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Introduction

Denotations and symbols
Denotations

Explanation

E(x,y,z,t)

Electric field density

H(x,y,z,t)

Magnetic field intensity

D(x,y,z,t)

Electric flux density

B(x,y,z,t)

Magnetic flux density

J(x,y,z,t)

Current density

S(x,y,z,t)

Power density

n(x,y,z,t)

Normal vector

ε

Permittivity

µ

Permeability

σ

Conductivity

ρ

Charge density

we

Electric energy

wm

Magnetic energy

p

Ohmic power density

σ

k

Wave – number

ω

Angular frequency

S

Boundary surface

V

Volume

c

Speed of light

nc

Refractive index

n

Normal vector

ρ0

Density
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Introduction
Scope
The scope of this thesis is to find out if the specific absorption rate (SAR), imposed on the
human head from cellular phones, can be reduced without having an significant impact on the
overall performance and reception of the phone. The SAR values are influenced by various
different variables like, kind and size of the antenna, position of the antenna relative to human head,
radiated power from the antenna, distance and angel from human head and last but not least the
material covering the phone.
The methodologies that will be used are to investigate three different approaches to SAR
reduction. First approach is to investigate if the size and type of the material covering the antenna
have significant impact on the SAR radiation, second approach is to investigate if the angel of
phone in relation to human head have significant impact and as third approach is to investigate if it
is possible to change the composition of the material which would ultimately lead to SAR
reduction. The distance and antenna variations will not be investigated. The distance values will be
locked to 2.5 cm from the human head and the antenna length will be quarter of the 900 MHz wave
length. The investigations will be performed in a simulation program called FEMLAB and the
results will be showed in text and figurative form.

Purpose
The purpose of this thesis is to investigate the possibility to reduce SAR radiation without
minimizing the performance and reception of the phone. There will be compromise between
minimizing the SAR and reception of the phone because it is impossible to minimize the SAR with
these methods without having any impact on the phone reception. The goal is to maximize the SAR
reduction with 2dB reception reduction. Furthermore, the purpose of this thesis is to establish a
good foundation for further investigations in this area. Since this research can go on for a long time
the results from this research will not be definitive in any sense but rather an improvement from the
last result.
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FEMLAB
1 Introduction to FEMLAB
FEMLAB is a powerful tool for modelling and solving all kinds of scientific and engineering
problems expressed in Partial Differential Equations (PDE). The program is an extension to
MATLAB and the results collected from FEMLAB can be exported and further examined in
MATLAB. Even simulations done in FEMLAB can be exported as a MATLAB m-file and be
executed in MATLAB. FEMLAB can also be used to solve systems of non linear PDE:s but it is
mostly used to solve systems of linear PDE:s. FEMLAB includes three different PDE modes and
those are [2]:
•

The Coefficient form which allows you to perform linear solution to different problems
using PDE:s and coefficients that often correspond directly to various physical
problems.

•

The General form provides a computational framework specialized for highly non linear
problems.

•

The Weak form gives you the possibility to deal with the non linear problems in you
own ways where you specify the properties and solution to the problem.

FEMLAB is using a numerical method called Finite Element Method (FEM) to solve PDE:s.
FEM discretisizes the model into predetermined number of nodal points and solves PDE:s in each
of these points. The results from these equations can be plotted in several different plots e.g. slice
plot to see how fields propagate through material, surface plot to see how much of the surface is
exposed to radiation and boundary plot to see power outflow from an antenna.

To run a simulation in FEMLAB you need to specify following steps:
•

Choice of model.

•

Design the physical model.

•

Define the PDE:s.

•

Define the properties of the different materials in a model.

•

Boundary conditions for the PDE:s.
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•

The number of nodal points in the solution. (Mesh-grid, more points mean better
accuracy)

•

Choose a plot to visualize the results.

•

Export the results to MATLAB for further investigation.

2 Choice of model
In FEMLAB there are several different predefined physical models to use in your simulations.
Some of them are:
•
•
•
•
•
•

Structural mechanics
Fluid dynamics
Thermo dynamics
Chemical engineering
Electromagnetic module
Quantum mechanics

In this thesis I will only use electromagnetic module because I have no need of those others.
Those others modules are handled in similar fashion. The 3.0 version of the program gives us the
opportunity to conduct this research in 3D model. In this model you can also run static, transient,
and frequency domain simulations as well as mode analysis.

The electromagnetic module is divided into three different areas:
•

Electrostatic fields:

Is suitable when simulating physical objects where result is a static field. The result is
generated from stationary sources.
•

Magnetostatic and Quasi – static fields:

Is suitable for simulations where the size of the physical object is less than one tenth of the
frequency wavelength. In these physical objects the generating fields vary so slowly that the
resulting field is almost static. This mode is good when simulating low frequencies and
small objects e.g. power – transformers.
•

Electromagnetic waves:

This mode is applicable when dealing with larger object compared to frequency wavelength
e.g. antennas and wave – propagation.
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In the Electromagnetic waves mode you can calculate the Eigen modes and wave propagation
problems. Your choice of the model and modes to be used should suit the problem you are trying to
solve. In this thesis I will use electromagnetic module where I will use electromagnetic wave mode
to investigate wave propagation through different material.

The physical model shown in the figure is representing the model that will be used in the
simulations. The model represented in this document is two dimensional but all simulations will be
conducted in 3D.

Figure 1: The overview of the dipole antenna model where z-axis is outward from the picture

When FEMLAB is initiated you will be forces to make some choices before entering the
program. Your first choice should be to choose 3D space dimension. After that in the dialog box of
application modes you should choose RF Module and last the Electromagnetic waves button. This
procedure should lead you to the draw mode in the program where you are supposed to draw your
physical model.
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3 Designing the physical model
When FEMLAB opens you have directly entered the draw mode where you are supposed to
design the physical model and decide what geometrical properties the model should have. This is
done in an integrated CAD environment. You can also import already designed models that have
been designed in more powerful drawing programs like AUTOCAD or Rhinoceros. Since several
problems arose when importing the model from outside programs the physical model in this thesis
will be drawn in FEMLAB.
Two different models are used in simulations and they are dipole antenna and quarter pole antenna.

Figure 2: The overview of the quarter pole antenna model where z-axis is outward from the picture

More specified figure of the model is presented below. The quarter pole antenna is presented as half
the length of a dipole antenna with a conducting block under it.

Figure 3: Closer picture of the quarter pole antenna
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The dipole simulation is looking very similar to quarter pole simulation but with only one
difference, the antenna is half the wavelength which means twice the size of the quarter pole
antenna.
The dipole simulation is presented in the Figure 1. More specified figure over dipole simulation is
presented below.

