadband RF
survey meters.

Figure 2.9 displays typical broadband field survey meter designs.
Figure 2.10 displays the frequency response of two broadband probes.
The field value measured with probe 1 must comply with the lowest
limit in the frequency range from 10 MHz to 1 GHz, whereas probe 2
must comply with the lowest limit between 100 MHz and 10 GHz. The
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overlapping frequency range is counted twice if the exposure values are
added to cover the entire frequency range. Some broadband probes
are designed to reflect the frequency dependence of the limits. In all
cases, it is advised that the off-band response of these probe systems
is carefully evaluated. If a specific transmitter is the dominant source,
compliance testing is greatly simplified [55].

1 MHz 10 MHz 100 MHz 1 GHz 10 GHz

0 dB

-3 dB

probe 1 probe 2

Field strength

Figure 2.10: Frequency response of two broadband field survey meters.
The fields in the frequency ranges are summed. If the fields from
probes 1 and 2 are summed again, then the fields in the overlapping
frequency range are accounted for twice.

In addition to frequency response, broadband probes have a cer-
tain time-domain transfer function. When pulsed fields are measured,
this response must be compensated. However, information on the
time-domain characteristics of the measured field is necessary for this
compensation. In summary, the main sources of uncertainty regard-
ing broadband survey meters are: calibration, linearity, frequency re-
sponse, isotropy, time-domain response, and temperature response.
In conclusion, the accuracy of broadband evaluations is significantly
limited but generally conservative.

2.5.2 Frequency Selective Measurements

Frequency selective measurement techniques can overcome the issue of
the unknown spectral composition of the field. However, the execution
of the measurement is more complicated so that insufficiently trained
personnel are likely to produce erroneous results.

Measurements in the frequency domain are performed with a mea-
surement antenna, as described in Section 2.3.3, that is connected to
a spectrum analyzer (Figure 2.11). The spectrum analyzer mixes the
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Figure 2.11: Schematic of a frequency selective measurement of an
EMF.

received RF signal down to the base band. A filter is swept in fre-
quency over the considered sweep bandwidth. The signal after the
filter is detected using user-definable detectors. Most spectrum ana-
lyzers provide video filters for additional filtering (smoothing) of the
spectral signal. Setting the sweep and filter parameters can signif-
icantly impact the measurement result. Optimal settings for GSM
and UMTS based on a simulation approach were recently presented
in [56, 57]. The impact of summing parts of the spectrum due to non-
ideal filters was investigated in [58]. Most analyzers also provide a
zero-span mode. The RF signal is mixed down to the base band, and
only the time-domain envelope of the signal is displayed afterwards.
This mode may be applied, e.g., to investigate the time-domain char-
acteristics of an unknown communication system. Additionally, it is
especially useful for measuring pulsed signal forms as this is often used
in communication systems. In summary, the application of spectrum
analyzers is a complex topic. Measurement recommendations deal-
ing with frequency selective measurements should always describe the
spectrum analyzer settings to produce feasible and comparable re-
sults. Nevertheless, the measurement engineer should still test the
actual applicability of these settings for his particular measurement
equipment.

The main sources of uncertainty regarding frequency selective mea-
surements are:

• calibration of the spectrum analyzer, cable, and measurement
antenna

• linearity of the spectrum analyzer, cable, and measurement an-
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tenna

• frequency response of the spectrum analyzer, cable, and mea-
surement antenna

• demodulation method of the spectrum analyzer (detector type)

• temperature response of the spectrum analyzer, cable, and mea-
surement antenna

• mismatch between measurement equipment.

Although the frequency selective measurement method overcomes
most of the issues regarding broadband survey meters, it is not suffi-
cient to soundly identify the exposure from different transmitters at
the same frequency. In this case, measurement receivers should be
applied.

2.5.3 Code Selective Measurements

Code selective measurements are especially necessary when the ex-
posure from a specific transmitter applies code division multiple ac-
cess (CDMA), e.g., if a Universal Mobile Telecommunications System
(UMTS) is to be assessed. All UMTS base stations usually transmit in
a single frequency band. With a frequency selective receiver, it is not
possible to discriminate between exposure from different base stations
as a single frequency band is used and the channels are multiplexed in
code-domain. Code selective receivers decode the received signal from
a base station, i.e., the receiver is able to discriminate between a re-
ceived field strength from the base station of interest and other noise-
like sources. The receiver measures only the field received from the
base station of interest if the particular scrambling code is used for de-
coding. Basically, the same sources of uncertainty must be considered
for code and frequency selective measurements. However, in contrast
to frequency selective measurements, the modulation of the signal does
not increase uncertainty, but rather the possible non-orthogonality of
the respective scrambling codes. Typical measurement receivers for
UMTS base station measurements are the Rohde & Schwarz TSMU
[59] and the Anritsu ML8720B [60]. Both receivers have a slow sam-
pling rate, insufficient for swept scanning. The Narda-STS SRM-3000
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[61] overcomes this issue. In general, if measurement receivers are ap-
plied, overestimation of the measured field values will be smaller than
for frequency selective and broadband measurements.

2.6 Numerical Techniques

Experimental methods are well suited for compliance testing purposes
such as in-situ measurements of the incident fields and measurement
of the induced fields from near-field source in homogeneous media.
However, there remain many problems in EMF dosimetry that re-
quire the determination of the induced fields in actual anatomical
human bodies or phantoms of those. Problems that require numerical
evaluations are:

• Derivation of simplified and conservative methods for compli-
ance testing, e.g.:

– Validation of the conservativeness of dosimetric phantoms
and tissue emulating media (see Chapter 9)

– Derivation and validation of the conservativeness of the ref-
erence levels for various human anatomies (see Chapter 4)

– Determination of conservative incident field measurement
techniques (see Chapters 4, 5)

• Assessment of the exposure in specific organs and tissue regions
used to support the dosimetry of human provocation and epi-
demiological studies [6, 62].

Only a very limited set of problems in the field of EMF dosimetry
can be analytically solved. An example is evaluation of the enhance-
ment in absorbed power from incident plane-waves due to tissue lay-
ering modeled by layered half-spaces [63]. However, most real-world
problems require the numerical solution of a discretized reformulation
of the original problem. Numerous methods to solve Maxwell’s equa-
tions have been proposed. A summary of various numerical full-wave
techniques is given in [64].
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2.6.1 Numerical Tool

All simulations within this thesis were performed with SEMCAD X
(SPEAG, Switzerland) applying the Finite-Difference Time-Domain
(FDTD) method [65, 66]. The method computes the vectorial E- and
H-fields directly on a staggered grid in Cartesian coordinates cover-
ing the entire computational space. The E- and H-field components
are updated in a leap-frog scheme using the finite difference form of
Maxwell’s equations. When using an equidistantly spaced mesh, the
finite difference expressions of all derivatives in Maxwell’s equations
are 2nd order accurate. Moreover, the arrangement of the E- and
H-field components on a staggered grid efficiently renders the curl op-
erators of Maxwell’s equations yielding the highest possible numerical
accuracy for a given computational stencil [67].

For grid resolutions of approximately λ/10, the numerical disper-
sion error of the algorithm is sufficiently small for most of the dosimet-
ric problems in the RF range. However, finer resolutions in the range
of less than a millimeter are often necessary to resolve the anatomical
details of the exposed model of a human or an animal.

The FDTD algorithm is very well suited for the simulation of
anatomical models as complex tissue distributions (dielectric prop-
erties) can be easily mapped to the computational grid and the mate-
rial properties of every grid edge assigned to the discretized Maxwell’s
equations in the algorithm.

In addition to the aforementioned advantages of the method, the
post-processing features of SEMCAD X are particularly well suited
for solving RF dosimetry problems. Those features include efficient
algorithms for the extraction of the spatially averaged peak SAR ac-
cording to [68], and also a powerful Python scripting interface allowing
the automatic simulation of setups as well as the implementation of
custom post-processing features like the extraction of the exposure of
specific tissues or body regions.

2.6.2 Anatomical Models

Conventional dosimetric models of the human body consist of prevox-
eled data of a fixed resolution [69]. In numerical simulations using
the FDTD method, this generally determines their orientation in the
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computational grid as well as the mesh resolution. If the models need
to be rotated in the computational domain, or if their resolution must
be modified due to numerical reasons, this usually goes along with
loss of accuracy due to multiple sampling, particularly with respect
to small organs or thin tissue layers, such as the skin.

In order to overcome these disadvantages, eight whole body models
(two adults and six children) were developed within the framework of
the Virtual Family Project and a follow up study. The models are
based on high resolution MRI scans (0.5 mm x 0.5 mm x 1.0 mm in the
head, 0.9 mm x 0.9 mm x 2 mm in the trunk and the limbs). 84 tissues
and organs were segmented and reconstructed as three-dimensional
CAD objects yielding anatomical models of unprecedented fidelity and
quality. These models can be arbitrarily placed in the grid and meshed
at arbitrary resolution without loss of detail. Figure 2.12 shows two of
the CAD models used in the simulation in this thesis. Further details
on the models and their development can be found in [70]. Based on
the research reported in [71, 72, 73], dielectric tissue properties for
various tissues are readily available and can be applied in numerical
dosimetry studies using anatomical human body models.

Figure 2.12: Virtual Family CAD models. Shown are the Duke (right)
and Ella (left) models.
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Chapter 3

Assessment Methods for
Demonstrating
Compliance with Safety
Limits of Wireless
Devices Used in Home
and Office Environments

3.1 Introduction

Within the last few years many new wireless connectivity standards
and technologies have emerged. The steadily increasing use of these
new technologies results in greater radio frequency (RF) exposure in
homes and work places. Health agencies and the public have expressed
their concern about cumulative exposure and have requested further
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information. Current standards are focused on exposure occurring in
the closest near-field of transmitters, i.e., <200 mm between the body
and transmitter, or in the very far-field, i.e., at distances of many
wavelengths. Thus, none of the currently developed standards and
exposure assessment techniques are directly applicable to short-range
transmitters operating within buildings. The standards for testing
the compliance of mobile phones operated at the ear are issued and
consistently applied, e.g., [74, 75, 76, 77, 78]. The standard for the
compliance testing of body-worn and hand-held devices is close to
completion [79]. Standards for testing the compliance of fixed trans-
mitters are also available, e.g., [8]. Only Switzerland has addressed
exposure inside rooms and has issued a national standard for testing
compliance inside buildings for exposure from base stations [52]. The
latter became necessary to enforce the precautionary limits set for
long-term exposure from fixed transmitters, such as telecommunica-
tion base stations, TV and radio transmitters [80]. Testing compliance
with safety limits always requires testing with the maximum power
delivered by the device, which may be maintained over an averaging
period. However, the time averaged transmitted power of many of
these devices depends on several system parameters, e.g., power con-
trol, time-domain power envelope and crest factor. Several agencies
now require compliance testing of these devices with safety limits but
are faced with the problem that standardized evaluation procedures
are not available. This causes uncertainty within the agencies, indus-
try and consumers alike. The objective of the study described in this
chapter was to develop procedures that determine a conservative max-
imum exposure and are scientifically and technically sound. Compli-
ance can be demonstrated based on (1) the basic measured quantity,
i.e., the specific absorption rate (SAR), (2) the derived quantities,
i.e, the electric field (E-field) and magnetic field (H-field), or (3) the
low-power exclusionary clause. An improved basis for the latter has
recently been suggested by [81].

This chapter is structured as follows: Section 3.2 describes the
test modes used to obtain the worst-case output power for each class
of evaluated devices, Section 3.3 summarizes the tested devices in this
study, Section 3.4 describes the assessment of the incident fields, Sec-
tion 3.5 describes the dosimetric evaluations and Section 3.6 discusses
the results in view of the most appropriate techniques for testing the
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compliance of these classes of devices, as well as with respect to hu-
man exposure to electromagnetic fields (EMF) from the considered
sources.

3.2 Test Modes for Compliance Testing

For the compliance testing of wireless communication devices, setups
providing worst-case output power conditions are necessary. For stan-
dardized devices, realistic worst-case conditions can be derived from
the standard of the underlying communication system. For propri-
etary devices, the worst-case configuration must be provided by the
manufacturer or determined experimentally. In the following, exper-
imental configurations to achieve a realistic worst-case situation for
the investigated device classes are proposed:

IEEE802.11 covers three common communication systems: IEEE
802.11b and IEEE802.11g operate in the frequency range from 2.4 GHz
to 2.4835 GHz with a channel bandwidth of 22 MHz [82, 83, 84, 85].
IEEE802.11a [86] operates in the 6 GHz range. There are regional
differences regarding the operation bands for IEEE802.11a. In most
countries the bands are in the 5.2 GHz and 5.8 GHz ranges. IEEE
802.11a/b/g devices are not equipped with dynamic power control.
The highest output power can be achieved if the maximum of the
medium access control (MAC) service data units ((M)SDU) are trans-
mitted, resulting in the lowest possible crest factor. IEEE802.11 de-
vices may implement two different medium access mechanisms: car-
rier sense multiple access with collision avoidance (CSMA/CA) and
CSMA/CA with the ready to send / clear to send extension (RTS/
CTS). Depending on the applied mechanism, different data rates are
achieved as investigated in [87]. In general, the maximum channel oc-
cupation of the device under test (DUT) is achieved if no interference
from another device is encounted on the channel. Achieving the maxi-
mum channel occupation would generally imply a unidirectional com-
munication link at the highest data rate. However, IEEE802.11b/g/a
devices implement adaptive coding rates. Crest factors at lower coding
rates are lower than at maximum coding rates due to almost constant
transmission timeouts between transmitted packages at all rates but
longer packages at lower rates, i.e., the maximum time-average out-
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put power is actually not obtained at the maximum transmitted data
rates. The minimum crest-factor will be obtained for the maximum
data rate at the lowest coding rate. In addition, higher coding rates
typically cause larger peak to average ratios of the signal. Many de-
vices thus reduce average output power at high coding rates. For the
measurements in this study, a User Datagram Protocol (UDP) trans-
mission was set up with a traffic generator driving the DUT, a traffic
absorber at the terminal station of the remote device, and the devices
under test programmed to use only the lowest available coding rate.
A packet length of 1472 bytes was used, thereby achieving the highest
throughput [88]. Table 3.1 summarizes the resulting minimum crest
factors and maximum net data rates (minimum coding rate) for the
communication system dependent timeouts in IEEE802.11 devices for
a MSDU of 1500 bytes, i.e., 1472 bytes data and 20+8 bytes accounted
to the IP/UDP headers. The testing shall be performed with the de-
vice operating at channels 1, 6 and 11 in order to cover frequency
dependencies over the 2.45 GHz band and in the country specific low,
mid and high band frequencies in the 5 GHz subbands.

Standard Channel
access mecha-
nism

Minimum
crest factor

Maximum net
data rate

IEEE802.11b
(DSSS-1)

CSMA/CA 1.05 0.8 Mbit/s

IEEE802.11g/a
(OFDM-6)

CSMA/CA 1.1 4.5 Mbit/s

Table 3.1: Summary of the minimum crest factors at the highest
possible unidirectional net data rates for IEEE802.11b (DSSS-1) and
IEEE802.11g/a (OFDM-6) for a MSDU size of 1500 bytes resulting
from active sending and time-out periods of the communication sys-
tems.

Bluetooth operates in the frequency range from 2402 MHz to 2480
MHz [89]. One single connection occupies the entire band due to
the use of fast frequency hopping. The output power of a Bluetooth
device can be influenced in two ways: 1) by the time division du-
plex method, and 2) by the power control. During the compliance
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test, it is necessary for the receiver to request the maximum output
power from the DUT. Bluetooth power class I devices have a power
control limiting the transmitted power over 0 dBm. A power control
for class II and III devices is optional. The power control is based
on signal strength detection at the receiver. This information is sent
to the transmitter by the receiver signal strength indicator (RSSI).
If the highest peak output power is set by the power control, the
time-averaged output power depends only on the DUT’s duty cycle.
Therefore, it is necessary to operate the DUT with the lowest applica-
ble crest factor. Theoretically, the lowest crest factor can be achieved
if a device (Master) continuously transmits 5-slot bursts interrupted
by one slot reserved for the remote device (Slave):

cfmin =
3750µs
2871µs

= 1.3 (3.1)

where 3750µs is the duration of 6 time slots in Bluetooth and 2871µs
the active sending period of a 5-slot transmission. However, Bluetooth
provides a wide range of application dependent communication pro-
files that may not utilize multi-slot transmission. Consequently, under
more realistic conditions the crest factor is larger due to single slot
transmissions, shorter bursts and interleaved slots. In this study Blue-
tooth USB dongle devices and hands-free kits [90] were investigated.
The EMF exposure from wired and wireless hands-free kits is studied
in more detail in Chapter 9. The excitation of Bluetooth headsets
was performed using a random acoustic signal between 800 Hz and
2 kHz. The USB dongle devices provide the Network Encapsulation
Profile (BNEP) [91]. A UDP stream, as applied in the WLAN ex-
periment, was used to generate traffic. The unidirectional behavior of
UDP again guarantees the maximum applicable channel occupation
by the DUT, independent of possible asymmetric channel utilization.
In contrast to WLAN, the maximum throughput for a single slave
pico net is not dependent on the size of the UDP packet payload
[92]. For sound compliance tests it is recommend to set the DUT to
a well-defined transmission mode and extrapolate to the worst-case
situation. This mode is best achieved by setting the DUT into the
Bluetooth test mode and subsequently performing a transmitter test
[89]. The DUT may only be set into the test mode by manufacturer-
provided software or hardware tools. Additionally, a Bluetooth tester
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is necessary to perform the tests. The recommended parameters for
the transmitter test according to [89] are summarized in Table 3.2.
In this configuration the DUT transmits for 366 µs in every second

Parameter Setting
Test scenario 3 (transmitter test - 1010 pattern)
Hopping mode 1 / 3 (hopping Europe, USA / France)
Power control mode 1 (adaptive power control)
Poll period 1 (1.25 ms)
Packet type 0111 (HV3)
Length of test sequence 30 (240 bit payload)

Table 3.2: Recommended settings for Bluetooth Link Manager Pro-
tocol (LMP) Test Control PDU.

slot. The Bluetooth specification is unclear about the actual output
power if fixed output power is used in the test mode. The DUT is
therefore operated using adaptive power control. According to [89],
the normal link manager protocol commands for power control can be
used to request maximum output power. An E-field (Etest) measured
in this mode can be extrapolated to the maximum possible E-field for
5-slot transmissions (Emax):

〈Emax〉t =

√
2871
1098

〈Etest〉t (3.2)

where 2871µs is again the active sending period of a 5-slot transmis-
sion and 1098µs is the active sending period in the transmitter test
mode. If the above test mode specification and extrapolation is fol-
lowed, the worst-case exposure of the DUT operating in master mode
is obtained.

DECT fixed parts do not typically implement an adaptive power
control [93]; hence only the number of assigned communication slots of
the particular transmitter accounts for the output power. The EMF
can be measured with a single occupied downlink slot and is then
extrapolated to the maximum of possible connections provided by
the device. The E-field determined in single slot mode (basic packet
transmission) Esingle can be extrapolated to the E-field for a specific
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slot occupation Eex either by equation 3.3 for single slot transmissions
or equation 3.4 for double slot transmissions:

〈Eex (n)〉t =
√
n · 〈Esingle〉t (3.3)

〈Eex (n)〉t =

√
n+

n
2 · 56
424

· 〈Esingle〉t (3.4)

| n = 2k {k ∈ N≤0}

where n is the number of occupied single slots and k the number of
double slots. The additional fraction for the double slot accounts for
the longer active sending period during the transmission of a high
capacity physical packet versus the active transmission time of two
basic packets. The crest factor determined for a single occupied slot
is:

cf =
10ms

0.368ms
= 27.2 (3.5)

where the crest factor is the ratio of the burst repetition period (10 ms)
over the basic packet active sending period (0.368 ms). Portable parts
(PP) occupy only a single uplink communication slot during an open
call. PP may optionally implement an adaptive power control. During
the test it must be ensured that the PP transmit with maximum peak
output power. The power control relies on the measurement of the
received signal strength at the PP. The higher the received signal
strength, the lower the transmitted power is. To obtain the maximum
transmitted power from the PP, the remote fixed part output power
must be artificially reduced such that the received signal strength is
equal or less than the receiver signal strength threshold of the PP
[93]. In conclusion, DECT fixed parts are measured with one active
downlink slot, e.g., a telephone call. The result is then extrapolated
to the maximum of possible channels. For DECT PP the maximum
output power must be ensured. If power control is not applied in the
PP, it is tested in normal operation, e.g., a telephone call. None of
the PP tested in the study applied a power control.

Communication devices based on proprietary standards must be
treated individually. Exposure assessment procedures require knowl-
edge about the communication standard of a particular device. If
the information is not provided by the manufacturer, experimental
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determination of the communication technology parameters must be
performed. The following parameters have to be considered:

• center frequency (or frequency range)

• bandwidth

• time domain power envelope and crest factor

• power control.

Operation of the devices in all possible configurations and monitoring
of the emitted signal is recommended. For the proprietary communi-
cation devices evaluated in this study continuous transmission (baby
surveillance and wireless peripheral devices) could be achieved by ex-
ternal excitation for all devices.

3.3 Devices Under Test

In this study the incident and induced fields from a large set of wireless
shortrange devices were assessed, including:

• Baby surveillance devices

– 3 devices (40, 446, 863 MHz)

• Wireles peripherals

– 2 wireless Mice (27, 50 MHz)

– 1 wireless Keyboard (27 MHz)

• DECT:

– 4 handsets

– 4 base stations

• Bluetooth:

– 2 wireless hands-free kits

– 2 USB dongle devices

– 1 personal digital assistant (PDA)
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• IEEE802.11b/g

– 6 access points

– 5 wireless client peripheral cards

– 1 PDA

• IEEE802.11a

– 4 access points

– 3 wireless client peripheral cards

3.4 Evaluation of Incident Field Exposure

Compliance is shown when the incident field values are below the
derived limits for the electric and magnetic fields. In the far-field, E- or
H-field measurement is sufficient since the field impedance is constant.
This is approximately obtained (with locally changing amplitude) if
the constraints defined by equation 3.6 are fulfilled and if no reflectors
are in the vicinity, with R being the transmitter-body distances, D
the largest antenna dimension, λ the wavelength [8].

