DOSIMETRIC CHARACTERIZATION OF
A WAVEGUIDE-BASED EXPOSURE SYSTEM FOR
LABORATORY STUDIES WITH UNRESTRAINED MICE AT 1.9 GHz

A Thesis
Submitted to the Faculty of Graduate Studies and Research
In Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy
in Electronic Systems Engineering
University of Regina

by
Siriwat Wasoontarajaroen
Regina, Saskatchewan
December 2011

Copyright 2011: S. Wasoontarajaroen

UNIVERSITY OF REGINA
FACULTY OF GRADUATE STUDIES AND RESEARCH
SUPERVISORY AND EXAMINING COMMITTEE
Siriwat Wasoontarajaroen, candidate for the degree of Doctor of Philosophy in Engineering, has
presented a thesis titled, Dosimetric Characterization of a Waveguide-Based Exposure
System for Laboratory Studies with Unrestrained Mice at 1.9 GHZ, in an oral examination
held on December 9, 2011. The following committee members have found the thesis acceptable
in form and content, and that the candidate demonstrated satisfactory knowledge of the subject
material.

External Examiner:

Dr. Vichate Ungvichian, Florida Atlantic University

Co-Supervisor:

Dr. Luigi Benedicenti, Software Systems Engineering

Co-Supervisor:

Dr. Artnarong Thansandote, Adjunct

Committee Member:

Dr. Raman Paranjape, Electronic Systems Engineering

Committee Member:

Dr. Mehran Mehrandezh, Industrial Systems Engineering

Committee Member:

Dr. Nader Mobed, Department of Physics

Chair of Defense:

Dr. Warren Wessel, Faculty of Education

i
ABSTRACT

It is essential for research on the biological effects of radiofrequency (RF)
electromagnetic energy to be conducted using well-characterized exposure systems in
order to ensure the reliability of research outcomes. Realizing this importance, a
waveguide-based in vivo exposure system was developed at the Consumer and Clinical
Radiation Protection Bureau of Health Canada for conducting laboratory studies with live
mice exposed to RF electromagnetic energy. This thesis presents the important aspects
and dosimetric characterization evaluation of the developed exposure system.
The Health Canada in vivo exposure system consists of four identical cylindrical
waveguide chambers, each with a plastic cage for housing the animal. The chamber is fed
by circularly-polarized RF power in the 1.9 GHz cellular frequency band, and is
vertically mounted so that the long axis of the animal is co-planar with the rotating
incident electric field. Power sensors were used along with directional or hybrid couplers
and a digital voltmeter for data acquisition for real-time dose rate monitoring.
The exposure chamber was characterized to obtain its dosimetric information in three
aspects including field intensity and pattern, influences of an exposed mouse, and
chamber dose rate evaluation. The variations and pattern of the electric field intensity
inside the mouse cage volume were analyzed. The impacts due to the presence of the
exposed mouse, such as reflected power at chamber input ports and the axial ratio of the
circularly-polarized field when impinging upon the animal, were investigated. Chamber
dose rates quantified in terms of whole-body-average (WBA) specific absorption rate
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(SAR), brain-average (BA) SAR and peak-spatial-average (PSA) SAR were evaluated.
The evaluations were experimentally performed on mouse cadavers and live mice and
computationally conducted on heterogeneous mouse models. The results obtained from
experiments and computations were in fairly good agreement with each other. SAR data
obtained from live-mouse exposures were found to be within the bounds derived from the
dosimetric information obtained from experiments with mouse cadavers. Uncertainties in
measured and computed results were estimated.
The dosimetric information produced by this work supports the use of the Health
Canada exposure system for carrying out laboratory studies with live mice. The data
obtained from these biological studies would contribute to a concerted assessment of
human health risks from exposure to RF energy emitted from wireless communication
devices such as mobile phones, wireless fidelity (Wi-Fi) and Bluetooth devices.
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1. INTRODUCTION

1.1 Preamble
Recent advances in technology have led to the increasing use of electromagnetic
energy in daily life. Commonly found electromagnetic energy sources are wireless
communication devices such as mobile phones, wireless fidelity (Wi-Fi) and Bluetooth
equipment, portable two-way radios, etc. Along with the widespread use of wireless
communication technology, public concerns have been frequently raised about possible
adverse health effects from exposure to the radiofrequency (RF) electromagnetic energy
radiated from these sources.
To address these concerns, scientists worldwide have conducted research to evaluate
human health risks and develop safety guidelines. Among the different areas of research,
laboratory studies are fundamental investigations that allow scientists to determine
interactions between RF energy and biological organisms such as cells, tissues and
animals (Repacholi 1998).
Laboratory studies for investigation of the biological effects of RF energy require an
appropriate apparatus known as an RF exposure setup or system. This system is
developed for intentionally exposing a biological organism to a specific quantity of RF
energy in a given environmental condition. A major advantage of using the RF exposure
system is that it allows exposure parameters for the study to be well-controlled and
defined.
The RF exposure system plays a fundamental role in the quality, reproducibility and
reliability of the biological study outcome. Sufficient and reliable information on
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exposure parameters allows study results to be compared with findings from other
similar investigations or replicated by other research groups when needed (Kuster and
Schonborn 2000). Ultimately, these data are paramount when study results are used in the
development of safety guidelines for human exposure. In contrast, the biological
investigations that have inadequate and inaccurate exposure information diminish the
importance and significance of their scientific value.
The development of a good RF exposure system is considered a challenging
engineering task as it involves various technical aspects and constraints (e.g. biological
and electromagnetic requirements). The most critical task is to properly characterize the
system to obtain sufficient and reliable dosimetric data. Interactions between
electromagnetic energy and biological organisms are complex and involve many
parameters (e.g. frequency, field polarization, biological sample size and orientation, etc)
(Chou et al. 1996; Kuster et al. 2006). Thus, proper methods for determination of the
system RF dosimetric characteristics must be carefully selected and applied.
A waveguide-based exposure system was developed at the Consumer and Clinical
Radiation Protection Bureau of Health Canada, Ottawa, Ontario. It was designed for
conducting biological effect studies with unrestrained small rodents exposed to 1.9 GHz
electromagnetic energy. The 1.9 GHz frequency was chosen to represent the frequency
band (1,850 to 1,990 MHz) of North American mobile phone systems for personal
communication service. The system development was divided into two phases. The work
in phase 1, which was carried out by the Health Canada scientific staff, involved the
design, construction and preliminary test of the system, the details of which can be found
in Thansandote et al. (2006) and Thansandote et al. (2007). The development in phase 2,
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which was conducted by the author, was concerned with the system performance testing
and dosimetric characterization. This thesis discusses the work of both phases with
emphasis on the latter.

1.2 Objectives
The objectives of this work are:
1) To carry out a review of scientific literature concerning the development of RF
exposure systems for study of the biological effects of RF energy at a mobile
phone frequency,
2) To thoroughly characterize the waveguide-based exposure system developed at
Health Canada,
3) To produce necessary dosimetric information as required by Health Canada
scientists for their studies with laboratory mice.

1.3 Nature and Scope of This Work
This thesis presents a comprehensive and practical investigation into the RF dose rates
of unrestrained mice while being exposed to 1.9 GHz electromagnetic energy in the
waveguide exposure system. The investigation involved performing experimental dose
rate evaluations on mouse cadavers and live mice and conducting numerical simulations
on a heterogeneous mouse model for various multiple possible postures and positions in
the cage. The experiments were essential for validating the simulation setup which was
then used for characterizing the RF dose rates in animal brains that was not possible
through measurements or analytical investigations. In addition, the experimental
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measurements produced a great deal of information on the variability of dose rate data
due to different animal body shapes and sizes.
The detailed characterization was performed only for the existing Health Canada
system. There were no modifications to waveguide, RF feed structures and the animal
cage location in the waveguide that would improve system performance or reduce cost.
Although such modifications were beyond the scope of this work, they were itemized as
part of recommendations for future work (Section 5.2). Due to the limitation of existing
research resources, the acquisition and analysis of RF dosimetric data were only
conducted for mouse body mass in the range of 20 - 40 g, 23 - 29 g and 25 - 30 g for
cadaver exposures, live-mouse exposures and simulations, respectively.

1.4 Organization of This Thesis
The outline of this thesis is as follows. Chapter 2 provides a review of the literature,
which includes background information on existing RF exposure systems and the
concepts and methods for dosimetric characterization. Chapter 3 presents the important
aspects of the Health Canada exposure system, including design considerations, system
configuration and performance evaluation. In Chapter 4, a detailed characterization of the
exposure system is discussed. This includes the field distribution in the exposure volume,
changes in exposure system characteristics due to the presence of the exposed mouse, and
RF dosimetry in the whole body and brain of the animal. Conclusions and
recommendations for future work are outlined in Chapter 5.
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2. REVIEW OF EXPOSURE SYSTEMS FOR STUDY
OF BIOLOGICAL EFFECTS OF RADIOFREQUENCY ENERGY

This chapter presents the background information associated with radiofrequency
(RF) exposure system developments, the recent knowledge and progress of RF exposure
systems, and the ideas and methods for dosimetric characterization reported in recent
literature. The chapter is divided into five major sections. Firstly, the definition and
classification of RF exposure systems are outlined. The second section briefly discusses
the characteristics of RF exposure systems with emphasis on dosimetric quantification
and performance. In the third section, RF exposure systems designed for in vitro studies
are reviewed and grouped with respect to their structures. Similarly, an overview of RF
exposure systems developed for in vivo studies is presented in the fourth section. In the
last section, general aspects of RF exposure system characterization are reviewed.

2.1 Definition and Classification of RF Exposure System
An RF exposure system or setup is a specific apparatus developed for conducting
studies into the biological effects of exposing organisms to RF energy (Gandhi 1990).
The major function of the RF exposure system is to radiate biological organisms with RF
electromagnetic energy under well-defined conditions which include an electromagnetic
dose and a comfortable living environment. There is a diversity of RF exposure systems.
Generally, they may be classified according to their objectives (Fujiwara and Wang 2006)
(Chou 2002).
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In general, there are two types of laboratory studies for investigation of biological
effects (Repacholi 1998). Firstly, an investigation that takes place in isolation from a
living biological organism is called an “in vitro” study. For this type of study,
experimental procedures for exposing cell cultures or tissues to RF energy are set in a
controlled environment that mimics their natural living situation. Particular functions or
structures of exposed cells or tissues are observed and analyzed. Secondly, the study that
is performed on an animal is known as an “in vivo” study. The purpose of this type of
study is to diagnose or monitor the specific syndromes or behaviours of the animal while
or after exposing to RF energy in a specific environment.
One of the most important characteristics of an RF exposure system is its type of
structure. This is due to the fact that each structure provides different advantages.
Nowadays, with respect to the structure, scientists have developed a diversity of RF
exposure systems. In this respect, RF exposure systems can be classified as free-space,
transverse electromagnetic cell, waveguide-based, cavity, and other exposure systems.

2.1.1 Free-Space Exposure System
This is a setup that simulates the exposure of biological objects to
electromagnetic energy in free space. The term free space refers to an environment in
which the electromagnetic energy propagates without reflections in the medium of air.
To simulate free space, a chamber is usually built with absorbing materials installed on its
walls, floor and ceiling, surrounding the source of radiation and biological objects. The
absorbing materials prevent an electromagnetic wave from reflecting backward from wall
surfaces. In practice, this exposure system radiates a biological organism in an RF
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anechoic chamber. An ordinary antenna such as a horn or open-ended waveguide, used
as a source of radiation, is positioned at one end of the chamber, whereas a single or
multiple animals is placed at the other end with a minimum separation so that they are in
the far-field region. This RF exposure system provides a uniform exposure field
distribution over a large volume, which is a major advantage. However, its disadvantages
include low power efficiency, expensive facilities and large laboratory space
requirements. The power efficiency is defined in Section 2.2.3.

2.1.2 Transverse Electromagnetic Cell Exposure System
The transverse electromagnetic (TEM) cell, invented by Crawford (1974), is a
simple structure that can be used as an exposure system. The cell is a modification of a
coaxial transmission line in which the centre and outer conductors are gradually expanded
out from both ends while maintaining its characteristic impedance. In the expanded
section, the center conductor is flared out to form a flat metal strip, and the outer
conductor is shaped to form a rectangular box. The biological organism is placed in the
expanded section to be exposed to the electromagnetic wave propagating through the
transmission line. The advantages of this type of RF exposure system are that it is
inexpensive and compact. The disadvantage of the TEM cell is that when the operating
frequency increases, its size decreases imposing a constraint on the size of the exposed
object.
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2.1.3 Waveguide-Based Exposure System
In this type of system, a biological organism is placed inside a waveguide that
allows an electromagnetic wave to propagate from one end to the other. The operating
frequency of this type of system depends on the waveguide dimensions. The shape of the
waveguide can be square, rectangular or circular, which determines the pattern and
polarization of the wave propagating in its hollow space. Some of the major advantages
are that it provides good power efficiency and has a simple structure. The disadvantage
of this system is that usually only one animal can be exposed for each waveguide.

2.1.4 Cavity Exposure System
This type of system is very similar to the waveguide-based system, but it has
only an input feed without an output to allow an electromagnetic wave to exit the
structure. The electromagnetic energy fed into the resonant cavity will travel back and
forth forming a standing wave. The biological organism is usually placed at a point of
constructive interference to obtain high power absorption. This type of exposure system
yields the highest power efficiency as compared with those previously mentioned due to
the maximization of coupling field which produces the absorption. However, the
disadvantage of this type of system is that the cavity resonance changes with animal size,
movement and orientation.
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2.1.5 Other Exposure Systems
The structure of systems under this category is different from the four types
mentioned above. Examples include radial transmission line and wire path cell exposure
systems.

2.2 RF Exposure System Characteristics
There are a number of RF exposure system characteristics to be considered. Some
characteristics are related to the basic requirements recommended by Kuster and
Schonborn (2000). Some of these requirements are pertinent to system performance as
pointed out by Kainz et al. (2006) and Jung et al. (2008). In this section, aspects relevant
to RF exposure system characterization and performance are discussed.

2.2.1 Dosimetry
Dosimetry is the quantification of the magnitude and distribution of absorbed
electromagnetic energy within exposed biological objects (tissues or organisms). RF
dosimetry data are given in terms of specific absorption rate (SAR), which is defined as
the time derivative (dt) of the incremental energy (dW) dissipated in an incremental mass
(dm) contained in a volume element (dv) of a given mass desity (ρ) (IEEE Std-C95.3
2002). SAR has units of watts (W) per kilogram (kg). Mathematically, it can be
expressed as

SAR 

d  dW  d  dW 


 
dt  dm  dt  dv 

(2.1)
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SAR in the biological tissue can be related to the rate of temperature increase at
a point by

SAR  c

T
t

(2.2)
t 0

where c is the specific heat capacity (J/kg oC), T is the temperature increase (oC) and
t is the exposure duration (s). This assumes that the SAR determination is made under

non-thermodynamic conditions.
SAR can also be determined from electrical loss in the tissue as:

SAR 

E 2


rms

(2.3)

where Erms is the rms electric field strength of electromagnetic energy induced in the
tissue (V/m), σ is the electrical conductivity of the tissue (S/m) and ρ is the mass density
of the tissue (kg/m3).
As previously mentioned, SAR needs to be determined within a specified
volume element of the exposed biological object. For both in vitro and in vivo studies,
SAR is spatially averaged over a plane or volume of the exposed object.
For in vitro studies, some experiments have used specific terminologies to
distinguish two types of SAR — one being averaged over a plane, while the other over a
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volume. The terminologies corresponding to these SAR types are cell monolayer and
cell suspension. For the cell monolayer, SAR is an average value that is calculated from
SAR data within a single plane or layer of the exposed object. This plane is usually
referred to the bottom surface of a culture medium where cells are placed for exposure.
The cell suspension SAR is an average value that is calculated from SAR data within the
entire volume of an exposed biological object.
For in vivo studies, SAR values are generally averaged throughout the whole
organ or body of an exposed animal. For example, the SAR value averaged over the
whole brain of a rat is called a brain average SAR. Spatial peak SAR is the highest SAR
when averaged over a small portion of an exposed animal.
To determine the amount of SAR, two major approaches have been developed in
parallel: measurement and computational techniques. For measurement methods, SAR
can be obtained from electric field measurement, thermometric measurement, residual
power measurement and calorimetric measurement (Stuchly and Stuchly 1996; Kuhn and
Kuster 2007). For computational techniques, there are a number of numerical methods
that can be applied for SAR simulations. These include the quasi-static impedance
method, the method of moments and the finite element method (Lin and Gandhi 1996;
Lin and Bernardi 2007). However, of these computational techniques, the finitedifference time-domain (FDTD) method is found to be most successful and widely used
(Okoniewski 2000; Gajsek et al. 2003; Lin and Bernardi 2007). Its popularity arises from
having the ability to model highly complex and inhomogeneous dielectric structures in a
straightforward manner together with having high numerical stability, especially for
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computing electromagnetic field interaction in three-dimensional complex dielectric
structures such as biological organisms.
Ideally, RF exposure systems (for both in vitro and in vivo studies) should
provide energy absorption as uniformly as possible in the target organisms, organs or
tissues. In practice, none of the RF exposure systems can provide a perfectly uniform
SAR; therefore, the average SAR and the degree to which the SAR distribution deviates
from its ideal pattern needs to be evaluated. A simple and meaningful quantity of SAR
deviation that is used by many authors is the ratio of peak-spatial SAR to average SAR.
There are many techniques that can be used to obtain data for SAR distribution
assessment. In the measurement methods, available choices include electric field probe
scanning, thermal probe array and thermographic measurements. On the other hand,
numerical methods have been found to be widely used due to their abilities to provide
SAR data at any locations within a simulation model.