Figure 4: Closer picture of the dipole antenna

The length of the dipole antenna can be calculated like:

c 2.99792458 ⋅ 108
v =c⋅f →λ = =
0,33310273
f
900 ⋅ 10 6
2.99792458 ⋅ 108 [m / s ] is speed of light.

900 ⋅ 10 6 [ Hz ] is the frequency used in simulations.
In the next step we take and divide the 0.33 with 2 and that is our length of the dipole antenna.
0,33310273
= 0,166551[m]
2

The next figure is representing the divided dipole simulation.
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Figure 5: Divided dipole simulation for easier explanation

Because of the fact that model in this thesis is drawn from scratch in the FEMLAB environment
it is limited with some restrictions because FEMLAB environment is not a fully drawing program.
First of all in some simulations just one spherical form was used as a representation of the human
head. I did not think it was as accurate as I wanted it to be so I investigated the possibility to make
the model more detailed. The answer was to build it like in the figure 5.
The air bubble spherical form needed to be inserted because the program uses it as an outer
boundary in the calculations. When all of the inside objects are put together they represent the
human head with all of the necessary parts in wave propagation calculations, skin, bone, fat,
cerebrospinal fluid (CSF), brain and dura. These divisions to more objects provide the
extraordinary opportunity too look inside the human head and measure the SAR values in every
object. To make the model as accurate as possible the length from the bone to the outer part of the
skin is decided to be 1 cm. Bone thickness is decided to be around 1,5 - 2 cm depending on where
you look. SCF thickness is approximately 0.5 cm and because of the limitations from the FEMLAB
it was possible to make it thinner. The length from the human head to the transmitting antenna will
constantly be 2,5 cm. Some more compromises this thesis had to cope with are that it was not
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possible to represent the human ear in the model because of the FEMLAB drawing limitations, in
some areas like CSF, fat or dura representation. Situation forced me to make the thickness wider
then what is in real scenario or incorporate it with some other organ. In this case I incorporated the
dura in the brain representation and fat with the bone. All of these compromises make the model
less real but compared to the model that most of the other researches did, it is more detailed and
specific. The object representing the antenna is just one line placed 2.5 cm from human head. The
real antenna existing in most today’s mobile phones is a lot more complicated. This simplification
of the antenna have no affect in the result because we only want to look at the radiation when it is
the most dangerous and that is when the antenna is transmitting with the 2W power output. To
simulate the power output some simulations where performed where I inducted the object
representing the antenna (line) with a current. This current would ultimately create radio waves in
the line and transmit them. To check that the right output is reached, boundary integration was used
to check that the antenna is transmitting with in the restriction of 2W [5].
The most common model of the human head representation in this research field is one
spherical object, and it is represented in the figure below.

Figure 6: Simple simulation of human head and transmitting antenna
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4 Define the PDE:s
The partial differential equations that describe the electromagnetic fields are Maxwell’s
equations. Those equations can be expressed in several different forms like differential or integral,
and they are stating the relationships between the fundamental electromagnetic quantities.

∂B
∂t
∂D
∇×H = J +
∂t
∇⋅B = 0
∇×E = −

∇⋅D = ρ
D = εE
B = µH
J = σE

(3.3.1)
(3.3.2)
(3.3.3)
(3.3.4)
(3.3.5)
(3.3.6)
(3.3.7)

By inserting equations (3.3.5), (3.3.6) and (3.3.7) into equations (3.3.1) and (3.3.2) you get:

∇ × H = σE + ε
∇ × E = −µ

∂H
∂t

∂E
∂t

(3.3.8)
(3.3.9)

After writing the equations on a time-harmonic form (see appendix B.2) [2],

E ( x, y , z , t ) = E ( x, y , z , ) e

j ωt

H ( x, y , z , t ) = H ( x, y , z , )e

j ωt

you can combine those equation into one another and you get:

∇ × (µ −1∇ × E ) − ω 2ε c E = 0

∇ × (ε c−1∇ × H ) − ω 2 µ H = 0

(3.3.10)
(3.3.11)
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In those equations we introduce a new constant called complex permittivity (see appendix B.4)
which is defining the electric properties of the media that the time-harmonic electromagnetic wave
is propagating through.

εc = ε − j

σ
ω

The governing equations that FEMLAB is using to solve electromagnetic problems are:

∇ × (µ r−1∇ × E ) − k 02ε rc E = 0
∇ × (ε rc−1∇ × H ) − k 02 µ r H = 0

(3.3.12)
(3.3.13)

After closer examination of the equations (3.3.10), (3.3.11), (3.3.12) and (3.3.13) you can see that
the only difference is introduction of a new variable called k which is the wave number of free
space and is defined as:

k0 = ω ε 0 µ0 =

ω
c

and the complex relative permittivity:

In the FEMLAB instructions the complex permittivity is defined as:

ε rc = n c 2 and that is the same thing as ε c = ε r − j

σ
only difference is that it is written in a
ε oω

different form.

5 Define the properties of the different materials in a model
FEMLAB uses the constitutive equations and Ohm’s law to define different material properties.
The properties are defined by variables
permeability and third is

D = εE
B = µH
J = σE

ε which expresses permittivity, µ which expresses

σ which expresses the conductivity in a material.
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To model materials in FEMLAB you need to specify both the conductive and dielectric
properties of the material. Since several different materials are represented in my model I had to
specify each and every one of them in term of conductivity and permittivity.
For the human head there are many different electric properties for every tissue incorporated in the
head. These variables where chosen to be represented in this thesis [1]:

Table 3.1: Characteristics of tissue inside the human head

Tissue

Density
(103 kg/m3)

Relative
permittivity
900 MHz

Conductivity

Skin

1.10

41.4

0.87

Fat + Bone

1.385

11.9

0.125

CSF

1.06

68.7

2.41

1.04

45.45

0.91

(Cerebrospinal fluid)
Brain+ Dura

Some modification of the properties are done because of the limitations of the FEMLAB,
calculation of a mean for fat and bone, and also for brain and dura (See Limitations section).
The different values for permittivity and conductivity have to be manually associated with
corresponding material. This is done under the menu Subdomain Settings in FEMLAB.

6 Boundary conditions for the PDE:s
Since FEMLAB is using finite element method to calculate the results we have to introduce the
outer boundaries for the calculation. If we did not introduce the boundaries the number of solution
points to solve would be infinite. For this simulation we need to introduce an outer boundary that
has the ability to let through the electro magnetic wave without reflecting anything back to the
antenna and model.