R > max

 λ
D
D2

4λ

 (3.6)

If equation 3.6 cannot be fulfilled, or if unintentionally small device-
body distances are possible, a dosimetric evaluation is often more
practical. The reason is that dosimetric assessments are often eas-
ier, more accurate and less conservative, i.e., the derived limits are
often violated in the near-field although the device is still well within
the basic limits. In general, devices operated in close proximity to
the human body (0 - 200 mm) should be assessed dosimetrically [79].
If equation 3.6 is satisfied, evaluation can be conducted using only
free-space E-field measurements. Since a non-omnidirectional radia-
tion pattern of the DUT must be generally assumed, it is necessary
to determine the main beam direction. This would require a fully
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spherical scan around the DUT [94]. However, this is very time con-
suming. On the other hand, the devices considered in this study
are usually not equipped with highly directive antennas as they are
designed to cover larger areas and may be mounted in various po-
sitions. An almost omnidirectional radiation pattern can therefore
be assumed. Consequently, only measurements in the directions of
minimums of the radiation pattern must be excluded. In order to
exclude measurements in the direction of a minimum, measurements
on two circles around the DUT were performed (Figure 3.1). First,
the maximum on one circle was determined, i.e., Max (1). Then a
second circular scan containing Max 1 was performed orthogonally
to the plane spanned by the first scan and Max (2) determined. In
the direction of Max (2), the E-field was mapped over distance. The
objective was to conduct an evaluation starting from the near- to far-
field transition up to a distance of at least 2 m. The measurement
procedure is sketched in Figure 3.1, where the bold lines denote the
orthogonal measurement circles. The measurements were conducted

E-Field mapping
over distance

DUT

1

2

Figure 3.1: Directivity assessment of the DUT along two perpendicu-
lar great circles with determined maxima (1) and (2).

using biconical dipole antennas in mutually orthogonal polarizations
at each measurement point in the far-field of the device under test.
At distances lying in the near-field of the sources, i.e., distances not
satisfying equation 3.6, isotropic miniature E-field and H-field probes
were used to map the incident EMF.
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3.5 Dosimetric Evaluations

All devices were also evaluated dosimetrically using the the automated
dosimetric assessment system DASY4 (SPEAG, Switzerland), shown
in Figure 3.2. The concept of the scanner is described in [22]. All
devices were either tested at the flat phantom section or at both ears
of the specific anthropomorphic mannequin (SAM) head phantom. In
the first case, the procedure of [79] was adopted for the DUT, whereby
the phantom was filled with body-tissue simulating liquid as defined in
[75]. In the latter case, the phantom was filled with head-tissue simu-
lating liquid and the procedures of [77, 78] were followed. The testing

2 mm

6 mm

Tissue Simulating Liquid

DUT

Twin SAM Phantom
Dosimetric Probe

Positioner

Figure 3.2: Dosimetric measurement setup as used in this study.

positions were determined according to the following categorization:

1) Typical operational position with respect to the human body can
be defined:

a) testing standards for similar devices exist (e.g., DECT, WLAN
handsets)

b) no standards exist (e.g., Bluetooth headsets, wireless mice)

2) Typical operational position with respect to the human body can-
not be defined (e.g., WLAN access points, baby-phones):

a) a minimum distance cannot be defined
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b) a minimum distance can be defined.

Devices from category 1a) were tested according to the existing stan-
dards, e.g., [77] . Devices from category 1b) were positioned in their
operational position to achieve worst-case exposure conditions, i.e.,
on the flat section of the phantom. Devices that belong to 2a) have
to be measured in all experimentally feasible orientations as close as
possible to the flat phantom surface as the device position with re-
spect to the phantom has a large impact on the SAR (Table 3.3).
The conservativeness of flat phantom application in dosimetric com-
pliance testing has been shown for near-field exposure conditions [63],
as well as for far-field exposure conditions [95], with the introduction
of frequency-dependent SAR scaling factors. For some devices a min-
imum distance to the human body can be defined (2b). The distance
dependence of Table 3.5 is as predicted by [14].

10g SAR/(W/kg)
Device 1 Device 2

Position 1 0.104 0.095
Position 2 0.010 0.103
Position 3 0.055 0.053
Position 4 - 0.192

Table 3.3: 10g peak spatial average SAR. Variations for different
WLAN device positions relative to the phantom. Positions 1-4 de-
note experimental positions of the DUT with respect to the flat phan-
tom, i.e., different DUT faces touching the phantom whilst keeping
the antenna located as close as possible to the phantom surface.

Distance to SAR/(W/kg)
phantom surface 1g 10g
0 cm 1.93 0.81
2 cm 0.15 0.09
5 cm 0.05 0.03

Table 3.4: peak spatial average SAR of a WLAN access point for
different distances with respect to the phantom surface.
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3.6 Results & Discussion

The worst-case results for the individual technologies are summarized
in Table 3.5. Due to the large data set only the worst-case results
are reported here, the complete measurement results are available in
[96, 97], including position and distance dependencies from all devices.
The peak spatial average SAR values of worst-case exposures from
WLAN (IEEE802.11b/g/a) and Bluetooth Class I devices are in the
same range as cellular phones. Although the SAR values from the
DECT and baby surveillance devices are low, there is currently no
general possibility of excluding these devices from a compliance test
besides using the low power exclusionary given in [81]. For comparison
with real-life exposure from mobile phones, it has to be considered that
modern mobile phones implement a power control as opposed to most
DECT and many WLAN handsets. The effect of the power control
on the average output power of mobile phones is assessed in Chapters
6 and 7. Considering these results SAR values still somewhat higher
than those from DECT phones can be expected for GSM handsets,
but a generally lower SAR from UMTS handsets is found compared
to DECT when every day life exposure is of interest.

The maximum incident field exposures at a distance of 1 m from
many of the considered devices are higher than those from mobile tele-
phony base stations, even at close distances between 10 m to 100 m
(typically 0.1 - 1 V/m [98]). Close proximity to general mobile devices
can only be avoided if they are fix-mounted well above head level or
at other non-accessible locations. However, if the devices are not in-
stalled by professional personnel or if the devices cannot be installed
at non-accessible locations for operational reasons, it cannot be ex-
cluded that people may remain in the very close vicinity. This suggests
that dosimetric evaluations are the preferred techniques for compli-
ance testing with safety limits. Dosimetric evaluation methods have
the advantage of being well established, resulting in a conservative
estimation with excellent interlaboratory repeatability. Furthermore,
the standard for body-mounted devices would only have to be ex-
tended to include short-range devices to be used in home and office
environments. It is further suggested that the exclusionary clause
for low-power devices is improved in order to minimize the burden
on industry for conducting unnecessary tests. From the perspective
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of dosimetry for epidemiologic studies, interesting findings are that
exposure to indoor sources can create background EMF higher than
that from base stations and broadcast transmitters. Due to power
control in mobile phones, the SAR in the head from DECT handsets
not implementing a power control can be in the order of that from a
mobile phone.

Device class Frequency
range
/MHz

Worst-Case
10g SAR
/(W/kg)

Worst-Case E-
field at 100 cm
/(V/m)

Baby surveillance 40 - 863 0.077 1 3.2 1

DECT 1880 - 1900 0.055 2.9 2

IEEE802.11b 2400 - 2484 0.81 1.1
IEEE802.11g 2400 - 2484 0.27 0.3
IEEE802.11a 5200 / 5800 0.36 0.9
Bluetooth 2402 - 2480 0.49 1.0
PC peripherals3 27 - 40 ≤0.005 ≤1.5

1The maximum values were determined for a device with 100mW output power at 446MHz.
2Extrapolated maximum for asymmetric transmission mode, i.e., 23 downlink slots.
3The maximum values were determined for a device with 10mW output power at 40MHz.

Table 3.5: Worst-case E-field and 10g peak spatial average SAR of
the investigated device classes.

3.7 Conclusions

Novel and well-defined methods for deriving worst-case operational
modes have been presented and applied to short-range wireless RF
devices. The obtained information demonstrates that exposure from
indoor and general mobile sources can be significant with respect to
the safety limits, as well as when compared to sources receiving much
stronger public perception such as mobile phones and base stations.
Since operation within close proximity of the human body cannot be
excluded in most cases, compliance with safety limits is best demon-
strated by dosimetric evaluations.



Chapter 4

Assessment of Induced
Radio-Frequency
Electromagnetic Fields
in Various Anatomical
Human Body Models

4.1 Introduction

Currently, the testing of compliance with safety limits for human expo-
sure to electromagnetic fields (EMF) from fixed base station transmit-
ters is widely based on reference levels proposed by [9] and [11]. These
reference levels were derived from very simplified models of the human
anatomy due to lack of computational power and anatomical models
at that time. Many publications in the field of numerical assessment
of human exposure to electromagnetic fields base their results and
conclusions on large male models [99, 100, 101]. More recent publi-
cations have also employed smaller anatomical female human models
[102, 69], as well as scaled adult models in order to mimic the expo-
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sure of children [103, 102] at frequencies above 1 GHz. Currently, one
publication is available that evaluated the whole-body averaged SAR
from anthropomorphic child models [104].

In summary, most of the publications available base their conclu-
sions on large adult models, and there is only one published paper
that deals with anatomically correct child models. Results from stud-
ies using scaled child models, however, suggest a violation of the basic
restrictions when a field at the reference level is incident.

The results in the literature are mainly based on frontal expo-
sure with the co-polarized E-field vector incident to the human body.
An evaluation for different incidence directions and polarizations is
therefore strongly desirable.

Another issue that has been identified is the spatial averaging of in-
cident fields as proposed in [9] and [11]. Averaging methods are being
implemented as reference methods in current in-situ compliance test
standards such as [8], although the spatial averaging of incident fields
as proposed in [9] and [11] has never been validated with respect to its
consistency with basic restrictions for localized exposure. Currently,
only the Swiss national in-situ compliance test standard requires a
peak incident field measurement in order to determine compliance
with the reference levels [52].

4.2 Objectives

This chapter presents a study of the evaluation of the absorption of
radio-frequency (RF) electromagnetic fields (EMF) in the frequency
range from 50 MHz to 2.5 GHz in anatomically correct human body
models for various incident field directions. The aim was to evaluate
the consistency of reference levels of international standards for lim-
iting human exposure to EMF with the basic restrictions. Another
objective of the work presented was to address the scientific basis for
methods to demonstrate compliance of fixed transmitters with EM
safety limits.
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4.3 Methods

This study is based on numerical evaluations on the induced SAR of
various human anatomies from homogeneous and inhomogeneous field
distributions. Human models (adult and adolescent male and female)
were exposed to plane-wave and scattered field distributions in the
frequency range from 50 MHz-2.5 GHz. For these configurations, the
worst-case whole-body-averaged (SARwb) and peak spatial (SAR10g)
SAR were determined in comparison to the basic restrictions of [9]
(exposure ratios Rx) when a plane wave (Einc describing the rms
E-field of the incident plane-wave) at the ICNIRP E-field reference
levels for general public exposure (Eref. level) according to Table 4.1
is incident to the models:

R10g =
SAR10g (f, x, y, z)

SARlimit10g
(f, x, y, z)

· 100%

| Einc (f) ≡ Eref. level (f) (4.1)

Rwb =
SARwb (f)

SARlimitwb
(f)
· 100%

| Einc (f) ≡ Eref. level (f) (4.2)

R10g and Rwb are the SAR exposure ratios in percent of the in-
duced SAR and the corresponding SAR limit for an incident plane
wave at the frequency dependent E-field reference level of ICNIRP
(Eref. level (f)). Note that the localized values are location depen-
dent, i.e., for SAR10g (f, x, y, z) and SARlimit10g

(f, x, y, z) the cor-
rect limits with respect to head/trunk and limbs have been taken into
account, for example, 10 g peak spatial average SAR have been calcu-
lated separately for the head and trunk region, the arms and the legs.
Additionally, the ratio R between Rwb and R10g was calculated:

R =
R10g

Rwb
(4.3)

This provides information about which of the SAR values is closer to
the limit. In this chapter, the ratio R is referenced as specificity ratio.

The averaging masses (whole-body and 10 g averaged) were cho-
sen based on the averaging volumes used in most international stan-
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dards for limiting human exposure to RF EMF, where the whole-body-
averaged SAR relates to a possible increase in core body temperature
and the 10 g average to excessive localized heating. The exposure ra-
tios were calculated to facilitate an easy estimate as to what extent
exposure at the reference levels is conservative with respect to the
basic restrictions. The specificity ratio determines the ratio between
whole-body-averaged and 10 g averaged SAR. This has been set in the
ICNIRP guidelines to a factor of 25 in the head and trunk and 50 in
the limbs.

Frequency /MHz Eref. level /(V/m)
50 28

100 28
450 29.2
835 39.7

1450 52.4
2140 61
2450 61

Table 4.1: E-field (rms) reference levels for incident RF EMF of the
ICNIRP guidelines for general public exposure.

4.3.1 Human body models

Four anatomical body models of strongly different body heights and
sizes were used (Figure 4.1):

• The Visible Human (VH) model [105] is based on cryosection
images of a 38 year old male of height 1.86 m and body weight
98 kg1. The model has a body-mass-index (BMI) of 28.3. It is
discretized in the SEMCAD-Compound format. This format re-
tains the outline of tissue interfaces of the original image slices in
a 2.5-dimensional structure at the resolution of the original im-
ages. Like this, the model can be placed into the computational

1The body weight of the anatomical models vary with the content of the body
lumina, such as the stomach, bladder intestine etc.
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grid independently of the mesh and discretized at arbitrarily fine
resolutions. Details on this format can be found in [4].

• The Japanese Female (JF) model is based on magnetic resonance
images (MRI) of a 22 year old volunteer of height 1.60 m and
mass 55 kg [69]. The model has a body-mass-index (BMI) of
21.5. It is available as voxel data in a resolution of 2x2x2 mm3

and distinguishes more than 50 different tissue types. The model
has been converted into a particular data format for use with
SEMCAD X that allows the resolution of the computational grid
to be adapted to the numerical demands of the simulation.

• The Virtual Family Girl (VG) was developed from high reso-
lution MRI data of an 11 year old female volunteer [70]. The
original data has a resolution of 0.5x0.5x1.0 mm3 in the head and
0.9x0.9x2.0 mm3 in the trunk and limbs. The model is 1.48 m
tall and has a weight of 34 kg. The model has a body-mass-
index (BMI) of 15.5. The model consists of 180 tissue regions
and organs.

• The Virtual Family Boy (VB) was developed from high resolu-
tion MRI data of a 6 year old male volunteer [70]. The orig-
inal data has a resolution of 0.5x0.5x1.0 mm3 in the head and
0.9x0.9x2.0 mm3 in the trunk and limbs. The model is 1.07 m
tall and has a weight of 17 kg. The model has a body-mass-
index (BMI) of 14.8. The model consists of 180 tissue regions
and organs.

The VB and VG models are representative of average European chil-
dren according to [106]. The Japanese Female was developed to repre-
sent the average of the Japanese population. With respect to height,
she is average when averaging over different populations, however
rather light concerning average weights [107]. The Visible Human
is clearly taller and heavier than the average human. This model was
included as many past publications in the field were based on this
model. The dielectric parameters of the tissue were assigned accord-
ing to the parametric model described in [108].
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Figure 4.1: Anatomic body models: Visible Human (VH), Japanese
Female (JF), Virtual Family Girl (VG), Virtual Family Boy (from left
to right).

4.3.2 Numerical Method

For all numerical evaluations the FDTD method implemented in the
simulation platform SEMCAD X (SPEAG, Switzerland) was used.
SEMCAD X integrates a CAD environment for the modeling and
positioning of the human models, sources, sensors etc. The post-
processor facilitates the extraction of peak spatial average according
to [11]. For the automation of large repetitive jobs as required in this
study, all software functions can be interfaced and automated using
an integrated PythonTM [109] script environment. All the problems
in this study were solved using the standard FDTD solver.

FDTD grid resolution uncertainty evaluation

In order to investigate the uncertainty and convergence of the per-
formed numerical evaluations using the FDTD method, a set of tests
was performed. The VH model was set up according to the definitions
in Section 4.3.3. The tests were run at 835 MHz and 2140 MHz with
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a plane-wave incident to the front of the VH with vertical and hori-
zontal polarizations (when compared to the VH). The grid resolutions
were chosen to be: 5x5x5 mm3, 2x2x2 mm3, and 1x1x1 mm3, assum-
ing that the results converge with increasing resolutions2. Differences
of less than 0.25 dB for the numerical results of the spatial peak SAR
and lower differences for the whole-body-averaged SAR between the
2 mm and 1 mm resolution were obtained. With respect to the consid-
erably smaller simulation effort and the low uncertainty of <0.25 dB,
a spatial resolution of 2 mm was used in subsequent investigations.

Boundary condition and steady state uncertainty evaluation

In addition to the FDTD grid resolution, the uncertainties of the ab-
sorbing boundary conditions (ABCs) and the stability of the solutions
were computed by re-evaluating the whole-body-averaged and 10 g av-
eraged SAR for varied conditions for the VB model according to the
exposure configurations described in Section 4.3.3:

• the ABC were moved by a distance λ/4 further away, i.e., the
air padding around the human model was increased by λ/4;

• the simulation run time was increased by adding a quarter pe-
riod to the total simulation time.

The individual contributions to the overall numerical uncertainty are
summarized in Table 4.3.2.

4.3.3 Plane-wave exposure

Incidence from all major sides

The variability of the whole-body-averaged and the 10 g spatial av-
eraged SAR for incident plane waves for the VH, the JF, the VG
and the VB was evaluated. The inhomogeneous models were resolved
with a 2 mm grid. The models were exposed to plane waves at 50,
100 450, 835, 1450, 2140 and 2450 MHz incident from all six major
sides with two orthogonal polarizations each (Figure 4.2). The indi-
vidual incident E-fields were normalized to incident E-fields at the

2The 5 mm voxel size was also applied to 2.14 GHz, even though it exceeds the
λ/10 criterion
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SAR unc. SAR std. unc.
Error in dB prob. in dB
Source 10g wb distr. div. ci 10g wb
ABC 0.5 0.2 rect.

√
3 1 0.30 0.12

deviation
steady state

0.2 0.2 rect.
√

3 1 0.12 0.12

discretization 0.43 0.17 rect.
√

3 1 0.25 0.10
Combined Standard Uncertainty (k=1) 0.4 0.19
Combined Standard Uncertainty (k=2) 0.76 0.37

Table 4.2: Uncertainty contributions to the numerical modeling due
to the absorbing boundary conditions (ABC), deviations from steady
state and the model discretization.

ICNIRP reference levels. The peak spatial SAR averaged over 10g
in the head/trunk and the limbs, together with their positions, and
the whole-body-averaged SAR were calculated separately for all plane
wave configurations. From this, the exposure ratios for the limbs and
the head and the trunk are calculated, as well as the corresponding
worst-case exposure ratios determined over all incidence configura-
tions.

Incident field direction and polarization variation

In addition to the plane-wave exposure evaluation from all major sides,
an in-depth investigation of the variability of the SAR on the wave
incidence and polarization with the VH model was performed. The
VH model was set up according to the definitions in Section 4.3.3.
The incident field propagation direction was rotated in 15◦ steps from
being incident orthogonal to the front of the model to the back of
the model (0◦ to 180◦) with both E&H-polarizations. Additionally,
for the case of frontal incidence, the E-field vector was rotated in 15◦

steps from being co-polarized (0◦) to being 165◦ linear polarized with
respect to the VH.
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Figure 4.2: Incident field definition relative to the human models as
used in the study.

4.3.4 Spatial peak SAR location

The dependence of local SAR as a function of tissue composition has
been extensively discussed in [95] and a generic body model consisting
of layers of skin, fat and muscle tissue has been applied for worst-case
assessment [110]. However, the enhanced values of the 10 g average
SAR cubes for plane-wave exposure of a real human model compared
to the planar worst-case suggested SAR maxima can not be explained
by tissue layering only. Therefore, the locations of the 10g spatial
average SAR cubes in the human models above 450 MHz for incidences
to the front, left and right side (maximum of vertical and horizontal
polarizations) were also evaluated.

4.3.5 Scattered field exposure

At frequencies well above whole-body resonance it can be assumed
that the whole-body-averaged SAR is directly proportional to the in-
tegral incident power-density. It was therefore decided to focus on
the evaluation of the influence of scattered fields on the localized
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SAR. The exposure in scattered field distributions by design of generic
worst-case scenarios with respect to the localized SAR was assessed.

The models (JF, VB) were exposed to a set of vectorially super-
imposed plane waves at 2140 MHz creating an interference pattern
using the following incidence configurations (see also Figure 4.3):

• Setup 1: Two plane waves with equal amplitudes and polariza-
tion (vertical) are incident to the human models. The first is
incident orthogonal to the front side of the model, the second
incident at an angle of 20◦ relative to the first, i.e., representing
a reflection from the ground.

• Setup 2: Three plane waves with equal amplitudes and polariza-
tion (vertical) are incident to the human models. The first and
second are incident orthogonal to the front side of the model in
a horizontal plane and at ±15◦ angle relative to the orthogonal
vertical plane. The third plane wave is incident at an angle of
20◦ relative to a horizontal plane orthogonal to the model and
lying in a vertical plane orthogonal to the model, i.e., represent-
ing a reflection from the ground.

The initial phase angles of plane-waves in setups 1 and 2 were manipu-
lated such that an incident E-field maxima was constructively created
at the locations of the previously determined 10 g peak spatial aver-
age SAR using plane wave incidence. The incident E-field peaks and
quadratic means within the rectangular bounding box of the models
in absence of the human body were determined. These field mea-
surements (Epeak, Eqmean) were then used to normalize the incident
power density to the ICNIRP reference levels, i.e., 1) the peak of the
incident E-field was set at the reference level, and 2) the quadratic
mean of the incident E-field was set at the reference level. These two
cases correspond to 1) peak search and 2) spatial averaging when per-
forming incident field measurements. Finally, the SAR is computed
for cases 1 and 2 in the head/trunk and the limbs.
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Figure 4.3: Human exposure setup for the simulation scattered field
exposure. Setup 1 has two incident plane waves creating constructive
and destructive interference. Setup 2 has three incident plane waves
creating constructive and destructive interference.

4.4 Results

4.4.1 Plane-wave exposure

The results for the VH are summarized in Figure 4.4. The results
show that the reference levels are always conservative with respect
to whole-body-averaged and peak 10 g averaged SAR up to 2.5 GHz
for the large VH model. Absorption maxima can be found at around
50 MHz for vertical polarization due to whole-body resonance. Addi-
tional absorption maxima occur at 2140 MHz for both polarizations.
Above whole-body resonance, the highest whole-body and localized
SAR occurs for plane-waves incident to the front of the VH. For whole-
body resonance, the highest SAR occurred under exposure from the
side. Due to the relatively low whole-body exposure ratio the speci-
ficity ratios are in the range of 0.25-1.6. For the maximum 10g peak
spatial SAR at 2450 MHz (R10g ≈ 50%) the specificity ratio becomes
≈ 1.

The results for the JF are summarized in Figure 4.5. The results
show that whole-body-averaged SAR might be close to the limit for
exposure at the incident field reference levels for smaller adults. Expo-
sure ratio maxima can be found at around 100 MHz for vertical polar-
ization due to whole-body resonance, additional absorption maxima
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Figure 4.4: Percentages of the whole-body and 10g peak spatial av-
eraged SAR relative to the limits of ICNIRP for plane-wave exposure
of the Visual Human from all major sides in E&H-polarization over
frequencies from 50 MHz to 2450 MHz.

occur at 2140 MHz for both polarizations. Above whole-body reso-
nance, the highest whole-body-averaged SAR occurs for plane-waves
incident to the front of the JF. For whole-body resonance, the highest
SAR occurred under exposure from the side. Due to the higher whole-
body exposure ratios compared to the VH and similar 10g exposure
ratios the specificity ratios are also lower compared to the VH, i.e., in
the range of 0.2-0.7. For the maximum 10g peak spatial average SAR
at 2140 MHz (R10g ≈ 45 %) the specificity ratio becomes ≈ 0.5.