2.2.2 Operating Frequency and Modulation

An RF exposure system is usually developed to operate at a specific frequency.
However, most RF exposure systems are developed for conducting research in the
frequency bands that are currently used in wireless communication technologies. These
technologies have specific names and particular modulations, such as GSM, PCS, and
CDMA, etc.
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2.2.3 Power Efficiency

The power efficiency is defined as the average SAR in the exposed biological
organism produced by an RF exposure system per 1 W input power. Thus, to produce the
same SAR amount, the higher the power efficiency, the lower the RF power required at
RF exposure system input. Typically, RF amplifier cost per watt usually increases
especially for those amplifiers built to operate at or near the 1.9 GHz frequency. In
considering this fact, an RF exposure system with high power efficiency is highly
preferable.

2.2.4 Environmental Controls

The environmental condition strongly influences the outcomes of studies of the
biological effects of exposing organisms to RF energy. Conditions such as temperature,
aeration and humidity, coolant flow, etc., must be clearly defined and properly
implemented.
Different endpoints in biological studies require different environmental
conditions. For biological assays that are sensitive to heat, temperature control is
essential, whereas physical restraint of animals should be avoided for biological assays
that are sensitive to stress.

2.2.5 Laboratory Space Requirement

In practice, most studies have space limitations. An RF exposure system that
requires less laboratory space is highly desirable.
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2.3 Review of Exposure Systems for In Vitro Studies

Previous reviews of RF exposure systems for in vitro studies were conducted. Chou
(2002) classified the RF exposure systems with respect to their structures and wrote a
summary of the features of each type. The exposure conditions that could influence
biological responses were also noted. In the review given by Fujiwara and Wang (2006),
the basic designs of RF exposure systems together with a key issue for determining
exposure performance, were introduced. The key issue was that high SAR uniformity
inside the exposed objects should be considered as the primary performance determinant.
In this review, RF exposure system features are briefly described and grouped according
to their structures. The SAR uniformity of each exposure system is also outlined.
Moreover, the brief descriptions of their dosimetry were reviewed. Characteristics of
existing RF exposure systems are summarized in Table 2.1.

2.3.1 Free Space Exposure System

Elizabeth et al. (1985) built an anechoic chamber (2.6×2.6×2.6 m) to expose
mouse-embryo cells to pulse-modulated electromagnetic energy at 2450 MHz. A
standard horn antenna placed on top of the chamber facing towards the floor was used as
an electromagnetic energy source. On the floor, approximately 20 wavelengths away
from the edge of the antenna, a water circulation bath (60×60×12 cm) was placed for
holding culture flasks that contained the mouse-embryo cells. The incident power density
over the area of 25×25 cm, where the flasks were placed, was measured and found to be
uniform within 10%. SAR at the cell monolayer, approximately 2.5 cm below the surface
of the bath water, was determined by applying electric field measurement method. With
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1 kW net power fed to the antenna, the SAR together with its relative standard
deviation was 4.4 W/kg ±0.79 W/kg (±18%).
Iyam et al. (2004) built two identical anechoic chambers, placed adjacent to one
another, for cell culture exposure at a frequency of 2142.5 MHz. One of the chambers
was for sham. The dimensions of each chamber were 2.7×2.6×1.97 m. Within each
chamber, a horn antenna placed on the floor facing upward was used as a radiation
source. A transparent exposure box (25×40×40 cm), used as an incubator, was placed on
a table over the antenna. A dielectric lens was installed between the antenna and the
exposure box in order to provide a wider uniform area of electromagnetic field in a short
distance. The electric field strength over the exposure area of 30×30 cm, where the Petri
dishes would be placed, was measured and it was found that the deviation of the field
strength was below 1.5 dB. Without the dielectric lens, the electric field strength
measurement was also conducted and it was found that the field strength deviation was
increased up to 3 dB. The dosimetry of the system was calculated using a computer
program based on the FDTD method. The SAR calculation was performed on a model of
forty-nine 35 mm diameter Petri dishes, arranged in a 7×7 array. Each dish was filled
with a culture medium to a depth of 3 mm having a relative permittivity (εr) of 76.4 and
an electrical conductivity (σ) of 2.5 S/m. With 1 W input power at the source, the mean
SAR was found to be 0.175 W/kg. SAR distribution at the bottom layer of the model was
also analyzed. The relative standard deviation of the SAR distribution was estimated to
be 59%. Analyzing only with the inner dishes of a 5×5 array, the relative standard
deviation of the SAR distribution was decreased to 47%. In addition, the exposure of a
135 mm diameter Petri dish, filled with a culture medium to a depth of 18 mm, was
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performed to verify the SAR calculation. An electric field probe scanning
measurement was conducted in three different layers above the bottom of the dish. Good
agreement between the measured and calculated results was found.

2.3.2 Transverse Electromagnetic (TEM) Cell Exposure System

Burkhardt et al. (1996) analyzed the exposure of Petri dishes, each containing a
culture medium, to the 835 MHz electromagnetic energy in a TEM cell (18×18×12 cm).
A commercially available electromagnetic simulation tool, namely MAFIA Code, based
on finite integration technique (FIT), was utilized to calculate the RF dosimetry of three
Petri dish models (60 mm and 100 mm diameter Petri dishes, and a 48 well titer plate)
filled with the culture medium (εr = 76, σ = 1.8 S/m) for a number of depths. The
exposure orientation with the largest surface of the Petri dishes perpendicular to the
electric field was set because this orientation was found to be the best among the others in
term of providing the most uniform SAR distribution and causing the lowest disturbance
to the field pattern in the TEM cell. The simulation showed that the SAR was dependent
not only on the diameter of a Petri dish but also greatly on the depth of the culture
medium. A larger depth-to-diameter ratio caused a higher SAR with low uniformity. The
high gradient of SAR mostly occurred within the region of 2 mm close to the side wall of
the exposed Petri dish. At a layer of 0.2 mm above the bottom of the Petri dishes and
without the data from the outer 2 mm ring, the mean SARs together with their relative
standard deviations were 9.5 mW/kg ±0.76 mW/kg (±8%) and 24 mW/kg ±2.4 mW/kg
(±10%) per 1 W input power for the 60 and 100 mm dishes filled with the culture
medium to the depths of 2.4 and 3.4 mm, respectively. The SAR for the 48 well-titer
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plate, filled to a depth of 4.8 mm with the culture medium was 34.5 mW/kg ±10.4
mW/kg (±30%) per 1 W input power. SAR data verifications were done by comparing
the simulation results with the results obtained from another electromagnetic simulation
tool and by conducting an experimental exposure. The SAR data of the 60 mm Petri dish
exposure were compared with the dada evaluated using the 3D MMP Code, based on
generalized multipole technique (GMT). The results from the two simulation tools
showed good agreement. In addition, the experimental exposure of a 60 mm Petri dish
filled with the medium to a depth of 9.4 mm in the TEM cell was conducted. SAR
distribution in the exposed medium along the center of the Petri dish was determined
using the electric field measurement method. The experimental and the computational
SARs were compared and found that the general quantitative agreement was satisfactory.
Guy et al. (1999) applied statistics to analyze SAR distribution in dishes inside
TEM cells. The descriptive statistics of each set of SAR data obtained from exposure
simulations were evaluated. Each set of SAR data was plotted in histograms to allow
visual comparisons with normal distribution curves. The SAR calculations were analyzed
on the model of six Falcon #2056 tubes, arranged in 2×6 array exposed to the 837 MHz
electromagnetic energy in a TEM cell. Three culture mediums comprising human blood
in solution (εr = 73.9, σ = 0.36 S/m), mouse lymphoma (εr = 73.2, σ = 1.81 S/m) and
salmonella (εr = 72.2, σ = 2.1 S/m) were modeled to fill the tubes. A commercial
electromagnetic simulation tool, namely XFDTD, based on the FDTD method was used.
The simulation results showed that the average SARs together with their relative standard
deviations were 0.104 W/kg ±0.083 W/kg (±80%), 0.474 W/kg ±0.393 W/kg (±83%) and
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0.538 W/kg ±0.452 W/kg (±84%) per 1 W input power for human blood in solution,
mouse lymphoma and salmonella, respectively.
Nikoloski et al. (2005) developed an RF exposure system to expose T25 flasks
to 835 MHz electromagnetic energy. The system consisted of two TEM cells vertically
placed in an incubator, one for exposure and the other for sham. In each TEM cell, a pair
of T25 flasks was oriented end-to-end and placed beside the center conductor of the cell,
allowing the placement of up to four T25 flasks. A computer program developed on a
personal computer was utilized to control and record the system parameters such as the
input and output power, electric field strength and temperature inside the cells, etc. The
exposures of the four T25 flasks filled to a depth of 2 mm with culture medium (εr = 77.4,
σ = 1.7 S/m) were simulated using an electromagnetic simulation tool, namely Simulation
Platform SEMCAD which is based on the FDTD method, and verified subsequently by
measurements. The simulated result showed that the average SAR together with its
relative standard deviation was 6 W/kg ±3.1 W/kg (±52%) per 1 W input power. The
difference of the incident electric field between the measurement and simulation at the
planes of 12 and 19 mm above the culture medium in a flask (18 data values for each
plane) was below 4%. Using thermometric measurement method, the average SAR of
6.45 W/kg per 1 W input power was found.

2.3.3 Waveguide-Based Exposure System

Schonborn et al. (2000) developed an RF exposure system to expose Petri dishes
to 1.71 GHz electromagnetic energy. The system consisted of four identical R14
waveguides (cross-section of 165×83 mm), each of which was 70 cm long, two for sham
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and the rest for exposure. The four waveguides were installed in an incubator which
provided proper environmental conditions. Eight 60 mm diameter Petri dishes (arranged
in four rows with the stacks of two dishes) were placed in each waveguide.
Electromagnetic energy was fed into the waveguide via a coax-waveguide adaptor at one
end. At the opposite end, a short-circuit plate was placed for two purposes, 1) easy access
to the interior of the waveguide opening and 2) producing standing wave. Placing Petri
dishes at the locations of constructive interference achieved high power efficiency by the
doubling the magnetic field intensity in the vicinity of the dishes. Field distribution along
the longitudinal axis on a line 4 mm above the Petri dishes was simulated and verified
using electric and magnetic field probe scanning measurements. There was good
agreement between simulated and measured results. Like the field distribution, the
comparison between the simulation and measurement of SARs, along the central vertical
axis of the four upper Petri dishes filled with a culture medium (εr = 72, σ = 2.4 S/m), was
performed and found to be in good agreement. The SAR, together with its relative
standard deviation, of an exposed Petri dish, filled with the culture medium to a depth of
3.8 mm, was simulated and found to be 1.7 W/kg ±0.58 W/kg (±34%) per 1 W input
power for a cell monolayer.
Gajda et al. (2002) developed a 1.9 GHz RF exposure system consisting of six
circular waveguides, each of which (120 mm diameter and 210 mm long) was excited by
circularly-polarized electromagnetic energy for the best trade-off between power
efficiency and SAR uniformity. Each waveguide was mounted vertically and excited by
two coaxial-to-waveguide probes near the bottom. At the upper end, a large Petri dish
(150 mm diameter) filled with a coolant medium (distilled water) was placed over the
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open aperture. The sample Petri dish (60 mm) was placed in the middle of the coolant
dish and was spaced so that coolant and liquid samples were at the same height. An
electric field scanning measurement was performed on three horizontal planes in the
culture medium (εr = 75, σ = 2.3 S/m) volume to determine SAR. The average SAR
together with its relative standard deviation was 8.6 W/Kg ±2.1 W/Kg (±24%) per 1 W
input power.
Paffi et al. (2007) developed a coplanar-waveguide system to expose circular
brain slices (1.4 mm diameter with 0.4 mm thickness) to electromagnetic energy at the
frequencies of 905, 1750 and 1950 MHz. The waveguide consisted of the three thin
sheets of metallic strips lying parallel on a substrate sharing the same plane and forming
two gaps, each of which 1.2 cm wide. The overall dimension of the waveguide was
22×10.5×0.4 cm. Two coaxial-to-waveguide adaptors were connected to each end of the
waveguide for coupling electromagnetic energy into and out of the waveguide. At each
gap, a 35-mm diameter Petri dish filled with a culture medium containing a brain slice
was placed for exposure. To verify field distribution, a surface map of electric field was
made at a distance of 0.5 cm from the surface of the waveguide for two frequencies (905
and 1750 MHz). The means together with their relative standard deviations of the
measured electric fields over the region of exposure were 348.4 V/m ±17.4 V/m (±5%)
and 312.2 V/m ±25 V/m (±8%) per 1 W input power for 905 and 1750 MHz,
respectively. The SARs together with their relative standard deviations in the exposed
brain slices were simulated and found to be 18.3 W/kg ±1.1 W/kg (±6%), 38.3 W/kg
±11.1 W/kg (±29%) and 56 W/kg ±10.6 W/kg (±19%) per 1 W input power for 905, 1750
and 1950 MHz, respectively. SAR measurements utilizing the thermometric method
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were performed in the entire Petri dish, filled with the culture medium, to verify the
simulation results. The measured results showed good agreement with the simulation
data.
De Prisco et al. (2008) developed an RF exposure system to expose T25 and
T75 rectangular flasks to 900 MHz electromagnetic energy. A standard rectangular
waveguide (cross-section of 248×124 mm) was used as a chamber which was excited by
the TE10 mode electromagnetic energy. Each end of the waveguide was connected with a
coaxial-to-waveguide adaptor, one for feeding input power and the other for terminating
output power. The other identical chamber was built for sham but with no power fed at
its input. The dosimetry of the system was evaluated using a commercial simulation
(CST - MWS3) code based on the finite integration technique. The models of the T25
and T75 flasks filled with the culture medium (εr = 78.3, σ = 1.8 S/m) to depths of 3 and 2
mm, respectively, were created for SAR determination in two different polarizations:
electric and magnetic field parallel to the surface of the culture medium. The simulated
results showed that the best SAR uniformity at the cell monolayer (the bottom layer of the
flask) occurred when the electric field was parallel to the medium surface. The SARs
together with their relative standard deviations were 22.4 W/kg ±3.36 W/kg (±15%) and
25.2 W/kg ±9.83 W/kg (±39%) per 1 W input power for the T25 and T75 flasks,
respectively.