The boundary condition that is described in the FEMLAB instructions is using is defined as:
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µ0 µr
n × H + E − (n ⋅ E)n = (n ⋅ E S )n − E S
εc

(3.5.1)

Where the difference between E and ES is that the later one expresses the current on the surface.
The equation that is used in the program is defined as:
1
2

µ n × H + (ε −

jσ

ω

1
2

) n × (E × n) = −(ε −

jσ

ω

1
2

) ⋅ −n × (E S × n)

(3.5.2)

After rewriting the formula above we get:

µ ⋅n × H + (ε −
Then we introduce

jσ

ω

)n × (E × n) = − (ε −

εc = ε − j

jσ

ω

) ⋅ −n × (E S × n)

σ
, µ = µ 0 µ r (see appendix B1, B4) and divide both sides with
ω

-εc :

−

µ0 µr
n × H + n × (E × n) = −n × (E S × n)
εc

After using equality:

n × (n × E) = (n ⋅ E)n − E
and multiplying both sides with -1 we get:

µ0 µr
n × H + E − (n ⋅ E)n = (n ⋅ E S )n − E S
εc
Which is the equation defined in instruction material.

µ0 µr
is telling us what material the wave is propagating through in our case it is the air and has
εc
the properties :

εr = εc =1
σ =0
µr = 1
In the dialog window there are several predefined boundary conditions to choose from. The one
used in this thesis is called Impedance Boundary Condition.
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7 The number of nodal points in the solution (meshing)
Next step when performing simulations in FEMLAB is to define how many nodal solutions you
want in your result. By increasing nodal point’s number directly increases precision in your results.
In FEMLAB instructions is recommended that you measure at least two times during one wave
length, but to get credible results you should measure at least 6-8 times. In my case it means:

c = λ⋅f →λ =

c 2.99792458 ⋅ 108
=
0,33310273[m]
f
900 ⋅ 10 6

Wavelength is 0.33 m. Since I settled down due to the limitations of the performance of the
FEMLAB, to a mesh length of 0,045 [m] it means that I measure:

0.33310273
= 7.4 times during one wave length.
0.045

Figure 7: Illustration of the mesh looking from the outside
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Now when changing the view we can see that the FEMLAB increases the nodal points by making
the triangles smaller. We have to keep in mind that this is 3D and that those triangles are
represented in that way also.

Figure 8: Illustration of the meshing inside the model

As mentioned above the largest size of the triangles is defined to be 0.045[m] but the smallest
size is defined by FEMLAB. The final result is a numerical calculation in each of these triangles by
using Finite Element Method. In simulations performed in this thesis the number of triangles was
kept around 350 000 and by refining the mesh it meant that you multiply 350 000 with 3 because
simulations were performed in 3D. When trying to perform those calculations the program
malfunctioned and could not present a result.
The size of the mesh can be defined in the mesh parameters dialogue box which is located in the
menu Mesh.
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8 Choose a plot to visualize the results
After calculations FEMLAB has several different ways of presenting the result. There are
several available plots to choose from and those are: slice plot, isosurface plot, subdomain plot,
boundary plot, edge plot, arrow plot, deformed shape plot and streamline plot. Following plots will
be used in this thesis: slice plot, boundary plot and subdomain plot. Presented below is a plot called
slice plot. This is the default plot in 3D. It displays a quantity as a set of coloured slices through a
geometry. You can also specify want result you want FEMLAB to plot, that can be done under
menu Postprocessing and dialogue box slice plot. You can choose from: electrical field (Ex,Ey,Ez),
magnet field (Hx,Hy,Hz), power output etc. Furthermore you can combine plots to visualise the
results.
Slice plot:

Figure 9: Illustrations of slice plot looking from the different sides, the result shows Electrical field represented
in logical scale. The plot to the left represents view from right side, while right plot represents front view.

Boundary plot illustrates a quantity defined on a boundary. Boundary plot is presented below.
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Boundary plot:

Figure 10: Illustrates the boundary plot showing power output from an antenna

Subdomain plot:

Figure 11: Illustrating Electrical field imposed on subdomain from the antenna
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9 Export the results to MATLAB
In FEMLAB it is possible to save an entire modelling session as a sequence of FEMLAB
commands. This command sequence is called Model M-file and with them you can [2]:
•

Run commands directly from MATLAB command line or load it into FEMLAB

•

Modify the Model M-file using FEMLAB or MATLAB commands

The pros for using Model M-file are:
•

It is easy to document modelling into a readable format

•

Work with FEMLAB command line functions in MATLAB

•

Save, modify and load MODEL M-file back into FEMLAB

•

Insert MATLAB commands anywhere in the Model M-file

•

Start modelling in FEMLAB, then save it as a Model M-file and continue the modelling in
the MATLAB environment

•

The Model M-file is saved as a text file in which you can edit, add or remove commands
from the Model M-file.
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Research in type and length of the material shielding the
human head
1 Architectural description of the model
In this part of the thesis simulations will be conducted both with the dipole antenna and quarter
pole antenna. Then comparison between the results will be done too see difference in SAR and
reception. In the next part of the thesis only simulations with the quarter pole antenna will be
performed due to the similarities with the antenna used in the mobile phones. The model is quite
simple and it is containing of a human head and an antenna. Between the head and the antenna a
shielding material is placed which I will change in type and length. The antenna is placed 2.5 cm
from the human head and the shielding material is placed between the human head and the antenna,
1.0 cm from the antenna. Shielding material is placed approximately 1.5 cm from human head, the
measurement is not precise due to head shape. These lengths are chosen because of the width of the
Samsung D600 phone [6]. Since an ear is missing in the model assumption that width of the ear is
0.5 cm is made. In the dipole simulations two different models will be used. In the first model
entire antenna will be covered with the shielding material and in the other case only half of the
antenna will be covered in the middle because the radiation is strongest there. Furthermore in the
quarter pole simulations also two different models will be used. In the first model just like with the
dipole simulations entire antenna will be covered while in the second model only the lower part of
the antenna will be covered because radiation is highest there because of the copper plate beneath
the antenna. In both cases material type will be changed. The length of the shielding material
covering the quarter pole antenna will be locked to 9cm in the case where we cover the whole
antenna and 4.5 cm in the case where we cover the lower part of the antenna. The length 9 cm is
also derived from the length of the Samsung D600 phone [6].
The length of the material shielding the dipole antenna will be locked to 19 cm in the case
where we want to cover the entire antenna and 9 cm where we only cover a part of the antenna. In
both cases creation of an air bubble which works as a boundary in FEM calculations will be
performed. The human head will be constructed as explained in Part 1, chapter 3 “Designing the
physical model”. The quarter pole antenna will be represented as half the length of the dipole
antenna with a copper plate beneath to work as a ground plane. Only one material will be chosen to
continue to use in second and third part of this thesis. In my choice consideration about the cost of
the material will be done because examination of the real time cost if implementing this solution.
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Furthermore I will also take into consideration the SAR values and reception of the phone. In the
next chapter material that was chosen will be used in the research if the angular position of the
phone influences the SAR and reception of the phone.

