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Abstract—Studies of the biological effects and any health related consequences of extremely low frequency
(ELF) electromagnetic fields (EMF) have been going on for over half a century however with contradictory
outcomes. Hence, it is now necessary to stress on standardizing the EMF-health research experiment procedures
in order to enable such experiments become replicable and results comparable. In 1998, a review of several of the
ELF EMF human biological interaction mechanisms regarding field intensities and frequencies was presented to
the Australian Radiation Laboratory of Commonwealth Department of Community Services and Health in 1988
by Andrew W. Wood. Wood’s 1988 assertion of the importance of understanding the interaction mechanisms
did not alter even after a decade when the NIEHS RAPID (http://www.niehs.nih.gov/) gathering of world
experts produced their statement, in which quoted, there have been experiments on possible mechanism/s in
support or refutation of the various proposals however none were replicated. Valberg (Valberg et al., 1997) also
summed up some but failed to include all the claimed proposed mechanisms at the time. This paper is to present
a complete list of the allegedly possible interaction mechanisms to date.

This paper will also report on an academic research on computer modeling of biological effects of ELF
EMF using one of the proposed mechanisms. The research reported here has generally aimed at modeling
the proposals using computer. The initial phase of this effort has concentrated on Ca effect as the number of
publications referencing that was considerable. Calcium is a key element in the biological performance of every
organ in the human body. Thus it deemed imperative to study the effect of EMF on Ca channels of a living
cell.

Furthermore, considerations for setting standards in EMF experimental research protocols are recommended.
Developing a standard protocol allows results of future experiments to be comparable; and, the chance of
replicability in EMF-health improve, which this aspect has indisputably been absent in EMF research projects
thus far. Replication is desirable mainly because it eliminates bias, artifact and systematic errors. Replication
is almost impossible in the case of epidemiological studies however in experimentation is possible if the details
are specified in full. To authenticate any effect of MF, it is not satisfactory to present experimental results
without reporting the experimental settings in their entirety.

1. Introduction
Allegations of the biological effects and health hazards of extremely low frequency (ELF) electromagnetic

fields (EMF) have been debated for over fifty years. The epidemiological and experimental studies and clari-
fication of conclusions of both research methods have been contradictory. Hence, stipulations have arisen for
standardizing EMF-health research experiment procedures so that results of various experiments can be repli-
cated and compared. This paper is to present a list of interaction mechanisms suggested thus far followed by
a discussion on setting standard protocols in EMF experimental research. Using a standard protocol allows
outcomes of experiments become comparable and replicable. The replicability attribute has undeniably been
missing in EMF research projects to date [35].

2. Introducing the Proposed Interaction Mechanisms
Non-ionising radiations are those EMF with frequencies less than 2×1016 Hz. They can be grouped into: (i)

frequencies over 1 GHz e. g., microwave, infrared and visible light; (ii) frequencies over 3 kHz but below 1 GHz
e. g., those in communication systems; and, (iii) frequencies less than 3 kHz known as extremely low frequency
or ELF.

The higher frequency exposure can cause dielectric heating by enforcing intra-molecular friction via vibrating
momentum increase in water molecules as happens in a kitchen microwave cooking oven. Radiation in this



Progress In Electromagnetics Research Symposium 2006, Cambridge, USA, March 26-29 179

domain can primarily affect the human superficially e. g., skin, cranium, eyes etc and the heat generated can
subsequently move deeper onto the body and effectively heat all the internal human organs. Radiation in the
GHz range, e. g., mobile phone handsets, antenna and towers’ exposure can cause a heating effect penetrating
more inside the human body. In the ELF range (< 3 kHz) for instance. when one is exposed to power-line
frequencies and/or home appliances, the effects are not yet well clarified. In other words, the jury is still out
on what the interaction mechanism is. Unlike the higher frequency radiations stated above, the electric and
magnetic fields in the ELF range can be considered de-coupled. The electric component may barely diffuse
in the human body. A widespread observation is via skin hair and only for high flux EMF. But, magnetic
component may well penetrate the body nearly un-attenuated.

A review [41] of some of the ELF EMF human biological interaction mechanisms with respect to field
intensities and frequencies was presented to the Australian Radiation Laboratory of Commonwealth Department
of Community Services and Health in 1988. Wood’s 1988 affirmation of the importance of understanding the
interaction mechanisms did not alter even after a decade years when the NIEHS RAPID [27] gathering of world
experts released their report, in which cited, there have been experiments on possible mechanism/s in support
or refutation of the various proposals3 however none were replicatedThe interaction mechanisms proposed to
date are:

(1) Magnetite;
(2) Free radical;
(3) Cell membrane;
(4) Cell nuclei;
(5) Heat shock proteins;
(6) Resonance;
(7) Blood-brain barrier;
(8) Spatial summation;
(9) Field induction;
(10) Energy; and,
(11) Corona.