Figure 4.6 displays the results for the VG. Exposure ratio maxima
can be found at 100 MHz for the whole-body resonance as well as at
2 GHz. For frequencies larger than 2 GHz, the exposure ratios become
greater than 100 % and are close to 100 % at 100 MHz, suggesting
that the reference levels are not conservative for this model. For the
maximum 10 g peak spatial average SAR at 2450 MHz (R10g ≈ 43%)
the specificity ratio becomes ≈ 0.5.
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Figure 4.5: Percentages of the whole-body- and 10 g peak spatial av-
eraged SAR relative to the limits of ICNIRP for plane-wave exposure
of the JF from all major sides in E&H-polarization over frequencies
from 50MHz to 2450MHz.

The results for the VB are summarized in Figure 4.7. It becomes
obvious that plane-wave exposure at incident field reference levels
might not be conservative for the VB with respect to the basic re-
strictions for small humans. Exposure ratios for whole-body-averaged
SAR are above 100% for 100 MHz with vertical polarization, and for
frequencies ≥1450 MHz. Again, absorption maxima can be found at
around 100 MHz for vertical polarization due to whole-body resonance
and at 2140 MHz for both polarizations. Above whole-body resonance,
the highest whole-body-averaged SAR occurs for plane-waves incident
to the front of the VB. For whole-body resonance, the highest SAR
occurred under exposure from the side. Due to the whole-body expo-
sure ratio compared to the VH and the JF and similar 10 g exposure
ratio the specificity ratios are also higher, i.e., in the range of 0.15-
0.5. For the maximum 10 g peak spatial average SAR at 2450 MHz
(R10g ≈ 42%) the specificity ratio becomes ≈ 0.3.
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Figure 4.6: Percentages of the whole-body- and 10 g peak spatial av-
eraged SAR relative to the limits of ICNIRP for plane-wave exposure
of the 11 year old Virtual Family Girl from all major sides in E&H-
polarization over frequencies from 50MHz to 2450MHz.

Figure 4.8 summarizes the differences of whole-body exposure ra-
tios from all models for all configurations. Figure 4.9 displays the
whole-body exposure ratios normalized by multiplication by the ra-
tio of mass/surface3. When comparing Figure 4.8 and Figure 4.9, it is
clear that the variation between individual models is reduced consider-
ably by applying the normalization. In particular, the worst-case dif-
ference when comparing different models and polarizations at a fixed
frequency and a fixed incidence reduces from 5.1 dB in Figure 4.8 to
2.3 dB in Figure 4.9.

In summary, the dependence of whole-body-averaged SAR on the
incidence direction and polarization of plane waves between minimum
and maximum was 5 dB if whole-body resonance can be excluded
(f≥450 MHz). Frontal plane-wave exposure produces the maximum

3Fraction of the surface orthogonal to the propagation direction of the incident
plane wave.
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Figure 4.7: Percentages of the whole-body- and 10 g peak spatial av-
eraged SAR relative to the limits of ICNIRP for plane-wave exposure
of the 6 year old Virtual Family Boy from all major sides in E&H-
polarization over frequencies from 50MHz to 2450MHz.

whole-body-averaged SAR. The dependence of the maximum whole-
body-averaged SAR on the different human models is 3-5 dB between
VH and VB. The maximum whole-body-averaged SAR is close to the
limit for the JF at 2140 MHz, above the limit for the VB at 100 MHz
and above 1450 MHz, and above and including 2100 MHz for the VG.

The location of the peak spatial average SAR is strongly depen-
dent on incidence direction and polarization. The peak spatial av-
erage SAR seems to occur with a higher probability at certain body
locations. The variation of the maximum for different incidence di-
rections and polarization of the peak spatial average SAR was 5 dB
(f≥450 MHz). The variation of the maximum peak spatial average
SAR for the four models in these fixed postures was as large as 2.6 dB
(f≥450 MHz), including the results from the in-depth incidence direc-
tion and polarization evaluation with the VH. Latest research [111]
has shown that the variability on the localized SAR can be as high
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as 8 dB for different postures. The specificity ratios for plane wave
exposure were between 0.14 and 1.7 (for f≥450 MHz).

4.4.2 Peak spatial average SAR location

The results for the locations of the 10 g peak spatial average SAR in
the human models are shown in Figure 4.10. It is clear that the SAR
maxima occur with a higher probability in certain locations of the
body, e.g., in the penis, nose, chin, wrist or fingers. Possible reasons
for the occurrence of peak SAR at these locations are: 1) partial body
resonances, 2) focusing and standing wave effects in concave regions,
and 3) the definition of the peak spatial average SAR averaging al-
gorithm, i.e., the inclusion of larger air volumes and only superficial
body tissue at these locations. It should be noted that Figure 4.10
contains a total of 15 cubes per model (5 frequencies, 3 incidences),
although less cubes are actually visible due to overlay.

4.4.3 Scattered-field exposure

The results of the scattered field exposure are displayed in Figure 4.11.
Shown are whole-body-averaged and 10 g averaged SAR exposure ra-
tios for plane wave exposure and exposure to the field distributions
in setups 1 and 2. The solid filled bars and the bars with horizontal
stripes represent the exposure ratios at a peak incident field normal-
ized to the ICNIRP reference level, likewise the bars with diagonal
pattern filling represent the exposure ratios for the quadratic mean
field (average over the bodies bounding box) normalized to the IC-
NIRP reference level. For the spatially averaged incident field, the
whole-body exposure ratio stays constant within a margin of ±20%.
However, the localized exposure ratio increases by a factor of 2 and 3
for two and three incident plane waves, respectively. When normal-
ized to the peak incident field at the ICNIRP reference level, the 10 g
exposure ratio stays constant over the different incident field config-
urations. In summary, for inhomogeneous incident field distributions
the specificity ratios can become >1 when incident fields are spatially
averaged, i.e., the peak spatial average SAR may become limiting and
eventually also higher than the limit.
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Figure 4.10: Locations of the peak spatial average SAR for expo-
sure incident to the left, right and front sides of the human mod-
els at 450 MHz (black), 835 MHz (red), 1450 MHz (yellow), 2140 MHz
(green), and 2450 MHz (blue).

4.5 Discussion

A detailed investigation of the conservativeness of the reference levels
for human exposure to RF EMF with the underlying basic restric-
tions of the ICNIRP guideline has been conducted. Various human
anatomies and incident field configurations were utilized for the eval-
uation. Comparing the results for the JF to [112] shows that the
difference to the averages of NICT, NIT, and HPA are <9 % (using
interpolated values for frequencies that are not covered in the pub-
lication), i.e., they are within the estimated numerical uncertainty.
Additionally, the results presented in this chapter compare best with
the NICT values at high frequencies. This could be explained by the
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Figure 4.11: Results of the comparison of worst-case 10 g and whole-
body-averaged SAR between plane-wave exposure and exposure to
multiple (2 and 3) interfering plane waves. For incident peak (Emax)
and spatially over the bodies bounding box averaged (Eqmean) E-fields
at the reference levels of the ICNIRP guideline.

fact that dry skin as well as average infiltrated fat for particular tis-
sues was used in the presented work. Furthermore, the results given
here were compared to a recent paper also employing anthropomor-
phic models of children [104]. The same tendencies were found in
general, i.e., close to or above the limits at whole-body resonance and
above 1.5 GHz. When directly comparing the 4y and 11y old models
from [104], which are closest to the VB and VG models with respect
to height and weight, a good agreement of the results was found. The
whole-body exposure ratio for the VB and VG tends to be higher
than the ones from the 4y and 11y old models, which can probably
be explained by the generally lower BMI of the Virtual Family child
models. The findings suggest that the reference levels of current radio
frequency electromagnetic safety guidelines for demonstrating compli-
ance, as well as some of the current measurement standards, are not
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consistent with the basic safety levels for all human anatomies. In par-
ticular, children might be exposed to levels above basic restrictions for
incident fields at the reference levels. It was also shown that spatial
averaging of incident fields only has a correlation with whole-body-
averaged SAR. However, using a spatial averaging method of incident
fields to demonstrate compliance with the basic restrictions for local-
ized SAR might not be conservative. These data indicate that the
reference values of the standards need to be revised in order to make
the standard inherently consistent. This is especially true as only a
limited number of different anatomies have been evaluated. It must
be assumed that the discrepancies are larger if all anatomies are cov-
ered. An extended evaluation is therefore necessary to determine the
exposure envelope of a certain percentile of the population, including
a sufficient set of anatomies and generic models to cover whole-body-
averaged and peak 10 g spatial averaged SAR as well as an extension
of the frequency range above 2.45 GHz and below 50 MHz.

Currently, compliance should only be shown using the incident
peak field, which will be conservative for both whole-body-averaged
and localized SAR (under the assumption that the reference levels are
corrected to values conservative for all human anatomies).

Further gaps that require urgent and closer attention have been
identified. The presented study is still limited to a small set of human
anatomies, but has already identified issues regarding the consistency
of the reference levels with the basic restrictions. In order to to de-
rive a conservative envelope, a sufficient set of anatomies and generic
models to cover whole-body-averaged and peak 10 g spatial averaged
SAR has to be developed and the frequency range has to be extended
above 2.45 GHz and below 50 MHz. Current incident field averaging
methods require evaluation regarding their representativeness with re-
spect to whole-body-averaged SAR. An evaluation of the impact of
field incidence direction and polarization (e.g. interference, shadow-
ing) in realistic worst-case in-homogeneous incident field distributions
on the localized SAR should be performed. Based on this, it will be
possible to determine the best suited method to obtain compliance
with the basic restrictions and without considerable overestimation.
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4.6 Conclusions

The current reference values as proposed by ICNIRP and IEEE C95.1
violate the basic restrictions and should be revised. Spatial averaging
of the incident field as often used in practice is only suited for demon-
strating compliance with whole-body-averaged SAR and may result
in underestimation of the peak spatial average SAR limits. Peak field
measurements considering the directivity of the locally incident field
are more sound and rigorous. One suitable method is to implement a
procedure derived from the hand held peak search (sweeping) method:

• Step 1: Conduct a peak search of the incident E-field using the
sweeping technique (maximum hold)

• Step 2: If the E-field peak is compliant then the site is compliant;
if the peak is not compliant then go to Step 3

• Step 3: Perform a volume scan around the peak to determine
the maximal whole-body exposure, e.g., according to [8], and
determine compliance with peak spatial average SAR, e.g., using
a directive sensor, by directive incident evaluations.

The presented correlation between the surface to mass ratio and
the absorbed power in the whole-body has led to the development
of numerical and experimental worst-case body phantoms for whole-
body exposure in the near-field of base station antennas [62]. The
whole-body absorption data for quasi-isotropic incidence (from all six
major sides) provides novel dosimetric information to epidemiological
studies about the average whole-body exposure in various types of
human models in the far-field of, for example, broadcast transmitters
and base station antennas.



Chapter 5

Evaluation of
Measurement
Techniques to Show
Compliance with RF
Safety Limits in
Heterogeneous Field
Distributions

5.1 Introduction

Most countries require base station installations of cellular phone sys-
tems and other wireless network systems to comply with limits for hu-
man exposure to radio-frequency (RF) electromagnetic fields (EMF).
This chapter focuses on fixed installations to which the general public
only has access at distances that are large in terms of wavelength, e.g.,

81
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inside residential buildings.
In indoor environments, the general public is mainly exposed to

EMF from outdoor and indoor sources where propagation scenarios
with rather strong scattering are present. Using a precautionary prin-
ciple, some countries like Switzerland, Italy, and others, also define
lower reference levels for places with sensitive use, i.e., locations where
humans may be present for a longer time. These are indoor locations
like apartments, offices and schools, or outdoor locations such as play-
grounds. The exposure assessment directly performed at locations
where humans may reside is referred to here as in-situ assessment.

The most common method to demonstrate compliance for these
cases is testing with reference limits, i.e., limits for the incident E- or
H-fields. At closer distances, e.g., where workers may be or for indoor
antennas, special considerations are required such as assessment of
the specific absorption rate (SAR).

The first and simplest method to demonstrate compliance in the
far-field is the application of worst-case formulas based on simple prop-
agation models. Typically, these formulas take into account the di-
rectivity and input power of the base station antenna, use free-space
propagation, i.e., neglect signal attenuation by walls, etc., and usually
add a factor to account for enhancements due to scattering.

If the free-space formulas indicate that reference levels might be
violated at the distances of interest, more complex numerical modeling
or in-situ measurements are required. Due to the large uncertainties
in many of the input parameters for numerical models, measurements
are the preferred evaluation method.

Although the subject is complex and public concern is large, there
has only been modest research in order to determine a simple, fast and
conservative method for in-situ compliance testing. Consequently,
only a small number of standards are available [113] and only a few
exist as drafts [114, 8]. Past research activities in the area can roughly
be divided into 1) reduction of uncertainties resulting from the mea-
surement of communication system signals [57, 58, 56, 115, 116], and
2) reduction of uncertainties due to measurement of inhomogeneous
field distributions [117, 118, 119]. The weak point of this research is
that it aims only at reducing uncertainties for the assessment of inci-
dent fields, whilst the target is human exposure, i.e., induced fields.
On the other-hand, there has been quite some research regarding the
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correlation of incident plane-wave and absorbed power in anatomical
human body models [69, 103, 99, 100, 112, 102, 101, 104]. However,
besides the results presented in Chapter 4 only a few publications have
addressed the influence of scattered fields on the whole-body averaged
SAR [120, 121] and the localized SAR [122]. From the results of the
numerical investigations described in Chapter 4, as well as further
results from [121], it can be concluded that a maximum search mea-
surement method is well suited as a conservative estimate of both the
whole-body average and localized (10 g averaged) SAR, as opposed
to averaging methods that may not represent a conservative estimate
of the induced localized SAR. Nevertheless, in Chapter 4 it was also
shown that spatial averaging of incident fields may be applied in order
to reliably assess the whole-body average SAR.

This chapter evaluates the experimental feasibility of a maximum
search (sweeping) method according to[52]. The evaluation was con-
ducted by means of an inter-laboratory comparison in a well charac-
terized indoor field distribution in the following steps:

1. Review of published data on indoor field distributions in the
vicinity of base station transmitters

2. Development and characterization of a minimal perturbing semi-
automated measurement system (field scanner)

3. Design of a representative exposure scenario (test room) based
on realistic in-situ field distributions

4. Assessment of the E- & H-field distributions with fine, i.e., 10
cm, spatial resolutions at 930 and 2140 MHz inside the test room
using the field scanner

5. Assessment of the field distribution inside the test room by mea-
surement personnel according to the recommendations of [52]

6. Evaluation of different averaging methods proposed in the liter-
ature and comparison of the measurement result variations with
the maximum search method

7. Evaluation of the influence of the applied measurement anten-
nas on the measurement results compared to isotropic miniature
field probes.
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5.2 Objectives

The objective of the study presented in this chapter was to evaluate
measurement methods and procedures for in-situ testing of the com-
pliance of base station transmitters with RF safety limits that: 1) are
practical for every-day use; 2) provide high repeatability; 3) provide
minimal uncertainty; and 4) are based on and supported by numerical
findings regarding the correlation of incident field and the absorption
characteristics of the human body in scattered field distributions.

5.3 Methods

5.3.1 Review of Indoor Field Distributions

Numerical and experimental data on field distribution in indoor sce-
narios exposed to mobile base station antennas were examined. With
respect to large-scale fading behavior, data from [123] and [54] were
analyzed. Both studies applied the sweeping method (hand-held max-
imum search) according to [52] to assess the field maximum. From
[54], no correlation of field strength and the distance between the base
station and the site of investigation could be drawn ([54] Figure 1.8).
In [123], a weak correlation of field strength and distance was found
for indoor scenarios, but none for outdoor scenarios. Also, [123] found
a correlation between the field strength and line-of-sight (LOS) / non-
line-of-sight (NLOS), i.e., generally higher field strengths when a LOS
is present. Currently, two studies [117], [118] are available that focus
on small-scale fading effects related to in-situ base-station transmit-
ter exposure in indoor environments. The latter [118] measured field
distributions from GSM 900, DCS 1800, and UMTS in a cube of side
length 90 cm with a 15 cm resolution, i.e., a 7x7x7 point with the first
measurement level of the cube at the 90 cm height. A smaller cube
with a finer resolution (7.5 cm) was also investigated in [118]. How-
ever, as experimental data has shown that a minimum de-correlation
distance of 0.8λ [124], i.e., 0.8·14 cm=11 cm at 2140 MHz, should be
maintained between measurement points in order to get independent
samples, this investigation is not regarded as yielding additional infor-
mation. For NLOS and some LOS cases Rayleigh distributions were
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fitted to the data, and for other LOS cases log-normal distributions
were fitted to the data [125]. However, estimations of goodness of fit
have not been reported. Figure 5 of [117] suggests that most of the
measured fading distributions have an η1 between 0.4 and 0.8, i.e.,
are Rician distributed as [117] shows.

Another source of data with respect to indoor field distributions
are the numerous numerical studies regarding radio channel modeling
that are summarized in [126, 127, 128]. When looking at k-factors2

[125] of Rician distributions in the referenced literature, similar fading
distributions as acquired by [117] are suggested.

In conclusion, the investigated measurement data and theoretical
considerations suggest the following distribution characteristics for a
test room: 1) line-of-sight (LOS) components since typically higher
fields can be expected with a LOS component when measuring in-situ,
and 2) rather strong fading superimposed. This results in a Rician
distribution with a smaller k-factor in the range of 2-4 as a target
distribution in the test room.

5.3.2 Field Scanner

The developed field measurement system consists of a minimal field
perturbing semi automated 3-dimensional scanner equipped with minia-
ture isotropic 2x4 E- & H-field probes (see Figure 5.1). Positioning in
the z-direction is automated using a motor-driven spindle lift system
(see Figure 5.1(a)). Positioning in the x,y-plane is manual and sup-
ported by a wooden frame with a grid resolution of 5 cm as shown in
Figure 5.1(b). A personal computer based control software facilitates
the synchronization of z-positioning and field data acquisition. The
field scanner was characterized in anechoic and semi-anechoic (reflec-
tive floor) environments in front of micro-cell base station antennas
at 900 and 2140 MHz. Planes of the incident E- and H-fields were
mapped at distances of 50, 100 and 200 cm to the antennas using the
scanner and the probes positioned on a wooden tripod. The scanner

1η = σ
µ

is the coefficient of variation of the power density with µ the mean and

σ the standard deviation [117].
2The Rician k-factor is defined as the ratio of signal power in the dominant

(LOS) component over the local mean scattered power.
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Equipment Unc. Prob.
Distr.

Divisor
x cov-
erage

Std. Unc.

E- & H-field probe
absolute accuracy

±0.26dB normal 1 ±0.26dB

Frequency linearity ±0.2dB rect.
√

3 ±0.12dB
Dynamic range lin-
earity

±0.2dB rect.
√

3 ±0.12dB

Isotropy ±0.4dB rect.
√

3 ±0.24dB
Scanner perturba-
tion

±1.5dB rect.
√

3 ±0.87dB

Source stability ±0.32dB normal 1 ±0.32dB
Combined Standard Uncertainty ±1.00dB
Expanded (k=2) Standard Uncertainty ±2.00dB

Table 5.1: Standard uncertainty for E- and H-field measurement with
the field scanner.

showed a worst-case field perturbation uncertainty of <1.5 dB com-
pared to the measurement probe being positioned on the tripod. The
total estimated measurement uncertainty of the scanner and the ex-
posure scenario (source stability included) is summarized in Table 5.1.

5.3.3 Test Room

In order to perform an inter-laboratory comparison on the maximum
search method in the vicinity of mobile base stations, an indoor prop-
agation scenario was set up and the field distribution (E- & H-fields
at 930 MHz and 2140 MHz) was mapped in a 3x3x2 m3 volume with
10 cm resolution using the field scanner. The geometrical details of
the setup in the x,y-plane are displayed in Figure 5.3. As shown in
Figure 5.3, two antennas were used at each frequency in order to intro-
duce strong multipath effects in the test area. All four antennas were
oriented to produce a vertically polarized E-field vector. Furthermore,
a reflective floor, partially absorbing and partially reflective walls and
an absorbing ceiling were selected. The use of two antennas imposed
some extra requirements on the exposure system with respect to the
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Figure 5.1: Semi-automated field scanner.
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stability of the field distribution over time, i.e., in order to avoid
changing field distributions over time the signals from the antennas
had to be locked in phase and amplitude. The absolute and relative
amplitude behavior was monitored at each field measurement point by
synchronously monitoring the forward power of each antenna. Phase
locking was inherently given by the setup design (see Figure 5.2). For
the purpose of the subsequently planned interlaboratory comparison,
the locations of the antennas were hidden from the measurement area
by cloth blinds put in place before the field mapping with the field
scanner.

DAE

H-probe

E-probe

EASY4 #1optical

cables

EASY4 #2optical

cables

upper platform

lower platform

M
motor drive

PC control

DAQ

antenna 1

930 MHz

antenna 1

2140 MHz

R&S SMU200A

signal generator

digital IO
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antenna 2
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antenna 2
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P

P
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930

P coupler with

power detector

Figure 5.2: Schematic of the indoor field distribution measurement
setup. It consists of a field assessment part (left) as well as an ex-
posure system part (right). The system was controlled by a personal
computer.

5.3.4 In-Situ Measurements

An inter-laboratory comparison for the maximum search method was
conducted as it can be assumed that the influence of the measurement
personnel is more crucial than for averaging methods where the field
probe is positioned on a tripod and the measurement operator stands
back from it. However, averaging methods as proposed in [113], [8]
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x

desk
shelf
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34°36°

Figure 5.3: Schematic of the indoor propagation exposure setup. Lo-
cation of flat and pyramidal absorbers on the side walls are indicated
(dark grey color). Where not covered, the wall consists of steel. The
ceiling was completely covered with pyramidal absorbers. (Pyramidal
absorbers: Emerson-Cuming Eccosorb VHP-12-NRL (reflection coeffi-
cient: <-35 dB @ 1 GHz; <-45 dB @ 2 GHz), flat absorbers: Emerson-
Cuming Eccosorb: AN-79 (reflection coefficient: <-20 dB @ 1 GHz;
<-20 dB @ 2 GHz))
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were also evaluated based on the field data mapped using the field
scanner. The maximum search was performed according to [52, 8]3.