2 Overview over model and parameters used
First representation of the dipole antenna simulations will be shown and then quarter pole
simulations.

Figure 12: Illustration of dipole antenna simulation in case when covering entire antenna
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Figure 13: Closer look at the dipole antenna simulation

Figure 14: Illustration of quarter pole antenna simulation in case when covering entire antenna
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Figure 15: Closer look at the quarter pole antenna simulation

Parameters that were used in those simulations are:

Table 2.1: Parameters used in simulations

Subdomain

Permeability

Relative
permittivity

Conductivity

1. Skin

1

41.4

0.87

2. Fat + Bone

1

11.9

0.125

3. CSF
4. (Cerebrospina
l fluid)
5. Brain+ Dura

1

68.7

2.41

1

45.45

0.91

6. Copper

1

1

5.99 ⋅10 7

4000

1

1.12 ⋅ 10 7

8. Aluminium

1

1

3.774 ⋅ 10 7

9. Quartz

1

4.2

1 ⋅ 10 −12

7. Iron
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3 Simulation results
First presentation of the results from the dipole simulations will be done and after that quarter pole
results from quarter pole simulations.
•

Reception left side is measured in FEMLAB with the method of integrating power
output over the boundary from the opposite side of the dipole antenna.

•

SAR measurement is explained in appendix A4.

Table 2.2: Is representing results gathered from dipole simulations

Material
1.
2.
3.
4.
5.
6.
7.
8.
9.

Reception left
side [W]

Aluminium
Copper
Iron
Quartz
Aluminium *
Copper *
Iron *
Quartz *
Without
material

0.005724
0.005724
0.005724
0.08794
0.118076
0.118076
0.103462
0.088197
0.087928

SAR skin

SAR brain

[W/kg]
0.39458
0.39458
0.39457
3.358
7.4785
7.4785
3.6186
3.6439
3.63

[W/kg]
0.053055
0.053055
0.053055
0.96004
1.3906
1.3906
0.92817
1.0378
1.0402

Table 2.3: Is representing results gathered from quarter pole simulations

Material
1.
2.
3.
4.
5.
6.
7.
8.
9.

Aluminium
Copper
Iron
Quartz
Aluminium *
Copper *
Iron *
Quartz *
Without
material

Reception left
side [W]
0.026488
0.025578
0.026488
0.064385
0.050082
0.050543
0.050543
0.063993
0.064514

SAR skin

SAR brain

[W/kg]
1.6709
1.6363
1.6709
10.335
8.6574
8.5674
8.5674
10.378
10.393

[W/kg]
0.25056
0.25026
0.25056
1.0003
0.98825
0.97973
0.97973
1.0313
1.0586

* is a notation telling that it is simulation performed when shielding half of the antenna
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These measurements are performed in FEMLAB except the SAR values which were exported to
MATLAB for further processing. Difference between measuring the SAR values in real time and
my measurements is that in real time the measurement is performed several times on an area of 1 g
to 10 g and the largest value is taken as SAR value [7]. In my case I hade to export a slice of human
head to MATLAB and calculate the SAR values there. 1400 measurements of electric field strength
are gathered and then calculation of a mean which were used in SAR formula (see appendix A.4).
Now in the next table presentation of another way of calculating SAR values will be shown. In this
case the highest electric field value will be taken and used in the formula. This is done because of
the fact that the highest value in that array is placed somewhere in the head. That highest point is
representing an affected tissue cell from the electric field. This is done because of the fact that the
larger tissue you have the more electric field strength you need to make any damage on the cell e.g.
if you measure SAR values on the entire human body the result would be hardly measurable. That
works the other way also, the smaller cell you have less electric field strength you need to make any
damage on that cell. Based on that theory the SAR values should be kept smaller in case when
measuring SAR in a certain point, to prevent any damage on human tissue. The table with the
highest SAR values is presented below:
Table 2.4: Is representing maximum SAR values gathered from quarter pole simulations

Material
1.
2.
3.
4.
5.
6.
7.
8.
9.

Aluminium
Copper
Iron
Quartz
Aluminium *
Copper *
Iron *
Quartz *
Without material

SAR max. [W/kg]
0.81034
0.79313
0.81033
1.0003
3.2678
3.236
3.236
3.5936
3.6315

* is a notation telling that it is simulation performed when shielding half of the antenna
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Table 2.5: Is representing maximum SAR values gathered from dipole simulations

Material
1.
2.
3.
4.
5.
6.
7.

Copper
Iron
Quartz
Copper *
Iron *
Quartz *
Without material

SAR max. [W/kg]
0.20141
0.2014
1.9119
3.7519
2.1371
2.0338
2.0117

* is a notation telling that it is simulation performed when shielding half of the antenna