Describing all the above require a book to be written. However, we will endeavour to introduce these in
layman terms briefly in the presentation. The suggested references in support and/or refutation and for better
understanding each of the proposed mechanisms are as listed below [35].
Magnetite: Kirschvink et al. [2001], Phillips [1996] and NIEHS [1997].
Free radical: Valberg et al. [1997], Adair [1994] and NIEHS [1997].
Cell membrane: Miles [1969], Cotman and McGaugh [1980], McLeod [1995], Kavaliers et al. [1996], Adey
[1981], Blackman et al. [1988], Wood [1988], Ueno [1996], Manni et al. [2002] and Szabo et al. [2001].
Cell nuclei: Lai and Singh [1997], Goodman and Blank [2002], Adair [1998], Ruiz-Gmez et al. [2002], Yomori
et al. [2002] and Blank and Goodman [1998].
Heat shock proteins: Zryd et al. [2000].
Resonance: Blackman et al. [1985], Liboff et al. [1987], Lednev [1991], NIEHS [1997], Prato et al. [1996], Prato
et al. [1997], Hendee et al. [1996] and Prato et al. [2000].
Blood-brain barrier: Andreassi [1995], Salford et al. [1994] and Lai [1992].
Spatial summation: Valberg et al., [1997] and Astumian et al. [995].
Field induction: Gailey et al. [997], Dimbylow [1998], Baraton and Hutzler [1996], Sagan [1996] and Kaune
et al. [2002].
Energy: Valberg et al. [1997].
Corona: Fews et al. [1999], Hopwood [1992], Wood [1993].

Any experimental design to authenticate our theoretical model needs to be replicable. Replication is desirable
mainly because it eliminates bias, artifact and systematic errors4. Replication is almost impossible in the case of
epidemiological studies however in experimentation is possible if the details are specified in full. To substantiate
any effect of MF, it is not adequate to present experimental results without reporting the experimental settings
in their entirety.

A research has begun by our team using computer simulation of the proposed mechanisms starting with
modeling the effect of ELF EMF on the calcium channels. The research project team preparing this paper has
also aimed at modeling the proposals using computer. The initial phase of this study concentrated on Ca effect.
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Calcium is a crucial element in the biological functioning of every organ in human body. Thus it is important
to study the effect of EMF on Ca channels of a living cell.

3. Replication in EMF Research
Replication in EMF research is advantageous since it eradicates bias, artefact and systematic errors [35].

Replication is almost impossible in the case of epidemiological studies but in laboratory experimentation is
achievable if the details are specified completely. To validate any biological effect of EMF, it is inadequate
to present experimental results without reporting the settings fully. This would make certain the effects are
replicable. A proper EMF replication necessitates applying excellent quality assurance measures to ensure
matching exposure parameters [34]. These include the human biological endpoint of interest, field characteristics,
exposure timing, physical dimensions of the exposure (local or whole body), field strength, DC or AC (sinusoidal
or pulsating) frequency, harmonics, field alignment, field direction (linear vs. polarised), instrumentation,
laboratory temperature, air-conditioning, light quantity, quality and intensity, background and environmental
EMF, time of day, subject’s history of exposure, subject’s prior to experiment exposure, subject’s adaptability
to environmental factors, food intake and many others. Obviously, one has limited control over the subject’s
individual biological condition prior to the experiment [35].

Range of some of the parameters listed above may be controlled using correctly planned, designed and
executed protocols. In planning a laboratory research project on the human health effects of EMF, biological
measures chosen for the study need to be relevant.

4. Results and Discussion
The ELF bioelectromagnetics biological effects research has entrapped the scientists and the public in a maze

since 1960’s; no one has yet rescued the concerned community by provision of replicable proof [35]. Besides, a
synthesis of the above-listed mechanisms may have to be considered if reasonable in an endeavor to formulate
an indisputable interaction mechanism theory verifiable by experimental work.

This area of science is widely accepted as an area of controversial results. The proposed interaction mecha-
nisms were: Magnetite; Free radical; Cell membrane; Cell nuclei; Heat shock proteins; Resonance; Blood-brain
barrier; Spatial summation; Field induction; Energy; and, Corona. Acceptance or rejection of the proposals is
impossible due to lack of independently replicable experiment. The parameters to be considered in a replication
include the biological endpoint, field characteristics, strength, signal waveform, frequency, harmonics, alignment,
direction, exposure timing, physical dimensions, instrumentation, laboratory temperature, air-conditioning, light
quantity, quality and intensity, background and environmental EMF, time of day, subject’s history of exposure,
subject’s prior to experiment exposure, subject’s adaptability to environmental factors, food intake and many
others. Obviously, one has limited control over the subject’s individual biological condition prior to the experi-
ment.

5. Conclusions
None of the alleged interaction mechanisms were proven with replication. Hence, it was concluded that,

there was vividly a need for future experimental research in this field using a standard set of experimental
research protocols.

Finally, experimental design efforts for testing the interaction mechanism/s theories in our research group
are currently tending to focus on protein folding and Ca channels which are slow biological processes. Any
experimental design to verify our theoretical model must be replicable. A replication necessitates applying
excellent quality assurance measures to match exposure parameters and conditions.
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Abstract—Since the 1990’s, use of mobile phones has augmented worldwide generating a public concern as
to whether frequent utilization of such devices is unsafe. This provoked EMF researchers to find suitable
techniques of assessing radiation blueprint and exposure hazards if any. Most research groups focused on two
techniques: experimental measurements and finite-difference time-domain (FDTD) computations. Computation
of the specific absorption rate (SAR) generated by cellular phones inside two models of the human head is
presented in this paper. Two models of mobile phones were considered working at 900 and 1800MHz bands
according to the Global System for Mobile Communication. Radiated energy distributions and averaged SAR
values in 1 g and 10 g of tissue were computed inside the models of head using FDTD. Computations were
compared with a realistic head model constructed with the MRI scans. The distribution of the local SAR in the
head was similar to that of the simplified head models. The maximum local SAR calculated was 53.43W/kg and
the maximum SAR(10 g) was 2.96W/kg, both for 1 W output power from the antenna. The results indicated
the area of the maximum local SAR was situated in outer layer of skull, where muscle and skin were. The
important parameters in absorbed energy in the head were the type of antenna, current distribution and the
distance between head and antenna. The head models used for simulation proved as insignificant parameter in
the calculations.