2.3.4 Cavity Exposure System

Schuderer et al. (2004a) developed a cavity exposure system to exposure 35 mm
Petri dishes to electromagnetic energy at 1800 MHz. The cavity was made of two R18
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rectangular waveguides (cross-section of 129×65 mm), one stacked on the other. One
of the two waveguides was used for sham, randomly selected by a computer control
through an electronic switch. The electromagnetic energy was excited to the cavity via a
loop probe. The cavity (450×200×500 mm) was installed in an incubator to enable
environmental conditions to be controlled. Six Petri dishes were set for cell monolayer
and four for cell suspension. The dosimetry of the system was determined using an
electromagnetic simulation tool, namely Simulation Platform. The results of the
simulation showed that the SAR strongly depended on the depth of the culture medium
(εr = 71, σ = 2.5 S/m) in the exposed dishes. The results also showed that the system
provided excellent power efficiency. For different culture medium depths ranging from 2
to 5 mm, the average SAR was 50 W/kg per 1 W input power for cell monolayer and 10
W/kg per 1 W input power for cell suspension. The relative standard deviations of the
SAR distribution were found to be less than 30% and 40% for cell monolayer and cell
suspension, respectively.
Schuderer et al. (2004b) developed a tuneable cavity exposure system that was
similar to the one developed for the 1800 MHz frequency (Schuderer et al. 2004a). This
cavity was operated at frequencies of 835 and 935 MHz. The system consisted of two R9
rectangular waveguides (cross-section of 125×250 mm), each having a length of 520 mm.
Eight 35 mm Petri dishes were placed inside each waveguide for cell culture exposure.
The dosimetry of the system was only evaluated at the frequency of 835 MHz. The SARs
were found to be 1.3 and 0.74 W/kg per 1 W input power for cell monolayer and cell
suspension, whereas their relative standard deviations were 20% and 54%, respectively.
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2.3.5 Radial Transmission Line Exposure System

Moros et al. (1999a) developed nine radial transmission lines (RTL) (six for
exposure and three for sham) to expose T75 flasks to electromagnetic energy at the
frequencies of 835 and 2450 MHz. The RTL was fabricated from two circular plates (1
m diameter) laid horizontally, one on top of the other with a separation distance of 43
mm. A conical antenna was used as an electromagnetic energy source which was
installed at the center between the two plates, radiating electromagnetic energy toward the
RTL perimeter. An absorbing material was placed at the perimeter between the two
plates for terminating the electromagnetic energy. Inside the RTL, at a radial distance of
292 mm between the exciter and the absorber, 16 T75 flasks, each of which was filled
with a culture medium (εr = 77, σ = 1.67 S/m) to a depth of 5 mm, were placed on the
lower circular plate in a carousel style. Using the thermometric measurement method, the
SARs together with their relative standard deviations were found to be 0.016 W/kg
±0.003 W/kg (±16%) and 0.245 W/kg ±0.049 W/kg (±20%) per 1 W input power for 835
and 2450 MHz, respectively.
Pickard et al. (2000) improved the power efficiency of the RTL built by Moros
et al. (1999a) by elevating the T75 flasks from the bottom plate of the RTL. The elevation
was done by inserting alumina ceramic sheets of 3 mm thick (εr = 9.6) between the flasks
and the bottom plate of the RTL. Using the XFDTD simulator, the SAR together with its
relative standard deviation was found to be 0.0318 W/kg ±0.017 W/kg (±53%) per 1 W
input power at 835 MHz.
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2.3.6 Wire Path Cell Exposure System

Laval et al. (2000) developed a 900 MHz exposure cell based on the wire patch
antenna concept introduced by Delaveaud et al. (1994). The system consisted of the two
square metallic plates (150×150 mm) placed in parallel like a capacitor with a separation
distance of 29 mm. A coaxial probe was installed at the center of the two plates with the
upper and lower plates being connected to the inner and outer conductors, respectively. A
metallic prop (23×23×29 mm) was placed at each corner between the two plates to
provide grounding contact and support for the plates. The props were allowed to move
along the patch diagonals for the purpose of matching to the 50 ohm impedance at the
coaxial feeding input. Two Petri dishes placed in a stack was inserted at each side of the
cell, allowing a total of eight Petri dishes to be exposed simultaneously. To improve SAR
uniformity, each dish (35 mm diameter) with a culture medium was placed inside another
dish (50 mm diameter) which also contained the same culture medium. The SARs at the
center of the four bottom dishes were measured using the thermometric measurement
method and found to be 0.460 W/kg per 1 W input power. The relative standard
deviations of the SAR distribution, determined using a computer program based on the
FDTD method, was found to be 13%.
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2.4 Review of Exposure Systems for In Vivo Studies

Previous reviews of RF exposure systems for in vivo studies in different aspects can
be found elsewhere, Chou (2002), Kainz et al. (2006) and Fujiwara and Wang (2006). In
this section, features of different RF exposure systems are described along with brief
descriptions of their dosimetry. Discussions about these systems are given into two
categories: partial and whole body exposure. Within the partial body exposure category,
there are three subtypes, including head, eye and skin exposures; whereas the whole body
exposure category is grouped according to their structures as described in the Section 2.2.
Characteristics of the existing RF exposure systems for in vivo studies are summarized in
Table 2.2.

2.4.1 Partial Body Exposure System

1) Brain
Moros et al. (1998) built 12 small anechoic chambers to expose rat brain to
electromagnetic energy. The 12 chambers were divided into three groups, four chambers
per group. The first group was for exposure to a frequency division multiple access
(FDMA) signal at a frequency of 835 MHz, the second for exposure to a code division
multiple access (CDMA) signal at a frequency of 847 MHz and the third for sham. Each
chamber had its dimensions of 1.07×1.07×2.11 m and could expose 40 rats
simultaneously. The 40 rats, restrained in clear acrylic tubes, were subdivided into four
small groups — each of which had ten rats and was placed in a circular plastic tray. Each
tray was stacked one above the other and had its own monopole antenna vertically placed
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at the center of the tray. Surrounding each antenna was the ten restrained rats being
placed facing toward the antenna in a carousel style; so that, exposure is mainly focused
on the rat head. This system was characterized in details by Moros et al. (1999b). SAR
determination was performed while the system was fully loaded with rat phantoms and rat
cadavers using the thermometric measurement method. The probe utilized for this
measurement was a four-sensor linear array thermal probe which was inserted into the
head of the rat cadaver for the SAR measurement. With the SAR data obtained from 12
rat cadavers, weighting between 120 and 520 g, the brain average SAR was found to be
0.85 W/kg per 1 W input power, whereas the ratio of peak to average SAR in the brain
was 1.9.
Swicord et al. (1999) exposed mouse brains to electromagnetic energy at 1.6
GHz on a circular Plexiglas platform (20 cm diameter). A dipole antenna was used as a
radiation source which was placed through a hole at the center of the platform. Ten mice
could be exposed simultaneously while they were restricted in plastic tubes placed
surrounding the antenna in a carousel style. The thermographic measurement method
was utilized for SAR determination. The results obtained from two independent
measurements were in close agreement. The mean of brain average SARs measured from
10 mouse cadavers was 3.4 W/kg per 1 W input power, whereas the ratio of peak to the
mean was 2.4.
Chou et al. (1999) used a 3×1 cm rectangular loop antenna as a source for
exposure of rat brain to either 837 or 4957 MHz electromagnetic energy. At both
frequencies, the dimensions of the loop antennas were the same, but their matching
structures were different. While exposed, a rat was restrained in a plastic tube, and the
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loop antenna was placed directly on the rat head. The brain average SAR was
calculated using a computer program based on the FDTD method. The computational
results showed that the brain average SARs of a rat model were 23.8 and 22.6 W/kg per 1
W input power for 837 and 4957 MHz, respectively. The peak to average SAR in the
brain ratio was 3.4 for 837 MHz and 3.2 for 4957 MHz.
Toivonen et al. (2008a) exposed 11 brains of anaesthetised domestic pig to
GSM-modulated electromagnetic energy at a frequency of 890 MHz. A dipole antenna
was used as a radiation source which was placed at the forehead of a pig head. A 20 mm
thick piece of styrofoam was utilized as a spacer for maintaining a constant gap between
the antenna and the pig forehead. A commercial electromagnetic simulator tool, namely
XFDTD, based on the FDTD method, was used for SAR determination. The SAR
calculation was performed on the heterogeneous tissue model (12 types of tissues and 1.5
mm resolution) of a pig head, based on magnetic resonance image data. The brain
average SAR of the pig model was found to be 1.3 W/kg per 1 W input power, whereas
the ratio of peak to average SAR in the brain was 2.9.

2) Eye
Lu et al. (2000) exposed monkey eyes to 1.25 GHz electromagnetic energy
inside an anechoic chamber. An open-ended waveguide was used as a radiation source
which was placed at a distance of 7.6 cm from the monkey eyes. 17 monkeys restrained
on a polyvinyl chloride (PVC) chair were randomly selected to get exposure or to be
sham. SAR determination was performed on two female monkey carcasses using the
thermometric measurement method. 64 thermal probes were surgically placed
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surrounding the four eyes of two female monkey carcasses, 16 probes for one eye (four
spots around the eye and four different depths in each spot). The eye average SAR was
found to be 1.25 W/kg per 1 W input power, whereas the ratio of peak to average SAR in
the eye was 2.5.
Wake et al. (2007) used a small coaxial-to-waveguide adapter (with an
opening cross-section of 28.5×12.6 mm) as a radiation source to expose a rabbit eye to
2.45 GHz electromagnetic energy. This adapter was filled with a low-loss dielectric
material (εr = 5.5) to obtain the same characteristics as that of an ordinary (air-filled) one,
which is four times larger in size. The antenna aperture was placed 40 mm from a rabbit
eye in the direction where the plane of the aperture was parallel to the surface of the eye.
A SAR calculation was performed on the rabbit eye model (11 types of tissues and 1 mm
resolution) together with the whole body rabbit model utilizing a computer program based
on the FDTD method. The eye average SAR of 5.4 W/kg per 1 W input power was
found, whereas the ratio of peak to average SAR in the eye was 2.1.

3) Hand skin
Toivonen et al. (2008b) exposed human skin to GSM-modulated
electromagnetic energy at a frequency of 900 MHz. The exposure was performed on the
small region of the right forearms of 10 volunteers. The exposed arm was held
horizontally on a wooden bar while the volunteer was sitting beside the bar. A standard
half-wavelength dipole antenna was utilized as a radiation source which was placed at a
distance of 10 mm under the volunteer forearm, and aligned perpendicularly to the axis of
the exposed arm. An electromagnetic simulation tool, namely Simulation Platform
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SEMCAD, based on the FDTD method, was utilized to calculate the average SAR over
the skin of an arm model. The arm model consisted of a muscle tissue-equivalent
phantom (a cylinder of 74 mm diameter and 200 mm long) which was covered with a fat
and skin layer. The skin average SAR was found to be 13 W/kg per 1 W input power,
whereas the ratio of peak to average SAR in the skin was 2.1.

2.4.2 Whole Body Exposure System

1) Free space exposure system
Chou and Guy (1982) developed a miniature tapered anechoic chamber
(0.6×0.6×1.8 m) to expose mice to 2450 MHz electromagnetic energy. A horn antenna
used as a radiation source was installed on the ceiling of the chamber facing downward.
Six cylindrical mouse holders (7 cm diameter and 8 cm long) were placed on the top of a
wooden platform located at the chamber floor. The holders were arranged in a hexagonal
array with 1.3 m apart from the antenna aperture. To ventilate the chamber, 16 holes in
each side of the walls were made, and two suction fans were installed at the top beside the
antenna. The dosimetry of the system was determined using the calorimetric
measurement method. Six 27 g mouse carcasses were used in the determination of their
whole body average SAR, either their body parallel or perpendicular to the incident
electric field. The whole body average SARs were found to be 0.17 and 0.11 W/kg per 1
W input power for the parallel and perpendicular orientations, respectively. SAR
distribution on mouse skin was evaluated using the thermographic measurement method.
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The highest SAR spots were 0.38 and 0.64 W/kg per 1 W input power for the parallel
and perpendicular orientations, respectively.
D’Andrea et al. (1986) developed an anechoic chamber (3.5×3.5×2.75 m) to
expose rats to 2.45 GHz electromagnetic energy. Aluminum plates were installed at the
center of the chamber as a partition wall dividing the chamber into two identical halves.
This metallic wall formed a ground plane for each chamber. A monopole antenna which
is used as a radiation source was installed on the center of the wall at both sides. At other
walls opposite to the ground plane, fans and 40 W lamps were installed for freshening air
and providing light. In each chamber, 14 Plexiglas cages (one rat per cage) were
mounted around the monopole antenna in a circular fashion at 1.05 m apart hanging on
the ground plane. One of the two chambers was used for exposure, whereas the other for
sham. The antenna was fed to provide an approximate power density of 0.5 mW/cm2 at
the entire volume of the cages. The whole body average SAR of rat carcasses was
measured utilizing the calorimetric measurement method. The mean of the whole body
average SAR was 0.0014 W/kg per 1 W input power.
Vollrath et al. (1997) developed an anechoic exposure box (0.48×0.7×1.5 m)
for exposure of rats and mice, held in cages, to 900 MHz electromagnetic energy. The
box had two compartments, divided by a glass plate. The upper compartment was used
for holding a rat cage placed on the top of the glass plate, whereas a planar-spiral antenna
used as a radiation source was installed in the lower compartment at a distance of 39 cm
underneath the rat cage. The box was ventilated through two air ducts, one of which had
a fan installed. The power density at the plane where the exposed cage was placed was
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measured and its deviation found to be below ±1.5 dB. The whole body average SAR
was approximately 0.36 W/kg for an input power of 25 W.
Wilson et al. (2002) built a structure of flared-tapered parallel plates to guide
electromagnetic energy for expose of rats which were held in 18 standard cages. The
structure consisted of two separate plates flared along a distance of 2.48 m to form an
exposure aperture of 1.11×2.11 m. A coaxial-to-waveguide adapter (with an opening
cross-section of 130×65 mm), fed by a 1.6 GHz Iridium signal was attached at the smaller
end of the structure. An anechoic rectangular chamber (1.45×2.4×1.6 m) was built and
mounted to the aperture for holding the 18 standard rat cages. The dimension of each
cage was 45.7×24.1×20.3 cm. The chamber was ventilated using three fans, which
provide the airflow rate of 9.6 m3 per minute. Power density measurements were
conducted at 162 points in the entire cage volume, while the power of 400 W was fed at
the adapter. The mean of the measured data was 3.7 W/m2. A rat model exposed to
electromagnetic energy was simulated using an electromagnetic simulation package
(REMCOM) based on the FDTD method. With an incident power density of 3.7 W/m2,
the whole body average SAR was found to be 0.07 W/kg.
Schelkshorn et al. (2007) developed an exposure system based on the compact
range principle to expose Wister rats to GSM-modulated (900 MHz) and UMTSmodulated (1966 MHz) electromagnetic energy. This principle is the use of a parabolic
dish as a reflector for reflecting the electromagnetic energy radiated from an antenna to
form a uniform power-density plane in a closer distance. Forty rat cages were placed on a
wooden shelf (5×8 array) in front of a 3.2 m parabolic dish with a separation distance of
1.72 m. The dimensions of each cage were 24×28.5×42.5 cm. Metallic walls together
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with RF absorber materials were installed surrounding the setup to prevent external
influences and internal reflections. The system was simulated using an electromagnetic
simulation tool based on the method of moments for determining the system
electromagnetic energy radiation. The standard deviations of the electric field
distribution in the whole exposure volume containing 40 cages were found to be 14.9%
for 900 MHz and 15.5% for 1966 MHz. The power density measurement was performed
in a number of positions in the exposure volume using a coaxial-to-waveguide adapter as
a probe. The standard deviation of the measured results was 7% for 900 MHz and 4% for
1966 MHz. The simulation of a rat model exposed to the three plane waves propagating
along three major axes (x, y and z) was performed for whole body average SAR
determination, using an electromagnetic simulation tool based on the finite integration
method. The simulation showed the whole body average SARs of 2.3 and 2.5 mW/kg per
1 W input power for 900 and 1966 MHz, respectively.