4 Result assessment
When inspecting the table 2.2 we can easily see that SAR values drop when shielding entire
antenna. Dropping of the SAR values is directly connected to the fact that we shield entire antenna.
When shielding only half of the antenna we can see that the SAR values increase but they are still
lower than the values than when we do not use any shielding material. It is only in the case when
we shield half of the antenna and use copper as shielding material that we get the opposite results to
what we expected. In this case the copper plate works as a boost to power output from the antenna
and that ultimately causes the radiation and SAR values to increase. We get similar results when
using the iron but the only difference is that the SAR values are still lower than in the case when we
do not use any shielding material. In the iron case I think that the iron plate change direction of the
radiation to pass beside the human head and that ultimately increases the radiation levels while still
decreasing the SAR values. By using iron as a shielding material we gain reception on the left side
by almost 20 % while we lower the SAR values by ca 10%. This mathematics works very well but
it is not achievable because of the fact that iron is too heavy to use as a shielding material. Who
would like to buy a phone that is twice as heavy a concurrent while the price is 20 % higher?
These phenomenons when increasing reception are not duplicated when we conduct simulations
with the quarter pole antenna.
We can also easily see that quartz is quite similar to ordinary plastic and have very little effect in
terms of influencing the SAR values while same as the iron it seem to have the effect of bending
the radiation to pass beside the human head and increase radiation in that direction. By direction I
mean in the opposite side from where the antenna is places in relation to human head.
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What we also can see is that both the radiation and the SAR values drop dramatically when we
cover the entire antenna with a high conductivity material. This relation will be investigated further
in Part 3 of the thesis.
By investigating table 2.3 we can see that in the quarter pole simulations we do not have any
phenomenons that stick out from the ordinary. The theory that the higher conductivity the smaller
SAR values is proved to be right where in the copper case when shielding the entire antenna we get
almost 80% SAR reduction. The negative side is that the reception left also drops by 60 %. Quartz
is showing good abilities to diverge the radiation from the human head but it is not worth to pursue
that material because of the composition of quartz. It is too hard and it would be almost impossible
to make a phone shell out of quartz. The material that I choose to investigate further is aluminium
which has high conductivity, low density and would be achievable to use in phone shells. Pictures
from aluminium simulations can be seen in appendix C.
Why I chose to introduce the maximum measured SAR values is to see if that value will change
when we change the angular position of the phone. Furthermore a reason why I chose to introduce
that kind of measurement is because of the fact that it is far more accurate that the standard used
right now because I can measure over an area that is smaller than 1 g to 10 g [7].
Measurement with the SAR values in skin is also extracted because of the fact that investigation of
how they change with the change of angular position of the phone.
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Research in angular position of the phone
1 Architectural description of the model
In this part of the thesis simulations using both the quarter pole antenna and dipole antenna will
be performed and investigation if the angular position of the phone will have impact on the
reception and SAR values will be performed. Simulations without any shielding material will be
performed and with aluminium as shielding material. The SAR values will of course be larger
without the shielding material but what I am out after here is to compare if the same angel will have
the same impact in reception and SAR values. In the next part of the thesis only simulations with
the quarter pole antenna will be performed and investigation of what material composition will
lower SAR values without compromising too much on the reception will be performed. The model
is same as before and it is containing of a human head and an antenna. Between the head and the
antenna a shielding material is placed which will not change, only aluminium will be used. The
antenna is placed 2.5 cm from the human head and the shielding material is placed between the
human head and the antenna, 1.0 cm from the antenna. Shielding material is placed approximately
1.5 cm from human head, the measurement is not precise due to head shape.
In the case when using the shielding material entire antenna will be covered.
The human head will be constructed as explained in Part 1, chapter 3 “Designing the physical
model”. Furthermore same boundaries conditions and antenna configurations (2W effect and
900MHz frequency) as in simulations before will be used. Shifting the degree value from 20
degrees to 60 degrees whit the step of 10 degrees both in dipole simulations and quarter pole
simulations will be done. The results will be presented in the table form and they will also be
examined in the third chapter of this part. In the next chapter overview over the model and
parameters used in simulations will be shown.
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2 Overview over model and parameters used

Figure 16: Illustration of dipole antenna simulation in case when turning the antenna 20 degrees

Figure 17: Illustration over quarter pole antenna when turning the antenna 20 degrees

31

Part 3: Research in angular position of the phone

Table 2.6: Parameters used in simulations

Subdomain

Permeability

Relative
permittivity

Conductivity

1. Skin

1

41.4

0.87

2. Fat + Bone

1

11.9

0.125

3. CSF
4. (Cerebrospina
l fluid)
5. Brain+ Dura

1

68.7

2.41

1

45.45

0.91

6. Aluminium

1

1

3.774 ⋅ 10 7
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3 Simulation results
Table 2.7: Illustration of the results gathered from the dipole antenna

Simulations
without shielding
material
1.
2.
3.
4.
5.
6.

0 degrees
20 degrees
30 degrees
40 degrees
50 degrees
60 degrees

Reception left
side [W]

SAR skin

SAR brain

[W/kg]

[W/kg]

0.087928
0.061387
0.05434
0.053063
0.055219
0.062691

3.63
3.7617
3.8458
3.9108
3.9767
4.0218

1.0402
0.96668
0.86698
0.75513
0.6719
0.58928

Table 2.8: Illustration of the results gathered from the quarter pole antenna

Simulations
without shielding
material
1.
2.
3.
4.
5.
6.

0 degrees
20 degrees
30 degrees
40 degrees
50 degrees
60 degrees

Reception left
side [W]

SAR skin

SAR brain

[W/kg]

[W/kg]

0.064514
0.046914
0.038142
0.03272
0.031414
0.033054

10.393
9.5324
9.451
9.2112
9.2591
9.3422

1.0586
1.0113
1.0697
1.1005
1.1039
1.008

Table 2.9: Illustration of the results gathered from the quarter pole antenna with aluminium as shielding
material

Simulations using
aluminium as a
shielding material
1. 0 degrees
2. 20 degrees
3. 30 degrees
4. 40 degrees
5. 50 degrees
6. 60 degrees
7. 0 degrees *
8. 20 degrees *
9. 30 degrees *
10. 40 degrees *
11. 50 degrees *
12. 60 degrees *

Reception left
side [W]

SAR skin [W/kg]

0.026488
0.019422
0.017021
0.015813
0.015866
0.016844
0.050082
0.035986
0.031128
0.027433
0.026613
0.029682

1.6709
1.6687
1.6491
1.6832
1.7028
1.7002
8.6574
8.2557
8.1471
8.0188
7.9697
7.4054

SAR brain
[W/kg]
0.25056
0.25474
0.24769
0.25048
0.24318
0.23314
0.98825
0.9994
0.99797
1.038
1.0284
0.97597

* is a notation telling that it is simulation performed when shielding half of the antenna
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The next two tables will show maximum SAR values gathered under simulations when changing
angular position of the phone. Those values will be measured same as in previous part of the thesis.
Table 2.10: Is representing maximum SAR values gathered from dipole simulations

Material
1.
2.
3.
4.
5.
6.

0 degrees
20 degrees
30 degrees
40 degrees
50 degrees
60 degrees

SAR max. [W/kg]
2.0117
2.0948
2.0728
1.9557
1.841
1.7791

Table 2.11: Is representing maximum SAR values gathered from quarter pole simulations

Material
1.
2.
3.
4.
5.
6.

0 degrees
20 degrees
30 degrees
40 degrees
50 degrees
60 degrees

SAR max. [W/kg]
3.6315
3.5377
3.6751
3.6748
3.5692
3.5532

Table 2.12: Is representing maximum SAR values gathered from quarter pole using aluminium as a shielding
material

Material
1. 0 degrees
2. 20 degrees
3. 30 degrees
4. 40 degrees
5. 50 degrees
6. 60 degrees
7. 0 degrees *
8. 20 degrees *
9. 30 degrees *
10. 40 degrees *
11. 50 degrees *
12. 60 degrees *

SAR max. [W/kg]
0.81034
0.82231
0.80238
0.7977
0.81131
0.79902
3.2678
3.2583
3.2086
3.1942
3.2176
3.1026

* is a notation telling that it is simulation performed when shielding half of the antenna
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4 Result assessment
In the table 2.7 that is representing results gathered from dipole simulations we can see that SAR
values in brain decrease when we change the angel. This can be explained by the fact that the
radiation has to go somewhere, in other words when decreasing in head the SAR values increase in
the skin which can be seen in the figure below. Complement to this figure can be found in picture
form in appendix D.
4,1