1. Introduction
Within only the last ten years, mobile phone usage has been rapidly spread globally. In chorus with the

expanding usage, a question has been raised repeatedly as to whether frequent usage of such a device which
radiates GHz electromagnetic field onto the human head is unsafe. This rapid expansion has thus pushed
the research toward the necessity of finding a reliable means of analyzing mobile phone for radiation pattern
performance to address the safety concerns. It is broadly accepted that mobile phones cause heating of the
human organ exposed to their radiation and specifically the human head. The current exposure limits are
based on Specific Absorption Rate (SAR) of the exposure heat. A SAR limit of 2W/kg averaged over any
contiguous 10 g head tissue was recommended by the Council of European Union [1] for the general public. This
recommendation in a way acknowledged that a simple cubical geometry used may yield calculated dosimetric
quantities of conservative values corresponding to the exposure guidelines.

It has been a while since, most research groups studying biological effects of mobile phones have focused on
two methods: experimental measurements and finite-difference time-domain (FTDT) computations [2–5]. While
experimental measurements make use of the actual mobile phone being tested [6], there remains a question of
appropriateness of representing the human head with simplified phantoms that for compliance testing include,
at most, two or three tissue type materials [4, 5]. The FDTD method, on the other hand, can be questioned
on its lack of a realistic anatomically heterogeneity representation of the radiation exposure of mobile phone
through the human head model [7].

In the research work reported here, the authors focused on the absorption of energy in the human head from
near-field radiation of wireless phones. Two models for mobile phone (half-wavelength dipole and a quarter-
wavelength monopole) and two simple models for head (homogenous and multi-layer spherical) were considered.
A modern method for calculating maximum SAR (10 g) was introduced and the results were compared with a
realistic MRI model of head [6, 7].

2. Numerical Method and Modeling
Two models used for the human head were spheres of 20 cm diameter. The first model was a sphere consisting

entirely of material with the electric properties of brain tissue. The second model comprised three layers as
illustrated in Fig. 1. The spherical model had a uniform content at its core (representing the human brain) and
the core was surrounded by two spherical shells representing the skull (bone) and the muscle and skin (skin)
with their respective electromagnetic properties.
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Figure 1: The model of the layered sphere. Figure 2: The model of the monopole antenna
mounted on top of the metal box.

The handset has been modeled in two different ways, namely a half-wavelength dipole and a quarter-
wavelength monopole both mounted on top of a metal box. The thickness of the antennas in both cases
was one FDTD cell. The antennas were centered on the top surface of a conducting box with dimensions
120mm× 55 mm× 20mm (see Fig. 2). The face of the metal box next to the user was covered with a dielectric
material of 5mm thickness. The feeding gap of the dipole antenna was placed at a distance of 0.5 mm from
the sphere. However, the feeding gap of the monopole antenna located 2 cm away from the sphere, since the
minimum distance between the sphere and metal box was again 0.5 cm [4, 5, 8].

The simulation was performed at the two common telecommunication carrier frequencies of 900 MHz and
1800MHz. The handset antenna model length was adjusted according to the wavelength in free space obviously
corresponding to the frequency in use. Combinations of the cases were also investigated as detailed in Table 1.
The properties of tissue material considered in the computer simulation modeling at both frequencies [3] were
as tabulated in Table 2.

Table 1: Description of the cases examined.

Case Homogeneous Sphere Layered Sphere 900MHz 1800MHz Dipole Monopole

1 ∗ ∗ ∗
2 ∗ ∗ ∗
3 ∗ ∗ ∗
4 ∗ ∗ ∗
5 ∗ ∗ ∗
6 ∗ ∗ ∗
7 ∗ ∗ ∗
8 ∗ ∗ ∗

A software sourced from the Utah University of Technology (http://www.fdtd.org) was used for the simula-
tion. The lattice for all cases was formed by a uniform rectilinear grid with a space step of 2.5mm in all three
directions. The simulation time was twenty periods of the source signal. A hard source model was positioned
at the feeding gap, which had the size of one cell [3, 9–12]. The source had a sinusoidal time behavior and was
switched on at the beginning of the computer run. In all simulations the output power of the antenna was 1 W.
Mur’s second-order absorption boundary conditions [13, 14] were used to truncate the computational domain.

The distribution of the local SAR values can be calculated directly from the electric field distribution, which
results from the computer run. This was achieved using Eq. (1) as the sinusoidal source leads to a steady state
electric field, numerically analogous with the same sinusoidal variation [3–6].

SAR =
σE2

max

2p
(1)
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Table 2: The properties of the materials used in the simulations.

Material
900MHz

εr

900MHz
σ

1800MHz
εr

1800MHz
σ

Mass Density
(Kg/m3)

Skin 39.5 0.7 38.2 0.9 1080

Bone (cortical) 12.5 0.17 12.0 0.29 1180

Brain (Grey matter) 56.8 1.1 51.8 1.5 1050

Dielectric Phone Cover 2.7 0.0016 2.7 0.003 -

To test the hypothesis that steady state was reached after twenty periods of the numerical source signal,
the time evolution of the electric field at several points in the lattice was monitored during each computer run
[3, 7, 15]. It was found that for all the cases examined, the simulation time was more than enough to arrive at
steady state.