2) Transverse electromagnetic (TEM) cell exposure system
Marshall and Brown (1983) determined the whole body average SAR of six
live mice and four mouse cadavers exposed to electromagnetic energy in a TEM cell
(Narda Model 8801, DC to 500 MHz). The SAR determinations were conducted using
the residual power measurement method. Measured SAR data together with their linear
interpolation curve were plotted on a graph which depended on exposure frequencies
varying between 200 and 400 MHz. The linear interpolation curve showed that the whole
body average SARs for 200 and 400 MHz were 0.071 and 0.116 W/kg per 1 W input
power, respectively. Five mouse cadavers were exposed for SAR verification using the
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calorimetric measurement method. The calorimetric results showed close agreement
with the SAR data obtained from the residual power measurement method.
Salford et al. (1997) used four TEM cells to expose Fisher-344 rats to the 915
MHz electromagnetic energy. The rats weighed between 150 and 250 g. The dosimetry
of the system was determined using the residual power measurement method. The result
of the measurement showed that the whole body average SAR was 1.4 W/kg per 1 W
input power. This measured result was compared to the simulated data obtained from the
FDTD method and both were found to be in good agreement.
Ardoino et al. (2005) built two non-standard TEM cells to expose restrained
mice to GSM-modulated electromagnetic energy at a frequency of 900 MHz. One cell
was for exposure and the other for sham. The longitudinal section of the cell was four
wavelengths long. The overall dimensions of the cell were 0.12×0.12×1.2 m. 12 mice, in
groups of four, were exposed simultaneously in the cell with a separation distance of one
wavelength between each group. This separation was set in order to guarantee that there
was enough spacing for the reconstruction of field uniformity inside the cell. The top and
bottom of the cell walls were attached to a heating/refrigeration system to allow
temperature control. A commercial cellular phone operating in a test mode, connected in
series with a 50 W amplifier, was used as a source of RF power to provide GSMmodulated electromagnetic energy to feed the TEM cell. The dosimetry of the system
was determined using the residual power measurement method. Mice restrained in plastic
tubes, weighing between 20 and 26 g, were exposed for whole body average SAR
determination. A slightly different SAR was found among the three different groups.
The mean of the whole body average SAR was found to 0.38 W/kg per 1 W input power.
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3) Waveguide-based exposure system
Ho et al. (1973) built a chamber made of a standard rectangular waveguide
(cross section of 109×55 mm) to expose mice to 2450 MHz electromagnetic energy. The
waveguide was excited in the TE10 mode. Within the waveguide, the exposed mouse was
kept in a holder (109×55×114 mm) made of polyethylene — a low-loss material. The
environmental parameters in the chamber, including airflow rate, temperature and
humidity, were controlled to provide a comfortable environment to the animal during
exposure. Using the residual power measurement method, 50 mice weighing between 23
and 40 g were exposed for SAR determination. SAR data together with their linear
interpolation curve were plotted. The graph showed that a heavier mouse had a lower
SAR than a lighter. With 1 W input power, the whole body average SARs were 12.6 and
25.3 W/kg for the 40 g and 23 g mice, respectively.
Guy et al. (1975) built a system to expose rats to 918 MHz electromagnetic
energy. The system consisted of a number of individual circular waveguides which were
connected to a power divider fed by an RF power amplifier. A plastic holder containing a
rat was placed at the middle section of the waveguide, which was made of a galvanized
wire screen of 6.3 mm square mesh. This was for air ventilation. The size of the cage
was 17.6 cm diameter and 19.6 cm long which was adequate for normal laboratory rat
living conditions. The waveguide was excited by circularly polarized electromagnetic
energy providing a low SAR deviation due to the change of rat posture and position. The
dosimetry of the system was determined using the residual power measurement method.
With 1 W input power, the exposure of a 323 g rat produced a whole body average SAR
of 1.36 W/kg. A 330 g ellipsoidal phantom (17×6 cm) containing a muscle tissue-
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equivalent liquid was exposed in the waveguide for two positions — the major axis of
the phantom was parallel and perpendicular to the longitudinal waveguide axis. With 1
W input power, the whole body average SARs of the phantom were found to be 0.79 and
0.92 W/kg for the parallel and perpendicular positions, respectively.
Guy et al. (1979) modified the system that they previously developed to
operate at 2450 MHz. The two coaxial-to-waveguide adaptors at both ends of the 20 cm
diameter circular waveguide were replaced by smaller adaptors together with their
matching mechanisms, designed to operate at a frequency of 2450 MHz. The dosimetry
of the system was determined using the residual power measurement method. This
system was tested with different exposure subjects, including two ellipsoidal phantoms, a
324 g rat cadaver and six live rats. The two different sizes of the ellipsoidal phantoms
were 330 and 301 g. Each of the phantoms was exposed for two postures — the major
axis of the phantom was parallel and perpendicular to the longitudinal waveguide axis.
For the 330 g phantom, the whole body average SARs were 1.99 and 2.64 W/kg per 1 W
input power for the parallel and perpendicular positions, respectively. For the 301-g
phantom, the whole body average SARs were 2.16 and 2.69 W/kg per 1 W input power
for the parallel and perpendicular postures, respectively. The exposures of the 324 g rat
cadaver were also performed for two postures — the cadaver head facing inward and
outward from the direction of the electromagnetic energy propagation in the waveguide.
The whole body average SARs were 2.47 and 2.34 W/kg per 1 W input power for the
facing inward and outward postures, respectively. SAR distribution in the sagittal plane
of the 324 g rat cadaver was evaluated utilizing the thermographic measurement method.
The ratios of peak to average SAR were found be to 1.8 and 2.6 for the facing inward and

38
outward postures, respectively. The exposures of six rats weighing from 80 to 490 g
were preformed. With 1 W input power, the whole-body average SARs were found to be
6.25, 3.25 and 1.53 W/kg for 80, 200 and 490 g rats, respectively.
Olsen et al. (1984) built a circular waveguide using a stainless plate and
stainless mesh to expose rhesus monkeys to 275 MHz electromagnetic energy. The
vertically oriented waveguide was 76.2 cm in diameter and 279 cm long. A transparent
acrylic tube (71.1 cm diameter and 76.2 cm height), used as a cage for holding the
monkeys, was placed in the middle of the stainless mesh waveguide. Six live monkeys
(weighting between 3 and 7.2 kg) and two squatting monkey models (shaped from rubber
surgical gloves) were exposed. The dosimetry of the system was determined using the
residual power measurement method. The graphs of the whole body average SARs as a
function of time of each exposure were plotted. The mean of the whole body average
SARs was found to be 0.072 W/kg per 1 W input power. The whole body average SAR
of the monkey models was performed using two different methods: the residual power
and the calorimetric measurement methods. With 1 W input power, the mean of the
whole body average SARs was found to be 0.35 W/kg for the residual power
measurement method, whereas, for the calorimetric measurement method, the whole body
average SAR was 0.28 W/kg.
Chou et al. (1992) developed two identical systems for long term expose of
rats to pulse-modulated electromagnetic energy at 2450 MHz. One of the systems was
for exposure, whereas the other was for sham. Each system consisted of 50 individual
circular waveguides invented by Guy et al. (1979). All of the 50 circular waveguides
were connected to a power divider network sharing the same RF energy source. The
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power fed into the system input was adjusted when the rat weight changes in order to
maintain a constant SAR throughout an exposure period of 25 months. A SAR-per-inputpower ratio, which decreased with rat weight, was analyzed from the SAR data obtained
from the exposures of 246 rat cadavers using the calorimetric measurement method. The
246 rat cadavers weighed between 100 and 600 g. By applying the SAR-per-input-power
ratio, the deviation of the whole body average SAR of each exposed rat was believed to
be within 0.2 to 0.4 W/kg throughout an exposure period of 25 months. The ratio was
depicted as a graph. According to the graph, the whole body average SARs were 2.78
and 1.04 W/kg per 1 W input power for rat body weights of 200 and 800 g, respectively.

4) Cavity exposure system
Balzano et al. (2000) developed 15 radial cavity exposure systems to expose
mice to GSM-modulated (900MHz) electromagnetic energy. Each system was capable of
exposing 40 mice, restrained in plastic tubes, simultaneously. The cavity of each system
was formed by two parallel circular plates forming a wheel. At the perimeters of these
plates, an array of metal rods was attached to provide support and electrical short circuits.
To feed the electromagnetic energy, a monopole antenna together with a capacitive cap
was inserted into the cavity and placed at the center between the plates. This system is
known as the “Ferris-wheel” mouse exposure system. The dosimetry of the system was
determined using the calorimetric measurement method. 40 mouse cadavers, weighing
between 21 and 37 g, were exposed for SAR determination. The whole body average
SARs were found to be 0.94 and 0.65 W/kg per 1 W input power for 23 and 36 g mice,
respectively. SAR distribution over the sagittal plane of a 24 g mouse cadaver was
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obtained using the thermographic measurement method. The ratio of peak to average
SAR was found to be 3.0.
Kainz et al. (2006) developed an RF exposure system to expose rats to GSMmodulated electromagnetic energy at frequencies of 902 and 1747 MHz. The system
consisted of four individual radial waveguides which shared the same power amplifier
using high-speed, high-power RF switches. Each radial waveguide was formed by two
circular-metallic plates (126 cm diameter) which were placed parallel to each other, 30
cm apart, forming a basic wheel-like structure. The radial waveguide was equally
partitioned into 17 sectors around its axis forming 17 individual cavities. 17 holes were
made (one per sector) at one side of the radial waveguide to insert plastic tubes that held
restrained rats. The positions of the holes were 15 cm apart from the perimeter of the
waveguide. A loop antenna was inserted at the center of the radial waveguide between
the two plates for feeding RF electromagnetic energy. Similar to Chou et al. (1992), data
on a SAR-per-input-power ratio for the average weight of 17 rats in the radial waveguide
were used to maintain a relatively constant SAR throughout their study. An
electromagnetic simulation tool, namely Simulation Platform SEMCAD, was utilized to
calculate the SAR-per-input-power ratio. The calculation was performed by filling a
model of the system with heterogeneous rat models (1 mm resolution). The whole body
average SAR of a 100 g rat was found to be 0.4 W/kg per 1 W input power at both 902
and 1747 MHz frequencies. The whole body average SAR was experimentally evaluated
by filling the radial waveguide with 17 homogeneous rat phantoms and using the
calorimetric measurement method. The relative standard deviations among the 17
exposure positions were found to be 18% and 24% for 902 and 1747 MHz, respectively.
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The experimental evaluation also showed that 70% of the power fed to the radial
waveguide was absorbed in the 17 exposed rat phantoms.
Jung et al. (2008) developed a cavity chamber (2.3×2.3×1.50 m) to expose
mice in cages to CDMA-modulated and PCS modulated electromagnetic energy. The
cavity was designed to resonate at two frequencies, 848.5 MHz (CDMA) and 1762.5
MHz (PCS). An individual patch antenna for each frequency was placed inside the cavity
at a corner and used as an exciter. A mode stirrer consisting of a rotating z-shaped
metallic plate was installed inside the cavity to disturb the electromagnetic energy to be
omnidirectional propagation in the chamber to provide a uniform field distribution over
the chamber’s exposure volume (1.1×1.3×0.15 m). This type of cavity is known as a
reverberation chamber. The electromagnetic energy distribution over the surface area of
1.1×1.3 m on which mouse cages would be placed was evaluated using both measurement
and simulation methods. For the measurement method, electric field measurements were
conducted across the plane where all cages would be placed for 24 points and the contour
of a cage for 18 points. Similar to the measurement method, electric field calculations
were obtained using an electromagnetic simulation tool, namely Simulation Platform
SEMCAD. Each set of measurement data together with simulation results at both
frequencies was plotted on the same graph for visual comparison. The standard
deviations from the 24 point evaluations were 1.2 dB and 1.3 dB, whereas those from the
18 point evaluations were 1.57 dB and 1.09 dB for the CDMA and PCS frequencies,
respectively. The SAR distribution in an exposed mouse was calculated using the
Simulation Platform SEMCAD. The simulation conditions were for the mouse model (25
types of tissues) to be exposed to the electromagnetic energy radiated from six sources
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simultaneously (3 directions, 2 polarizations for each direction). The calculation
results showed that the whole body average SAR were 0.04 and 0.203 W/kg 1 W input
power for the CDMA and PCS frequencies, respectively.

5) Radial transmission line exposure system
Hansen et al. (1999) developed an RF exposure system to expose Djungarian
hamsters to TETRA25 (383 MHz) and GSM-modulated (900 MHz) electromagnetic
energy. The system consisted of two identical radial transmission lines (RTL), one for
exposure and the other for sham. Each RTL was made of two circular metallic plates (4.5
m diameter), laid horizontally, one on top of the other, to align their center in the same
axis with a separation distance of 14 cm. A cone antenna was used as an energy exciter
which was installed inside, with its axis aligned along with the line drawing between the
center points of the two metallic plates. The tip of the cone antenna was pointed through
a hole at the center of the bottom plate, and connected to a coaxial adapter for feeding RF
electromagnetic energy. Inside the radial transmission line, the whole circular cavity was
partitioned into ten identical sectors by aluminum plates. At the perimeter of the two
circular plates, RF absorbers were installed for terminating the energy propagated from
the exciter. A trapezoidal opening (approximately 1×0.4 m) was made on the top plate of
each sector to allow the insertion of four hamster cages into the transmission line. Each
cage has its dimensions of 0.3×0.2×0.1 m and held three hamsters. 120 hamsters were
exposed simultaneously in the transmission line. The dosimetry of the system was
determined using a simulation tool based on the FDTD method. The calculation was
performed by loading only a single sector of the transmission line with three
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homogeneous ellipsoidal phantoms for the four different orientations in the cage. The
whole body average SAR was found to be 0.0018 W/kg per 1 W input power for 383
MHz, and 0.024 W/kg per 1 W input power for 900 MHz. SAR distribution over the
sagittal plane of an adult hamster was also simulated. The ratio of peak to average SAR
was 7.5.
Puranen et al. (2009) built nine identical RTL exposure chambers to expose
unrestrained Wistar rats to electromagnetic energy at 900MHz. The nine chambers were
placed in three racks with three chambers on top of each other. These chambers are
similar in structure to the ones developed by Hansen et al. (1999) but their sizes are
smaller (1.52 m diameter and 15 cm separation distance between its upper and lower
chamber walls). Inside the chamber, the circular cavity was equally divided into 24
sectors where each animal cage was placed adjacent to the chamber perimeter, yielding a
distance of 35 cm away from the cavity axis where a monopole was installed. A
commercial electromagnetic simulator tool, XFDTD, was used to simulate the whole
exposure chamber together with 24 plastic cages, each cage containing a rat model (25
tissue types) laid prone at center facing the monopole. The model was scaled by two
different factors to represent two different rat weights. The simulation setup was
validated by comparing electric field results between simulations and measurements
while the chamber was without the animals. Results were in good agreement; the
difference was mostly within 13% and the highest discrepancy less than 42%. From the
simulation, the whole body average SARs were found to vary within the range 0.097 0.119 and 0.054 - 0.09 W/kg per 1 W input power for 156 and 365 g rats, respectively.
SAR distribution over two diagonal sagittal planes along the animal long axis was also
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evaluated. The ratios of peak to average SAR were 8 and 12 for the 156 and 365 g rats,
respectively.
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TEM cell

2450

Free space

Partial hand 900

Partial eye

Authors
Moros et al.
(1998)
Swicord et al.
(1999)
Chou et al. (1999) Partial head 1) 837
2) 1957
Toivonen et al.
Partial head 890
(2008a)
Lu et al. (2000)
Partial eye 1250

6 mice

40 rats

18 rats

20-26g mice

12 mice

150-250g rats N/A

27-30g mice

Rats

Rats

120-180g rats 1 rat

Exposure/
system Frequency
Exposed
types
(MHz)
subject
Partial head 1) 835
Rat brain
2) 847
Partial head 1600
Mouse brain

Restrained

N/A

Restrained

Freely roam

Freely roam

Freely roam

N/A

N/A

N/A

N/A

N/A

N/A

Ratio of peak to
average SAR and
its determination
System
Animal
method
capacity
condition
40 rats
Restrained
1.9 Thermometric
measurement
10 mice Restrained
2.4 Thermographic
measurement
Rat brain
2 rats
Restrained
1) 3.4 FDTD
2) 3.2 calculation
Pig brain
1 pig
Anaesthetised 2.9 FDTD
calculation
Monkey eyes 1 monkey Restrained
2.5 Thermometric
measurement
Rabbit eye
1 rabbit Restrained
2.1 FDTD
calculation
Human hand 1 hand
Restrained
1.2 FDTD
skin
calculation
27g mouse
6 mice
Freely roam 2.3 Thermographic
measurement
325-350g rats 14 rats
Freely roam
N/A