1,2

4

1

3,9

3,8
0,6
3,7

Skin SAR values

Brain SAR values

0,8

0,4
3,6
0,2

0

3,5

0

20

30

40

50

60

1,0402

0,96668

0,86698

0,75513

0,6719

0,58928

3,63

3,7617

3,8458

3,9108

3,9767

4,0218

3,4

Rotation in degrees

Figure 18: Illustration representing how SAR values change in brain and skin when we change the angle

The table 2.7 is also presenting what happens with the reception on the left side of the head. We can
see that the reception is not changing that much but SAR values for skin increase gradually. When
we reach 60 degrees, the SAR values for brain decrease to 0.58928 W/kg while SAR values for
skin increase to 4.0218 W/kg. For SAR values in brain that means reduce by almost 40% while for
SAR values in skin it means increase by almost 7 %. Furthermore we reach highest values for
reception left which can be explained that the antenna when placed 60 degrees sticks out beside the
human head which ultimately increases the reception.
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Comparing these results with the results representing highest SAR values that are presented in table
2.10 we can see that maximum SAR values for brain measured on that area decline by 11%. From
these results we can conclude that we get SAR reduction in that measured area. On the other hand
we can not conclude definite reduction of SAR because of the fact that we measured SAR only on
one place in the head. By expanding measurement area to more places we would probably measure
similar results to one that I measured.
By further investigation of tables 2.8 and 2.9 we can see that we do not have any linear declines as
shown in the table 2.7. Quarter pole antenna presents similar results with the exception of not
presenting linearity. What can be extracted from these two tables is the fact that the SAR values go
up and down with the change of the angel while the reception on the left side declines. This can be
explained by the fact that by turning the antenna the human head shields more and more. This
should result in increase of SAR values and it does that in some cases. What should be mentioned
one more time is the fact that I measure SAR values twice and on two places. If the SAR values
increase on some other places that are not incorporated in my measured areas then those result will
not be represented by my measurements.
By comparing the tables 2.7 and 2.8 we can see that SAR values for skin are higher when we use
quarter pole antenna then when we use dipole antenna. This can be explained by the fact that when
electric field values were exported from the quarter pole simulations I first found out where the
radiation where highest. The same area was used when results from dipole simulations were
exported. If I located area with the highest radiation in the dipole simulations similar results would
be gathered. Furthermore one explanation to why SAR values do not change that much is because
of the fact that even when we change the angular position of the phone we still have the same
distance between the antenna and the measured area.
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Research in material composition
1 Architectural description of the model
In this part of the thesis only simulations using the quarter pole antenna will be conducted and
investigated how the SAR values change when we change the electric parameters that describe
different materials. Simulations will be conducted with a shielding material and change the
parameters that describe how wave propagate threw them. The model is same as in the first part of
this thesis with one antenna with the output of 2 W and a human head. Results of this research will
provide us with the relation between permittivity and conductivity of the shielding material with
SAR values. Description of permittivity that can be found on the internet is that permittivity is a
physical quantity that describes how an electrical field affects and is affected by a dielectric
medium, and is determined by the ability of a material to polarize in response to the field and
thereby reduce the field inside the material. Thus, permittivity relates to a material’s ability to let
through an electrical field. Conductivity is a measure of a material’s ability to conduct an electrical
current.
Furthermore the human head will be constructed as explained in Part 1, chapter 3 “Designing
the physical model”. Furthermore I will use the same boundaries conditions and antenna
configurations (2W effect and 900MHz frequency) as in simulations before.
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2 Overview over model and parameters used

Figure 19: Illustration of quarter pole antenna simulation in case when covering entire antenna

Figure20: Closer look at the quarter pole antenna simulation
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3 Simulation results
The graph below illustrates how reception on the left side of the human head (opposite side
from the antenna), change when we change permittivity and conductivity.

Reception
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0,044062
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0,027544
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0,028894

4,56
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0,044084
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0,027544

0,028134

0,028894

Figure 21: Illustration of reception when changing the permittivity and conductivity
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Relation between SAR and conductivity and permittivity
1
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0,8
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0,22946
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Figure22: Illustration of SAR values when we change permittivity and conductivity
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4 Result assessment
By examining the figure 21 we can see that the reception starts to change only when
conductivity is below 20 S/m. When examining what happens when we increase the conductivity
we always get the same result. This phenomenon can be explained by the fact that the resolution by
that I mean number of nodal points in that area, is too low to measure any difference. If we look at
that fact deeper we can say that the changes in the reception are so small that they can be discarded.
Simulations were performed from zero in conductivity to 37740000 S/m which is conductivity
value for aluminium, too see what happens. To my surprise I found out that most of the change
happens between zero and 20 S/m. From this we can conclude that most of the significant impact
imposed on the reception values by shifting the conductivity is below 20 S/m. Figures below
represent what happens with the reception when we look at how reception changes when we change
permittivity and use fixed values on conductivity. I will investigate little deeper what happens when
conductivity is zero because that is conductivity value for ordinary plastic.

Change in reception when conductivity is locked to 0 [S/m]
0,0662
0,066
0,0658

[W]

0,0656
0,0654
0,0652
0,065
0,0648
0,0646
0,0644

2,56

3,06

0,066052

0,065711

3,56

4,06

4,56

0,065522

0,065294

0,065083

Permittivity

From this figure we can see that reception decreases by 1.5 % when we change the permittivity
from 2.56 to 4.56. For ordinary plastic the permittivity is supposed to be between 2 -5 F/m.
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Change in reception when conductivity is locked to 2 [S/m]
0,05424
0,05422
0,0542

[W]

0,05418
0,05416
0,05414
0,05412
0,0541

2,56

3,06

3,56

4,06

4,56

0,054231

0,05421

0,054188

0,054166

0,054144

Permittivity

In this figure the conductivity is locked to 2 s/m and the reception decreases by 0.16 %. These
results can be discarded because of the low change. What make these results even more interesting
are the figures below.
Change in reception when conductivity is locked to 5 [S/m]
0,04409
0,04408
0,04407

[W]

0,04406
0,04405
0,04404
0,04403
0,04402
0,04401

2,56

3,06

0,04404

0,044051

3,56

4,06

4,56

0,044062

0,044073

0,044084

Permittivity

Here the reception increases with the change of permittivity and we get the same result in the
next figure.
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Change in reception when conductivity is locked to 20 [S/m]
0,02991
0,0299
0,02989

[W]