The maximum search was carried out with measurement person-
nel trained for these kinds of evaluations (operators 1-3) as well as
one not specifically trained operator (4). The operators were asked
to determine the incident field peak inside the measurement volume.
The maximum search was performed with continuous wave (CW)
and GSM signals at 930 MHz, and with CW and UMTS signals at
2140 MHz. The maxima were determined by four operators, and each
operator performed the measurements at least twice. The operators
used three sets of different equipment, but they all used logarithmic
periodic measurement antennas:

• Organization 1:
Operator: 1, 2
Antenna: Grintek Log. Per.
Receiver (CW, GSM): Rohde&Schwarz FSH06
Receiver (UMTS): Rohde&Schwarz TSMU

• Organization 2:
Operator: 3
Antenna: AH System Log. Per.
Receiver (CW, GSM): Rohde&Schwarz FSH03
Receiver (UMTS): Rohde&Schwarz TSMU

• Organization 3
Operator: 4
Antenna: AH System Log. Per.
Receiver (CW, GSM): Rohde&Schwarz FSP30
Receiver (UMTS): not available

All equipment was calibrated according to Swiss national standards.
For the purpose of the inter-comparison, the field configuration was
also modified by reducing the input power into antenna 1 by 10 dB,
which is referred to as modified configuration, whereas the original
configuration is referred to as standard throughout the text.4 As

3An English description of the method is available in Appendix B Sweeping
Method of the final draft of [8].

4For the modified configuration the field distribution was not mapped with the
field scanner.
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mentioned before, the uncertainty analysis for the spatial averaging
was analyzed only with respect to placing the averaging pattern at
any location inside the test room. The averaging pattern, i.e., a 3
and 6 point averaging pattern, was moved in the data post-processing
through all possible locations of the test room and the averages were
calculated at these locations. Having the average at all possible lo-
cations, the standard deviation and hence the uncertainty for placing
the averaging pattern at an arbitrary location was computed.

5.4 Results

5.4.1 Test Room Field Distribution

The test room was scanned at both frequencies with a CW signal
present. For the later inter-laboratory comparison, the time-averaged
power of the modulated signals were set equal to the power of the
CW signal. The probability distributions of the assessed fields for
the standard configuration are displayed in Figures 5.4 and 5.5. As
expected from pre-evaluations, the designed field distribution is best
approximated by Rician or Nakagami distributions. It should also be
noted that the same fit parameters were used for the fitting of both
the E- and H-field probability densities by the Rician distribution,
i.e., the distributions of their magnitudes are equal, as expected. The
peak to average ratios for the distribution at 930 MHz were 8.7 dB,
and 9.0 dB at 2140 MHz.

5.4.2 Inter-laboratory Comparison

The results of the inter-laboratory comparison are summarized in Ta-
ble 5.2. It displays the mean peak E-field (Epeak) determined over
the different operators and runs, frequencies and communication sys-
tems. Also displayed is the standard deviation over different runs
and operators as well as the maximum and minimum deviation of the
measured incident E-field peaks. The final column shows the peak
field measured by the operators compared to the target peak field
reading (Epeak,target) measured with the field scanner. When com-
paring GSM and CW measurements between different measurement
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Figure 5.4: Probability density distribution and cumulative distribu-
tion of the magnitude of the measured E-Field. (Rician factor is 2.25
and Nakagami-m factor is 1.18 at 930 MHz; Rician k-factor is 2.32
and Nakagami-m factor is 1.83 at 2140 MHz)
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Figure 5.5: Probability density distribution and cumulative distribu-
tion of the magnitude of the measured H-Field. (Rician factor is 2.25
and Nakagami-m factor is 1.18 at 930 MHz; Rician k-factor is 2.32
and Nakagami-m factor is 1.83 at 2140 MHz)
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operators it was found that the maximum search results show good re-
producibility with a standard deviation of ±1.7 dB. Large differences
were found for the UMTS test signal between operators 1, 2 & 3.
The reason for this is subject to future research as the fields between
the operators agreed very well for the CW signal, thus proving the
basic concept of the procedure. It should, however, be noted that
all peak field strengths were 6-8 dB below the point peak determined
with isotropic miniature probes. Therefore, the maximum search was
also performed using miniature field probes, i.e., sweeping the probes
manually in the test room. Sweeping the room with a minature
isotropic field probe resulted in a peak reading as close as >-1.9 dB to
the target peak field value as mapped with the field scanner5. This
suggests a strong effect due to the directivity and polarization selec-
tiveness of the Log-Per antennas when the isotropic point peak field
is of interest.

5.4.3 Averaging

The results of the averaging methods are summarized in Table 5.3.
The means of the 3 and 6 point average results (Eqmean) and the stan-
dard deviations (std.dev.) for moving the averaging pattern through-
out the room are shown, as well as the deviation relative to the global
mean field strength (Eqmean,global) inside the room. The standard de-
viations for the averaged results for 6 point averages according to [8]
are in the same range as for the manually determined results in the
peak search inter-laboratory comparison, i.e., 2 dB. The results for
the 3 point average according to [8] and [113] show higher standard
deviations. It should be noted that these averaging results have been
obtained from the mapped field data. Uncertainty contributions from
sources such as different equipment, positioning uncertainties, field
perturbation, etc., need to be added for manually conducted averag-
ing. Notice should also be taken that this study does not take large-
scale fading effects, e.g., shadowing, into account. However, shad-
owing effects may lead to a considerable underestimation of the real

5The inherent averaging time of the miniature broad-band probe measurement
system was 100 ms. Thus, lower readings must be expected due to averaging effects
when moving the probe manually
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f
/(MHz)

field signal
config.

Epeak
/(V/m)

std.
dev.
(dB)

dev.
of
max.
(dB)

dev.
of
min.
(dB)

Epeak

Epeak,target

(dB)

930 standard CW 27.6 1 0.8 -2 -6.1
GSM 21.3 1.7 1.8 -1.5 -8.3

modified CW 21.4 0.5 0.5 -0.7 n. a.
2140 standard CW 16.8 1.4 1.4 -1.7 -6.8

UMTS 17.0 4.8 3.4 -6.5 -6.6
modified CW 14.2 1.5 1.5 -2.1 n.a.

Table 5.2: Summary of the results of the inter-laboratory measure-
ment campaign. Epeak is the mean peak field measurement averaged
over all operators and measurement runs for each signal and distribu-
tion combination. Also shown is the standard deviation (std. dev.)
between the results of the different operators and runs as well as the
maximum and minimum deviation of the results from the mean (dev.
of max.; dev. of min). Epeak,target is the target peak field value
determined from the field scanning data.
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incident field when a peak search is not performed but an arbitrary
averaging location is selected as proposed in [8].

f / MHz Volume Eqmean std. dev. Eqmean

Eqmean,global

930 6 point average 20.9 V/m 1.8 dB -0.1 dB
3 point average 20.6 V/m 2.7 dB -0.3 dB

2140 6 point average 13.0 V/m 2.0 dB -0.4 dB
3 point average 13.0 V/m 2.8 dB -0.4 dB

Table 5.3: Summary of the results concerning the reproducibility of
the 3 point and 6 point averaging methods, in terms of the standard
deviation for an arbitrary placement of the averaging pattern inside
the test room as well as the absolute deviations from the global aver-
age.

5.5 Discussion

The results from this study, in combination with the findings in Chap-
ter 4 and the results from [121], lead to the following conclusions. A
reliable and conservative whole-body average exposure assessment is
best performed by searching for the peak and conducting an averag-
ing at that location. A conservative and reliable peak spatial SAR
assessment may require the global peak and its appropriate weighting
based on additional evaluations, e.g., evaluations of the directional-
ity of determined peak incident field. The reasons for this are that,
for example, an exposure from the front of the body will not be sub-
ject to constructive interference enhancements due to a wave traveling
towards the back of the body. Nevertheless, it might be subject to en-
hancements due to waves incident from the side. Further, in a highly
reflective environment the robustness of an incident field peak might
require evaluation when a lossy body is present.

On the other hand, compliance with the incident field peak value
is deemed to be conservative (provided the derived limits are correct),
but may considerably overestimate the actual induced exposure. Nev-
ertheless, in many real-life compliance test scenarios the incident field
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peak is already found to be compliant with the reference levels. The
underestimation of the local peak when applying the sweeping method
with directional antennas was 6-8 dB, which has to be attributed to
the directionality and polarization selectiveness of the antennas [129].
However, the use of directional antennas may take care of the overes-
timation due to the dependence of the localized SAR on the direction
of the incident waves. But this needs to be validated by future re-
search. The reproducibility (between different runs & operators)
of the sweeping method using directional antennas was <1.7dB. The
reproducibility of an averaging performed at an arbitrary location in
the room excluding additional uncertainties due to the equipment used
and operator handling was evaluated. This revealed that the repro-
ducibility of a 6 point average was in the same order as the sweeping
method, and that the reproducibility of a 3 point average was worse
compared to the reproducibility of the sweeping method.

5.5.1 Conclusions

The study performed has proven the suitability of the sweeping tech-
nique (maximum search) for a conservative in-situ exposure assess-
ment, e.g., to be used in compliance testing of base stations with the
reference levels. This technique is currently the only method sup-
ported by numerical findings regarding the absorption characteristics
in human bodies. The search for the isotropic incident field peak
is certainly conservative with respect to the basic restrictions when
compliant with the reference levels. Routine in-situ compliance mea-
surements performed with this method in Switzerland over the past
6 years have shown that the determination of the incident field peak
does not have any negative implications on the authorization of base
stations in reality due to generally low incident fields, and thus com-
pliance of the incident field peak. The sweeping method compared to
the averaging methods of [8] has the advantages that it is 1) inher-
ently compliant with the basic restriction for localized and whole-body
averaged SAR, and 2) a large number of samples are taken and the
whole room is swept making the method robust against small and
large scale fading. In addition, the measurement time when sweep-
ing a whole-room is typically not much longer than performing an
isotropic 6 point average.
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Further investigations about the associated uncertainties, but also
advantages, when using directive antennas in the sweeping method
with respect to induced absorption are required. Other open issues
are the soundness of current spatial averaging methods for reliably
assessing whole-body averaged SAR and optimized methods for in-
cidence analysis with respect to localized SAR. Further research is
also required to determine the sources of the large deviations when
measuring the UMTS signals with the sweeping method.
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Chapter 6

Over-The-Air
Performance of GSM
Cellular Phones Only
Marginally Affect the
User’s Average
Exposure in GSM
Networks

6.1 Introduction

Mobile phones operated at the user’s ear are the strongest source
of exposure of the general public to induced radio-frequency (RF)
electromagnetic fields (EMF) in the human head. All mobile phones
must comply with national regulations that are based on international
safety guidelines for RF exposure [13, 9]. The compliance with safety
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limits is demonstrated by measurements of the specific absorption
rate (SAR) at the maximum power level, the procedures of which are
harmonized by international standards [78, 77]. Although relevant
safety levels have been established to avoid hazardous effects due to
excessive temperature increases in tissue, there is significant public
concern and scientific interest about possible adverse health effects
below these thresholds. Epidemiologic methods are indispensable in
identifying these possible effects. Unfortunately, past studies show
weaknesses in the applied dosimetry by neglecting the large variations
in the human head to mobile phone exposure [130]. The most crucial
parameters that should be considered in a sound dosimetry are 1)
the exposed regions of the brain due to the strong locality of the
exposure, and 2) the output power variations due to mobile phone
power control as well as communication band and system variations
in real networks during everyday use. The first parameter is subject
to current and future research, though preliminary results have been
presented in [62]. The second parameter, i.e., the mobile phone power
control, radiation efficiency and operating bands and systems, are
studied in greater detail in this chapter as well as in Chapter 7. In
this chapter, the evaluation focused on the effect of the over-the-air
(OTA) performance or telephone communication power (TCP) [131]
and power control on human exposure in a single band GSM [132]
network.

As mentioned before, the exposure metrics for epidemiological re-
search on possible health effects posed by mobile phones necessitate
sound exposure proxies. The only value publicly available is the peak
spatial average Specific Absorption Rate (psa SAR) averaged over any
1 g or 10 g of tissue determined at maximum output power. However,
modern mobile communication systems apply adaptive power control,
altering the output power and consequently the average dose of ex-
posure. The average SAR for a handset used at the human ear for a
given position is given by:

〈SAR〉t = SARPCLmax
· 〈PCL〉t
PCLmax

(6.1)

where SARPCLmax is the SAR distribution determined at maximum
antenna input power, 〈PCL〉t is the time-averaged output power con-
trol level (PCL) at that particular position, and PCLmax is the maxi-
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mum output power control level. It has been assumed that dosimetric
compliance testing with the device under test operating at maximum
antenna input power is not a reliable proxy of the exposure since 1)
the distribution changes with changing position of the phone with re-
spect to the head, and 2) the power control is dependent on the mobile
phone’s TCP and the network coverage. The OTA performance had
been assumed to be an important factor as the power control has a
large dynamic range in modern cellular systems, e.g., 30 dB in GSM.
In summary, the instant dose of exposure depends on:

• peak spatial average SAR at maximum output power

• OTA performance of the handset

• network coverage, i.e., base station density (network perfor-
mance)

In previous studies [133, 134] and in a conducted pilot study, it has
been shown that handover occurrences may make a substantial contri-
bution to the radiated average output power budget of mobile phones
in GSM networks. This is because GSM networks typically require
mobile phones to operate at maximum output power during a hand-
over. This also implies that at times when hand-overs occur the effect
of the OTA performance has no effect on the PCL.

6.2 Objective

The objective of the study presented in this chapter was to test the
hypotheses:

• that the exposure during a handover is the dominant factor with
respect to the cumulative dose for a moving user within a GSM
network,

• that the effect of the OTA performance on the cumulative dose
is negligible,

• and therefore that the maximum peak spatial average SAR is a
good proxy of the exposure level from a handset in GSM net-
works.
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6.3 Methods

6.3.1 Tools to Test Hypotheses

To determine the impact of the different exposure relevant parameters
it is necessary to test phones varying significantly in these parameters.
In detail, phones providing significantly different peak spatial average
SAR values and significantly different radiation efficiency are needed.
In order to eliminate differences due to the phone’s hardware and
software performance two identical phones were chosen. These were
then evaluated as follows:

• Phone 1: touch position under normal operational conditions
(keyboard facing the cheek)

• Phone 2: touch position but battery toward the face.

This different usage of the same phone represents two phones with
exactly the same electronics but different peak spatial average SAR
and OTA performance. To assess the peak spatial average SAR values
the dosimetric assessment system [22] DASY4 (SPEAG, Switzerland)
was used. To test the radiation efficiency the BLUETEST RC800
[135] (BLUETEST.SE, Sweden) reverberation chamber system was
utilized. For the field measurements, a mobile system to measure
the power control level with high accuracy under realistic but also
well-defined usage conditions was required. As there was no available
system that provided this required performance, a system with the
following performance requirements was developed:

• emulation of realistic exposure situations

• high sampling rate (�217 Hz) and dynamic (>30 dB)

• immunity against ambient RF fields

• evaluation of mass-market mobile phones in real networks

6.3.2 Dosimetric Assessment

The SAR measurements were performed based on the procedure de-
fined in [78] with the phone positioned on the Specific Antropomorphic
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Phantom (SAM) head. The peak spatial average SAR was determined
in touch position (phone position during the field experiment) for both
phone configurations in the DCS1800 band. On the rear side of the
phone a representative earpiece location was defined directly opposite
the actual earpiece. The testing position for the rear side of the phone
is displayed in Figure 6.1.

ear of

twin SAM phantom

attached

mobile phone

Figure 6.1: Dosimetric evaluation position of the test phone with rear
side facing the SAM phantom head.

6.3.3 Telephone Communication Power

The total TCP [131] of the phone was measured using the BLUETEST
RC800 reverberation chamber. It was determined in free space and
with the phone attached to the target SAM phantom head. The
phones were measured in touch position and separate measurements
were conducted with the phone’s front and rear sides facing the head.
The measurement setup is shown in Figure 6.2.

6.3.4 SYNEHA Field Test System

The System Network and Handset Analyzer (SYNEHA) was devel-
oped for this study to enable the evaluation of mobile handsets as a
function of the network and environment under real-life conditions.
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reverberation

chamber

phantom

head

attached

mobile phone

measurement

platform

Figure 6.2: Measurement setup to determine the TCP of the hand-
set. The phantom head used was the same type as during the field
measurements. The phantom head is inside the BLUETEST RC800
reverberation chamber where the measurements of the TCP were con-
ducted.
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DAE1

EASY 4

UPS Unit

DAE2

PC GPS

HS1 HS2 HS3 HS4

FS1 FS2 FS3 FS4

Figure 6.3: Block diagram of the SYNEHA measurement system.
Schematically shown are the two SAM phantom heads with mobile
phone handsets (HS) attached to each ear. The field sensors (FS) mea-
sure the E-fields inside the phantom heads. This is analog to digital
converted and optically forwarded by the data acquisition electronics
(DAE). The exposure acquisition system (EASY4) is used as a data
logger for the field values. A PC controls the system and stores the
exposure and position data.
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Hardware

SYNEHA consists of the hardware shown in Figure 6.3. The two SAM
phantom heads [77] have integrated E-field/SAR sensors (FS) at a
fixed location, namely 4 mm behind the ear. The sensors are diode-
loaded dipoles connected with high-resistive lines. The heads are filled
with tissue equivalent liquid to simulate a realistic load and absorption
scenario with respect to the mobile phone handset. Having the sensing
element inside the fluid provides a high level of immunity against
RF ambient fields. Mobile phone handsets (HS) can be mounted at
both ears of each phantom head. The field values from the sensors
are acquired using data acquisition electronics (DAE). The exposure
acquisition system (EASY4) is used as a data logger for the field values
provided by the DAE. A personal computer (PC) runs the SYNEHA
measurement software and controls the entire measurement system.
The system is battery powered via an uninterruptible power supply. It
can be equipped with a global positioning system (GPS) unit and then
the field and position data are permanently synchronized and stored
by the PC. The acquired field values can be immediately displayed
using the measurement software. The specifications of the system are
summarized in Table 6.1.

Sampling rate 3000 samples/s per channel
Dynamic range >33 dB (>48 dB with different sensors)
Cross-talk attenuation >34 dB
Linearity deviation <0.2 dB
Noise <1 mW/kg
Temperature range 10 - 40 ◦C (error <<1 dB)
Humidity range 0 - 90%

Table 6.1: Specifications of the SYNEHA measurement system.

Software

Another key feature of SYNEHA is the data evaluation software used
for post-processing the measurement data. The evaluation capabilities
of the software are:
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• Normalization of the measurement data to the calibration value
at a known output power level, resulting in absolute PCL.

• Average multi-frame peak power: normalized peak power deter-
mined over intervals of one multi-frame, i.e., 480 ms, and aver-
aged over the whole measuring period. This corresponds to the
actual power control level of the mobile phone. The 480 ms are
necessary to detect the peak power if discontinuous transmission
(DTX) is active.

• Maximum multi-frame peak power: maximum normalized peak
power determined over intervals of one multi-frame.

• Minimum multi-frame peak power: minimum normalized peak
power determined over intervals of one multi-frame.

• Average power: normalized average power determined over the
whole measuring period.

• Average DTX: DTX is identified if the average power within a
multi-frame is, by a user-defined threshold, lower than the multi-
frame peak power. Thus, average DTX gives the percentage of
multi-frames in whose DTX was active. The DTX threshold was
set to 12 dB.

• Number of handovers: the evaluation software identifies han-
dovers by matching the acquired data with a user-defined power
pattern excursion. The following pattern was implemented (see
Figure 6.4):

1) Handover step: initial power step must be >4 dB

2) Tolerance for maximum power: threshold for maximum
power level (1.5 dB)

3) Maximum handover duration: maximum duration of the
maximum power excursion to be identified a handover (6 s)

4) Handover end power drop: minimum power drop within
the maximum handover duration period (1.5 dB).
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Figure 6.4: Handover detection pattern for GSM based on the user-
defined power over time excursion. Handovers are detected if the
measured power level excursion fits this pattern.
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6.3.5 SYNEHA Field Measurements

The SYNEHA measurement setup was installed inside a car (see Fig-
ure 6.5). A GSM network using only the DCS1800 band was chosen
for the experiment since it is expected to show the highest effect re-
garding handover power excursions. The phones were attached to the
two phantom heads in touch orientation. Phone 1 was mounted with
its front side toward the phantom; Phone 2 was mounted with its rear
side toward the phantom. Each phone was mounted at the phantom
ear that was facing the exterior of the car.

Figure 6.5: The phantom heads and the SYNEHA data acquisition
hardware mounted inside the measurement vehicle.

Two different measurement routes were chosen for investigation:

• A route in an urban environment of approximately 20 minutes
duration

• A highway route in a rural environment of approximately 20
minutes duration.

Three measurement drives at different times of day were performed
along the predefined routes. The phones were operated using a normal
telephone call. The devices were excited acoustically using the ambi-
ent noise in the car; no further artificial acoustic signal was applied
as the calculation of the PCL in the post-processing is independent
of any DTX. Based on the acquired measurement data, the following
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evaluations using the SYNEHA post-processing software were per-
fomed:

• Normalization of the relative measurement data

• Determination of the multi-frame peak power values, resulting
in the actual power control levels for each multi-frame

• Calculation of the average power control level of the mobile
phones under test.

6.4 Results

The SAR measurement results for Phone 1 (front side) and Phone
2 (rear side) are shown in Table 6.2. A difference of >5 dB can be
observed for the different phone orientations. The results of the TCP
measurements in free space and at the head are displayed in Table 6.3.
The TCP in free space of 28 dBm (target: 30 dBm) is close to the
average total radiated power determined in a TCP comparison study
[131]. The difference between Phone 1 (keyboard facing the head) and
Phone 2 (battery facing the head) is significant, i.e., 2 dB.

Phone 1 (keyboard facing the head)
1g 10g

psa SAR (W/kg) psa SAR (W/kg)
Left hand side 0.39 0.25

Right hand side 0.36 0.23
Average: 0.36 0.23

Phone 2 (battery facing the head)
1g 10g

psa SAR (W/kg) psa SAR (W/kg)
Left hand side 1.30 0.71

Right hand side 1.48 0.84
Average: 1.39 0.77

Table 6.2: Peak spatial average (psa) SAR of Phone 1 and 2 in touch
position facing the SAM phantom head.
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Phone 1 (keyboard facing the head) TCP (dBm)
Test position Low Mid High Avg.

Free space 28.50 28.29 27.86 28.22
Touch front side 27.45 26.47 27.19 27.06
Touch back side 24.40 25.41 25.39 25.09
Phone 2 (battery facing the head) TCP (dBm)
Test position Low Mid High Avg.

Free space 28.09 28.42 27.83 28.12
Touch front side 26.93 26.78 27.50 27.08
Touch back side 23.91 24.79 25.63 24.83

Table 6.3: TCP of two identical phones measured in free space and
with front and rear sides facing the SAM phantom head at low, mid
and high frequencies in the DCS1800 band. (The results for the field
test orientations for Phone 1 and Phone 2 are in bold.)