Table 2.2 Summary of existing RF exposure systems for in vivo studies

0.38

1) 0.0023
2) 0.0025
1) 0.071
2) 0.116
1.4

0.000175

Residual power
measurement
Residual power
measurement
Residual power
measurement

FDTD
calculation
Calculation

4

4

4

20

16

Space
SAR
SAR
(W/kg per 1 W determination required
(m2)
method
input power)
0.85
Thermometric
3
measurement
3.4
Thermometric
2
measurement
1) 23.8
FDTD
2
2) 22.6
calculation
1.3
FDTD
4
calculation
1.25
Thermometric
20
measurement
5.4
FDTD
2
calculation
13
FDTD
3
calculation
0.17
Calorimetric
4
measurement
0.0014
Calorimetric
20
measurement
0.0144
N/A
4

45

45

2450

918

RTL

RTL

Cavity

Cavity

1) 902
2) 1747
1) 848
2) 1762
1) 383
2) 900
900

Freely roam

Freely roam

60 mice

Freely roam

Restrained

Restrained

Adult
120
Freely roam
hamsters
hamsters
156-365g rats 72 rats
Freely roam

30g mouse

TEM is the acronym for transverse electromagnetic

RTL is the acronym for radial transmission line

N/A means that data is not available

40 mice

100-600g rats 17 rats

23-36g mice

FDTD is the acronym for finite different time domain

Hansen et al.
(1999)
Puranen et al.
(2009)

Kainz et al.
(2006)
Jung et al. (2008)

1 rat

1 rat

System
Animal
capacity
condition
1 mouse Freely roam

3-7.2kg
1 monkey Freely roam
monkeys
200-800g rats 1 rat
Freely roam

80-490g rats

323g rat

Frequency
Exposed
(MHz)
subject
2450
23-40g mice

Olsen et al.
Waveguide- 275
(1984)
based
Chou et al. (1992) Waveguide- 2450
based
Balzano et al.
Cavity
900
(2000)

Guy et al. (1979)

Guy et al. (1976)

Authors
Ho et al. (1973)

Exposure/
system
types
Waveguidebased
Waveguidebased
Waveguidebased

N/A

N/A

Thermographic
measurement

N/A

N/A

Thermographic
measurement

FDTD
calculation
8-12 FDTD
calculation

7.5

3

2.6

N/A

Ratio of peak to
average SAR and
its determination
method
N/A

Table 2.2 Summary of existing RF exposure systems for in vivo studies (continued)
Space
SAR
SAR
(W/kg per 1 W determination required
(m2)
method
input power)
1) 25.3 for 23g Residual power
2
2) 12.6 for 40g measurement
1.36
Residual power
2
measurement
1) 6.25 for 80g Residual power
2
2) 3.25 for 200g measurement
3) 1.53 for 490g
0.072
Residual power
4
measurement
1) 2.78 for 200g Calorimetric
2
2) 1.04 for 800g measurement
16
1) 0.94 for 23g Calorimetric
2) 0.78 for 32g measurement
3) 0.65 for 36g
0.40 for 100g FDTD
12
calculation
1) 0.040
FDTD
16
2) 0.203
calculation
1) 0.028
FDTD
40
2) 0.0018
calculation
1) 0.119 for 156g FDTD
4
2) 0.09 for 365g calculation
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2.5 RF Exposure System Characterization

RF exposure systems are diversified and their characterizations depend on types of
structures and studies. In other words, an individual exposure system requires a particular
procedure for performing characterization. However, Martens (2002) proposed that for
complete characterization, three general aspects of RF exposure systems should be
considered: system field intensity and pattern in the absence of exposed biological
organism, the influences of the presence of exposed biological organism, and SAR
determination.

2.5.1 System Field Intensity and Pattern in Absence of Biological Organism

There are a number of benefits from knowledge about the field intensity and
pattern generated by an RF exposure system in the absence of exposed biological
organism. Firstly, an exposure volume is usually defined based on the understanding of
the field intensity and pattern provided by the exposure system. Secondly, a desired
coupling mechanism can be appropriately selected to optimize SAR distribution and
power efficiency. Schonborn et al. (2001) evaluated three types of coupling mechanism
associated with the orientation of the electric field of incident electromagnetic energy.
The most uniform SAR distribution and the lowest power efficiency occur when the
direction of the incident electric field perpendicular to the largest surface of the exposed
biological organism. On the other hand, if the incident electric field lies in parallel to the
longest dimension of the exposed organism, the highest power efficiency and lowest SAR
distribution will occur. Thirdly, SAR and its distribution in the exposed biological
organism can be modeled. In most cases, it is so difficult or sometimes impossible to do
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the SAR measurements inside the body of an exposed biological organism without
invasion, especially for in vivo studies. Therefore, some studies such as those conducted
by Vollrath et al. (1997) and Jung et al. (2008) calculated and defined the quantity of
SAR from the knowledge of incident field density.

2.5.2 Influences of Presence of Exposed Biological Organism

The goal of investigating the influences of the presence of an exposed biological
organism is to examine the capabilities of an RF exposure system or to optimize its
performance. Burkhardt et al. (1996) evaluated the amount of the influence of the
presence of Petri dishes in a TEM cell exposure system by measuring a system power
reflection loss, and suggested that a well-matched TEM cell (reflection loss > 20 dB)
should be used for conducting biological studies in order to achieve a well-controlled
exposure. Ardoino et al. (2005) utilized a numerical simulation to evaluate the influences
of exposed mice on field distribution in their TEM cell exposure system to optimize the
quantity of mice to be exposed in the system. Similarly, Faraone et at. (2006) used a
numerical simulation to determine the impact of the weight deviation and position offset
on SAR among exposed mice in their cavity exposure system.

2.5.3 SAR Determination

As discussed in most recent research reported in the literature, both computation
and measurement methods have recently been found to be used in parallel to determine
the quantity of SAR. The latter provides more realistic data since they are usually
conducted under real exposure conditions but are usually limited to having access to only
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specific locations in the cell cultures or animal tissues. In contrast, the computation
method is capable of determining the SAR in any specific location within its simulation
model (Fujiwara and Wang 2006; Kuhn and Kuster 2007). De Prisco et al. (2008), for
example, utilized the FDTD method to quantify the SAR and its distribution in a culture
medium in the T25 rectangular flasks exposed to 900 MHz electromagnetic energy in a
rectangular waveguide. For verification, calculated SAR values at nine positions were
compared with the measurements obtained by using the thermometric measurement
method. Toivonen et al. (2008a) calculated SARs in a heterogeneous anatomical model
of a pig head exposed to the 900 MHz electromagnetic energy radiated from a dipole.
The calculated results showed that the highest SAR spot occurred at the pig head skin
near the dipole. A thermal probe was placed at the hot spot for SAR measurement to
verify the calculated results.
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3. DESIGN, CONFIGURATION AND PERFORMANCE
EVALUATION OF CYLINDRICAL WAVEGUIDE EXPOSURE SYSTEM

In this chapter, important aspects of the cylindrical waveguide exposure system
developed at Health Canada and its accessory components are discussed. The chapter
comprises three sections, namely, design considerations, system configuration and the
evaluation of the system chamber performance.

3.1 Design Considerations
The RF exposure system for exposing unrestrained mice to 1.9 GHz electromagnetic
energy was developed at the Consumer and Clinical Radiation Protection Bureau
(CCRPB) of Health Canada, Ottawa, Ontario. The system was an extension of the setup
designed for exposing cell cultures to 1.9 GHz electromagnetic energy (Gajda et al.
2002). Essential exposure parameters were considered during the development process,
which is consistent with guidelines for design, construction and verification of exposure
setups by Kuster and Schonborn (2000). The development began with the consideration
of the biological and physical requirements and exposure parameters. This was followed
by a search for an appropriate type of exposure system reported in the literature that
would fit best with the requirements.
Part of the requirements came from Health Canada staff biologists who wanted to
conduct RF biological effect studies on mice weighing between 20 and 30 g, where stress
in the animals is minimal. To satisfy this requirement, the exposure system should allow
the animals to move freely during exposure. The study design called for exposure
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durations of 2 - 4 hours (short term) so there were no requirements for availability of
food and water. Since the animal is free to move, the design of the exposure system
should enable the monitoring of dosimetric information during the exposure. Studies on
the effects of RF exposure at/or near the frequency used for personal communication
system (cellular phone) was of interest.
The system was required to fit into a laboratory space with an area of 3 m × 4 m,
which was allotted for animal study. Since the animal laboratory is located in a different
building from the main laboratory at CCRPB, the system needed to be somewhat
portable. A minimum of engineering skill to operate the system was preferred. Materials
for fabricating the system should be commercially available.
There is a diversity of RF exposure systems developed for exposing unrestrained
animals. As discussed in Chapter II, these systems include those that are based on
waveguides (Ho et al. 1973; Guy et al. 1975; Chou et al. 1984; Olsen et al. 1984; Chou et
al. 1992; Quardi et al. 2008), radial transmission lines (Reinhardt et al. 2007; Puranen et
al. 2009), anechoic chambers (Vollrath et al. 1997; Wilson et al. 2002; Schelkshorn et al.
2007), GTEM cells (Bakos et al. 2003) and reverberation chambers (Capstick et al. 2008;
Jung et al. 2008). Among these types, waveguide-based systems have become popular for
their advantages of having simple structures and providing good power efficiency. (The
term power efficiency refers to the ability of an exposure system to convert available RF
power to SAR in the exposed organism (Kainz et al. 2006).) The disadvantage of
waveguide-based systems is that usually only one single animal can be exposed for each
waveguide. However, this is compensated by the possibility of being able to measure the
total power absorbed in the animal’s whole body in real time.
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The type of waveguide normally used in exposure systems is either rectangular or
cylindrical, the choice of which depending typically on whether linear or circular
polarization of the propagating wave is to be used. Rectangular waveguide exposure
chambers, such as those developed by Ho et al. (1973) and Quardi et al. (2008), were fed
to produce linearly polarized fields. This is considerably easier to excite since only a
single coaxial-to-waveguide adaptor needs to be installed on each end of the chamber.
However, one of the major disadvantages with this polarization is that the resulting SAR
varies considerably due to animal movement. On the other hand, cylindrical waveguide
exposure chambers, such as those developed by Guy et al. (1975) and Chou et al. (1992),
were designed to employ circular polarization. The advantage of using this type of
polarization was to minimize SAR variations, but the chamber required a more
complicated coaxial waveguide feed. In the cylindrical waveguide system developed by
Guy et al. (1975) for exposing rats, the circular polarization was generated by using two
coaxial-to-waveguide adaptors spatially separated by 90 degrees around the
circumference. They were driven in phase quadrature via a 3 dB, 90 degree hybrid
coupler. An alternative technique for launching this same polarization employed four
polarizing stubs (in lieu of the hybrid coupler), known as a circular polarizer, which were
installed inside the chamber beside the adaptor (Guy et al. 1979). This modification
allowed the exposure chamber to be operated at two frequencies, but required a longer
chamber length.
In view of the requirements and exposure parameters, a cylindrical waveguide-based
exposure system similar in concept to the setup reported by Guy et al. (1975) was deemed
the most suitable for Health Canada’s application. Similar to the Guy system, circular
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polarization was chosen to minimize SAR variations in the mouse due to movement.
However, unlike the Guy system, Health Canada’s exposure chambers were designed to
mount vertically so that the long axis of the animal would be aligned parallel to the plane
of the rotating incident electric field. This design was aimed at enhancing the coupling of
the field to the animal, giving a relatively high RF power efficiency. The details of the
Health Canada’s exposure system are discussed in the next section.

3.2 System Configuration
The exposure system was designed for exposing 4 mice with a single unrestrained
mouse weighing up to 40 g, per chamber. It consists of four identical exposure chambers
(Figure 3.1), one RF source (model IFR3413, Aeroflex, Plainview, NY), a power
amplifier (model QBC-245, Spectrum Microwave, Philadelphia, PA), a twenty channel
digital multimeter (model 2700, Keithley Instruments, Cleveland, OH), twenty power
sensors, and one system controller. The exposure chambers share the same RF power
source via a network of power dividers. Five power sensors per exposure chamber are
used to measure RF power entering and exiting each chamber. A personal computer (PC)
equipped with IEEE-488 interface bus was programmed to control the RF source, acquire
data from the power sensors, and process exposure data. This configuration supports realtime dosimetry monitoring for the mice. The system diagram is shown in Figure 3.2.

3.2.1 Exposure Chambers
Each of the exposure chambers is made of commercially available aluminum pipe
(108 mm inner diameter, 2.9 mm wall thickness and 430 mm long) and is mounted
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vertically on its end. Both ends are short-circuited with aluminium plates (1.5 mm
thickness) that were drilled out with many small holes (2 mm diameter) to allow air flow
through the chamber. At 53 mm from each shorted end, two coaxial-to-waveguide probes,
each having a 50 ohm input impedance, are installed to feed RF power into and out of the
waveguide. The two probes are spaced 90 degrees apart along the circumference. To
excite the fundamental TE 11 mode with right-handed circular polarization, the two bottom
probes are driven through semi-rigid cables (3.6 mm diameter) of equal length (15 cm) in
phase quadrature from the outputs of a quadrature, 3 dB hybrid coupler, which was built
in-house. The two upper probes are used to couple power out of the waveguide
(transmission ports) and are terminated with 50 ohm loads. A 120 mm diameter, 5
bladed, 24Vdc fan (model MC24B3, Comair Rotron, Shanghai, China) is mounted
beyond the upper shorting plate to force air flow for ventilation. The fan is wired to a
variable DC power supply set to produce about 12Vdc to operate the fan at half its rated
speed (1980 rpm or 33 Hz), which is lower than the frequency range for hearing in mice.
Each chamber is cut into two sections at a position of 240 mm from the bottom to
allow the insertion of a mouse cage. The cage is made of Plexiglas cylindrical tube having
inner dimensions of 94 mm diameter, 3 mm wall thickness and 94 mm height, which is
perforated along the side and top and bottom to permit air flow. The diameter of each
perforation hole is 5 mm. The cage is supported in the middle of the chamber by nylon
screws fixed on the chamber wall. This position is far enough from the excitation probes
so that any higher order modes produced by the probes will have diminished sufficiently.
At the cut in the chamber wall, three pairs of alignment pins and receptacles are fixed to
ensure repeatable opening and closing of the chamber when the cage is inserted or
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removed. This also facilitates cleaning of the interior which is typically performed after
each use.

(a)

(b)
Figure 3.1 Cylindrical waveguide exposure system: (a) exposure chambers;
(b) system facilities.

Figure 3.2 Diagram of the cylindrical waveguide exposure system.
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3.2.2 RF Source and Power Sensors
For purposes of measuring the power absorbed in the chamber, it can be
considered that the chamber consists of a cylindrical waveguide and a 90 degree
(quadrature), 3-dB hybrid coupler. This is a four port device where the input port
corresponds to the input port of the hybrid coupler while the three remaining ports
(outputs) correspond to the two upper transmission ports and the isolation port of the
hybrid coupler. Thus five power sensors are required to fully account for all power
entering and exiting the chamber (the fifth power sensor being for the reflected wave at
the input port).
The signal generator is used to generate 1.9 GHz RF power. Its output is
amplified by the power amplifier and then fed to the input of a power divider network that
distributes the power to the four identical exposure chambers. Different power levels at
each chamber are achieved by varying the attenuation factor at each output port of the
power divider network. The power fed to one chamber is set at zero so that it can be used
for sham exposure. At each chamber input, a dual-directional coupler equipped with two
power sensors is installed for measuring the forward and reflected power. Three other
power sensors are connected to the isolation port of the hybrid coupler and the two upper
transmission ports.
The power sensors were built in-house for detecting either a 1.9 GHz continuous
wave or pulsed signal. They utilize an integrated-circuit logarithmic amplifier-detector
(part no. AD8314, Analog Devices, Norwood, MA) to convert RF power to a DC voltage.
The typical dynamic range of the sensor is between -35 and 10 dBm, giving an output DC
voltage within the range of 0 - 3 V. Depending on the desired operating power level of the
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chamber, the dynamic range of each sensor can be shifted using fixed attenuators for
optimal power sensing. The sensors are also triggerable, enabling the power measurement
to be operated in a “sample and hold” mode. This is important when monitoring the SAR
of live animals where movements can cause rapid SAR variations in time.