0,02988
0,02987
0,02986
0,02985
0,02984

2,56

3,06

0,029868

0,029878

3,56

4,06

4,56

0,029887

0,029897

0,029906

Permittivity

This phenomenon I can not explain based on the material gathered in this thesis. I presume that
this has something to do with the low resolution on the measured area but I am not sure because of
the fact that the increase is constant. Further research in this area is required for any conclusion to
be made. The next figure will show how the SAR values change when we use fixed value on the
conductivity and change the permittivity.
Change in SAR values when conductivity is locked to 0 [S/m]
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0,928
0,926
SAR [W/kg]
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0,922
0,92
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0,916
0,914
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3,06

3,56

4,06

4,56

0,92911

0,92641

0,92377

0,92116

0,91861

Permittivity

43

Part 4: Research in material composition
From this figure we can see that SAR values decrease by 1.2 %. Now we can compare results
from this figure and results from figure where we looked at the reception change with the same
parameters used. We get 1.5 % decrease in the reception while we get 1.2 % decrease when we
change permittivity. Furthermore we get some decrease in the cases where we use locked values on
conductivity but that change is so small that it can be discarded.
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Limitations
The limitations of this thesis lie in the fact that compromise in a lot of areas were required, to be
able to perform any simulations at all. First compromise in this thesis was that the antenna is not
represented in the physical model. That because representation of the antenna would take long time
to create and in the end I would end up with a perfect antenna but not enough data to analyse in the
area I was supposed to investigate. The replacement of that antenna was a line that was induced
with current in to create radio waves. The limitation of that replacement is that when power output
was measured it depended on the resolution of the nodal points. That limitation affects my
measurement by introducing the doubt of power output restriction to 2W.
Next limitation is the fact that I hade to compromise with the tissue layers in the human head.
To avoid the hardware constraints some tissue layers were merged. That was done because of
simplification of the physical model so it fulfilled the software and the hardware requirements.
Brain and dura were merged and that directly influenced my measurements in that area.
Furthermore bone and fat were merged and that also influenced my measurements because
measurements were performed in that area also. So my measurements in skin and brain are not fully
accurate because of the fact that I hade to manipulate the property values.
Next compromising that I hade to do was the fact that I was forced to lower the resolution in
some areas of the physical model while I increased the resolution in other areas. That was done
because of the fact that lowering simulation times was required at that time. The area that got
lowered resolution is the “air bubble” around the human head. Since reception was measured on
that area the results are not accurate.
Finally the biggest limitation of this thesis lie in the program FEMLAB itself. The nodal point’s
solutions provide us with a result that is quite spread and to fulfil those areas between FEMLAB
calculates them by calculating a mean between two nearest nodal point solutions. However that
calculation depends on what method is used during simulations. That limitation introduces an
uncertainty in all calculations and measurements performed in this thesis.
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Conclusions
FEMLAB
The FEMLAB is a very powerful interactive environment for modelling and solving all kinds of
problems based on partial differential equations. With this program you can also solve coupled
physical phenomena. Furthermore this program provides you with the ability to visualize the results
in many ways. However this program also has its shortcomings and from my point of view its
biggest shortcoming is the constrained CAD environment. FEMLAB avoids this liability by giving
you the opportunity to import already finished CAD models but the models must be constructed so
they fulfil some requirements set by FEMLAB.
FEMLAB provides you with the ability to export the model and run the simulation in
MATLAB. The file is then called Model M-file and it can be saved as a text file which you then
can edit and execute afterwards. An example of this Model M-file is represented in appendix E.

Type and length
From these simulations we can see that the higher conductivity in material provides us with a lower
SAR values. We can also see that we get the lowest values when covering the entire antenna but
then we loose too much in the reception. Best results we get when using quartz as a shielding
material because we get decrease in SAR values by 5.5 % while reception decreases by 0.2 %. In
dipole simulations we get increase in both reception and SAR values when using copper and
aluminium as a shielding material. That is result of a placement of the material, in some cases you
get increase in reception and in some decrease. If you place the material at a certain place the
shielding material will also work as an antenna.

Angular position
From these measurements we can conclude that the SAR values change when we change the angle
of the phone. In the dipole case we get the linear decline of the SAR values in the brain while we
get the linear increase of the SAR values in the skin. This can be explained by the fact that in one
case when turning the antenna we increase the distance between the antenna and measured area and
in the other it is the other way around. We get similar results when simulating the quarter pole
antenna. The difference is that we do not have the linearity. Conclusion from this part is that when
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changing the angle the SAR values do not decrease but rather they move to another place in the
head. So by changing the angle you lower SAR values at one place while increasing at another.

Composition of the material
From these simulations we can see that most of the change happens between zero and 20 S/m in
conductivity. From my measurements I conclude that the best composition is that we use 4,56 in
permittivity and zero in conductivity. We get decrease in both SAR values while loosing some of
the reception. However all of these numbers and measurements are gathered using a program that
has the ability to be more precise but the hardware of the computer could not sustain that workload.
To be able to perform any measurements at all I hade to lower the resolution to the point that the
measurements could be misleading or not credible. So my results should not be seen in any word of
sense as a definitive results but rather as a pointer to where future research should be conducted.
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Appendix A
A.1 Calculations with the nabla operator ( ∇ )
(A.1.1)

∇(ϕ + ψ ) = ∇ϕ + ∇ψ

(A.1.2)

∇(ϕψ ) = ψ∇ϕ + ϕ∇ψ

(A.1.3)

∇(a ⋅ b) = (a ⋅ ∇)b + (b ⋅ ∇)a + a × (∇ × b) + b × (∇ × a)

(A.1.4)

∇(a ⋅ b) = −∇ × (a × b) + 2(b ⋅ ∇)a + a × (∇ × b) + b × (∇ × a) + a(∇ ⋅ b) − b(∇ ⋅ a)

(A.1.5)

∇(a + b) = ∇ ⋅ a + ∇ ⋅ b

(A.1.6)

∇ ⋅ (ϕa) = ϕ (∇ ⋅ a) + (∇ϕ ) ⋅ a

(A.1.7)

∇ ⋅ (a × b) = b ⋅ (∇ × a) − a ⋅ (∇ × b)

(A.1.8)

∇ × (a + b) = ∇ × a + ∇ × b

(A.1.9)

∇ × (ϕa) = ϕ (∇ × a) + (∇ϕ ) × a

(A.1.10)

∇ × (a × b) = a(∇ ⋅ b) − b(∇ ⋅ a) + (b ⋅ ∇)a − (a ⋅ ∇)b

(A.1.11)

∇ × (a × b) = −∇ × (a ⋅ b) + 2(b ⋅ ∇)a + a × (∇ × b) + b × (∇ × a) + a(∇ ⋅ b) − b(∇ ⋅ a)

(A.1.12)

∇ ⋅ ∇ϕ = ∇ 2ϕ = ∆ϕ

(A.1.13)

∇ × (∇ × a) = ∇(∇ ⋅ a) − ∇ 2 a

(A.1.14)