The results of the SYNEHA evaluations, i.e., the average power
control levels, are summarized in Table 6.4. A high repeatability of the
average power control levels for different measurement drives can be
identified. For the highway route, an average difference between the
phones of 0.55 dB was determined, i.e., higher for Phone 2 (battery
facing the head). No difference was observed for the urban area. If the
data are evaluated for the lowest 25% PCL only, the difference of 2 dB
between Phones 1 and 2 reflects the difference in TCP as measured
with BLUETEST (see Table 6.5). In Figure 6.6, the output power
levels over the cumulative time for the highway route are displayed.
At lower power levels, Phone 2 consistently switches into the higher
power class earlier than the phone with its front side facing the head.
This effect reduces for higher power levels and nearly disappears for
the peak power level.

6.5 Discussion & Conclusions

Table 6.6 summarizes the results obtained from the study. The radi-
ation efficiencies of the two phones / configurations are significantly
different, i.e., by approximately 2 dB or 60%. However, the ratio of
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City Route Avg. PCL Avg. PCL Difference
(Phone 1) (Phone 2) (dB)

(dBm) (dBm)
Drive 1 (AM) 21.45 22.38 0.93
Drive 2 (PM) 21.75 21.31 -0.44
Drive 3 (AM) 22.89 22.62 -0.27

Average: 22.08 22.14 0.06
Highway Route Avg. PCL Avg. PCL Difference

(Phone 1) (Phone 2) (dB)
(dBm) (dBm)

Drive 1 (AM) 23.47 24.23 0.76
Drive 2 (PM) 23.51 24.12 0.61
Drive 3 (AM) 23.43 23.7 0.27

Average: 23.47 24.02 0.55

Table 6.4: Average output power control levels of two mobile phones
(front side facing head (Phone 1) and rear side facing head (Phone
2)) operated while driving in an urban and on a highway in a rural
environment.

Highway Route Avg. PCL Avg. PCL Difference
(Phone 1) (Phone 2) (dB)

(dBm) (dBm)
Drive 1 (AM) 4.37 6.66 2.30
Drive 2 (PM) 4.69 6.94 2.25
Drive 3 (AM) 4.60 6.22 1.62

Average: 4.55 6.62 2.06

Table 6.5: Average output power control levels over equally sized
sets of samples (25%) from the differently oriented phones during the
highway route. The selected dataset represents only the lowest PCL
of the considered data.
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Figure 6.6: Average PCL over cumulative time of two phones with
front and rear sides facing the phantom. For lower power levels, the
phone with lower TCP (rear side facing head) switches earlier to higher
power levels. This effect nearly disappears at the peak output power
level.
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the peak spatial average SAR between Phone 1 and 2 determined dur-
ing compliance testing is the same as during usage in the city and on
the highway. The average exposure on the highway is a factor of 4
below the maximum exposure level, and a factor of 6 below in the
city, although the dynamic range is a factor of 1000. Furthermore,
the evaluation of the lowest 25% PCL levels assessed using SYNEHA
provides a good measure of the actual over-the-air performance in the
network.

In conclusion, the SAR at maximum power as determined in com-
pliance testing is a good exposure proxy with respect to phone design
for a moving user. However, it still requires consideration of the dif-
ferentially exposed tissues in the head.

10 g TCP TCP
psa free head

SAR space (dBm)
(W/kg) (dBm)

Phone 1 0.23 28.22 27.06
Phone 2 0.77 28.12 24.83
Ratio (dB) 5.25 -0.10 -2.23

Avg. Avg. Avg. Avg.
PCL PCL 10 g 10 g
city highway psa SAR pas SAR

(dBm) (dBm) city highway
/(W/kg) /(W/kg)

Phone 1 22.08 23.47 0.04 0.05
Phone 2 22.14 24.02 0.13 0.19
Ratio (dB) 0.06 0.55 5.31 5.80

Table 6.6: Summary of differences regarding exposure relevant pa-
rameters from two identical phones evaluated with the front (Phone
1) and rear (Phone 2) sides facing the phantom head for measurement
drives in rural and urban environments.
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6.6 Open Issues

Today, many phones and networks support multiple communication
bands, e.g., GSM900 and DCS1800, as well as multiple communica-
tions systems such as GSM and UMTS. Hence, future research in the
field should also focus on multi-band and multi-system phones. More
stationary and indoor use of mobile phones should be included in fu-
ture evaluations. These issues have been investigated in greater detail
in Chapter 7.





Chapter 7

Field Evaluation of the
Human Exposure from
Multi-Band,
Multi-System Mobile
Phones

7.1 Introduction

In Chapter 6 of this thesis the effect of a mobile phone’s over-the-
air (OTA) performance as well as the power control implementation
was evaluated in a single band (DCS1800) GSM [132] network. A
few other publications are also available that evaluated the exposure
in realistic single band GSM networks [133, 134]. However, modern
mobile phones are typically operated in dual GSM bands in Europe,
i.e., in the EGSM (900 MHz) band and the DCS (1800 MHz) band.
In addition, more and more phones are equipped with the UMTS
communication system [136], which makes these phones capable of
operating in multiple systems and multiple bands. Little information
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on the real-life exposure from these UMTS devices is available in the
literature [137]. In addition, those results rely on recordings in the mo-
bile phones. The measurements were all taken at a rate much slower
than the power control rate, and software or hardware modification
of the phones was required, which could potentially impact on the
performance compared to the usage of a standard phone in a real net-
work. No published information on exposure from mobile phones in
multi-band and multi-system networks exists. Using multiple bands
and multiple systems introduces human exposure dependencies on the
following factors:

• SAR depending on the carrier frequency

• antenna efficiency or over-the-air (OTA) performance depending
on the carrier frequency

• power control, depending on the communication system (power
control implementation, receiver sensitivity, interference level),
network infrastructure (base station density, power control im-
plementation and regulation speed, carrier frequency), and geo-
graphical features.

Whilst the first two parameters (SAR and OTA) can be assessed by
laboratory measurements, or also by numerical modeling, the power
control dependencies have to be assessed by field measurements. In
order to comply with the additional requirements for the evaluation
of multi-system and multi-band phones, the measurement system pre-
sented in Chapter 6 has been greatly extended.

The developed measurement system, its uncertainty, the applied
evaluations methods and the selected evaluation scenarios are pre-
sented in Section 7.3. The results of the study are summarized in
Section 7.4 and discussed in Section 7.5.

7.2 Objective

The aim of this study was to develop a measurement system and
measurement procedures for the evaluation of human exposure from
multi-system, multi-band mobile phones in real mobile communication
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networks. The study also investigated a set of mobile phones in various
communication networks and geographical locations.

7.3 Methods

7.3.1 Field Test Measurement System

The field measurement system presented in Chapter 6 has been re-
designed in order to allow assessment of multi-band and multi-system
mobile phones. The novel system will be referred to as System Net-
work and Hand-set Analyzer version 2 (SYNEHA2) throughout the
text. In particular, a frequency discriminator was added to identify
the communication band in which a device under test (DUT) is operat-
ing. Furthermore, the dynamic range of the field sensor was extended
to >60 dB in order to cover a larger part of the UMTS power control
dynamic range, as well as to omit the requirement to use different
sensors to increase the system sensitivity.

An overview schematic of the system is shown in Figure 7.1. The
system consists of a measurement head (specific anthropomorphic
mannequin (SAM) head phantom [77]), which is filled with tissue sim-
ulating liquid in order to emulate a realistic load to the mobile phone’s
antenna. The handset under test can be placed at the ear using a de-
vice holder in touch or tilt positions according to [77]. A field sensor
is located behind the ear. The sensor is based on a small (d≈8 mm)
loop probe that is then matched over the considered frequency range
to the input of a logarithmic detector providing a >60 dB dynamic
range. The basic principle of this kind of small loop magnetic field
probe is described in [24]. A loop antenna in the center of the head
is used to pick-up the radio-frequency (RF) signal for the frequency
discriminator. The frequency discriminator (Figure 7.2) is based on
single or dual stage band-pass filters with decoupling and level adjust-
ment amplifier stages for the individual bands. The filtered RF signals
in the bands are then rectified using a logarithmic detector. The filters
of the frequency discriminator were selected to provide frequency band
discrimination for the European EGSM900 (890-915ṀHz), DCS1800
(1710-1785 MHz) and UMTS (1920-1980 MHz) bands, as well as the
United States GSM (824-849 MHz) band. The DCS1800 band filters
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are footprint compatible with PCS1900 filters that would then also
cover the United States PCS1900 (1850-1910 MHz) band.

The immediate frequency (IF) signals from the field sensor and
the frequency discriminator channels are sampled with a commercially
available National Instruments PXI 6115 analog to digital converter
card. The PXI system and a GPS unit are controlled and continuously
sampled using a personal computer (PC). Since the measurement sys-
tem is typically located in the trunk of a car during field tests, an
optional remote PC such as a laptop may be connected to display the
user interface and immediate post-processor information.

System Calibration

Measurements are performed in a manner relative to the phones max-
imum output power or maximum power control level (PCL). This
requires calibrating the measured field level at maximum PCL with a
phone attached to the SAM head in advance of field measurements.
This was done using a base station simulator and requesting the phone
to regulate to the maximum PCL. The uncertainties associated with
this calibration are treated in Section 7.3.2. Band dependent conver-
sion factors of the measured field level (corresponding to the phones
output power) to the output voltage of the field sensor are initially
calibrated.

Data Acquisition Software

The data-acquisition software consists of an acquisition software back-
end and a user front-end. Both form a client server architecture that
allows the front-end to be run on either the acquisition PC or a remote
PC. The features provided by the acquisition back-end are:

• control of GPS and PXI devices

• continuous acquisition of location data from the GPS

• continuous acquisition of sampled voltage data (4 channels: 1
field sensor channel, 3 frequency discriminator channels)

• synchronization of GPS and PXI data
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Figure 7.1: SYNEHA2 measurement system. Shown is a handset
(HS1) mounted on the SAM head filled with tissue simulating liquid.
A field sensor (FS1) is placed inside the head behind the ear, and a
small loop antenna in the center of the head. The signal from the loop
antenna is fed into the frequency discriminator (FD). The signals from
the FD and the FS1 are sampled with an analog to digital converter
(PXI). The PXI and a GPS are controlled and continuously sampled
using a data acquisition personal computer (DAQ PC). Optionally,
the DAQ PC software can be controlled and monitored from a remote
PC.
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Figure 7.2: Schematic of the frequency discriminator. The input sig-
nal is split, filtered, amplified and rectified in separate channels for
each communication band.
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• storing of raw data

• on-the-fly implementation (1 s update rate) of level 1 postpro-
cessing algorithms (see Section 7.3.2)

• provision of a control and monitoring interface to the user front-
end software.

The front-end software provides features to: start and stop the mea-
surement, configure the data acquisition, and display on-the-fly post-
processing information.

7.3.2 Post-Processing

The data post-processing is separated in two stages. The first stage
uses the same algorithms as the on-the-fly evaluation used during the
field measurements. The second stage mainly provides the output of
data plots and statistical summaries. In the post-processing, the PCL
of the devices under test (DUT) is calculated based on the system and
DUT specific calibrations from the power sensor and band discrimi-
nator sampled voltage data. The power control levels are calculated
based on the power update rate of the communication system. This is
1500 Hz for UMTS, and for GSM the actual power bursts are detected
with an update rate of multiples of 217 Hz (GSM frame frequency)1.
In the next step, the location data from the GPS is filtered, synchro-
nized and merged with the power measurement data. Using defined
geographical start and stop locations on the test route, the data of
interest is extracted from the entire data set (route). Handovers in
GSM mode are detected based on the method described in Chapter 6.
Finally, the time increment ∆t(N) of every measurement sample N
with a PCL(N) is normalized with the ratio between the speed V (N)
and a desired average speed Vavg:

∆tnorm (N) = ∆t (N) · V (N)
Vavg

(7.1)

1The actual GSM power update rate is typically implemented much slower than
this, i.e., in the range of 0.5-0.25 Hz. The detection of every burst, however, has
the advantage of also detecting the number of interleaved bursts due to DTX.
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Thus, differences in speed of the vehicle between different measure-
ment drives are equalized. However, this time base normalization is
not applied at times when handovers occur as it can be assumed that
their duration is not dependent on the speed.

Level 1 Post-Processing

In the first stage the main signal processing is performed, during which
the the following items are processed:

1. Communication band detection

2. Data normalization with band dependent conversion factors

3. Power detection in GSM and UMTS communication modes:

• Detection and determination of burst-peak power for every
transmitted burst and thus removal of the effect of discon-
tinuous transmission (DTX) in GSM mode

• Calculation of the 1/1500 s average power in UMTS mode

4. Conversion of measured voltage data into dB scale data normal-
ized to the phone’s maximum PCL (0 dB) using phone depen-
dent calibration factors

5. Optional normalization to band-specific SAR measurement data

6. Optional calculation of the following summary parameters:

• Average power, average power per band

• Average SAR, average SAR per band;

• Total time, total time per band

• Count of band changes

• Percentage of DTX in GSM.
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Level 2 Post-Processing

In the second level of the post-processing the following operations are
performed:

1. Detection of handovers in GSM mode

2. Optimization (reduction of measurement noise) in the GPS data
using reverse geo-encoding (re-mapping of measured location
data onto the track) and filtering

3. Fusion of mobile phone power and band measurement data with
GPS location and speed data

4. Time-base normalization based on the measured vehicle speed
at every sample

5. Plots of phone PCL and band versus time or location, his-
tograms of cumulative time per PCL per band are created

6. Statistical summaries, e.g., average PCL and cumulative time
per band, number and duration of handovers in GSM mode, are
computed.

System Uncertainty

The uncertainty of the measurement system was evaluated in terms
of the average PCL (〈P 〉t) and is summarized in Table 7.1. The de-
termination of the individual uncertainty contributions is described
in the following. The linearity deviation (P) was determined from
the maximum deviation from linearity for a power sweep performed
over the dynamic range of the system at the center frequencies of all
communication bands using continuous wave as well as signals mod-
ulated with the actually applied modulation in the communication
systems. The linearity deviation (f) was determined from the maxi-
mum deviation of the detected field level determined for a frequency
sweep from the band lower to the band upper frequency ranges. The
system and ambient noise was estimated in an semi-anechoic cham-
ber with a secondary mobile phone operating at full power in the
UMTS mode at a distance of 5 m. UMTS was chosen because the
signal processing involving the detection of GSM bursts will reduce
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the effect of ambient noise from secondary GSM sources compared
to UMTS sources. The LSB (least significant bit) resolution was cal-
culated from the resolution of the applied analog to digital converter
and the conversion factors of the sensor that relate a measured H-field
to the detector output voltage. Detection limits are only applicable
for UMTS mode since measured signals in GSM mode were always
well above the systems detection limit. Evaluation of the acquired
UMTS data has shown that in the worst-case the signal was below
the specified system sensitivity (Psens = 2 · 〈Pnoise〉t) for 40% of the
measurement time. As the worst-case assumption for the uncertainty
calculation, the lowest measured time-averaged PCL 〈P 〉t was chosen
3 dB above Psens and below being Psens for 50% of the measuring
time. In other words, 50% of the time is assumed to be 〈Pnoise〉t in-
stead of any lower PCL. Further, it is assumed that the actual PCL
below Psens is the minimum available PCL of the handsets, which was
found to be Psens-35 dB. Using this yields a worst-case detection limit
error of:

∆e = 10 · log10

(
0.5 · Pnoise + 0.5 · 4 · Pnoise

0.5 · Pnoise10−35/10 + 0.5 · 4 · Pnoise

)
= 0.97dB. (7.2)

The system calibration uncertainty was determined from the relative
measurement error of the applied calibration setup. Since the system
is only calibrated for relative measurements, absolute measurement
uncertainty can be neglected here. The DUT specific calibration un-
certainty was determined empirically. All three DUTs were removed
and repositioned ten times at the SAM head and operated in all three
band center frequencies at maximum output power. The power was
measured with SYNEHA2 for each repetition and statistically ana-
lyzed. The averaging uncertainty is only applicable to UMTS. The
pre-processor voltage data is averaged in 666µs intervals. This volt-
age data, however, corresponds to power data in a logarithmic scale.
The worst-case error for averaging a 1 dB power step in logarithmic
instead of linear scale is found for half the averaging period in PCL1
and half the averaging period in PCL1±1 dB. The handover detection
is based on the power pattern over time. There might be situations
with longer handover durations (no immediate power step before or
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after a handover) such that a handover is not correctly recognized.
Inspection of the PCL traces over time has shown that there is at
maximum a single PCL=0 dB excursion within 10 minutes (T ) that
is of longer duration than the handover detection time limit. It is
further assumed that during the handover the vehicle is moving with
a speed (Rmax) 2.5 times higher than the average speed and at aver-
age speed for the rest of the time, as well as a minimal duration of
the PCL=0 dB period of 20 s (t0dBmin

) and a handover detection time
limit (tHOmax

) of 4 s. Thus the error in the calculation of the average
PCL due to the time-base normalization with and without detection
of the handover is:

∆e = 10 · log10


(

10
0dB
10 · tHOmax

·Rmax + 10
0dB
10 · (t0dBmin

− tHOmax
)(

10
0dB
10 · tHOmax + 10

0dB
10 · (t0dBmin − tHOmax)

· · ·+ 600s · 10
P CLavgmin

10

)
· · ·+ 600s · 10

P CLavgmin
10

)


= 0.43dB
(7.3)

The band detection uncertainty has to be considered if a band change
is not detected in the post-processor and thus incorrectly assigned
power measurement data contributes to the average power of a band.
GSM band detection is very robust; however, a band change from
GSM to UMTS might not be detected if the UMTS output power is
below the system sensitivity. In this case, the UMTS band is explicitly
assigned after a period of 480 ms without a GSM burst being detected.
The uncertainty is thus only applicable to the UMTS uncertainty.
However, a band change from GSM to UMTS was recorded in only
one of the 42 evaluated cases. Inspection of this transition confirmed
the correct detection of the band change and thus the band detection
uncertainty is 0 dB for this specific situation. The uncertainty of the
source stability was determined for a 30 min power measurement of
each DUT operating at maximum output power. The worst-case de-
viation from a constant output power over the 30 min period is used
in the uncertainty evaluation.
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System Specifications

The specifications of the developed field measurement system are sum-
marized in Table 7.2.

Head phantom type SAM
Tissue simulating liquid HSL900
Sampling rate power and band 100 kHz

location ≈1 Hz
Resolution <0.05 dB/lsb
Dynamic range 60 dB
Deviation from linearity <0.25 dB
System and ambient noise
(typical)

<0.3 dB

Frequency range GSM900 890-915 MHz
GSM850 824-849 MHz
DCS1800 1710-1785 MHz
PCS1900 1850-1910 MHz
UMTS1950 1920-1980 MHz

Power consumption 180 W (typical)

Table 7.2: Specifications of the SYNEHA2 field measurement system.

7.3.3 Evaluated Scenarios and Evaluation Strategy

Three multi-system (GSM and UMTS) mobile phones were selected
for the evaluation. The mobile phones were operated in all three Swiss
mobile communication networks on two selected routes (one urban,
one rural route). The selection of the mobile phones was arbitrary
except for the fact that the selected devices represent different gener-
ations of UMTS capable phones, ranging from one of the first UMTS
phones (Nokia 7600, introduced in 2003) over a phone introduced in
2005 (Motorola V1050) to a more recent model (Nokia 6120c) that
has been marketed since 2007.

For the actual field tests, the measurement system was installed in
a car (see Figure 7.3). A speech signal (50% duty cycle) was applied,
coupled from an ear-bud through a silicone hose to the phone micro-
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phone in order not to modify the current distribution on the phone
by, for example, connecting wires to it. Although DTX in GSM mode
should not affect the power control nor the post-processing2, it was
decided to simulate a realistic call situation using this setup.

Two different routes for the test drives were selected, one in an ur-
ban area, i.e., a loop of 2.8 km in down-town Zurich, as well as a route
of 9.7 km through sub-urban and rural regions in the Zurich area.
The phones were operated once in multi-system, i.e., combined GSM
and UMTS, and once in GSM-only mode for each phone, network
and route combination . It was also ascertained that each mode was
tested at approximately the same time of day, i.e., the multi-system
mode was tested in the morning (9.00-12:00) and the GSM-only mode
was tested in the afternoon (13:00-16:00). Due to this time limitation,
each phone could only tested in one network per day. In summary,
3x3x2x2=36 (phones x networks x communication modes x routes)
tests were performed. In addition, the phone and network combina-
tions on the urban route from one day were repeated entirely, i.e., an
additional 6 measurements were performed on a second day. However,
the measurement times of the phones and network combinations were
modified such that the morning measurements were moved to the af-
ternoon, and vice-versa, in order to estimate the repeatability as well
as potential day-time influences on the measurements.

The measurements were taken at the arbitrary speed at which the
vehicle was moving. In order to provide a better inter-comparability
of the results, the speed of each measurement point was normalized
(time-base normalization of ∆t(N)) to a set of three average speeds:

• 4.6 m/s and 13.1 m/s corresponding to the actual average speeds
of the vehicle for the urban and rural measurements routes, re-
spectively

• 1.45 m/s corresponding to a typical walking speed applied on
both routes

2The power control level is calculated and updated for each GSM burst indi-
vidually using a burst detection algorithm. In 100% DTX mode, the phone will
still send a burst within every GSM multi-frame of 120 ms length. Power updates
implemented via GSM slow associated control channel (SACCH) require at least
480 ms per update. However, they are typically longer than this due to averag-
ing in the base station of about 1-2 s. Thus, applied power level updates will be
captured correctly even without a speech signal.
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Figure 7.3: SYNEHA2 measurement system installed inside the vehi-
cle with a mobile phone attached to the right hand side of the SAM
head. An acoustical signal is coupled from an ear-bud through a sili-
cone hose into the phone microphone.

• 0.1 m/s corresponding to a quasi static usage scenario applied
on both routes.

This normalization is not applied for times at which handovers in the
GSM network occur, i.e., the duration of handovers is kept constant.
Consequently, different average PCL for the different speeds can be
expected in GSM mode, which is not the case in UMTS due to the
lack of hard handovers.

7.4 Results

7.4.1 Field Test Results

Figures 7.4–7.9 summarize the average PCL results and the fractions
of cumulative time a mobile phone operated in a particular band. For
each run, the average PCL was computed at the three aforementioned
speeds. The average PCL were normalized to the maximum output
power of each mobile phone in the three bands, i.e., 0 dB corresponds
to the maximum output power. This representation is particularly
useful since SAR measurements are always performed at the maxi-
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mum output power of a phone, hence the average PCL can be directly
applied to the SAR reading at full power in order to assess the reduc-
tion during the operation in real networks. The fraction of cumulative
time a DUT operated in each band for each run is plotted directly be-
low the corresponding average PCL. The bar charts for the cumulative
time have not been separated for different speeds as in most cases the
relative change is very small (<2%). Only when the phone operated
in a band for a very short period of time and a handover occurred in
that band is the relative change in the cumulative time noticeable due
to handovers being treated differently during time-base normalization.
The PCL averaged over all runs and phones for the three providers
are summarized in Table 7.3. The network operator Orange does not
have a GSM900 network, therefore no results are available for Orange
in the GSM900 band.