3.2.3 System Controller
An interactive graphic user interface (GUI) was created on the PC to facilitate
system operations. The RF generator can be turned on/off or set to generate a specific
power level via the GUI. Voltages from the sensors are acquired using a 20 channel
digital multimeter (model 7700, Keithley Instruments, Cleveland, OH). The digital
multimeter can also be instructed by the PC to generate a triggering pulse for the power
sensors when the system is operated in “sample and hold” mode. All data is transferred to
an EXCEL spreadsheet (MS Office 2003, Microsoft, Redmond, WA) where it is used for
calculating exposure dose rates in near real time and stored for further analysis.

3.3 Chamber Performance Test
To check the exposure chamber performance, both computational and measurement
SAR evaluations were conducted on a 26 g homogeneous phantom to determine its
whole-body-average (WBA) SAR.

3.3.1 Simulation Setup
For the computational method, a commercially available FDTD-based simulation
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tool, SEMCAD X (version 14.4.3, Schmid & Partner Engineering AG, Zurich,
Switzerland), was utilized. Only the cylindrical waveguide, including its four coaxial-towaveguide probes together with an animal cage, was modeled (Figure 3.3). The chamber
modeling dimensions are given in Appendix A. Circular polarization was achieved by
feeding the two lower coaxial-to-waveguide probes with identical-amplitude voltages in
phase quadrature. The electrical properties of all metallic parts in the model were set to be
equivalent to that of a perfect conductor. A relative dielectric constant of 2.6 and
conductivity of 0.002 S/m (Von Hippel 1966) were assigned to the cage model. An FDTD
resolution of 1 mm was chosen for the whole model, except for the four coaxial-towaveguide probe components where it was locally reduced to 0.34 mm. More details
about simulation parameters are provided in Appendix B.
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Figure 3.3 Exposure chamber model: (a) top view; (b) front view; (c) side view;
(d) three-dimensional perspective view.
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3.3.2 WBA-SAR Measurement
For the WBA-SAR measurement, the technique outlined in Ho et al. (1973) and
Chou et al. (1992) was used with minor modifications. The procedure involves the
determination of the difference between the power entering the chamber and the sum of
all the powers exiting the chamber, which is defined as the residual power. The WBASAR in an exposed mouse is the difference between the residual power of the chamber
with mouse and cage minus the residual power of the chamber with only the cage, all
divided by the animal’s body mass. This is the only measurement method that provides
instantaneous whole body SARs of live animals without invasion. It is very useful for
real-time monitoring of whole body SAR variations due to the animal’s position or
posture.
To facilitate the measurements, a particular setup was assembled consisting of a
modified exposure chamber and an electro-mechanical mechanism to rotate the cage
under computer control (Figure 3.4). The cage-rotating mechanism utilized a loop of
nylon filament wrapped around the cage, a 10 turn potentiometer (part no.
534B1502JCB10, Vishay Intertechnology, Shelton, CT) and a pulley that was driven by a
dc servo-motor (model 900-00008, Parallax, Rocklin, CA). The servo-motor was
controlled by a controller board equipped with a microcontroller chip (part no.
PIC18F4580, Microchip Technology, Chandler, AZ). The potentiometer was used as a
position encoder with 5V dc applied across its terminals and its centre tap voltage
corresponding to the angular position of the cage. This arrangement allowed the
microcontroller to move the cage to a particular angular position corresponding to an
angular code received from the PC via RS-232. Five commercial power sensors (model
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NRP-Z11, Rohde & Schwarz, Munchen, Germany), interfaced to a PC via USB ports,
were used instead of the in-house power sensors to measure the power entering and
exiting the chamber. This is because the commercial power sensors provide better
accuracy (±0.01dB as opposed to ±0.1dB), although they are more expensive than the inhouse ones.

(b)
(a)
Figure 3.4 Modified exposure chamber: (a) with electro-mechanical mechanism to rotate
the cage; (b) without the chamber upper section.

3.3.3 Homogeneous Phantom
The homogeneous phantom was built from a modified 50 ml plastic centrifuge
tube (cat. no. 21008-178, VWR International, Radnor, PA) containing a musclesimulating liquid (Figure 3.5). Its dimensions are 28 mm outer diameter and 45 mm long,
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and the phantom has a mass of 26.3 g. The muscle-simulating liquid consists of 68.7%
de-ionized water, 31% Diethylene Glycol Monobutyl Ether (DGME) and 0.3% Sodium
Chloride (Gajda et al. 2002). The relative dielectric constant and conductivity of this
liquid at 1.9 GHz, measured using a waveguide measurement setup, were 51.1 and 1.65
S/m, respectively. The details of the measurement setup are discussed in the next
subsection.
An FDTD model of the homogeneous phantom was also constructed using the
same dielectric constant and conductivity as that of the cage for the plastic centrifuge tube
and using the measured parameters of the interior liquid.

Cut and remove
the middle portion

Welding its cap back by
using soldering iron

(a)

(b)

Figure 3.5 Plastic centrifuge tubes: (a) original tube; (b) modified tube containing
26 g muscle-simulating liquid.

3.3.4 Permittivity Measurement Setup
To measure the permittivity of the muscle-simulating liquid, the technique
proposed by Toropainen et al. (2000) was adopted with a minor modification. The
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method in Toropainen involved the measurement of the complex transmission
coefficient of the electromagnetic wave propagating along a TEM line filled with a
muscle-simulating liquid. With the transmission coefficient data, the liquid complex
permittivity can be determined. Our modification was to use a rectangular waveguide
instead of the TEM line because the waveguide has a simpler structure and is thus easier
to build. The complex transmission coefficient is alternatively known as the scattering
coefficient S 21 .
A semi-automatic measurement setup was fabricated (Figure 3.6). It consists of
a rectangular waveguide, two monopole probes, a network analyzer (model HP8720C,
Agilent Technologies, Santa Clara, CA) and a PC with an IEEE-488 interface bus. The
rectangular waveguide (17.1 mm × 8.4 mm) was built from a solid piece of aluminum
with multiple holes (2 mm in diameter) made through its upper wall along its axis (10 mm
equally apart). These holes allowed feeding in and sensing out RF energy by inserting the
monopole probes into them. The waveguide was designed such that its upper wall is
removable for ease of cleaning after use. More details about the waveguide structures and
dimensions are given in Appendix C. The magnitude and phase of S 21 for a 1.9 GHz
electromagnetic wave travelling in the waveguide filled with the muscle-simulating liquid
were measured every 10 mm distance for a total length of 80 mm. The input probe was
fixed at the first hole during the measurement, whereas the output probe was moved
sequentially to all the other holes. The PC was programmed to manipulate the network
analyzer and acquire the S 21 data into an EXCEL spreadsheet. The magnitude and phase
of the S 21 data were plotted versus hole position or distance. A linear least-squares
procedure was applied to the S 21 data to yield slope values of the log-magnitude versus
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distance and phase versus distance. The relative dielectric constant and conductivity of
the liquid were calculated using the magnitude and phase slopes of S 21 using the
following equations (see Appendix D for more information).
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(3.2)

where v is the velocity of light in free space (m/s),  0 is the permittivity of free
space (F/m),  is the angular frequency (rad/s), mmag is the slope of the least-squares
linear fit of the S 21 log-magnitude (dB/m), m phase is the slope of the linear least-squares
fits of the S 21 phase (rad/m), and a is the width of the waveguide cross section (m).
To verify the accuracy of the setup, it was set to measure the permittivity of deionized (DI) water in the frequency range 1.8 - 2.0 GHz. The outcome of this
measurement was compared with the reference values of the DI water at 20 C which was
obtained from IEEE Std-1528 (2003). The discrepancy between the relative dielectric
constant was below 2%, while the difference in the conductivity values was within 5%.
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(b)

(a)

(c)

Figure 3.6 Permittivity measurement setup: (a) setup equipment; (b) waveguide with its
upper wall removed and probes; (c) ingredients for preparing musclesimulating liquid.

3.3.5 WBA-SAR of Homogeneous Phantom

WBA-SAR evaluations were performed on the 26 g homogeneous phantom for
three postures in the cage. The three postures include standing upright at the cage center,
prone at the cage center, and prone touching the cage wall (Figure 3.7). With the pronetouching-the-cage-wall posture, multiple angular positions were performed by turning the
cage in steps of fifteen degrees for one full turn (Figure 3.7c).
These three particular postures and positions were chosen based on the
consideration of the coupled electric field in the phantom and the reflected power at the
chamber input ports. The coupled electric field in the phantom would be low with the
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standing upright posture, whereas with the prone postures, it would be high. These are
due to the fact that the phantom long axis is laid perpendicularly and parallel to the plane
of the rotating incident electric field, respectively. The reflected power at the chamber
input ports would be high when the phantom is positioned at the cage center; however, if
it is located touching the cage wall, the reflected power would be low. Therefore, low
WBA-SAR would occur when the phantom is laid standing upright at the center, whereas
high WBA-SAR would be produced while the phantom is laid prone touching the cage
wall. Table 3.1 summarizes the possible levels of WBA-SAR versus the three phantom
postures and positions in the cage.

Table 3.1 WBA-SAR levels versus postures and positions of the phantom in the cage
together with the coupled electric field in the phantom, and reflected power at
chamber input ports
Postures and positions Field coupled into
in the cage
Standing upright at
the cage center
Prone at the cage
center
Prone touching the
cage wall

Reflected power at

WBA-SAR

phantom

chamber input ports

Low

High

Low

High

High

Medium

High

Low

High
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(a)

(b)

(c)

Figure 3.7 Phantom postures and positions in the cage: (a) standing upright at the cage
center; (b) prone at the cage center; (c) prone touching the cage wall at the R0,
R15, R30 and R360 angular positions.
The outcome of the homogeneous phantom SAR evaluation for various postures
and positions in the cage is shown in Figure 3.8. From the measurement values, the
highest WBA-SAR of 16.1 W/kg per 1 W incident power was found when the phantom
was lying prone, in touch with the curved cage wall, whereas the lowest value of 6.8
W/kg per 1 W incident power was achieved with the phantom standing upright in the
cage center. According to these results, the power efficiency, which is the ratio of the net
power absorbed in the whole phantom to the sum of incident power on all chamber
inputs, was also quantified. The power efficiencies corresponding to the highest and
lowest WBA-SARs were found to be 42% (16.1×0.026×100) and 18% (6.8×0.026×100),
respectively, where 0.026 is the mass of the muscle-simulating liquid in kilograms.
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16
15
14
13
12
11
10
9

Measurement(26 g homogeneous phantom)
Computation(26 g homogeneous model)

8
7

Prone at R360

Prone at R345

Prone at R330

Prone at R315

Prone at R300

Prone at R285
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Phantom posture and position in cage

Figure 3.8 WBA-SAR of a 26 g homogeneous phantom for various postures and position
in the cage.

The measurement results are in very close agreement with the computations; the
largest discrepancy between the two data sets is about 7%. This agreement gives
confidence that both measurement and simulation setups are reliable. This is because if
two independent methods can provide the same or close results, the possibility of having
a correct value is high.
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4. DOSIMETRIC CHARACTERIZATION OF
CYLINDRICAL WAVEGUIDE EXPOSURE CHAMBER

In characterization of the cylindrical waveguide exposure chamber, three aspects were
considered. The first one was concerned with the distribution and pattern of electric field
intensity in the exposure volume in the absence of an exposed mouse. The second aspect
focused on the investigation of changes in chamber characteristics due to the presence of
the exposed mouse. In the final aspect, SARs given by the exposure chamber to the
exposed animal as a function of body mass and variations due to animal movement in the
cage were quantified utilizing both measurement and computational methods. The
quantification was experimentally performed on mouse cadavers and live mice and
numerically conducted on a heterogeneous mouse model. Uncertainties in measurement
and computational results were also estimated.

4.1 Aspects of Characterization
As mentioned in Chapter 1, the in vivo exposure system for biological effect studies
with unrestrained mice exposed to 1.9 GHz electromagnetic energy was developed at the
Consumer and Clinical Radiation Protection Bureau of Health Canada, Ottawa, Ontario.
The system has four identical exposure chambers, each of which was made of a
cylindrical waveguide. Prior to being used for the studies, the Health Canada exposure
chamber was characterized for RF dosimetric information. The aspects and purposes of
characterization are summarized in Table 4.1.
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Table 4.1 Aspects and purposes of exposure chamber characterization

Aspects
1) Field intensity and
pattern
2) Impacts of an exposed
mouse
3) SAR evaluation

Purposes
To investigate the electric field intensity
distribution and pattern in the exposed volume
To evaluate the influence of an exposed mouse on
exposure chamber characteristics
To determine SARs in an exposed mouse or a
mouse model (whole-body averaged and brain
averaged)

4.2 Field Intensity and Pattern
The spatial distribution of the electric field intensity (Erms) inside the cylindrical
waveguide exposure chamber in the absence of an exposed mouse was investigated using
the FDTD-based simulation tool. The simulation details of this investigation are similar to
that given in Section 3.3.1. The whole exposure chamber together with the four coaxialto-waveguide probes and cage were modeled. Outcomes of the simulation are illustrated
in Figures 4.1 and 4.2. Obviously, the field distribution in the exposure chamber deviates
from the ideal. This was mainly because of different dielectric properties between the
cage and air and the coaxial-to-waveguide probes being imperfect, thus scattered fields
inside the chamber occurred. Without the cage in the chamber, the electric field deviation
was reduced (see Appendix E). Table 4.2 lists the descriptive statistics information of the
field deviation together with its associated power level and the reflection coefficients
observed at the chamber input ports when the cage was in the chamber.
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Figure 4.1 Spatial distribution of the electric field intensity (Erms) inside the exposure
chamber: (a) at cross section along the chamber axis (x-z plane at y = 0);
(b) cross section view of the chamber model; (c) legend.
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Figure 4.2 Spatial distribution of the electric field intensity (Erms) at three cross sections
(x-y planes) inside the cage volume: (a) at z = 0 (on the cage floor);
(b) at z = 26 mm above the cage floor; (c) at z = 52 mm above the cage floor;
(d) legend; (e) cross section view of the chamber model.

74
Table 4.2 Descriptive statistics information of the electric field intensity distribution in
the mouse cage volume together with its associated power level and the
reflection coefficients observed at the chamber input ports

Descriptive statistics of electric field

RF Power and its reflection coefficients

distribution in the mouse cage volume

at the chamber input ports
= 2.39×10-6 W

Mean

= 1 Vrms/m

Pinc at port #1

Max

= 1.85 Vrms/m

 (S11) at port #1 = 0.256 (-11.8 dB)

Min

= 0.45 Vrms/m

Pinc at port #2

SD

= 0.2 Vrms/m

 (S22) at port #2 = 0.261 (-11.7 dB)

= 1.96×10-6 W

The electric field pattern in the cage region was also characterized analytically using
the principles described in Cheng (1989) and Ramo et al. (1994). Since the exposure
chamber is basically a cylindrical waveguide, the fundamental mode of electromagnetic
wave to propagate in it is the TE11 mode (Figure 4.3), which has a cut-off wavelength of
1.706d, where d is the diameter of the chamber. The first higher order mode is TM01,
which has a cut-off wavelength of 1.306d. For d = 108.5 mm, the cut-off frequencies for
TE11 and TM01 modes are 1.63 GHz and 2.12 GHz, respectively. This means that for a 1.9
GHz electromagnetic wave propagating in the chamber, the only propagation mode is
TE11. Any higher order modes, if existing, will disappear within a very short distance.
Figure 4.4 shows the fundamental right-handed TE11-mode field pattern in the empty
chamber as viewed from the top.
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Figure 4.3 Relative cut-off frequencies of electromagnetic wave in a circular waveguide.
The operating frequency of the exposure system lies between f c,TE11 and f c, TM 01 .