The derivation of the average SAR values needs some post-processing of the simulation results. The SAR val-
ues were averaged over 1 g and 10 g of tissue. The way averaging volume was selected was crucial for the derived

Figure 3: The cube volumes used for
calculating the SAR (10 g) values.

average SAR distributions [3, 7, 15]; hence the averaging procedure
adopted had to be clarified. The edge of each cell in the lattice was
2.5mm which allowed for a 1 cm cube to be considered per four cells.
This cube provided 1 g of tissue for a mass density of 1 g/cm3. Noting
that the area of SAR (10 g) was situated outside of the skull area (in
the muscle) and the size of the cube was sufficiently small. There-
fore, the computation output results allowed direct calculation of the
maximum SAR. Conversely, it was impossible to have a cubic volume
of tissue with a mass of 10 g; and, as in the previous method a cube
of 2.25 cm sides (nine cells) was considered (method 1). In this case,
due to the long length of the cube and its location with different SAR
specially in between skull/brain and skull/muscle, the calculations re-
sulted in a noticeable difference with previously published studies. The
process details were reviewed and checked again and found to be pre-
cise. Furthermore, two cubes were considered, 1.75 cm3 (seven cells)
and 2.25 cm3 (nine cells) co-centered as illustrated in Fig. 3. The SAR (10 g) value was subsequently calculated
considering the contribution of the smaller cube and the contribution of the cubical shell around it each with a
predefined weighting coefficient using Eq. (2).

SAR(10 g) =

∑
v1

(SAR)imi +
∑

v2−v1

(SAR)jmj

∑
v1

mi +
∑

v2−v1

mj
(2)

where mi = ρi∆V and mj = Pj∆V 10−V1
V2−V1

[3]. Index i refers to the lattice cells inside the inner cube and index
j to those around it (method 2).

Table 3: Total absorbed power, maximum SAR(1 g), maximum SAR(10 g) and local SAR in the head model
(antenna output power 1 W).

Case Pabs

(W)
SAR(1g)max

(W/kg)

SAR(10g)max

(W/kg)
(Method 1)

SAR(10g)max

(W/kg)
(Method 2)

Local
SARmax

(W/kg)

1 0.77 2.45 2.96 1.89 26.19

2 0.41 0.74 0.82 0.53 4.23

3 0.75 4.67 6.15 3.89 70.16

4 0.24 0.52 0.63 0.41 3.92

5 0.76 1.64 1.91 1.22 18.86

6 0.48 0.5 0.58 0.37 3.72

7 0.83 4.13 5.01 3.18 54.14

8 0.30 0.59 0.69 0.44 4.87
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3. Results
Table 3 presents a summary of the total absorbed power, the maximum SAR (1 g), the SAR (10 g) and

local SAR values. These results indicated that the model of the handset device played a more important role in
dosimetry than the model of human head. This was evident when looked at the difference in calculated values; for
instance, considering case 1 (homogeneous sphere, 900 MHz, λ/2 dipole) with case 5 (layered sphere, 900MHz,
λ/2 dipole) yielded smaller figures than when the case 1 was considered with case 2 (layered sphere, 900 MHz,
λ/4 monopole). As reported previously [4, 5, 8], this research confirmed that in most cases the homogeneous
sphere resulted in a larger SAR values than the layered sphere. It was also apparent from the results in Table 3
that modeling the handset as a dipole yielded higher SAR values than modeling it as a monopole.

However a direct comparison between the respective pairs of cases was not possible, beecause it could be
argued that the smaller distance of the dipole feeding gap to the head may account for the larger SAR values.
So, the distance of the λ/2 dipole was varied for case 3 (homogeneous sphere, 1800 MHz, λ/2 dipole) to study
its significance. As shown in Fig. 4, at 2 cm distance the values obtained with the λ/2 dipole are still larger
than case 4 (homogeneous sphere, 1800MHz, λ/4 monopole). It can be noted from Fig. 4 that the maximum
local SAR doesn’t fall off inversely proportional to the square of distance, as it would in the far field.

Figure 4: Variation of maximum local SAR values.

The effect of different operating frequencies was as illustrated in Fig. 5 and Fig. 6. An observation was that
the SAR decreased faster in the higher frequency range as expected due to the smaller penetration depth.

Figure 5: The profile of local SAR across the ho-
mogeneous spherical head model. The distance was
measured from the point of the source closest to the
head model. The SAR values were normalized to the
maximum to show the effect of frequency.

Figure 6: The profile of local SAR across the lay-
ered spherical head model. The distance was mea-
sured from the point of the source closest to the head
model. The SAR values were normalized to the max-
imum to show the effect of frequency.

4. Comparison between Case Study and MRI Human Head Model
The MRI model used in this work was the Bradford University Telecommunication Research Center Tissue-

classified high-resolution voxel image of a human head [6, 7]. The original resolution of the model was 0.909 mm
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in the x and y direction on the axial plane and 1.480 mm in the z (vertical) direction. The phantom was re-
sampled to have cubic voxels with each side of 0.25 mm length. A λ/4 monopole on top of a metal box was
used for the device model, with the source operating at 900 MHz. The distribution of the local SAR in the head
(Fig. 7) was similar to that of the simplified head models. The maximum local SAR calculated was 53.43 W/kg
and the maximum SAR(10 g) was 2.96 W/kg, both for 1 W output power from the antenna.