The results for the urban route show that in dual-mode almost
all the time (95%) was spent operating in the UMTS network. How-
ever, only the Nokia 6210c phone remained in the UMTS band at
all times. While the Nokia 7600 operated outside the UMTS band
about 1.2% of the time, the Motorola V1050 operated outside the
UMTS band on average 15% of the time. When evaluating the cu-
mulative time in the GSM-only mode, the two operators using both
GSM900 and GSM1800 had about opposite fractions of cumulative
channel usage in the two bands, i.e, the Sunrise network had a mean
channel usage of the GSM900 band of 26% and consequently 74% of
the GSM1800 band, while the Swisscom network had a mean channel
usage of GSM900 and GSM1800 of 73% and 27%, respectively, for the
selected route. The deviation for different phones operated in same
network was generally small (<3 dB) and there was no obvious ten-
dency for a certain phone operating at a significantly lower or higher
output power in GSM mode. The results from the repeated runs were
within 1 dB, and in case of runs 17 and 23 within 2 dB. The PCL in
the urban GSM networks of Swisscom and Sunrise were high, i.e., only
between -4.6 to -9.8 dB for all speeds with a maximum average PCL
reduction of only 2.6 dB between driving and the quasi-static speeds.
The PCL in the urban Orange network were generally lower, i.e., in
the range from -9.7 to -14.2 dB, with also a larger reduction of 4.5 dB
between driving and quasi-static speeds. For UMTS operation on the
urban route, it can be concluded that the average PCL were consid-
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erably lower than for the GSM mode. Also, the Nokia 6210c had a
considerably lower average PCL (-35 dB) in the Orange and Sunrise
networks compared to that of ≈-30 dB for the other two phones. On
the other hand, the same phone (Nokia 6210c) had a higher average
PCL in the Swisscom network than the other phones.

On the rural route, the phones in dual system mode never operated
in the UMTS band in the Orange network and only once for a short
while in the Sunrise network, but in all of the three test runs in the
Swisscom network. For the few actually available test results, the
PCL was on average the same as on the urban route. In the GSM-
only mode, phones in the Swisscom network rarely operated in the
GSM1800 band, and phones in the Sunrise network only for 23% of
the time. Such results were expected for rural areas where GSM900
networks are predominantly used because of the typically lower path
loss. Of course, the Orange network is an exception here because of its
GSM1800 architecture. The PCL in the GSM1800 band of the Sunrise
network was very high, on average only 0.2 dB below maximum power.
The average PCL in the Orange network was -6 dB for the driving
speed, which is 4 dB higher than on the urban route. The average
PCL were -4.5 dB for Sunrise and -6.8 dB for Swisscom at the driving
speed normalization, which is also higher than the average PCL on the
urban route in both cases. The differences for the different speeds are
largest for the Swisscom network due the large fraction of time spent
with handovers: about 9.5% at driving speed compared to 3% in the
Sunrise and Orange networks. The power reduction in the Orange
network between driving and the quasi-static speeds is smaller on the
rural (0.4 dB) compared to the urban route (4.5 dB).

Figures 7.10–7.13 display the fraction of time spent with GSM
handover peak power excursion in the individual networks and bands
for the evaluated scenarios. They show that a phone operating in
the GSM band of the Swisscom network generally spends more time
with handovers than in the other two networks. This large fraction of
handovers is, however, not reflected in a higher average PCL compared
to the average PCL in the Sunrise network. Thus, it can be concluded
that the Swisscom network has a higher base station density and the
large amount of handovers is counteracted by lower PCL between
handovers due to the better coverage.
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7.5 Discussion

All network operators seem to use the UMTS network with prefer-
ence if it is available. This is different to preliminary measurements
performed in 2007 [138]. Personal communication with one network
operator has revealed that they switched to UMTS preference from
the beginning of 2008. In the UMTS band, the Nokia 6210c showed
the lowest average PCL, followed by the Nokia 7600 and then the
Motorola V1050, suggesting a difference in the radiation efficiency of
the same order. This result is further confirmed by the fact that on
the rural route the Nokia 6210c never left the UMTS band during
dual system operation, while the Nokia 7600 operated for 1.2% and
the Motorola V1050 for 15% of the time outside the UMTS band. It
should, however, be noted that phones do not typically switch back
from GSM to UMTS during a call. Relatively small differences in
the average PCL in UMTS mode were found comparing the rural and
urban routes. This could be explained with a general requirement for
higher base station density, also in rural environments, at 1950 MHz.
The average PCL in UMTS was typically lower than in GSM by a fac-
tor >100. It is important to note that the UMTS system is currently
not heavily used. It is planned to repeat this study in the course of
the next few years to obtain information on the impact of increasing
network traffic.

From Table 7.3, it is obvious that the normalization to different
speeds or weighting the handovers differently does not have a large
effect in the dual band (GSM900 and GSM1800) networks. The reduc-
tion is less than 2.6 dB in GSM900 and less then 1.9 dB in GSM1800
for both the Sunrise and Swisscom networks when comparing driving
speed with the quasi-static case. In comparison, the reduction in the
Orange network is 4.5 dB in the urban area. This significant difference
relates to the different power regulation mechanism implemented in
the Orange network. In this network, the phone typically decreases its
power after a handover in a single large step (one shot power control)
and then stays on a relatively low power level until the next handover.
Both Sunrise and Swisscom typically show a smaller step down after
a handover and also more intermediate steps between maximum and
lowest power. This behavior also becomes obvious when evaluating
the PCL amplitude distributions of the different networks, which are



7.6. CONCLUSIONS 147

−30 −28 −26 −24 −22 −20 −18 −16 −14 −12 −10 −8 −6 −4 −2 0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

fr
ac

tio
n 

of
 to

ta
l t

im
e

PCL |dB

ZH city, MotorolaV1050, orange(gsm), ID: 4
PCL

avg
(GSM900)=−Inf dB, band usage: 0%

PCL
avg

(GSM1800)=−10.4 dB, band usage: 100%
PCL

avg
(UMTS1950)=−Inf dB, band usage: 0%

 

 
GSM900
GSM1800
UMTS1950

Figure 7.14: Amplitude density distribution of the PCL in the Orange
network on measurement drive 4 in downtown Zurich with the phone
operated in GSM-only mode.

exemplarily shown for runs 4 to 6 in Figures 7.14–7.16. While 80%
of the time is spent in the three lowest PCL in the Orange network,
the PCL distributions for the other two networks are more equally
distributed.

In contrast to the urban network, phones in the rural Orange net-
work are operated more often in intermediate power levels, which
also reduces the effect of handovers. Nevertheless, the rural Orange
network again has the lowest average PCL, suggesting a still more
efficient power control.

7.6 Conclusions

Measurements of the power control levels (PCL) of three mobile phones
in three mobile communication networks were performed in urban and
rural environments. The results showed that phones capable of operat-
ing in UMTS have a significantly lower average output power (greater
than a factor of 100) than phones operating with GSM. The opera-
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Figure 7.15: Amplitude density distribution of the PCL in the Sunrise
network on measurement drive 5 in downtown Zurich with the phone
operated in GSM-only mode.
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Figure 7.16: Amplitude density distribution of the PCL in the Swiss-
com network on measurement drive 6 in downtown Zurich with the
phone operated in GSM-only mode.
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tion in UMTS is dependent upon network coverage. For regions with
good coverage (urban area) the phone dominantly operated in UMTS,
whereas this was only the case in the Swisscom network for the rural
area. The Orange network, implementing a one shot power control,
had the lowest average PCL compared to that of the Swisscom and
Sunrise GSM networks. In the GSM network the differences between
the phones for a specific operator was within 3 dB in the city and
within 2 dB in the rural area. No clear trend for the average PCL of a
specific phone across the operators could be identified. In the UMTS
network, the PCL of the Nokia 6210c was often lower than the PCL
of the other phones. Confirmation studies on whether this phone also
has better radiation efficiency are planned by conducting over-the-air
performance measurements. Furthermore, the study will be repeated
over the next years to collect historical information on exposure, es-
pecially in view of the increasing traffic in the UMTS networks and its
potential impact on the average PCL. An evaluation of the effect of a
user’s hand on the OTA performance and the change in the average
PCL in UMTS networks is planned.

In general, the results suggest communication technology is a strong
predictor of exposure in epidemiological studies. The same methodol-
ogy can be applied to determine the relative daily exposure of specific
tissues for specific mobile phones in specific networks when combined
with tissue-specific exposure at maximum output level.





Chapter 8

Statistical Evaluation of
the Correlation Between
Various Mobile Phone
Design Parameters and
Human Exposure to
EMF

8.1 Introduction

All mobile phone handsets licensed in the USA are tested for RF
emissions when operating at maximum power output under specified
standard test conditions [75]. Maximum RF power to the antenna is
fixed for each phone technology, but the amount and pattern of power
absorption in the head are determined by the design of the antenna
and electronics package, including elements of the case design. Com-
pliance tests are conducted with a SAR probe scanning the E-fields in
phantoms that consist of a tissue simulating dielectric contained in a
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mold with the contours of the human head (specific anthropomorphic
mannequin (SAM) head phantom). The test procedure for mobile
phones operated at the head requires testing the phones placed at
both sides of the phantom head in two orientations to represent the
phone in contact with the cheek (touch) and tilted at an angle of 15
degrees relative to the touch position. The limits for human expo-
sure to RF emissions from hand-held devices are specified in terms
of specific absorption rate (SAR). The U.S. Federal Communications
Commission (FCC) has limited this to no greater than 1.6 W/kg aver-
aged over any one gram cube of tissue or liquid dielectric. Reports on
these measurements are filed by the FCC and made publicly available
via a search site [139]. The FCC database, which includes compliance
testing reports for all licensed phones, provides a large amount of SAR
data on phones of various designs, sizes, shapes, operating frequencies,
antenna designs and internal design features. FCC scientists have an-
alyzed some aspects of these data and have suggested the usefulness
of the database for investigations of potential SAR exposure levels
by device characteristics [140]. Accordingly, the influence of various
factors recorded in the database have been examined using statistical
tools, as well as some a priori knowledge on the underlying absorp-
tion mechanisms, to provide general information on the significance
of mobile phone design parameters on human exposure.

8.2 Objective

The aim of the study was to analyze the FCC SAR compliance test
database in order to identify proxies for human exposure based on
certain mobile phone design parameters.

8.3 Methods

The methods used to analyze the FCC data are explained in this sec-
tion. The analysis has been divided into the creation of a suitable
database of the SAR compliance measurement data, the development
of different data normalization techniques in order to remove interac-
tions between different factors, and the actual statistical analysis of
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the data.

8.3.1 FCC SAR Database

The SAR compliance test database was generated from publicly avail-
able FCC equipment authorization data for every phone marketed in
the USA that can be searched for via its FCC identifier [139]. The
data collected for the purpose of this study includes the SAR com-
pliance test data of all authorized mobiles phones starting from 1999
until 2005. The mobile phone user manual typically provides the sin-
gle maximum SAR determined over all test configurations, whereas
the FCC database provides SAR data for all test configurations, i.e.,
the SAR values for left and right sides of the head, touch and tilt
orientations and in the different bands are available1. Further, the
FCC test report provides external and internal pictures of the devices
under test (DUT), allowing identification of mechanical parameters
such as shape and antenna type of a phone. Also provided are the
radiated emission power measurement results of each phone in free-
sapce. Where available, the FCC data was supplemented with the
phone dimensions and weight from the manufacturer’s specifications.
In summary, the following information was collected for each entry
(configuration) in the database:

• Manufacturer, FCC ID, device name

• Mechanical shape:

– Bar: brick, flip2, slide; clam shell

• Antenna type:

– Extendible: undefined3, left, right

– Stub: undefined, left, right

– Internal
1Some of the early SAR measurement reports only contain the SAR results for

the highest configuration per band
2Phone has a flip type microphone part.
3Undefined means that no clear distinction between left and right could be

made.
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– Loop style

• Communication system:

– AMPS 835, GSM 835, CDMA4 835, TDMA 835, iDEN 815,
iDEN 900, GSM 1900, CDMA 1900

• Mass, length, width and depth

• Meausurement date

• Radiated emissions power in free-space at the band center fre-
quency

• SAR test result at band center frequency for:

– Left and right head sides, touch and tilt orientations.

Since a phone might provide multiple configurations, e.g., multiple
communication systems that have to be tested, this often results in
multiple entries in the database for a single phone. In summary, the
database contains 957 different tested phones and 2188 total entries
(SAR tests). In addition to the above, the following maximum SAR
values were calculated for each entry:

SAR1gmaxRHS
maximum 1 g SAR determined over the two
phone orientations on the right head side
(RHS);

SAR1gmaxLHS
maximum 1 g SAR determined over the two
phone orientations on the left head side (LHS);

SAR1gmaxT ilt
maximum 1 g SAR determined over the two
head sides with the phone in tilt position;

SAR1gmaxT ouch
maximum 1 g SAR determined over the two
head sides with the phone in touch position;

SAR1gmax
maximum 1 g SAR determined over all 4 test
positions.

4CDMA includes IS-95 and IS-2000 devices.
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8.3.2 Frequency Normalization

One objective was to test the hypothesis that the means of the mea-
sured SAR results are related to the typical output power of the in-
cluded communication systems. The SAR data in the database were
collected for different frequencies, i.e., the US Cellular (835 MHz) and
the US PCS (1900 MHz) bands. In order to make a comparison be-
tween the different bands, the non-linearity of the absorption over
varied frequencies has to be included in the model using an appro-
priate normalization. An absorption model that is based on the SAR
estimation formula for near-field dipole sources [14] estimating the
SAR at the surface (SAR0) was used. From the SAR at the surface,
the 1 g spatial average peak SAR is determined using the estima-
tion formula of [44]. The SAR at the surface is calculated from the
feed point current (Ifp) at frequency (ω = 2πf) for the permittivity
(ε = εrε0), the conductivity (σ), the permeability (µ = µ0) and a
density (ρ = 1000 kg/m3) at a given distance (d) using [14]:

SAR0 (ω) =
σ

ρ

µω√
σ2 + ε2ω2

(1 + ccorrγpw)2 1
4π2

I2
fp

d2
(8.1)

with γpw the plane-wave reflection coefficient:

γpw =
2
∣∣∣√ε′∣∣∣∣∣∣√ε′ +√ε0∣∣∣ − 1 (8.2)

The factor ccorr is also determined in accordance to [14]:

ccorr =
{

1 for d ≥ 0.08λ/γpw
sin
(
π
2
γpw

0.08
d
λ

)
for d < 0.08λ/γpw

(8.3)

with λ the wavelength in free-space.
The SAR decay inside the media can be modeled exponentially [44]:

SAR (z, f) = SAR0 (f) exp
(
−2z
δ

)
(8.4)

Next the 1 g spatial average peak SAR (SAR1gavg ) is calculated from
SAR(z) (assuming a homogeneous SAR over the averaging volume in
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x,y-direction):

SAR1gavg
(z, f) =

∫ 10mm

z=0

SAR(z)dz (8.5)

with the empirically determined penetration depth (δ) from [44]:

δ (f) =
(

10.7f
109Hz

+ 40.4
)
mm (8.6)

the estimated 1 g spatial average peak becomes:

SAR1gavg
(f) =

−10.7f
109Hz + 40.4

20
· SAR0 ·

(
1− exp

−20
−10.7f
109Hz + 40.4

)
.

(8.7)
This estimation has been validated using standard dipole sources with
well characterized peak SAR and 1 g spatial average peak SAR that
are provided as reference dipoles for SAR measurements according to
[79]. The comparison in Table 8.2 shows that the SAR at the sur-
face is correctly estimated within 0.8 dB and the 1 g spatial average
SAR within 0.5 dB. Finally, the frequency dependent SAR normaliza-
tion factor (Fenh) is calculated relative to the lowest considered test
frequency, i.e., 814 MHz. For this calculation it is assumed that the
distance d of the current source is the same at all frequencies. For the
calculation of the normalization factor half of the average thickness
of the mobile phones in the data was used, i.e. 11±4.4 mm (k=1),
adding 4 mm to account for the phantom shell and the pinna of the
SAM phantom. To estimate the uncertainty, the normalization factors
were also calculated for distances starting from 2 mm up to 25 mm.
And the minimum and maximum deviations from the chosen factor
at the average distance were determined. The resulting factors (Fenh)
and the minimum and maximum deviation for the test frequencies
are summarized in Table 8.1. SAR values in the results section of this
chapter that were normalized using the factor (Fenh) were calculated
according to the following equation:

SAR1gmaxN
(f) = SAR1gmax

(f) · 10
−Fenh(f)

10 . (8.8)
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f/MHz εr σ /(S/m) Fenh in dB ∆Fenh in dB.
814 41.5 0.9 0.0
835 41.5 0.9 0.1 +0.04 / -0.002
900 41.5 0.97 0.5 +0.2 / -0.2

1880 40.0 1.4 3.3 +0.1 / -1.1

Table 8.1: Dielectric properties of the head tissue simulating media
as used for compliance testing according to [75]. Also shown is the
estimated SAR normalization (Fenh) for a dipole source at a constant
distance of 15 mm with a constant feed point current at the different
frequencies normalized to the absorption at 814 MHz, together with
the minimum and maximum deviation of Fenh from its value at 15 mm
for a distance range from 2 mm to 25 mm.

8.3.3 Normalization to Communication System Mean

If the SAR is directly related to the nominal output power of a certain
communication system a further normalization can be applied. Each
SAR value in a communication system can then be normalized to the
arithmetic mean SAR of that communication system, thus removing
possible interaction effects due to different mobile phone output power
levels. A ratio R1gmaxNM

of every SAR measurement sample normal-
ized with the mean SAR of its communication system is calculated
using:

R1gmaxNM
(comsys) =

SAR1gmax
(comsys)

SAR1gmax (comsys)
(8.9)

where SAR1gmax (comsys) is the arithmetic mean of the maximum
1 g spatial average peak SAR values in the communication system
comsys.

8.3.4 Data Analysis

In the first step, the hypothesis that the SAR can be related to the
output power was tested by normalizing the arithmetic means of each
communication system with the normalization factor (Fenh). Then
the relative differences between those normalized means were com-
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pared to the relative difference of the nominal output power of the
different communication systems. For this purpose, a ratio RAMPS is
introduced. The ratio represents the difference between the commu-
nication system’s typical average output power and the mean of the
1 g spatial average SAR relative to the AMPS communication system:

RAMPS = Ptyp. (comsys)− Ptyp. (AMPS835) · · ·

−10 · log10

(
SAR1gmax (comsys)

SAR1gmax (AMPS835)

)
(8.10)

A ratio of 0 dB can be interpreted as the change in the mean SAR is
the same as the change in the typical output power between the two
communication systems.

Since the first hypothesis was confirmed by the results, the data
could be further normalized with the means of SAR1gmax

of the indi-
vidual communication systems.

For the purpose of the statistical analysis, the available data was
characterized by the specific mobile phone characteristics. The fol-
lowing independent factors were considered:

• Antenna

• Mechanical shape

• Year of test

• Communication system

• Test position

It became evident that the sample size would become very small for
some factor level combinations. It was therefore decided to combine
several factor levels. In particular, the levels of the factor antenna
were combined into the levels extendible containing all extendible an-
tennas, stub containing all stub type antennas, and internal containing
all internal and loop type antennas. As the level bar flip in the factor
mechanical design also had a very small sample size, it was added to
the level bar brick. The distribution of the data for the various factors
was checked for normality. A linear model was fitted to the data and
the distributional shape of the residuals was examined. Subsequently,
statistical tests were applied to identify the statistical significance of
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the various factors. In particular, an analysis of variance (ANOVA)
was applied to identify statistically significant differences from the
assumption of equal means and interactions between the factors. Fur-
ther, Tukey’s Honestly Significant Difference (HSD) post hoc tests
were applied to identify the means significantly different from one an-
other. For the comparison of the means between different SAR test
positions, a two-sample t-test was performed on the data.

Descriptive summaries (mean, median, minimum, maximum, inter-
quartile ranges, standard deviations) were calculated to evaluate the
distribution of SAR levels across various factors of the mobile phone
design and use. Data plots in this chapter summarize SAR levels
showing means for specific factors as ticks with a line representing
the entire range of mean values for a given factor. Time-series plots
showing the development of the contributions (percentages of total)
as well as of their means were created for several factors.

8.4 Results

Table 8.3 displays the comparison of the typical phone output powers
and the means of the 1 g spatial average peak SAR values in their
normalized and not normalized forms for the different communica-
tion systems. While the ratios RAMPS in Table 8.3 are up to 2.7 dB
for the not normalized means, the ratio RAMPS stays within 1.6 dB
for the normalized form. Considering only communications systems
with a well defined output power and large sample sizes, i.e., GSM
and AMPS, the ratio RAMPS is within 0.6 dB. This suggests, as ex-
pected, a strong relation between the typical output power and the
mean SAR as long as the frequency dependent absorption charac-
teristics are also considered. The not normalized SAR means show
a minimum to maximum difference of 2.5 dB between the different
communication systems. The ANOVA performed on the dependent
variable SAR1gmax confirmed the significance of the difference with a
p<0.0001 in both bands.

In the time series plots in Figure 8.1, including both the 800 MHz
and 1900 MHz bands, a trend of decreasing SAR was identified. Con-
sidering the previously identified correlation of the mean SAR with
the output power, this is partially explained by an interaction result-
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rel. to AMPS
Ptyp. SAR SAR R|dB R|dB

N |dBm 1gmax 1gmaxN AMPS AMPS

AMPS 835 306 26 1.00 0.99 0.0 0.0
GSM 835 239 23.8 0.70 0.69 -0.6 -0.6
GSM 1900 654 20.8 0.57 0.26 -2.7 0.5
CDMA 1900 415 n.a.∗ 0.86 0.4
CDMA 835 469 n.a.∗ 0.88 0.87
TDMA 835 28 25.2∗∗ 0.75 0.74 0.5 0.5
TDMA 1900 23 23∗∗ 0.73 0.34 -1.6 1.6
iDEN 815 28 25.2∗∗ 0.96 0.96 -0.6 -0.7
iDEN 900 26 25.2∗∗ 0.80 0.71 0.2 0.7
*Typical power levels for for CDMA (IS-95, IS-2000) are not provided since the standards do not
provide a nominal power level but a ranges of 7 dB each for 3 power classes in the 800MHz band and
4 power classes in the 1900MHz band.

**Output power may be 3 dB lower for certain devices that are only capable to operate in half-rate
mode.

Table 8.3: Comparison of the mean SAR and typical output power
level from phones with different communication systems without and
with normalization that includes the expected absorption characteris-
tics for different frequencies. In the columns headed relative to AMPS,
the differences between the SAR and the output power relative to the
AMPS 835 communication system are displayed.

ing from differently weighted communication systems over the years.
In the time series of the means plotted for each individual commu-
nication system in Figure 8.2, no such trend can be identified. The
corresponding time series plot of the contributions of the individual
communication systems for every year is displayed in Figure 8.3. From
that it is obvious that there is a trend towards an increasing number of
lower maximum power communication systems, e.g., GSM1900, and
a decreasing number of higher power communication systems, e.g.,
AMPS, being tested over the years.