As mentioned in Section 3.2.1, the exposure chamber was fed to produce a circularly
polarized electromagnetic wave. An important characteristic of the circular polarization
is an axial ratio, which is the ratio of the magnitude of the electric field in two orthogonal
directions. The ideal axial ratio for a circularly polarized electromagnetic wave is 1.
However, this value is difficult to achieve in experimentation due to the imperfection of
laboratory components. For the Health Canada’s system, the imperfection is mainly
contributed by the 3-dB hybrid coupler. Hence, deviations from the ideal axial ratio were
investigated. The difference in RF power levels between the two input ports of the
chamber (or the two output ports of the 3-dB hybrid coupler) was measured by using a
network analyzer (model HP8720C, Agilent Technologies, Santa Clara, CA). The
magnitude and phase differences were found to be about 0.91 dB and 90.4 degrees,
respectively. Using this information, the ratio between the two orthogonal electric field
magnitudes inside the chamber (or the polarization axial ratio) was calculated as 10(0.91/20)
= 1.11. This measured value is well in agreement with that obtained from simulation with
a difference of only one percent. The simulated axial ratio was determined by setting two
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electric field sensors at the middle of the cage (z = 50 mm), one being laid along the X
axis or parallel to the axis of the coaxial-to-waveguide probe #1, whereas the other being
aligned with the Y axis (the coaxial-to-waveguide probe #2). The deviation of the axial
ratio due to the phase difference was not taken into account since it was deviated from the
ideal value (90) less than 0.5%.

(a)

(b)

(c)

(d)

Figure 4.4 Right-handed TE11-mode electric field pattern in the middle of the cage cross
section at: (a) t = 0; (b) t = T/8; (c) t = T/4; (d) t = T/2 (T is the period of time
that the field vector takes to complete one revolution).
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4.3 Influences of Exposed Mouse on Chamber Characteristics
The presence of an exposed mouse produces complex scattered fields that cause
changes in reflected power at the chamber input ports and in the axial ratio of the incident
field upon its arrival at the animal. These changes were quantified by measuring the
variations of the reflection coefficients (  ) at the input ports. A network analyser (HP
7820C) together with the cage-rotating mechanism (see details in Section 3.3.2) was used
to measure the reflection coefficient variations while a 25 g mouse cadaver was placed in
the cage at various postures and positions. Four postures were used including standing
upright at the cage center, standing upright touching the cage wall, prone at the cage
center, and prone touching the cage wall. For each posture, multiple angular positions
were made by rotating the animal around the long axis of the chamber. These four
postures were selected based on the consideration of the coupled electric field and the
reflected power similar to the idea discussed previously in Section 3.3.5. Figure 4.5
illustrates the postures and positions of the animals. The reflection coefficient data were
acquired and imported into an EXCEL spreadsheet for data analysis. The percentages of
the reflected power at the chamber input port #1 and port #2 were determined by
2

2

1 100 and 2  100 , respectively. Results versus the various postures and positions

are presented in Figure 4.6. Figure 4.7 shows the total reflected power of the exposure



2

chamber, which was calculated from 1  2

2

 2100 . The variations of the field

axial ratio at the animal location (Figure 4.8) were determined from



1.11× 1  1

mouse.

2

 1    , where 1.11 is the axial ratio in the absence of the exposed
2

2
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Figure 4.5 Mouse postures and positions in the cage: (a) standing upright at the cage
center; (b) standing upright touching the cage wall; (c) prone at the cage
center; (d) prone touching the cage wall.

Percentages of reflected power

50%
45%
40%
35%
30%
25%
20%
15%
10%
5%

Input port #1

Input port #2

R0
R30
R60
R90
R120
R150
R180
R210
R240
R270
R300
R330
R360
R0
R30
R60
R90
R120
R150
R180
R210
R240
R270
R300
R330
R360
R0
R30
R60
R90
R120
R150
R180
R210
R240
R270
R300
R330
R360
R0
R30
R60
R90
R120
R150
R180
R210
R240
R270
R300
R330
R360

0%

Figure 4.6 Percentage variations of the reflected power at each input port of the
exposure chamber due to multiple postures and positions in the cage.
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Figure 4.7 Percentage variations of the reflected power at both input ports of the exposure
chamber due to multiple postures and positions in the cage.
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Figure 4.8 Variations of the axial ratio of the incident electric field due to multiple

postures and positions in the cage.
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4.4 SAR Evaluation

Specific absorption rate (SAR) is the widely accepted RF dosimetric parameter which
describes the amount of the electromagnetic power absorbed in an exposed biological
organism (Chou et al 1996). Knowledge of the SAR pertaining to a specific animal tissue
region is helpful when conducting a study to ascertain biological effects in that region.
For the studies in which the Health Canada exposure system would be used, information
about the variations and upper and lower bounds in the whole-body-average (WBA) SAR
and the brain-average (BA) SAR were essential for setting input power levels to achieve
desired exposure conditions. In addition, the variation of the ratio of peak-spatial-average
(PSA) SAR to WBA-SAR was an important quantity for describing SAR homogeneity in
the animal body.
To quantify the SARs, computations using the finite difference time-domain (FDTD)
method were carried out as well as measurements. The latter provides more realistic data
since measurements are usually conducted under real exposure conditions. However, with
measurement methods, in this case, it is only practicable to determine the whole body
SAR. The SAR determination in a given tissue region requires the measurement of either
induced electric field or initial temperature rise in that region, which is practically
impossible to do noninvasively (Fujiwara and Wang 2006; Kuhn and Kuster 2007). In
contrast, the SAR computation using the FDTD method is capable of determining the
SAR in any specific locations within a simulation (biological) model, whether for the
whole body or in specific tissue regions (Lin and Bernardi 2007). Therefore, WBA-SAR
measurements are valuable for validating the reliability of the FDTD simulations as well
as for rapidly determining the variations and bounds in WBA-SAR due to animal
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movement. The variations and bounds in the BA-SAR and the ratio of PSA-SAR to
WBA-SAR can only be evaluated from data obtained from the FDTD simulations.
For the simulation, a heterogeneous mouse model, namely SEMCAD X model 6
(Schmid & Partner Engineering AG, Zurich, Switzerland), was imported into the chamber
model (see Section 3.3.1 for the details of the chamber model). This mouse model
consists of 46 types of tissue, 211 slices and 0.36 mm resolution (Figure 4.9). The
dielectric property data in the electronic material database (Gabriel 1996) provided with
the SEMCAD model were assigned into the model during the simulation. These values
are given in Appendix F. The model was scaled by the factors of 0.9434 and 1.0025 to
represent 25 g and 30 g mice respectively. After being scaled, brain masses of the 25 g
and 30 g mice were 330 mg and 397 mg, respectively.
For the measurement, the particular setup detailed in Section 3.3.2 was used to
evaluate WBA-SAR on mouse cadavers as well as live mice. A removable hood for
mounting a camcorder (model UX-1, Sony, Tokyo, Japan) was fabricated and installed
above the upper drilled-out shorting plate of the chamber to observe the animal behaviour
during exposure (Figure 4.10). Eight white light-emitting diodes (LEDs) (2 mm
diameter) were placed into some of the drilled-out holes of the shorting plate in a circular
array. This was to provide as closely as possible the same amount of light which is
estimated to have occurred without the removable hood installed on the top of the
chamber. Despite the installed LEDs, the light in the chamber was still low, so the
camcorder was set to record in night-shot mode.
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(a)

(b)
Figure 4.9 The 46-tissue-type, 211-slice and 0.36-mm-resolution mouse model,
SEMCAD X model 6: (a) projection views of whole body; (b) only bone is
shown to highlight resolution.
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Figure 4.10 Modified exposure chamber with removable hood, fan and camcorder.

4.4.1 WBA-SAR

WBA-SAR was measured and computed for a large number of possible postures
and positions in the cage. Four postures were used (Figure 4.5). Results are plotted as
shown in Figure 4.11. The highest WBA-SAR was found when the mouse was
positioned lying prone and in touch with the curved cage wall, whereas the lowest value
was observed when the mouse was positioned standing upright in the center of the cage.
The computed WBA-SAR data were found to be in fairly good agreement with the
measured results. The largest discrepancy between the two data sets was below 15%.
However, the pattern of the computed results is very close to that of the measurements,
only slightly shifted up or down. This agreement gives confidence that our simulation
setup is accurate. The oscillation of WBA-SAR data suggests that the polarization of the
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incident field arriving at the animal is not ideally circular. As mentioned in Section 4.2,
a true circularly polarized field has axial ratio of 1. The presence of the mouse inside the
exposure chamber produces scattered fields and alters the input impedances at the
chamber input ports. This causes increases in reflected power at one or both of the input
ports and consequently changes to the axial ratio of the incident electric field impinging
upon the animal. These changes were quantified as a function of the mouse postures and
positions in the cage (Figure 4.8).
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Figure 4.11 Variation of WBA-SAR due to multiple postures and positions in the cage.

To evaluate the upper and lower bounds of WBA-SAR for a range of body
mass, exposures of 83 mouse cadavers were conducted. Only the highest and the lowest
WBA-SAR values from each cadaver are plotted versus its weight. Figure 4.12 shows the
two sets of the highest and lowest WBA-SAR data. The linear least-squares fitting
procedure was applied to the logarithms of the data to determine the best fitting WBA-
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SAR upper and lower bounds. The scattering of data points along the upper and lower
best-fit regression lines is largely due to variations in mouse body compositions (e.g., the
fat-to-muscle ratio, the water content, the length-to-width ratio) and the repeatability of
cadaver postures/positions. The outcome of the fitting, with 95% confidence level
incorporated, shows that WBA-SAR for a 20 g mouse body mass varied within the range
of 9 to 23.5 W/kg per 1 W incident power, whereas the corresponding values for a 40 g
mouse body mass were found to be between 5.2 and 13.8 W/kg.
Exposures of seven live mice with weights in the range of 23 - 29 g were carried
out in order to verify the WBA-SAR upper and lower bounds. For each exposure, WBASAR data were acquired for 10 minutes yielding 20000 WBA-SAR values. This part of
experiment was performed under the assistance of biologists at the Health Canada animal
laboratory. Figure 4.13 shows the mean values of each data set and the percentages of
out-of-bounds. As illustrated in the graph, at least 99 percent of the live-mouse WBASAR values were within the WBA-SAR upper and lower bounds that were derived from
mouse cadaver data. Information about the most commonly occurring posture of the
animal in the cage during exposure was also obtained. It was observed that the mouse was
excited and active (walking around and sniffing at the cage’s ventilating holes) only
within a period of two minutes after being placed in the chamber. Later on, it spent most
of the time randomly sitting around at the cage’s center, licking its feet and grooming its
face. Figure 10.14 is a photo of the sitting posture.
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Figure 4.12 WBA-SAR upper and lower bounds for the mouse body mass of 20 - 40 g.
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Figure 4.13 Seven data sets obtained from live mouse exposures, showing the percentage
of out-of-bound and mean values.
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Figure 4.14 The most common posture of a live mouse after two minutes of initial
exposure.

4.4.2 BA-SAR

BA-SARs were computed for two selected mouse weights to obtain information
on the upper and lower bounds. The results of 25 g and 30 g scaled mouse models are
given in Figure 4.15. For the 25 g mouse, variations in the BA-SAR were found to be
within the range of 3.2 - 10.1 W/kg per 1 W incident power, while the corresponding
values for the 30 g mouse body mass were between 3.3 and 9.2 W/kg.

BA-SAR (W/kg) per 1 W incident power

Average values (30 g mouse model)

Average values (25 g mouse model)

Simulations on a 30 g mouse model

Simulations on a 25 g mouse model

Postures and positions in cage

Figure 4.15 Variations of BA-SAR due to multiple postures and positions in the cage for mouse weights within the range of 25 - 30 g.
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4.4.3 PSA-SAR

The ratios of PSA-SAR to WBA-SAR were calculated to examine the spatial
homogeneity of SAR in the animal. Results were obtained from the simulations for a
number of various postures and positions. Two different cubic volumes of tissues (0.5 mg
and 5 mg) were used to calculate the PSA-SAR. These two averaging volumes were
selected in order to correspond with the weight scaled 1 g and 10 g values of tissue mass
in humans. The latter are volumes of the averaging mass specified along with the local
limits of 1.6 W/kg and 2 W/kg that are used in North America and Europe, respectively,
for human exposure. Table 4.3 shows the maximum and minimum values of the ratios of
PSA-SAR to WBA-SAR. For the mouse body mass between 25 and 30 g, the variations
in the ratio of PSA-SAR0.5-mg to WBA-SAR were found to be within the range of 6 - 15,
whereas the ratio of PSA-SAR5-mg to WBA-SAR varied between 4 and 10. An example of
PSA-SAR0.5-mg distribution in the sagittal plane of the 25 g mouse is shown in Figure 4.16.

Table 4.3 Variations of the ratios of PSA-SAR to WBA-SAR due to multiple possible
postures and positions in the cage

Ratio of

Ratio of

PSA-SAR0.5-mg

PSA-SAR5-mg

to WBA-SAR

to WBA-SAR

Max

Min

Max

Min

25 g

13.9

5.7

9.6

4.9

30 g

14.9

6.1

9.7

4.3

Mouse
body
mass
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Figure 4.16 The PSA-SAR5-mg distribution of a 25 g mouse at three cross sections and on
body surface.

4.4.4 Discussion

An important factor in assessing the performance of an in-vivo exposure system
is the range of SAR values that occurs in the target animal or organ for fixed input power
(since this is how these systems are normally operated). Obviously, a system that tightly
restrains the animal such as the one described in Faraone et al. (2006) results in a very
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narrow range of SARs. Ideally, it could be said that the ratio of maximum to minimum
SAR for this type of system is 1. On the other hand, an exposure system where the
animals are allowed to roam freely over large spaces or in groups can have very large
ratios of maximum to minimum possible SARs in a single animal. An example of this
kind of system is described in Repacholi et al. (1997), where the ratio of maximum to
minimum WBA-SARs for mice was estimated to be in excess of 500 (0.008-4.2 W/kg).
Unfortunately, in an unrestrained-type system, it is difficult to predict where the
animal will want to locate itself most of the time. Therefore, characterization of the
dosimetry for all possible postures and positions cannot really predict the average SAR
that will be experienced by the animal. The value of the work reported here is to give a
range of possible SARs in order to assist in selecting the input power for the experimental
exposures. Only actual measurements during the exposure can give an average. The
system described here shows the WBA-SAR upper-to-lower bound ratio of 2.6 for the
mouse weight in the range of 20 - 40 g. This can be compared to another cylindrical
waveguide system described in Chou et al. (1984). Although operating at 2450 MHz and
designed for animals up to 700 g, this system produced WBA-SAR upper-to-lower bound
ratios of 1.6 for 200 g and 1.4 for 300 g animals based on only five selected measurement
positions. Unfortunately, further comparisons of SAR variability to other unrestrained
exposure systems are made difficult because of the lack of SAR variation data provided
by the authors.
It should be acknowledged that the upper-to-lower bound ratio is a measure of
the extremes in possible SAR data. In actual exposures, animals tend to dwell in
preferred locations making the actual spread of SAR data smaller. This can be seen in
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Figure 4.13 for the live mouse exposures where the ratio of upper to lower WBA-SAR
two standard deviations about the mean is on average 2.1 for the seven mice evaluated.
This is probably more representative of the actual WBA-SAR variability to be
encountered in experimental conditions. With the built-in capability of this exposure
system to monitor WBA-SARs in real time over the course of animal exposure, it will
allow accurate reporting of WBA-SAR and its variation with time.