Figure 7: Distribution of the local SAR on a) the middle coronal plane and b) the middle axial plane of the
MRI head model for the monopole on top of the Box operating at 900MHz. The values are normalized to the
maximum local SAR.

5. Discussion and Conclusions
The maximum SAR(10 g) value was higher than the basic limit of 2 W/kg SAR(10 g) over 6 minute period

according to the widely adopted exposure guidelines [1]; however, the following points must be noted:
1)In the simulations, it was assumed that the device was operating continuously. Nevertheless, time-

averaged power of a GSM device under real operating conditions was 1/8 of its nominal power. Therefore, for

Figure 8: Percentage of volume in the spherical
head models for which the local SAR has a value
smaller than 10% of the maximum local SAR.

a nominal operating power of 1W the actual time-averaged
output power was 0.125W [see also 3–5, 7, 8, 15].

2)The introduction of a dielectric scatterer like the human
head in the vicinity of the radiating antenna alters the input
impedance of the latter. In the calculations it was assumed
that all the power generated and transmitted by the electronic
devices to the antenna was fully radiated out; i.e., the antenna
and the transmission line were completely matched. This as-
sumption represented the worse case since only a portion of
the power was radiated from the antenna.

3)It was shown that the use of a metal box model for the
phone instead of a CAD model gives more conservative results,
i.e., higher SAR values [6].

Although the total absorbed power in most cases was lower
for 1800 MHz than for 900 MHz, the maximum SAR values are
higher for the higher frequency. The distribution of SAR in
the spherical head models shown as in Fig. 7, indicated that
the large SAR values were restricted within a volume close to
the surface of the model. In fact, in more than 94% of the head model volume the SAR was smaller than 10%
of the local maximum SAR for each case (see Fig. 8).

Finally, the results demonstrated that the area of the maximum local SAR was situated in outer layer
of skull, where muscle and skin were located. Since the maximum difference in dielectric properties between
muscle and skull was more than other tissues, the maximum reflection happened around the boundary of the
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two tissues. Thus maximum absorption power was seen in this border; and, because of the skin effect, with
increasing frequency the situation of the maximum local SAR would get closer to the outer layer of the head.
Also the results showed that the maximum SAR (10 g) was about 20% to 30% lower than maximum SAR (1 g)
under similar conditions.

In conclusion, the important parameters affecting the absorbed energy in the human head exposed to mobile
phone radiation were the type of antenna, current distribution and the distance between head and antenna;
and, head models used for simulation did not play any significant role in the calculations.
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We recently demonstrated a novel method for determining human total body water (TBW) intended for
patients suffering abnormal hydration using an electromagnetic resonant cavity perturbation (RCP) approach
[1]. RCP relies on asking a volunteer to lie in a large cavity resonator and changes in its resonant frequency,
fres, are observed due to the consequent perturbation of the dielectric properties. Utilising the relationship
that water content correlates to these dielectric properties at radio frequencies, it has been shown that the
measured response of these parameters enables determination of body water [2]. Measurements are made using
an automated network analyser operating in the transmission mode (measuring S21 or S12). The sensitivity
can be demonstrated by asking a volunteer to drink a small amount of liquid between measurements, and is
better than one litre. Although the sensitivity varies from subject to subject, we have shown that by fitting a
second-order polynomial to the variation of the gradient versus the mass-to-height ratio, we are able to develop
a prediction equation applicable to a wide range of ages and body types. Moreover, we have validated these
equations by conducting a cross-validation study using three reference methods; our predictions of TBW have
been shown to compare favourably.

Method: A rectangular electromagnetic screened room is utilised as an R.F cavity, which resonates at 59 MHz
when energy is coupled into the room. Two monopole probes are mounted on the ceiling of the room and couple
to the required vertical E-field (TE101 mode). Twenty-nine healthy volunteers were recruited and asked to lie
in the centre of a screened room at York University, UK, before and after drinking 1.25–2 litres of water and
isotonic fluid. For the cross-validation study, a further eighteen volunteers were invited to participate in a series
of experiments at the Centre for Bone and Body Composition at the Leeds General Infirmary, UK. TBW for
each volunteer was measured using three existing techniques; isotope dilution, dual X-ray absorptiometry and
bio-impedance analysis. These volunteers were also measured in the screened room at York University.

Results: A combination of the isotope dilution data and the corresponding measurements of ∆fres taken in
the screened room at York have been used to cross-validate the RCP prediction equations. Although a Bland and
Altman plot was used to correct a -2 litre drift in the data, agreement between the results is highly significant
(r = 0.95, p < 0.001). Precision is also encouraging; the standard deviation of 37 paired measurements is
2.6KHz, whilst resolution for the validation group ranges from 350–800 ml.

Conclusions: Predictions of TBW using electromagnetic RCP are favourable compared with reference meth-
ods; data is accurate and repeatable, and furthermore, resolution is better than 1 litre. This leads to confidence
in the integrity of the proposed technique.
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Electrochemical Treatment(EchT) has been applied clinically to patients with diseases of hemangioma, lung
and liver tumors, and so on.