Since the time series of the individual communication systems
means determined per year suggests a more or less constant mean,
and the relation between the output power and the mean SAR has
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been validated, it was decided to use R1gmaxNM
for the evaluation of

the other factors in order to eliminate possible interactions originating
from significantly different SAR1gmax

between different communica-
tion systems and different weighting of these over time. With the
normalization applied, the differences between the means determined
for every year in the 800 MHz band were not significant (p=0.28)
as opposed to a p<0.0001 without normalization. In the 1900 MHz
band the differences of the means over the years remain significant
(p<0.0001) and show a decreasing trend. However, a Tukey’s HSD
test (with a 95% family-wise confidence level) performed to determine
the significance of the differences revealed a reduction of the decreas-
ing trend for the normalized data compared to the original data. In
fact, in the original data the means of the years 2003, 2004, and 2005
were significantly (p<0.05) lower than the mean of the year 2000,
whereas in the normalized data only the mean of the year 2005 re-
mained significantly (p<0.05) lower compared to 2000. Time series
plots of the other factors in Figures 8.4 and 8.5 suggest that the an-
tenna type as well as the phone shape are further factors that could
explain the remaining decreasing SAR over time.

Figure 8.6 shows R1gmaxNM
for the factors antenna and mechanical

design for the 800 MHz and the 1900 MHz band. Although the dif-
ferences of the means of the factor antenna in the 800 MHz band are
statistically significant (p<0.05), the actual maximum difference of
0.4 dB is quite small. At 1900 MHz the maximum difference between
the antenna types is 1.25 dB and the means of all levels are mutually
significant with p<0.005. Larger differences were found between the
minimum and maximum for the factor mechanical design, i.e, 1.5 dB
for 800 MHz and 2.6 dB for 1900 MHz. Figure 8.7 displays the inter-
action plots for the factors antenna type and mechanical design for
R1gmaxNM

. The interaction was found to be significant in both fre-
quency bands. However, when the clam shell phone was removed from
the evaluation, i.e., only two bar type phones remain in the data set,
the significance of the interaction is strongly reduced in the 800 MHz
band and removed in the 1900 MHz band (see Table 8.4). For bar type
phones there is a trend to a lower SAR with internal antennas. Gen-
erally bar type slider phones produced the lowest SAR for all antenna
types.

Table 8.5 summarizes the comparison of the R1gmaxNM
results for
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835 MHz:
DF Sum

of
Squares

Mean
Sum
of
Squares

F p
value

Antenna 2 2.292 1.146 8.4482 0.000229
Mechanical 2 5.913 2.956 21.7983 <0.0001
Antenna x
Mechanical

4 2.702 0.675 4.9805 0.000557

Residuals 1087 147.424 0.136
835 MHz clam shell phones removed:
Antenna 2 1.246 0.623 4.9446 0.007416
Mechanical 1 6.012 6.012 47.7268 <0.0001
Antenna x
Mechanical

2 0.742 0.371 2.9446 0.053389

Residuals 596 75.072 0.126
1900 MHz:
Antenna 2 19.792 9.896 42.8448 <0.0001
Mechanical 2 21.902 10.951 47.4121 <0.0001
Antenna x
Mechanical

4 7.455 1.864 8.0689 <0.0001

Residuals 1083 250.144 0.231
1900 MHz clam shell phones removed:
Antenna 2 16.919 8.46 41.4562 <0.0001
Mechanical 1 19.475 19.475 95.4367 <0.0001
Antenna x
Mechanical

2 0.218 0.109 0.5347 0.5861

Residuals 633 129.172 0.204

Table 8.4: Results of the ANOVA on the effect of the factors antenna
type and mechanical design on R1gmaxNM

in both frequency bands
with and without clam-shell phones included in the evaluation.
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the left and right sides of the head and between the touch and tilt
positions. There is only a small difference between the two sides and
it is not significant (for α = 0.05). The difference between touch and
tilt positions is significant (p < 0.001). The means for tilt are 2.8 dB
lower than for touch orientation in the 800 MHz band and 1.9 dB in
1900 MHz band. With respect to compliance tests it is important to
note that, despite the significantly lower means, the tilt position still
caused the highest SAR in 384/2188=17.6% of the evaluated cases.

835 band 1900 band
R t-test R t-test

1gmaxNM p-value DF 1gmaxNM p-value DF
LHS 0.95 0.91 2071 0.92 0.49 2082
RHS 0.95 0.9

Touch 0.99 <0.0001 2045 0.94 <0.0001 2061
Tilt 0.52 0.60

Table 8.5: Shown are the results of R1gmax
for the phones tested at

the left and right sides of the head (LHS, RHS) and the touch and
tilt positions. Also shown are the resulting p-values determined from
a two-sample t-test as well as the degrees of freedom (DF) of the
underlying distributions.

8.5 Discussion

The SAR data obtained from compliance testing of mobile phones
exhibit a great deal of heterogeneity, as can be expected from changes
in configuration, design, and operation of mobile handsets during a
period of rapid technological change. Analysis of such heterogeneous
data might have benefits for epidemiologists who face challenges in
a precise exposure assessment because of the wide range of factors
that might affect it, as has been discussed in the exposure assessment
literature [141, 142, 130].

The observations from compliance test data reported here show
a stronger effect of technology, shape, and position on the face in
comparison to other factors like the side of the head. The FCC data
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also provide insights regarding some changing RF exposure factors
over time. It is noteworthy that maximum SAR decreased for newer
models over the period from 1999 to 2005, mainly reflecting a trend
to lower maximum power communication systems as well as lower
SAR for bar type phones with internal antennas and lower SAR from
slider phones with all types of antennas. Nevertheless, despite the fact
that there has only been a small decrease in the SAR over the years,
there might still have been a large optimization effort towards lower
SAR that is likely to be counteracted by the trend towards smaller
devices. If a factor does not influence SAR levels differentially at
maximum power output, then it is unlikely that it will influence SAR
under normal use conditions. The data imply that the side of the
head where the phone is used appears to have little influence on the
exposure due to mobile phone use. On the other hand, the position of
the phone relative to the head (tilt or cheek), the shape of the phone,
and the service technology do influence the mean SAR at maximum
output power.

The ranking of the different service technologies from the FCC
data was not consistent with that observed in studies of RF expo-
sure under normal use conditions. GSM technology, which produced
the lowest average SAR values in the FCC data across the technolo-
gies evaluated, had higher RF levels than CDMA under normal use
conditions [143]. This is consistent with the results comparing GSM
and UMTS in Europe that are presented in Chapter 7. On the ba-
sis of device performance in compliance testing in combination with
exposure data obtained under normal use conditions, service technol-
ogy suggests itself as an important factor for epidemiologic research.
In terms of feasibility, service technology is a factor that can poten-
tially be measured accurately across longer term historical periods as
required for epidemiologic research of diseases with long latency pe-
riods, such as cancer. Factors such as shape of phone and position
relative to the head are likely to be much more difficult to characterize
in a historical exposure assessment context. Also, the differences due
to these factors are small compared to differences between communi-
cation systems under normal use conditions, as well as when compared
to the variability due to different anatomies [5]. Further, it should be
considered that the exposure here is quantified in terms of 1 g spatial
average peak SAR in homogenous media. The variability in exposure
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of specific tissues in different anatomical heads can be large even for
phones with the same 1 g spatial average peak SAR value in homoge-
neous media [62].

8.6 Conclusions

In this study FCC mobile phone SAR compliance test data for the
period from 1999 to 2005 was statistically analyzed. In combination
with results from studies on exposure from mobile phones under nor-
mal use conditions, service technology was found to be a major factor
for consideration in the dosimetry for epidemiological studies. Other
factors such the mechanical shape, antenna type and orientation of
a phone were also found to influence the exposure. However, these
factors were found to be comparatively small and generally harder
to determine in large scale epidemiologic studies compared to service
technology. Trends to a lower peak SAR were found over the con-
sidered period. However, this trend mainly related to an increasing
number of lower maximum power communication systems, e.g., GSM,
contributing to the database.

Finally, one must conclude that the knowledge from compliance
test data is only partially useful for supporting epidemiologic research:
1) the differences between service technologies under normal use con-
ditions can easily be dominant (20 dB between GSM and UMTS) com-
pared to a maximum difference of 3 dB determined between the means
of different factor levels in the compliance data, and 2) the 1 g SAR
is determined regardless of its position in the head, thus not allowing
a correlation to specific tissues of interest and potentially mislead-
ing when used as proxy for tissue specific exposure due to the large
variability of exposure over different tissues. Future research there-
fore needs to focus on the estimation of brain-region specific exposure
based on volumetric SAR measurements in homogeneous media.
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Chapter 9

Assessment of
Radio-Frequency
Electromagnetic Fields
in the Human Body
from Mobile Phones
used with Hands-Free
Kits.

9.1 Introduction

Debate over specific absorption rates (SAR) from mobile phones used
with hands-free kits (HFK) originated many years ago. A study pub-
lished in the British magazine Which? initiated this by describing sig-
nificant SAR increases when a wired HFK connected to a mobile phone
is placed in the ear compared to the mobile phone directly at the head.
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Although the Which? study had significant methodological deficien-
cies, which are discussed in detail in [144], several scientifically sound
publications have shown that an increase in SAR is possible when
using a wired HFK under worst-case situations [144, 145, 146, 147].

Major gaps in the existing research have been identified as fol-
lows: the available papers are limited to frequencies of 900 MHz and
1800 MHz. The correlation of the SAR measured from an earbud
placed on a flat phantom to the actual SAR in the human ear remains
unclear. No systematic evaluation on the effect of the human body on
the attenuation along the cable for various realistic configurations is
available. Investigations to determine the influence of mobile phone
design on the worst-case coupling to the HFK cable are lacking, as
well as evaluations to determine the necessity of separate SAR compli-
ance testing for HFK. The influence of HFK on the SAR in the trunk
has only been investigated numerically [145]. Limited information on
SAR from wireless HFK is available in the literature [148].

The most important questions addressed in this study are whether
dedicated compliance testing is required for HFK and the extent to
which wired and wireless HFK reduce exposure.

9.2 Experimental Methods

The experimental evaluation of HFK in this study is summarized as
follows:

1. Selection of representative devices under test (DUT)

2. Dosimetric evaluation of mobile phones without HFK

3. Dosimetric evaluation of mobile phones with connected wired
HFK

(a) Determination of maximized energy coupling configuration
from the mobile phone onto the HFK cable

(b) Determination of the location of the SAR maxima at the
earbud end of the HFK (cheek or ear)

(c) Dosimetric evaluation of the worst-case configuration
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(d) Evaluation of the attenuation for various cable routing con-
figurations along the flat phantom

(e) Assessment of the SAR in the trunk from mobile phones
with HFK

4. Dosimetric evaluation of wireless HFK.

9.2.1 SAR Measurement Systems

The measurements were performed with a DASY5 NEO, the 5th gen-
eration of near-field scanners described in [22] and the novel, fast
dosimetric assessment system iSAR [149]. Measurements using the
DASY5 NEO scanner were performed with standard SAM head and
elliptical flat phantoms as defined in [78, 79]. Additionally, a novel
Vacuum Phantom (Figure 9.1) developed for the dosimetric assess-
ment of wireless intra-aural1 HFK devices, which are partially sur-
rounded by tissue, was used. This phantom allows the DUT to be
placed on a platform, and a latex membrane covering the DUT con-
forms to it once a vacuum is applied. The reservoir on top of the
membrane is then filled with a tissue simulating liquid and 3-D scans
around the DUT are performed based on its CAD data. The iSAR
system was used to determine the worst-case coupling of the RF onto
the HFK cable and the effect of different cable routings on exposure.
This system is particularly useful for initial experiments as it can
obtain the SAR within <3 s from an area of 120×240 mm2 in paral-
lel from all sensors. The iSAR has been extended by an additional
absorbing body (see Figure 9.2) to better represent the attenuation
along the HFK cable when routed along the human body.

9.2.2 Devices Under Test

Two multi-band, multi-system mobile phones with significantly dif-
ferent mechanical designs, the Nokia 6120c and the Motorola V1050,
were used for the tests. The Nokia 6120c represents a monolithic,
brick-type mobile phone with an integrated antenna, whereas the Mo-
torola V1050 is a clamshell type phone with an external antenna. The

1Definition of supra, intra and circum aural according to [150].
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DUT:
membrane

vacuum

liquid

Figure 9.1: Sketch of the Vacuum Phantom. The DUT is placed on
the vacuum platform and covered with a membrane. Once a vacuum
is applied, the membrane conforms to the DUT and tissue simulating
liquid can be added on top.

measurement area

absorbing area
extension

Figure 9.2: iSAR fast dosimetric assessment system (right) with ex-
tended absorbing area (left).
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same HFK could be tested for each mobile phone as both phones
and HFK were equipped with 2.5 mm HFK connectors. Further, no
electronic constraints on the compatibility of the HFK with the two
phones under test were present. Three wired HFK, two stereo (Nokia
HS-47 and Motorola H120) with intra-aural earbuds and a microphone
integrated in the cable and one mono with a microphone boom and
an intra-aural earbud (Plantronics MX250), were selected for testing.
The mechanical specifications of the wired HFK are summarized in
Table 9.1. All combinations of mobile phones and HFK were tested.
The test matrix and abbreviations of the test combinations are dis-
played in Table 9.2. Three wireless HFK using the Bluetooth com-
munication system were also selected for testing. Their specifications
are summarized in Table 9.3.

9.2.3 Assessment of the SAR from the Mobile Phones
on SAM and Flat Phantoms without HFK

The mobile phones were evaluated in the GSM900 (uplink frequency =
902.4 MHz), GSM1800 (uplink frequency = 1747.4 MHz) and UMTS
1950 (uplink frequency = 1950 MHz) band center frequencies. They
were operated at maximum output power with a single-time slot oc-
cupied in GSM mode and at the maximum output power setting ac-
cording to [151] in the UMTS mode.

The SAR measurement procedure on the SAM head followed [78].
The SAR measurement procedure on the flat phantom was based on
[79]. Specifically, the phones were measured with the front and rear
sides facing the flat phantom (clamshell phone closed) at distances of
0, 5 and 15 mm.

9.2.4 Dosimetric Evaluation of Mobile Phones with
Connected Wired HFK

The SAR assessment with the HFK connected to the mobile phones
consisted of 1) a worst-case evaluation, and 2) an evaluation of the
attenuation along the HFK cable for various cable routing configura-
tions along the body. For stereo HFK, the SAR at the earbud with
the shorter cable length was evaluated. The other earbud and the
corresponding cable were placed on the absorbing phantom.
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Maximized Coupling from Mobile Phone to HFK

To obtain a worst-case SAR at the HFK earbud, the coupling from
the mobile phone to the HFK was maximized in a first step. A similar
procedure as proposed by [146] was applied. The HFK was connected
to the mobile phone and the cable was taped to the rear side, i.e.,
antenna location for internal antennas, or looped (single turn) and
taped around the external antenna, thus forming a loop between the
HFK connector and the taping location (see Figure 9.3). Finding
the location of the maximum H-field on the phone (for maximized
coupling), as well as its polarization, is not always straightforward.
The use of miniature near-field H-field probes in order to determine
the location the highest H-field and its polarization, and placing the
HFK cable accordingly, is recommended. The length of the loop was
optimized at every test frequency for maximized SAR at the earbud
in the following steps:

1. The earbud of the HFK was fixed to the measurement area of
the iSAR flat phantom.

2. The 2-D SAR distribution at the earbud was continuously ac-
quired over an area of 12×24 cm and the 10 g average SAR com-
puted.

3. The mobile phone with the connected HFK was positioned such
that the HFK cable was at an angle of α = 12 ± 1◦ relative
to the the extended iSAR flat phantom (Figure 9.4(a)). The
selection of the 12◦ angle was arbitrary but can be seen as a
realistic worst-case for a phone lying, for example, on a desk
in front of the user. Increasing the angle to 22◦ in this study
confirmed that only a small increase in SAR can be expected
from an angle above 12◦. A smaller angle might again introduce
a stronger attenuation due to the presence of a lossy body in
the vicinity of the wire, which is described later in this section.

4. The length of the cable loop between the HFK connector and the
taping location to the mobile phone was optimized for maximum
SAR at the earbud.
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optimized HFK cable loop length

(a) external antenna.

internal antenna

optimized HFK cable loop length

(b) internal antenna.

Figure 9.3: Sketch of the setup for the optimization of the coupling
from the mobile phone to the HFK cable for the two antenna types.

Determination of Maximum SAR Location

The publication of [146], as well as preliminary investigations in this
study, showed that the maximum SAR at the earbud end of the HFK
does not necessarily occur at the earbud itself, but, for example, at
the cheek. The location of maximum SAR can occur at a distance
relatively far from the earbud. Therefore, a region of ≈10 cm along
the cable2 (starting from the earbud) where a maximum might occur
was defined. Within this region, the SAR maximum was searched
for by pressing the cable against the iSAR measurement phantom
area with a low loss dielectric. The determined location of maximum
absorption (if other than at the earbud) was then marked and taped
to the phantom for all further experiments.

2The 10 cm distance was selected as a realistic distance where the HFK cable
may still be touching the user’s head.
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Evaluation of Attenuation

Having determined the configuration of maximum coupling as well as
the location of maximum SAR, the influence of absorbing material
in the vicinity of the HFK cable on the attenuation of the SAR was
evaluated. The following configurations were tested:

12◦/22◦

configuration:
HFK cable running at an angle of 12◦/22◦

away from the phantom (Figure 9.4(a))
15/5/0 mm
configuration:

HFK cable running parallel to the phantom
at a distance of 15, 5, 0 mm (Figure 9.4(b),
9.4(c))

iSAR phantom

(a) HFK cable running at an angle
of 12 and 22 degrees away from the
flat phantom

iSAR phantom

(b) HFK cable running parallel on
top of a low loss dielectric spacer at
a distance to the flat phantom

iSAR phantom

(c) HFK cable running parallel and
in contact with the flat phantom

Figure 9.4: HFK cable configurations to evaluate different attenuation
scenarios along the absorbing iSAR phantom.

9.2.5 SAR in the Body with Wired Hands-free Kits

In addition to the evaluation of the SAR in the flat phantom without
HFK, the influence of HFK on the SAR was evaluated. The mo-
bile phones were tested with connected HFK in all flat phantom test
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configurations, i.e., front and rear sides and at distances of 0, 5 and
15 mm. The HFK cable configurations producing maximum SAR in
the head, determined according to Section 9.2.4, were reused for these
tests. The HFK cable ran in a loop over the rear side of the mobile
phones and the HFK and phones were placed in touch position on the
flat phantom or at a distance of 5 and 15 mm with a low loss dielectric
spacer in between.

9.2.6 SAR in the Head from Wireless Hands-free
Kits

For the two intra-aural wireless HFK, the Vacuum Phantom as shown
in Figure 9.1 was used for the SAR assessment as the earbud actually
extends quite deep into the ear canal. The supra-aural wireless HFK
was measured on the standard SAM phantom as the speaker is fitted
on top of the ear for these devices.

9.3 Experimental Results

9.3.1 SAR in the Head with Wired Hands-free Kits

The results for SAR in the head for wired HFK connected to mobile
phones are summarized in Figure 9.5. The data is presented in a
dB-scale (dB W/kg) normalized to 1 W/kg, i.e.:

NdBW/kg = 10 · log10

(
SAR

1W/kg

)
⇔ SAR = 10( N

10 )W/kg. (9.1)

The maximum 10 g SAR in the head when using a wired HFK was 5
times lower than the ICNIRP [152] limit of 2 W/kg. In some worst-
case situations the SAR increased somewhat when using the HFK
compared to the phone directly at the ear. However, this was at-
tributed only to the low SAR from the mobile phones used in this
study. In general, a strong attenuation of the SAR can be expected
when the cable is routed along the absorbing body. In most cases, the
mono HFK produced the highest SAR. This can be explained by the
distribution of the available energy on both earbud cables for stereo
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HFK. The longest HFK tends to have the lowest SAR due to radia-
tive loss. This, however, is not a relevant factor in real-life scenarios.
Better coupling and stronger attenuation tend to occur at higher fre-
quencies. No significant differences between the mobile phones were
found. Although the Nokia mobile phone generally seemed to cause
a somewhat higher exposure, the differences were within the abso-
lute power uncertainty specification of the GSM (±2 dB) [132] and
UMTS (+1/-3 dB) [136] standards. Specifically, the average SAR at
the earbud end of the HFK were: higher by 1.4 dB at GSM900 for
the Nokia mobile phone compared to the Motorola; higher by 0.25 dB
at GSM1800 for the Nokia compared to the Motorola; and higher by
2.0 dB at UMTS1950 for the Nokia compared to the Motorola.

9.3.2 SAR in the Body with Wired Hands-free Kits

The SAR results in the trunk for mobile phones used with and without
wired HFK are summarized in Figure 9.6. The worst-case arose with-
out HFK with the rear of the mobile phone touching the phantom.
The decrease in SAR with connected HFK and the rear facing the
phantom was due to the increased distance by having the HFK cable
running over the rear side of the mobile phone. A relative increase
in SAR occurred at times when comparing the mobile phone without
HFK to the mobile phone with HFK and the front of the phone facing
the phantom. This was due to the generally low SAR from the front
side of the phone and the coupling of energy onto the HFK cable in
combination with the HFK cable being routed from the rear of the
mobile phone to touching the phantom.

9.3.3 SAR in the Head with Wireless Hands-free
Kits

The SAR results from the wireless HFK are summarized in Table 9.4.
All peak spatial average SAR results were smaller than the specified
sensitivity of the measurement system.



184 CHAPTER 9. ASSESSMENT OF RF EMF FROM HFK

-32.0
-30.0
-28.0
-26.0
-24.0
-22.0
-20.0
-18.0
-16.0
-14.0
-12.0
-10.0

-8.0
-6.0
-4.0
-2.0
0.0

MP on SAM 
head

12° cable not 
touching

12° cable 
touching

22° 15mm 5mm 0mm

dB
|W

/k
g

N
NB
NN
NM
M
MB
MM
MM

(a) GSM 902.4 MHz
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(c) UMTS 1950 MHz

Figure 9.5: Peak 10 g spatial average SAR in the head from wired
HFK for various cable routing configurations and the mobile phone
directly at the SAM head (worst-case SAR determined over all phone
test orientations: SAM left, right, cheek and tilt according to [78]) .
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Figure 9.6: Peak 10 g spatial average SAR in the trunk from mobile
phones used with and without wired HFK at various distances and
orientations relative to the flat phantom.



186 CHAPTER 9. ASSESSMENT OF RF EMF FROM HFK

SAR / (W/kg)
1 g 10 g

Samsung AWEP500 <0.005 <0.005
Logitech Mobile Pro <0.005 <0.005

Logitech Express <0.005 <0.005

Table 9.4: Peak spatial average SAR from wireless HFK. Due to the
increased uncertainty of the measurement system at very low levels,
the specified sensitivity of the DASY5 NEO system is reported here.