4.4.5 Uncertainty Assessment

To estimate the uncertainties of the measured and computed SAR data, the methodology
proposed by Taylor and Kuyatt (1994) and Kuster et al. (2006) was used. Briefly, this
methodology determines the total uncertainty by summing the uncertainties from various
sources that are independent or with limited interdependencies. For the computed results,
major error sources taken into account include the mouse model and the exposure
chamber discretization, metal, plastic and biological tissue electrical properties used in
the calculation, and numerical approximation. On the other hand, measurement errors
were primarily contributed to by factors such as variation in mouse body structures,
power reference calibration, power meter accuracy, and mouse positioning and weight.
List of the independent parameters and their uncertainties for the measurement and
computation results are given in Appendix G. The uncertainty in the measurement data
with a 95% confidence level was estimated to be within ±14%, while that of the
computed values was ±22%.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions
A cylindrical waveguide in vivo exposure system was developed at the Consumer and
Clinical Radiation Protection Bureau of Health Canada, Ottawa, Ontario for use in
conducting laboratory studies with live mice exposed to 1.9 GHz electromagnetic energy.
Prior to being used for the studies, the system was characterized in order to obtain
radiofrequency (RF) dosimetric information. The development of the Health Canada
exposure system was divided into two stages. The first one involved design and
fabrication, which were conducted by Health Canada scientists. The second stage was
concerned with performance testing and dosimetric characterization, which were carried
out by the author.
The Health Canada in vivo exposure system was an extension of the in vitro setup
designed for exposing cell cultures to electromagnetic energy in the 1.9 GHz cellular
frequency band. The in vivo exposure system consists of four identical cylindrical
waveguide chambers, each with a plastic cage for housing an animal. The principal
objectives of system design were to achieve low variations of RF dose rate while still
allowing the animals to roam free, to attain a high level of the net power absorbed in the
animal whole body per unit input power, and to allow real-time RF dose rate monitoring.
The chamber is fed with two mutually orthogonal (90 degree out-of-phase) RF power at
input ports to produce right-handed circular polarization. This was done to make energy
coupling into the animal body less dependent on movements. The chambers are vertically
mounted so that there is a high possibility of aligning the long axis of the animal with the
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plane of the rotating incident electric field. Each chamber has five dedicated power
sensors to measure RF power entering and exiting the chamber. The output of each power
sensor is fed to a computerized data acquisition system, which allows simultaneous dose
rate monitoring in all chambers. A 26 g homogeneous phantom was used to evaluate the
chamber power efficiency, which is the measure of the ability to couple available RF
power into the animal body. Evaluations were performed experimentally and numerically
for various phantom postures and positions in the cage. Measurement data were found to
be in reasonable agreement with computed values. According to the measurement results,
the chamber power efficiency was found to be in the range of 24 - 44%.
The dosimetric characterization of the Health Canada exposure chamber was
considered in three aspects: electric field intensity distribution and pattern in the exposure
volume, influences of mouse on exposure chamber characteristics, and the evaluation of
specific absorption rate (SAR) in the mouse. The electric field intensity distribution and
pattern in the cage region were evaluated and analyzed to describe their variations upon
the incident electric field arriving at the animal. The field pattern together with the field
axial ratio was characterized in order to assess the deviation from perfect circular
polarization. Influences of the mouse on the reflection coefficients of the exposure
chamber were evaluated to check the variations of reflected power at the chamber input
ports and of the field axial ratio at the animal location. To satisfy the requirements of
Health Canada biology staff, SARs in a specific organ (brain) of the exposed mouse were
quantified as a function of the weight and movement of the animal in the cage. For
biological studies employing this exposure system, information about upper and lower
bounds in the whole-body-average (WBA) SAR and the brain-average (BA) SAR and
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their variations due to animal movements was essential for setting input power levels to
achieve desired exposure conditions. In addition, the variation of the ratio of peak-spatialaverage (PSA) SAR to WBA-SAR was an important quantity for describing SAR
homogeneity in the animal.
The experimental SAR evaluations were conducted on mouse cadavers in a multitude
of possible postures and positions to evaluate the variations of WBA-SAR and its upper
and lower bounds, while computations utilizing the finite-difference time-domain method
together with a heterogeneous mouse model were performed to determine variations in
BA-SAR and the ratio of PSA-SAR to WBA-SAR. Measured WBA-SAR variations were
found to be in the ranges of 9 - 23.5 W/kg and 5.2 - 13.8 W/kg per 1 W incident power
for 20 g and 40 g mice, respectively. Computed BA-SAR variations were in the ranges of
3.2 - 10.1 W/kg and 3.3 - 9.2 W/kg per 1 W incident power for 25 g and 30 g mouse
models, respectively. Ratios of PSA-SAR to WBA-SAR, averaged over 0.5 mg and 5 mg
tissue volumes, were observed to be within the ranges of 6 - 15 and 4 - 10, respectively.
The uncertainty in the measurement data with a 95% confidence level was estimated to be
within ±14%, while that of the computed values was ±22%. A manuscript based on these
research results has been accepted for publication in an internationally recognized
refereed, scientific journal (Wasoontarajaroen 2011). Prior to preparing the manuscript,
part of the work was presented in both oral and poster formats at three scientific
conferences to share research interest and get feedback from other participants
(Wasoontarajaroen 2010a; Wasoontarajaroen 2010b; Wasoontarajaroen 2010c). Useful
ideas and suggestions were received.
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A significant contribution of this thesis to science was the production of detailed
dosimetric information for the in-house laboratory studies being conducted at Health
Canada. This information is a critical component to specify dose rates in assessing the
effects of RF energy on live mice. Upon completion, the studies would contribute to the
assessment of human health risks from exposure to RF energy such as that from wireless
communication devices.

5.2 Recommendations for Future Work
The following summarizes the author’s recommendations for future work:
1) According to the spatial distribution of the electric field intensity in the exposure
chamber (Figure 4.1 in Section 4.2), the mouse cage was not located at the peak of the
standing wave pattern. As a suggestion for improvement, the cage position along the
chamber axis should be adjusted to achieve higher power efficiency.
2) The digital multimeter and its 20 channel multiplex that are used to acquire data
from the five custom-made power sensors for import to the microcomputer should be
replaced by a low-cost data acquisition system such as a microcontroller chip. This would
provide a higher data acquisition rate and a lower system cost.
3) According to Figure 4.13 in Section 4.4.1, the live-mouse exposure data tended to
have a narrow spread than the WBA-SAR upper and lower bounds derived from the
cadaver exposure data. The reason is that the upper and lower bounds were derived from
the extremes of possible SAR data, while in the actual exposures, the mice tended to
dwell in favoured locations, making the actual spread of SAR data smaller. Therefore, in
order to obtain more realistic upper and lower bounds, the existing postures and positions
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set for cadaver exposures should be replaced with the favoured postures and positions
of live mice. However, it may not be easy to specify the latter since mouse behaviour
varies depending on each individual animal or the time of day it is exposed.
4) Despite using a QuadroFX-5800 FDTD accelerator (35 times faster than without an
accelerator) to speed up simulation times, a simulation setup (50 million voxels with 80
cycle simulation time periods) requires approximately two hours to obtain FDTD
solutions and one hour for data extraction. For further analysis such as the evaluation of
SARs in mouse fetuses, the accelerator speed should be improved especially for cases
where there are requirements for more animal postures and positions.
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APPENDIX A. EXPOSURE CHAMBER MODEL

Figure A.1 Dimensions of the cylindrical waveguide chamber model.
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Figure A.2 Dimensions of the coaxial-to-waveguide probe model.

Figure A.3 Dimensions of the cage model.

113
APPENDIX B. SIMULATION PARAMETERS
B.1 Electromagnetic Parameters
Simulation tool:
SEMCAD X v.14.4.3 (2710) Copyright © 2004-2010 SPEAG, Zürich,
Switzerland
Electromagnetic simulation setting:
Harmonic mode, 1900 MHz, 80 periods, automatic termination on with medium
tolerance
Model scaling:
0.9434 for 25 g mouse and 1.0025 for 30 g mouse
Excitations:
Port 1: Coaxial TEM, 1.97 mm inner radius, 1 V amplitude, 0 period shifting
Port 2: Coaxial TEM, 1.97 mm inner radius, 0.9 V amplitude, 0.25 period shifting
Loads:
Port 3: 50 ohms
Port 4: 50 ohms
Electrical properties of materials and tissues:
Chamber and probes: Perfect electric conductor (PEC)
Animal cage: Dielectric material, r = 2.6,  = 0.002 S/m
Muscle-simulating liquid: Dielectric material, r = 51.1,  = 1.65 S/m
Animal tissues: Dielectric material (see Appendix F)
Model boundaries:
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X low: Absorbing boundary condition (ABC) very high (Uniaxial perfectly
matched layers)
X high: PEC
Y low: ABC very high (Uniaxial perfectly matched layers)
Y high: PEC
Z low: PEC
Z high: PEC
Girding:
Global settings: Padding = off, Unit Length Type = millimetre, X Axis Max step =
1 mm, Y Axis Max step = 1 mm, Z Axis Max step = 1 mm
Local settings:
Body/Skin: Mode = bounding box, Use local setting = true, Gang
axes = true, X Axis Max step = 0.34 and 0.361 for 25 and 30 g
mouse, respectively
Body/Tendons: Mode = bounding box, Use local setting = true,
Gang axes = true, X Axis Max step = 0.34 and 0.361 for 25 and 30
g mouse, respectively
Body/(all tissues): Mode = regional
Tail/Tendons: Mode = bounding box, Use local setting = true,
Gang axes = true, X Axis Max step = 0.34, 0.351 and 0.361 for 25,
27.5 and 30 g mouse, respectively

115
B.2 Mouse Model Information
Manufacturing information:
Product title: SEMCAD_MODEL_6, SPEAG, Zürich, Switzerland
Format: SEMCAD compound slices format (ASCII)
Date: 2.07.2003
File name and type:
MouseFemale29gFine.sat
Biological data:
Sex: female
Weight: 28.7 g
Length: snout-vent = 72 mm, total = 14.1
Properties: pregnant, 15 days
Technical information
Number of slices: 406
Slice separation: 0.36 mm
Resolution remark: fine
Number of tissues: 46

Figure C.1 Dimensions of the rectangular waveguide used for measuring muscle-simulating liquid permittivity.

APPENDIX C. DIMENSIONS OF RECTANGULAR WAVEGUIDE
FOR MEASURING PERMITTIVITY
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APPENDIX D. FORMULAS FOR DETERMINING PERMITTIVITY OF
MUSCLE-SIMULATING LIQUID

Figure D.1 Rectangular waveguide coordinates.

For the TE10 mode wave propagating along the z-axis direction, E y (z ) at x 

a
2

plane may be expressed as

E y ( z )  E0 e z

(D.1)

2
 
   

     2   r  j
v 
 0 
a

(D.2)

where
2

and a is the width of the waveguide cross section (m),  is the angular frequency (rad/s),
v is the velocity of light in free space (m/s),  r is the relative dielectric constant of the

liquid filling in the waveguide,  is the conductivity of the liquid (S/m), and  0 is the
permittivity of free space (F/m).
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Equation (D.1) may be rewritten as
E y ( z)
E0

 e  Re( ) z e  j Im( ) z

(D.3)


   Re( ) z



(D.4)

From which,
 E y ( z)
ln
 E0

and

 E y ( z)
arg
 E0


   Im( ) z



(D.5)

Differentiating with respect to z
d   E y ( z )
ln
dz   E0

and

 
    Re( )



(D.6)

d   E y ( z) 
    Im( )
arg
dz   E0  

(D.7)

Equation (D.6) relates the slope of the natural log-magnitude of S21 with respect to

z (Np/m) to the negative real part of  , while equation (D.7) relates the slope of the phase
of S21 with respect to z (rad/m) to the negative imaginary part of  .
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APPENDIX E. SPATIAL DISTRIBUTION OF ELECTRIC FIELD
INTENSITY INSIDE EXPOSURE CHAMBER WITHOUT CAGE

Figure E.1 Spatial distribution of the electric field intensity (Erms) inside the exposure
chamber without the cage: (a) at cross section along the chamber axis
(x-z plane at y = 0); (b) cross section view of the chamber model; (c) legend.
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Figure E.2 Spatial distribution of the electric field intensity (Erms) at three cross sections
(x-y planes) inside the chamber without the cage: (a) at z = 0 (where the cage
floor used to be located); (b) at z = 26 mm; (c) at z = 52 mm; (d) legend; (e)
cross section view of the chamber model.
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APPENDIX F. TISSUE PROPERTY DATA

Table F.1 Lists of tissue property data used for the mouse model
Tissue types

r





(S/m) (kg/ m3)

Tissue types

r





(S/m) (kg/m3)

Air (internal body)

1.00

0.00

1.20

Intervertebral disc 39.99 1.35

1100

Blood vessels

59.20 2.11

1060

Intestine large

54.93 1.64

1044

Bone marrow

5.36

980

Intestine small

55.65 2.76

1044

Bones

11.72 0.29

1990

Kidneys

54.13 2.02

1044

Brain cavity1

67.06 3.00

1007

Liver

44.01 1.35

1050

Brain olfactory bulb1 43.37 1.20

1030

Lung

20.87 0.66

655

Cartilage

39.99 1.35

1100

Midbrain1

49.88 1.45

1039

45.88 1.77

1040

Muscles

53.42 1.40

1041

Cerebral hemisphere1 43.37 1.20

1030

Nails

11.72 0.29

1030

Cerebral spinal fluid 67.06 3.00

1007

Nerves

30.74 0.88

1038

Connective tissue

44.08 1.27

1110

Oesophagus

63.06 1.77

1040

Diaphragm

53.42 1.40

1041

Pharynx

1.00

0.00

1.20

Ear auditory canal

19.21 0.62

1920

Skin

38.71 1.22

1100

Embryos

46.10 1.88

1078

Spinal cord

30.74 0.88

1038

Eye aqueous humor

68.52 2.09

1009

Spleen

53.61 1.85

1054

Eye cornea

52.58 1.92

1076

Stomach

63.06 1.77

1050

Eye lens

34.54 0.83

1090

Teeth

11.72 0.29

2160

Eye tissue sclera

53.42 1.66

1032

Tendons

44.08 1.27

1110

Eye vitreous humor

68.52 2.09

1009

Thymus

58.00 1.57

1026

Fat

10.99 0.20

916

Tongue

53.42 1.43

1041

Gland lacrimal

58.00 1.57

1025

Trachea

40.39 1.16

1100

Glands

58.00 1.57

1050

Uterus

58.75 1.83

1052

Heart

56.06 1.84

1060

Vagina

54.93 1.64

1044

Cerebellum

1

1

0.07

The five tissues used for calculating BA-SAR include brain cavity, brain olfactory bulb,

cerebellum, cerebral hemisphere and midbrain.
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APPENDIX G. LISTS OF INDEPENDENT PARAMETERS
AND THEIR RESPECTIVE UNCERTAINTIES

Table G.1 Independent parameters and their uncertainties for the measurement results
SAR
Uncertainty sources

Probability Division Sensitivity

SD

distribution

factor

coefficients

(%)

9.7

R

1.73

1

5.6

6

R

1.73

1

3.5

4.6

R

1.73

1

2.6

2.2

R

1.73

1

1.3

2.2

R

1.73

1

1.2

0.8

R

1.73

1

0.5

deviation
(%)

1. Power reference calibrations
(±0.05dB, ±1.2%)
2. Mouse body shape (estimated
using Figure 4.12, 0.86/14)
3. Power reading values
(±0.03dB, ±0.7%)
4. Zero reference loss (±0.5%)
5. Phantom/mouse positioning
(±3 degrees, ±0.8% )
6. Mouse weight (±0.1g, ±0.4%)

Total uncertainty (

 SD 2 )

7
(k=1)

R is rectangular distribution.
All errors were estimated from their worst-cases scenarios, so rectangular distributions
were assigned to all sources.
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Table G.2 Independent parameters and their uncertainties for the computational results
SAR
Probability Division Sensitivity

SD

distribution

factor

coefficients

(%)

9.8

R

1.73

1

5.7

8.3

R

1.73

1

4.8

8

R

1.73

1

4.6

6

R

1.73

1

3.5

5. S11 (±5%)

5.5

R

1.73

1

3.2

6. S22 (±5%)

5.5

R

1.73

1

3.2

4

R

1.73

1

2.3

4

R

1.73

1

2.3

1.8

R

1.73

1

1

0.1

R

1.73

1

0.1

Uncertainty sources

deviation
(%)

1. Tissues permittivity (±10%)
2. Mouse discretization
(double voxel sides)
3. Tissues density (±8%)
4. Chamber discretization
(double voxel sides)

7. Probe discretization
(double voxel sides)
8. Model weight (±4%)
9. Tissues conductivity (±10%)
10. Simulation boundaries
(double voxel sides)

Total uncertainty (

 SD

R is rectangular distribution.

11
2

)
(k=1)