In EchT, high electric field induces damage in the cells, first on the membrane than any other cell organelles
due to higher resistance of the phospholipid bilayers in the cell. The field-induced voltage drop mainly occurs
on the membrane. Moreover, because the cell dimension is a few orders of magnitude larger than the thickness
of the cell membrane, the strength of the induced electric field within the membrane is hundred to thousand
times higher than the apparent strength of the applied field. Such electric field may result in damage of the
membrane phospholipid bilayer and membrane proteins, and thus change the potential of voltage-gated ion
channels, especially potassium channels. In this study, we present the study on the variation of intracellular
potassium ions via the confocal microscopy, and by increasing the strength of applied electric field from 5 V and
up between two electrodes 5 mm apart.
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Qualitative Analysis of Human Semen Using Microwaves

A. Lonappan, A. V. Praveen Kumar, G. Bindu, V. Thomas, and K. T. Mathew
Cochin University of Science and Technology, India

Abstract—Microwave engineering now a days plays a vital tool in diagnostic and therapeutic medicine. A
quality evaluation of human semen at microwave frequencies using the measurements made at different intervals
of time by cavity perturbation technique in the S-band of microwave spectrum is presented in this paper. Semen
samples were also examined in the microscopic as well as macroscopic level in clinical laboratory. It is observed
that conductivity of semen depends upon the motility of sperm and it increases as time elapses, which finds
applications in forensic medicine.

1. Introduction

Accurate information about the dielectric properties of tissues and biological liquids is important for studies
on the biological effects at radio and microwaves frequencies. In macroscopic level, these electrical properties
determine the energy deposition patterns in tissue upon irradiation by an electromagnetic field. In microscopic
level, they reflect the molecular mechanisms, which underlie the absorption of electromagnetic energy by the
tissue or liquids. Knowledge of the microwave dielectric properties of human tissues is essential for the under-
standing and development of medical microwave techniques. Microwave thermography, microwave hyperthermia
and microwave tomography all rely on processes fundamentally determined by the high frequency electromag-
netic properties of human tissues. Tissue temperature pattern retrieval in the microwave thermography is
achieved using models of the underlying tissue structure, which depend particularly on the dielectric properties
of the tissue [1]. A recent review of published data on animal and human dielectric parameters shows that for
most tissue types animal measurements are good substitute for human tissues [2].

Gabriel et al., Cook and Land et al., reported the dielectric parameters of various human tissues at different
RF frequencies. [3–6]. Microwave study of human blood using coaxial line and wave-guide methods was carried
out by Cook [7]. Tissue samples of human brain at microwave frequencies were analysed using sample cell
terminated transmission line methods [8]. Open-ended coaxial line method allows measurements of tissue
samples over a wide range of frequencies [9].

Microwave medical tomography is emerging as a novel non-hazardous method of imaging for the detection
of fracture, swelling and diagnosis of tumors. Active and passive microwave imaging for disease detection and
treatment monitoring require proper knowledge of body tissue dielectric properties at the lower microwave
frequencies [10–12]. Studies on the variation of dielectric properties of body fluids and urinary calcifications at
microwave frequencies have revealed that diagnosis is possible through cavity perturbation technique [13–15].
The present paper reports dielectric properties of semen at microwave frequencies as well as the quantitative
analysis in the clinical laboratory. It is observed that conductivity of semen depends upon the motility of sperm
as well as the time elapses after ejaculation.

2. Materials and Methods

The experimental set-up consists of a transmission type S-band rectangular cavity resonator, HP 8714 ET
network analyser. The cavity resonator is a transmission line with one or both ends closed. The resonant
frequencies are determined by the length of the resonator. The resonator in this set-up is excited in the TE10ρ

mode. The sample holder which is made of glass in the form of a capillary tube flared to a disk shaped bulb at
the bottom is placed into the cavity through the non-radiating cavity slot, at broader side of the cavity which
can facilitate the easy movement of the holder. The resonant frequency fo and the corresponding quality factor
Qo of the cavity at each resonant peak with the empty sample holder placed at the maximum electric field are
noted. The same holder filled with known amount of sample under study is again introduced into the cavity
resonator through the non-radiating slot. The resonant frequencies of the sample loaded cavity is selected and
the position of the sample is adjusted for maximum perturbation (i.e., maximum shift of resonant frequency
with minimum amplitude for the peak). The new resonant frequency fs and the quality factor Qs are noted.
The same procedure is repeated for other resonant frequencies.
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3. Theory of Cavity Perturbation

When a material is introduced into a resonant cavity, the cavity field distribution and resonant frequency are
changed which depend on shape, electromagnetic properties and its position in the fields of the cavity. Dielectric
material interacts only with electric field in the cavity.

According to the theory of cavity perturbation, the complex frequency shift is related as [16]

− dΩ
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≈
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∫
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∫
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Equating (1) and (2) and separating real and imaginary parts results
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Here, ε̄r = ε′r−jε′′r , ε̄r is the relative complex permittivity of the sample, ε′r is the real part of the relative complex
permittivity, which is known as dielectric constant. ε′′r is the imaginary part of the relative complex permittivity
associated with the dielectric loss of the material. Vs and Vc are corresponding volumes of the sample and the
cavity resonator. The conductivity can be related to the imaginary part of the complex dielectric constant as

σε = ωε′′ = 2πfε0ε
′′
r (5)

4. Results and Discussion

Table 1: Variation of dielectric constant with frequency at different time intervals.