9.4 Numerical Methods

The FDTD method was applied to determine the SAR from a mobile
phone with wired HFK in anatomical human body models. The com-
mercially available T-CAD tool SEMCAD X (SPEAG, Switzerland)
was used, which provides a hardware accelerated (stream processor
based) FDTD implementation. It allows simulations of large problems
(human bodies) despite resolving fine structures such as the mobile
phone CAD model and the HFK. The Billie and Duke models of the
Virtual Family [70] were used and are specified in Table 9.5. A Mo-
torola SLVR L7 phone3 was used for the evaluations. A generic HFK
was modeled based on the dimensions of the Motorola HS700 HFK,
and simplified to a single wire4 with a conical metallic earbud. Both
the mobile phone and the HFK models were validated experimentally
by comparing the SAR absorption patterns (GSM uplink frequencies:
902.4, 1747.4 and 1909.8 MHz). The mobile phone without the HFK
was measured and simulated on the flat phantom filled with standard
[78] tissue emulating material with both front and rear sides of the
mobile phone facing the phantom at distances of 0, 5, and 15 mm. A
global least-square fit over all the test positions was applied to normal-
ize the numerical input power to the measurements5. The numerical

3CAD model was provided by Motorola and was optimized in this study during
the experimental validation process

4Representation of the HFK wires by a single wire can be applied due to the
common-mode excitation on the wire [153]

5This method has been successfully applied in the past in [48]. It has the
advantage of normalizing the simulation input power to the realistic mobile phone
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input powers normalized to the experimental SAR were 20.4 dBm for
902.4 MHz, 18.0 dBm for 1747.4 MHz, and 19.4 dBm for 1909.8 MHz6.
The resulting 10 g SAR of the simulation deviated (standard devia-
tion over all test configurations) from the measurements by 1.3 dB
for 902.4 MHz (maximum 1.8 dB) , 0.5 dB for 1747.4 MHz (maximum
0.65 dB) and 0.7 dB for 1909.8 MHz (maximum 1.1 dB).

The SAR pattern from the HFK was validated by measurement in
the 12◦ test position as described in Section 9.2.4. Good agreement
between the measured and simulated patterns was obtained.

name age gender size /m mass /kg BMI /(kg/m2)
Billie 11 female 1.48 34 15.5
Duke 34 male 1.74 70 23.1

Table 9.5: Specification of the anatomical models.

9.4.1 Anatomical Models with Mobile Phone and
HFK

The evaluation of the SAR in the trunk and in the head from a mobile
phone with HFK was performed with the mobile phone in typical
pants and shirt pocket positions. The placement of the mobile phone
on the body as well as the routing of the HFK wire is displayed in
Figure 9.7. The phone was placed in the pocket position with both
the front and rear sides facing the phantom. A typical routing of the
HFK with the wire running over the mobile phone case and also over
the antenna location was applied for the configurations with HFK.

output power without knowing the details of the reaction of the mobile phone’s
RF amplifier on varied loading conditions [110].

6For better comparability with the experimental results, the power determined
at 1909.8 MHz was applied and the mobile phone was operated at 1950 MHz rep-
resenting a UMTS phone with power class 4 in the UMTS center band.
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(a) With mobile phone in shirt and pants positions.

(b) With mobile phone in shirt and pants posi-
tions and wired HFK.

Figure 9.7: Virtual Family Billie and Duke models with mobile phone
and wired HFK.
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9.4.2 SAR in the Anatomical Head and in the Flat
Phantom

The correlation between the SAR determined with the HFK earbud
placed on a flat phantom and the actual exposure with the earbud
placed in the human ear is as yet unclear. Figure 9.8 shows the
setups that were used to evaluate this. With the setup shown in Figure
9.8(a), the SAR was numerically determined in a flat phantom with
the wire running away in the 12◦ configuration (see Section 9.2.4).
In the setup shown in Figure 9.8(b), the earbud was placed into the
ear of the ”Duke” Model. In both cases, a current was excited on the
cable (with equivalent forward powers) against a ground plane. The
SAR was evaluated, averaged over 1 and 10 g in the head and the flat
phantoms, respectively.

     wire

   earbud flat phantom

ground plane

12°

(a)
Flat phantom with the generic HFK in 12◦

measurement configuration.

(b) Duke head with the
generic HFK in the ear.

Figure 9.8: Numerical setup for the comparison of the SAR in a flat
phantom to the SAR in the anatomical head of the Duke model.

9.5 Numerical Results

The numerical results for the SAR in the trunk from the mobile phone
with and without HFK are summarized in Table 9.6. On average,
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the SAR in the anatomical models was 2.5 dB lower than the SAR
measured in the flat phantom7. This lower SAR results from the
layers of fat tissue below the test locations on the anatomical models.
The fat tissue has a lower loss compared to standard tissue simulating
liquids. The variations between the results with and without HFK
were within the expected range from the experimental study.

Table 9.7 displays the numerical results of the SAR in the head
of the anatomical models. For the pants pocket position, the results
were within those expected from the experimental study for distances
0-15 mm. For the shirt pocket position, the SAR in the head was
considerably higher, resulting from less attenuation along the HFK
wire (see wire routing in Figure 9.7). Nevertheless, the highest SAR
in the head when using the HFK was 4 dB lower than the worst-case
SAR from the mobile phone tested at the SAM head.

Table 9.8 shows the ratios of the SAR from the HFK earbud in
the anatomical head and from the SAR simulation of a flat phan-
tom measurement situation. The 10 g averages of the SAR compared
well. However, for the 1 g average, the SAR measured in the flat
phantom significantly underestimates the exposure. This effect can
be explained by the very localized absorption in the region of the ear
inside the head of the anatomical model. Figure 9.9 displays the lo-
cality of the SAR in the anatomical head at 900 MHz. It is obvious
that the SAR maximum is limited to the ear region. Even stronger
locality of the SAR has been found at higher frequencies.

9.6 Discussion

In the experimental part of this study a worst-case analysis for con-
sidering maximum human exposure when using wired HFK in the ear
was performed. Since this analysis focused on the ICNIRP [152] com-
pliance limits, the evaluation procedure was based on 1) a method
to maximize the current coupling on the HFK, and 2) disregarding
losses along the cable. The SAR was never higher than the limits of
[152] for all of the evaluated cases. Even the maximum determined

7Measurements at a distance of 5 mm were compared, which corresponds to
the average distance of the mobile phone to the anatomical models
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Figure 9.9: SAR distribution in the head (pinna excluded) of the Vir-
tual Family Male with a wired HFK earbud in the head at 900 MHz.
A very localized SAR distribution is created at the location of the
earbud.

mobile SAR10 g /(W/kg)
phone frequency without HFK with HFK
position orientation /MHz Duke Billie Duke Billie
pants back side 900 0.47 0.46 0.349 0.4
pocket 1750 0.45 0.54 0.272 0.65

1950 0.74 0.82 0.57 0.75
front side 900 0.52 0.48 0.59 0.51

1750 0.33 0.37 0.525 0.55
1950 0.69 0.49 0.71 1.1

shirt back side 900 0.20 0.23 0.15 0.185
pocket 1750 0.22 0.23 0.18 0.186

1950 0.36 0.26 0.295 0.21
front side 900 0.25 0.25 0.157 0.224

1750 0.13 0.16 0.27 0.147
1950 0.27 0.26 0.28 0.103

Table 9.6: SAR10 g in the trunk of the anatomical ”Duke” and ”Billie”
from the mobile phone with and without the connected HFK.
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mobile phone frequency SAR10 g /(W/kg)
position orientation /MHz Duke Billie
pants pocket back side 900 0.045 0.036

1750 0.014 0.108
1950 0.007 0.066

front side 900 0.004 0.03
1750 0.008 0.022
1950 0.011 0.003

shirt pocket back side 900 0.366 0.039
1750 0.137 0.223
1950 0.143 0.298

front side 900 0.006 0.016
1750 0.053 0.176
1950 0.016 0.34

Table 9.7: SAR10 g in the head (pinna excluded) of the anatomical
”Duke” and ”Billie” models from the mobile phone with a connected
HFK and the earbud placed in the ear.

R1 g [dB] R10 g [dB]
900 MHz 5.2 1.4
1750 MHz 5.1 1.0
1950 MHz 3.6 -0.3

Table 9.8: Numerically determined ratio between the 1 g and 10 g peak
spatial average SAR in the anatomical head (pinna excluded) and the
flat phantom. (R = SARhead/SARflat phantom in dB.)
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peak spatial average SAR was 5 times lower than the limit. The in-
crease in SAR when using a HFK under worst-case conditions was
determined during investigations into the relative increase or decrease
compared to the phone at the ear. The only significant increase was
found in the GSM1800 band with the HFK cable touching in the 12◦

and 22◦ configuration. For this case, the SAR from the mobile phones
operated directly at the head was only 0.14 W/kg as opposed to an
average worst-case 10 g SAR of about 0.8 W/kg for all phones that
were assessed and marketed in Europe until 2005 [149]. Comparing
the worst-case SAR with HFK (≈0.4 W/kg) to the aforementioned
historical average still results in a reduction in exposure. In con-
clusion, the increase only results from the low absolute SAR of the
mobile phones used in this study. The study also revealed that, de-
spite significant mechanical differences between the phones and the
individual HFK, there were no significant differences in the SAR at
the earbud. The findings can therefore be generalized: the SAR at
the earbud mainly depends on the output power and frequency of the
mobile phone. Consequently, additional compliance test procedures
for wired HFK are not necessary.

In addition to the worst-case scenario, various realistic scenarios
concerning the distance of the cable from the body were investigated.
These evaluations were performed using the worst-case current cou-
pling setup. The SAR decreased by 4-15 dB when the cable was posi-
tioned at a distance of 15 mm. Direct contact of the cable to the body
resulted in an attenuation as high as 13-26 dB.

A dosimetric assessment of wireless HFK showed that a very low
SAR can be expected from these devices, i.e., a SAR in the range
expected from wired HFK with strong attenuation along the body.

The evaluation of the SAR in the trunk with and without HFK
showed that HFK does not increase the SAR compared to the worst-
case SAR value (rear side touching the phantom) without HFK.

A mobile phone and a compatible HFK were numerically modeled.
Both models were experimentally validated and used on two anatom-
ical human models. The simulations were performed with the mobile
phone at the shirt and pants pocket positions, with both front and rear
sides of the phones facing the human. A realistic routing of the HFK
towards the ear was simulated. The numerical results confirmed the
results of the experimental study. In the pants pocket configuration,
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the SAR in the head corresponded to the SAR values determined in
the experimental study at distances 0-15 mm between the cable and
the flat phantom. The shirt position caused a higher SAR in the head
due to lower attenuation on the cable running along the body. The
variations of the SAR in the trunk with and without HFK were also
in agreement with variations determined in the experimental study.
Additionally, a generic exposure scenario with the earbud in the ear
compared to the earbud on the flat phantom was simulated. These
investigations revealed the 10 g averaged SAR was reliably reproduced
for this test case (underestimation of the flat phantom <1.4 dB ). In
contrast, the comparison of the 1 g averaged SAR showed an under-
estimation by 5 dB. This suggests a very localized exposure in the ear
that is not reliably reproduced in the flat phantom.

9.7 Conclusions

In the worst-case, a very localized increase of exposure inside the head
in the region of the ear when using wired HFK can arise. In general,
hands-free kits lead to a considerable reduction of exposure in the en-
tire head. This reduction depends on the transmit power of the mobile
phone, the coupling from the phone to the cable, the external attenua-
tion and possibly additional cable specific attenuation. Wireless HFK
cause a low but constant level of exposure, whereas exposure from
wired HFK depends on the aforementioned factors and, specifically,
the power control of the mobile phone.

Future research should estimate the SAR of real-life coupling sce-
narios. Further investigations are necessary to evaluate the extent to
which functional regions of the brain or the ear are affected by the
very localized exposure in the anatomical ear in order to better sup-
port the dosimetry for epidemiologic research and to better inform the
public and health agencies on the actual distribution of the induced
SAR in the head.
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Chapter 10

Conclusions & Outlook

10.1 Conclusions

Various aspects of the assessment of human exposure to radio fre-
quency (RF) electromagnetic fields (EMF) are addressed in this the-
sis. Many important scientific gaps that have plagued the field of RF
EMF exposure assessment, as outlined in Section 1.2, are now closed
based on the obtained results.

Concerns over whether current incident E- and H-field reference
levels are conservative and assessed consistently with respect to the
basic restrictions for whole-body and localized SAR in various human
anatomies were also addressed. The research confirms that the current
reference levels require conservative adaptation, especially in children,
and some of the current in situ assessment standards require revisions
to incorporate the proposed method in Chapters 4 and 5into current
assessment methods, which are primarily based on spatial averaging
of incident fields, to obtain a consistent assessment of the localized
SAR.

General mobile wireless communication devices have become in-
creasingly pervasive in recent years, fostering a demand for enhanced
knowledge about human exposure to these devices by the public and
health agencies as well as epidemiologic research groups. The ex-
posure from various general mobile devices was assessed to close this
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knowledge gap. The exposure from these devices is significantly higher
in comparison to the exposure from wireless telephony base stations.
The long-lasting scientific and public debate over whether wireless
and wired hands-free kits reduce or enhance human exposure has been
settled: the exposure of the entire head is reduced when compared to
mobile phones operated at the head, even under worst-case conditions
although, a very localized exposure enhancement in the ear is possible
when using the hands-free kits.

Novel proxies for mobile phone exposure to support epidemiologic
studies are defined in this thesis. Communication technology can
be used as a dominant predictor of the exposure compared to other
factors, such as the mechanical or antenna design, radiation efficiency
or usage orientation. The actual differences between GSM and UMTS
were assessed in a field evaluation, allowing for the direct application
of the derived variable into epidemiologic research models. Moreover,
the derived absorption characteristics for quasi-isotropic exposure in
human models provide a novel metric to epidemiologists for predicting
the actual absorbed average power in far field exposure scenarios.
The background exposure from general mobile devices is dominant
compared to the levels of exposure from base station antennas, and
the mobile phone is still the dominant source of exposure for the
brain. Finally, by combining all the developed techniques, a reliable
ranking of the mobile phones with respect to the user’s exposure can
be obtained.

In summary, the work performed in this thesis has contributed
significantly to the further advancement of dosimetric research for
compliance testing with safety limits while also supporting the ad-
vancement of epidemiological studies. All results presented in this
thesis have been published in journals as well as in conference papers,
allowing the data to be applied by other researchers, e.g., as novel
metrics for human exposure to RF EMF in epidemiological studies.
In addition, the results of the research have been incorporated into in-
ternational standards, particularly for defining compliance test proce-
dures for general mobile and body-mounted devices, e.g., IEC 62209-2
[79], and base station sites, e.g., IEC pt62232[114]. The research also
provided input to standards bodies setting safety limits for human
exposure, such as the International Commission on Non-Ionizing Ra-
diation Protection (ICNIRP) [9]. Furthermore, the dissemination of
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the results to public health and radiation protection agencies and pub-
licly available information sources has led to a better informed public
about potential RF EMF exposure hazards.

10.2 Outlook

Compliance testing with safety limits must keep pace with the rapidly
evolving advances in wireless technology. Several other major open is-
sues have been identified and require future research to address them:

• Verification of the reference levels for an extended frequency
range from below 30 MHz to a least 6 GHz with a large set of
anatomical models in various postures. Investigative studies
must be conducted to identify parameters that determine the
worst-case induced field levels ,and thus allow conservative and
simplified models to be derived to define the reference levels.

• Development of advanced near-field probes that overcome issues
of currently available probes regarding the accurate measure-
ment of the complex waveforms from modern communication
systems.

• Development of compliance test procedures for devices with
multiple transmitters, especially coherent transmitters allowing
beam-forming, for both near and far field exposures.

• Further optimization of current incident field compliance mea-
surement procedures to more accurately assess the induced lo-
calized and whole-body average SAR.

• Development of compliance test procedures for implants as well
as the derivation of basic restrictions that consider the implanted
device and the different absorption characteristics.

• Development of the procedures for the assessment of the elec-
tromagnetic compliance and immunity of implants.

Further dosimetric research is necessary for advancing epidemio-
logical research, especially to better reflect the latest findings of labo-
ratory studies in dosimetry, e.g., the effects of the applied modulation
or sensitivity of specific tissues:
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• Development of the means to estimate tissue and brain-region
specific exposure for both far and near field sources

• Inclusion of the modulation signal characteristics from various
sources in the dosimetry, i.e., determination of SAR(x,y,z,t) as
a dosimetric measure

• Identification and categorization of various sources based on the
aforementioned metrics

• Development of generalized exposure models that can easily
adapt to the rapidly changing wireless technologies.
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Appendix A

List of Acronyms

ABC Absorbing Boundary Conditions
ADI Alternating Direction Implicit
AMPS Advanced Mobile Phone Service
ANOVA Analysis Of Variance
ARIB Association of Radio Industries and Businesses
BMI Body Mass Index
cf crest factor
CA Collision Avoidance
CAD Computer Aided Design
CCK Complementary Code Keying
CDMA Code Division Multiple Access
CEM Computational Electromagnetics
CSMA Carrier Sense Multiple Access
CTS Clear To Send
CW Continuous Wave
DASY4/5 Dosimetric Assessment System version 4/5
DAQ Data Acquisition
DCS Digital Cellular System
DECT Digital Enhanced Cordless Telecommunications
DF Degree of Freedom
DUT Device Under Test
DTX Discontinuous Transmission
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EASY4 Exposure Acquisition System version 4
EM Electromagnetic
EMF Electromagnetic Field
ETHZ Eidgenössische Technische Hochschule Zürich
FCC Federal Communication Commission
FD Frequency Discriminator
FDD Frequency Division Duplex
FDTD Finite-Difference Time-Domain
FS Field Sensor
GSM Global System for Mobile Communications
GPS Global Positioning System
HFK Hands-Free Kit
HS Handset
HSL Head Simulating Liquid
ICNIRP International Commission on Non-Ionizing Radiation Pro-

tection
iDEN Integrated Digital Enhanced Network
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
IIS Integrated Systems Laboratory (Institut für Integrierte Sys-

teme)
IP Internet Protocol
IT’IS IT’IS Foundation for Information Technologies in Society
iSAR Immediate SAR (Scanner)
JF Japanese Female
KEES Korea Electromagnetic Engineering Society
LOS Line Of Sight
LSB Least Significant Bit
MAC Medium Access Control
MCells Million Cells
MRI Magnetic Resonance Imaging
MTE Mobile Terminal Equipment
NLOS Non Line Of Sight
OFDM Orthogonal Frequency Division Multiplex
ONIR Ordinance for Non-Ionizing Radiation
OTA Over-The-Air
PCB Printed Circuit Board
PCL Power Control Level
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PCS Personal Communications Service
PEC Perfect Electric Conductor
PP Portable Part
psa peak spatial average
RF Radio Frequency
RMS Root Mean Square
RSSI Receiver Signal Strength Indicator
RTS Read To Send
SAM Specific Anthropomorphic Mannequin
SAR Specific Absorption Rate
SDU Service Data Unit
SEMCAD Simulation Platform for Electromagnetic Compatibility

Antenna Design and Dosimetry
SPEAG Schmid & Partner Engineering AG
SYNEHA Systen Network and Handset Analyzer
TCP Telephone Communication Power
TDMA Time Division Multiple Access
TDD Time Division Duplex
UDP User Datagram Protocol
USB Universal Serial Bus
UMTS Universal Mobile Telecommunications System
VB Virtual Family Boy
VG Virtual Family Girl
VH Visible Human
WLAN Wireless Local Area Network
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List of Symbols

Symbol Quantity Unit
~E Electric field (vector) V/m
~H Magnetic field (vector) A/m
~B Magnetic flux density (vector) Wb/m2

S Power density (scalar) W/m2

~S Pointing vector ~S = ~E × ~H W/m2

W Energy density W/m3

SAR Specific absorption rate W/kg
∆T Temperature increase K
J Electric current density A/m2

ε Complex permittivity ε = ε0 · εr F/m
ε0 Permittivity of free space ε0 = 8.854× 10−12 F/m
εr Complex relative permittivity εr = ε′r − jε′′r
σ Conductivity S/m
µ Permeability µ = µr · µ0 H/m
µ0 Permeability of free space µ0 = 4π · 10−7 H/m
µr Relative permeability
c Specific heat capacity J/(kgK)
ρ Mass density kg/m3

SAR1g peak SAR spatially averaged over 1 g W/kg
SAR10g peak SAR spatially averaged over 10 g W/kg
SARwb SAR spatially averaged over the whole body W/kg
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C.1 Journal Publications Included in this
Thesis

Within the framework of this thesis, the following scientic journal
contributions as well as a book chapter have been written by the
author.

[1] Sven Kühn and Niels Kuster. Experimental EMF exposure assess-
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[2] Sven Kühn, Urs Lott, Axel Kramer, and Niels Kuster. Assessment
methods for demonstrating compliance with safety limits of wire-
less devices used in home and office environments. IEEE Trans-
actions on Electromagnetic Compatibility, 49(3):519–525, August
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[3] Sven Kühn, Wayne Jennings, Andreas Christ, and Niels Kuster.
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[46] S. Kühn, T. Schmid, D. Schmid, and N. Kuster. Fast dosi-
metric assessment system for pre-compliance, rapid prototyping
and production line testing. Presentation at the 28th Annual
Meeting of the Bioelectromagnetics Society, Cancun, Mexico,
June 11–15, June 2006. Oral Presentation S8-4 in Session 8:
Mechanisms & Analysis, (13 June).

[47] TEM Consulting. Radio Frequency Near Field Scan-
ner. http://www.temconsulting.com/Products/Scanning Posi-
tioner/RF Scanner.htm, 2005. (December 16, 2005).

[48] N. Chavannes, R. Tay, N. Nikoloski, and N. Kuster. Suitability
of FDTD based TCAD tools for RF design of mobile phones.
IEEE Antennas and Propagation Magazine, 45:52–66, Decem-
ber 2003.

[49] ANSI 63.19. American National Standard for Methods of Mea-
surement of Compatibility between Wireless Communications
Devices and Hearing Aids (Revision Draft 3.8), October 2005.

[50] K. Ogawa, A. Ozaki, S. Kajiwara, A. Yamamoto, Y. Koyanagi,
and Y. Saito. High-speed sar prediction for mass production
stages in a factory by h-field measurements. In IEEE Anten-
nas and Propagation Society Symposium, 2004, volume 2, pages
1843–1846, June 2004.

[51] N. Kuster and Q. Balzano. Experimental and numerical dosime-
try. In N. Kuster, Q. Balzano, and J. C. Lin, editors, Mobile
Communications Safety, pages 13–64. Chapman & Hall, Lon-
don, 1996.



BIBLIOGRAPHY 225

[52] Sektion NIS, BUWAL und Sektion Hochfrequenz, EMV und
Verkehr. Mobilfunk-Basisstationen (GSM). Messempfehlung.,
February 2003.

[53] ANFR. Protocol de mesure in situ. Technical Report 2.1,
Agence National de Frequence, May 2004.
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