Frequency (MHz)
T = 5minutes

M23 M24 M29 M33
2439.019
2683.882
2969.983

11.93
11.91
12.12

12.90
12.44
13.92

11.17
10.93
11.96

14.11
12.52
13.21

T = 15minutes
2439.019
2683.882
2969.983

12.73
11.87
11.77

12.97
12.76
13.01

11.21
12.53
10.11

13.12
11.77
12.23

T = 30minutes
2439.019
2683.882
2969.983

11.01
12.37
13.53

12.60
12.56
12.90

12.86
12.38
12.71

14.01
13.81
13.92

T = 45minutes
2439.019
2683.882
2969.983

13.31
13.80
13.06

12.61
12.11
12.84

11.74
11.82
11.95

13.22
13.71
13.51
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Figure 1: Conductivity of semen.

Figure 2: Temporal behaviour of conductivity of M24.

The microwave studies on the samples are done by cavity perturbation technique and the results are shown
in Table 1 and in Figures 1 and 2. The clinical evaluation of the semen samples are done and the results
are tabulated in Table 2. Table 1 indicates the variation of dielectric constant of different semen samples at
different time intervals after ejaculation. It is observed that the dielectric constant is consistent at all frequencies
at different intervals of time after ejaculation. From Figure 1, it is observed that the conductivity of the semen
samples increases as frequency increases. This indicates that semen is lossier at higher frequencies due to the
presence of the high motile quick sperms and its absorption of electromagnetic energy. The conductivity of
the sample is more for high motile quick sperms and low conductivity for the dead sperms. From Figure 2,
it is observed that the conductivity of semen increase as time elapses. This is due to the clotting enzyme of
the prostatic fluid, which forms a coagulum in early stages after ejaculation, which makes the sperm remain
relatively immobile, because of the viscosity of the coagulum [17]. The conductivity is relatively low due to this
effect in early stages. As coagulum dissolves during the next 5 to 15 minutes, sperms become highly motile,
which causes an increase in the conductivity.

This has potential application in forensic medicine in that the elapsed time after ejaculation is directly
related to the conductivity of semen.
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Table 2: Quantitative analysis of semen in the clinical laboratory.

SEMEN ANALYSIS

M23 M24 M29 M33

Time of
collection

12.00 PM 12.15 PM 12.30 PM 12.35 PM

Time of
liquefaction

12.30 PM 12.45 PM 1.00 PM 1.05 PM

MACROSCOPIC EXAMINATION

Volume 1 ml 1.5 ml 0.5 ml 1 ml

Colour Opaque grey Opaque grey Opaque grey Opaque grey

Viscosity Normal Normal Normal Normal

pH 8.0 8.0 8.0 8.0

Liquefaction Within 30 Within 30 Within 30 Within 30

minutes minutes minutes minutes

MICROSCOPIC EXAMINATION

Motility

Quick 55 % 60 % 70 % 45 %

Sluggish 15 % 15 % 10 % 15 %

Dead 30 % 25 % 20 % 40 %

Sperm count 85million/ml 95 million/ml 100 million/ml 75million/ml

Pus cells 2-3/hpf 2-4/hpf 1-2/hpf 1-2/hpf

Morphology

Normal 85 % 90 % 88 % 89 %

Giant Head 3 % 2 % 3 % 3 %

Round head 4 % 4 % 2 % 2 %

Pin head 5 % 2 % 4 % 5 %

Double head 3 % 2 % 3 % 1 %

5. Conclusion
The microwave study of the semen samples is done using cavity perturbation technique. This technique

requires very small volume of sample and it is particularly applicable to biological samples like semen. The
study shows that the dielectric constant of given semen sample does not show appreciable variation with time or
with frequency. But it is observed that the conductivity of the semen sample increases as frequency increases,
which shows that semen is lossier at higher frequencies. Samples with high conductivity indicates the presence
of more high motile quick sperms and low conductivity indicate the more dead sperms. The conductivity of
semen increases as time elapses and this finds application in forensic medicine to find the elspsed time after
ejaculation.
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Microwave Thermotherapy — Technical and Clinical Aspects
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Institute of Radiation Oncology, Czech Republic

We would like to describe our new technical results dealing with microwave thermotherapy in the cancer
treatment. Our research interest is to develop applicators for deep local heating and for intracavitary cancer
treatment as well. Basic evaluation of clinical results is presented.
Deep Local and Regional Applicators

Microwave thermotherapy (hyperthermia) is being used for cancer treatment since early 80’s in many coun-
tries around the world. Since 1981 we were interested in the local external applicators working at 434 MHz
and 2450 MHz. These applicators were used here in Prague for the treatment of more then 500 patients with
superficial or subcutaneous tumours (up to the depth of approximately 4 cm). Now, following new trends in
this field, we continue our research in two important directions:

–deep local and regional applicators,
–intracavitary applicators.
For the deep local thermotherapy treatment we develop above all waveguide type applicators based on the

principle of evanescent mode waveguide, which is our specific solution and original contribution to the theory
of microwave hyperthermia applicators. This technology enable us:

–to design applicators with as small aperture as necessary also for the optimum frequency range for deep
local and/or for regional thermotherapy treatment (the frequency band between 27 and 70 MHz).

–using our technology we need not to fill the applicator by dielectric (necessary for deep penetration into
the biological tissue - i.e., up to 10 centimetres under the body surface).

–two to four of such applicators can be also used for regional treatment.
Waveguide type applicators are often used in the local external hyperthermia treatment of cancer and other

modifications of microwave thermotherapy as they offer very advantageous properties, above all:
–depth of penetration of the EM energy approaching the ideal case of plane wave,
–low irradiation of the energy in the vicinity of the hyperthermia apparatus,
–very good impedance matching, i.e., perfect energy transfer to the biological tissue.
We have studied waveguide applicators heating pattern for the aperture excitation at above and at under

the cutoff frequency. It has helped us to get analytical approximations of the electromagnetic field distribution
in the treated area of the biological tissue. The most important results for the effective heating depth d can be
characterised as follows:

–at high frequencies (above approx. 1000 MHz) the depth of effective heating d is above all a function of
frequency f (skin effect),

–bellow approx. 100MHz d is the dominantly function of the diameter D of applicator aperture (d = 0.386D).
Clinical Results

In the case of cancer treatment the long term statistics of clinical results can be described as follows:
Complete Response of Tumor . . . . . .53%
Partial Response of the Tumor . . . 31%
No Significant Response . . . . . . . . . . . . 16%

which corresponds to results obtained also by other groups in Europe.
*This research is supported by Grant Agency of the Czech Republic, project: “Microwave Imaging for Biomedical

Applications” (102/05/0959) and by the research program MSM6840770012 “Transdisciplinary Research in the Area of

Biomedical Engineering II” of the CTU in Prague, sponsored by the Ministry of Education, Youth and Sports of the

Czech Republic.
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Relative Absorption of Electromagnetic Energy in Adjacent
Tissues
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The hypothermia is an effective form of therapy over the years. In this technique, the elevated temperatures
are used for the treatment. It is possible to make use of the heat generated as a result of raise in temperature
for effectively treating the tumors and cancerous tissues. This is possible by allowing electromagnetic energy to
incident on the effective tissues for defined intervals.

For effective applications of such methods, the knowledge of the electromagnetic energy absorption in different
biological tissues is required. In fact, the absorption depends on frequency and the characteristics of the tissues.

In the present work, some studies are made to evaluate the relative absorption of electromagnetic energy
for different pairs of adjacent tissues. It is well known that, the permitivity, conductivity are also functions of
frequency and they differ from tissue to tissue.

The different orientations of the electric field of the electromagnetic wave are considered for computing the
above mentioned data. From the data obtained in the present work, the relative absorption of electromagnetic
energy is found to vary for each pair of tissues. It is also found to be dependent on the polarizations of the
electromagnetic wave that is incident on the tissues. The data of the present work is useful for the design of
radiation sources.
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Detection and Identification of Bio-medical Materials Possessing
Chirality Using the Mueller Matrix

E. Bahar
University of Nebraska-Lincoln, USA

Since bio-medical materials possess some degree of chirality, the specific impact of chirality on the Mueller
Matrix elements is analyzed. The canonical solutions for electromagnetic propagation in chiral media are the
right and left circular polarized waves. Therefore, initially the effects of chirality on the circular like and cross
polarized reflection coefficients are obtained.

It is shown that to within first order in the chirality parameters, only the circular, like polarized reflection
coefficients (right to right, left to left) are modified. However since the Mueller Matrix elements are usually
expressed in terms of linear like and cross polarized scattering coefficients, the corresponding expressions for the
linear polarized reflection coefficients are determined. It is shown that only the linear, cross polarized reflection
coefficient are modified. As a result (to within first order in the chirality parameter) only the eight quasi
off diagonal elements of the Mueller Matrix are effected by the chiral property of the bio-medical materials.
This reinforces the experimental observations from previous scattering experiments that the quasi off diagonal
Mueller Matrix elements could provide a basis for detection and identification of bio-medical materials.

The analysis provides the explicit relationship between the quasi off diagonal elements and the degree of
chirality of the bio-medical material. Thus it is possible to determine whether the chiral effects are sufficiently
large to provide the accuracy necessary to conduct species-level discrimination in the present of spurious contri-
butions due to surface roughness, etc. The explicit dependence of the Mueller Matrix elements (due to chirality)
upon frequency and angles of incidence is also determined. Thus it is possible to optimize the impact of chirality
on the Mueller Matrix in order to improve the feasibility of species level discrimination.
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Co-design Planar Antenna for “UWB”

T.-P. Vuong, Y. Duroc, and S. Tedjini
Institute National Polytechnique de Grenoble, France

G. Fontgalland
LEMA de l’Universidade Federal de Campina Grande, Brazil

In this paper a wide band antenna to cover the UWB band is proposed. One of the main features of this
antenna is the rejection frequency in the Wi-Fi band (around 5.2 GHz). The analysis results of the antennas
parameters, S11, VSWR and the radiated pattern, are presented. The communications, in special wireless, are
in the top of attention of researchers. The need of a high velocity bit transmission rate and the great number of
services that restrict the free operation band ask for new solutions to the communications systems. The UWB
(Ultra Wide Band) technology seems to be very prominent for this application, since it operates in a large band
with very low power transmission. The antenna in the UWB applications plays an important hole. This is
the reason why it is in focus. In this study for a new antenna, before goes to step measurement, a commercial
electromagnetic software CST microwave Studio version 5.0 is used to simulate antennas parameters. The
antenna geometry was simulated using a dielectric with relative permittivity εr = 4.4. The geometry obtained
here is optimized to reduce antenna dimensions. The co-design antenna (Fig. 1) presents the behavior of a
classical large band antenna and the behavior of a rejection band structure. In our case, the rejection was
selected to be around the Wi-Fi band (5.2 GHz). From Fig. 2, we can see that the new proposed antenna works
with reflection coefficient bellow of -10 dB in the band of 3.1 to 4.75 GHz and from 5.6 to 13.2GHz.

Figure 1: Co-design of studied patch antenna. Figure 2: Parameter S11 of the UWB antenna.
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