∇ × (∇ϕ ) = 0

(A.1.15)

∇ ⋅ (∇ × a) = 0

(A.1.16)

∇ 2 (ϕψ ) = ϕ∇ 2ψ + ψ∇ 2ϕ + 2∇ϕ ⋅ ∇ψ
∧

(A.1.17)

∇r = r

(A.1.18)

∇×r =0

(A.1.19)

∇×r =0

(A.1.20)

∇⋅r = 3

(A.1.21)

∇⋅r =

(A.1.22)

∇(a ⋅ r ) = a , a is a constant vector

∧

∧

2
r
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(A.1.23)

(a ⋅ ∇)r = a

(A.1.24)

∧
∧
∧
a
1
(a ⋅ ∇) r = (a − r (a ⋅ r )) = ⊥
r
r

(A.1.25)

∇ 2 (r ⋅ a) = 2∇ ⋅ a + r ⋅ (∇ 2 a)

(A.1.26)

∇u ( f ) = (∇f )

(A.1.27)

∇ ⋅ F ( f ) = (∇f )

dF
df

(A.1.28)

∇ × F ( f ) = (∇f ) ×

dF
df

(A.1.29)

∇ = r (r⋅ ∇) − r× (r× ∇)

∧ ∧

du
df

∧

∧

A.2 Spherical coordinates
Spherical coordinates are a system of curvilinear coordinates that are natural for describing
positions on a sphere [3].

Figure A1: Illustration of spherical coordinates

When changing from Cartesian to spherical coordinates they relate to each other like:

where

,

, and
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A.3 SAR measurement
Specific Absorption Rate (SAR) is a value describing how much power is absorbed in a biological
tissue when the tissue is exposed to electromagnetic radiation. SAR level is limited to different
values in different countries, in Sweden the limitation set on the SAR is 2 W/kg and it is a mean
value over a period of six seconds while in USA for example they have SAR limitations of 1.6
W/kg measured on a tissue of 1g [4].
The mathematical formula for SAR for 1g to 10 g of tissue measurement is defined as [7]:

σ⋅E
SAR =
[W / kg ] ; where E is the electrical field, σ is the conductivity of the material
ρo
2

measured in [S/m] and

ρ o is density of the material measured in kg/m3.

In human head SAR levels can vary with the respect to where you measure the radiation. In this
thesis measurement of SAR levels will be performed at two places and those are brain and between
skin and bone.
The measurement will be conducted by cutting out a piece from human head and measure the
electrical filed in that area. In FEMLAB this is done by making a text file containing the
coordinates where you want to measure. In this thesis measurement of the electrical field are
performed 1400 times on the area of 0.04*0.04*0.003 in the case between the skin and bone and
0.05*0.05*0.003 in the case when measuring inside the brain. With these volumes and the specific
densities of brain, skin and bone we are well within the boundaries of 1 g to 10 g. Furthermore a
fact that is very important is that these coordinate values are interpolated from the calculations
between two nodal points. From that fact we can directly conclude that if we introduce more nodal
points the extracted coordinate values will be more accurate. The area that is measured is
represented in the figure below.
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Figure A2: Illustration of measurement area inside the human head
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B.1 Maxwell’s equations
Maxwell’s equations are a set of equations that describe the electromagnetic phenomena. James
Clerk Maxwell published these equations 1864 and ever since that they are widely used in
electromagnetic models. Only when you want to model microscopic models where you need to take
into consideration the quantum mechanical effects as well is when Maxwell’s equations are not
suitable.

∂B
∂t
∂D
∇×H = J +
∂t
∇⋅B = 0

∇×E = −

∇⋅D = ρ
D = εE
B = µH

(B.1.1)
(B.1.2)
(B.1.3)
(B.1.4)
(B.1.5)
(B.1.6)

E

Electric field intensity [V/m]

H

Magnetic field intensity [A/m]

B

Magnetic flux density [Vs/m2]

D

Electric flux density [As/m2]

J

Current density [A/m2]

ρ

Charge density [As/ m3]

ε
µ
σ

Permittivity of the media [F/m]
Permeability of the media [H/m]
Conductivity of the media [S/m]

These fields are functions of room and time coordinates (r,t) but to simplify the notations they will
be excluded from equations. Only in cases where there is risk for misunderstanding I will include
them in equations.

Faradays law (B.1.1): means that the induced electromotive force is proportional to the rate of
change of the magnetic flux. Which ultimately mean that a change in the magnetic flux will cause a
circulating electric field.
Ampere’s law (B.1.2): means that the magnetic field will be introduced if we have current flowing
through an arbitrary material or if we have variable electric field. See figure below.

53

Appendix B

Figure B1: Illustration of a magnetic field around a wire through which current is flowing

The singularity (B.1.3) means that we have no magnetic charge which means that the magnetic
flow is preserved.
Gauss’s law (B.1.4): describes the relation between electric flux flowing out from a surface and the
electric charge enclosed in the surface.

Maxwell’s field equations (B.1.1) and (B.1.2) incorporate 6 equations, one for each scalar. If
current density J is given, then Maxwell’s equations consist of 12 unknown variables (E, B, D and
H, each have three components in the three dimensional case).
Furthermore we have additional two laws that are closely linked with the Maxwell’s equations and
those are Ohm’s law and the law of continuity.
Ohm’s law:

J = σE

(B.1.7)

Law of continuity:

∇⋅J =−

∂ρ
∂t

(B.1.8)

The parameters permeability

µ and permittivity ε are the universal electromagnetic properties for

the medium in which the electromagnetic field is present. For vacuum permeability has the value

µ = µ = 4π ⋅ 10 −7 [ H / m] . The permittivity can be calculated with the help of the formula:
0
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εo =

1
c02 µ 0

; where the c constant is representing the speed of light in vacuum. After inserting all

known values the permittivity is calculated to 8.854 * 10

−12

[ F / m] .

In general material the permittivity and permeability can be written as
where

ε = ε 0ε r and µ = µ 0 µ r ,

ε r and µ r are relative constants with values that depend on what material the

electromagnetic field moves through.

B.2 Time-harmonic electromagnetic fields
As a first step in our analysis of the time-harmonic fields is to Fourier transform Maxwell’s
equations (B.1.1) and (B.1.2) (

∂
→ − jω ) .
∂t

∇ × E(r , ω ) = jωB(r, ω )
∇ × H (r , ω ) = J (r , ω ) − jωD(r, ω )
These fields are functions of room and time coordinates (r, ω ) but to simplify the notations I will
exclude them from equations. Only in cases where there is risk for misunderstanding I will include
them in equations. Final equations are presented below.

∇ × E = j ωB
(B.2.1)
∇ × H = J − jωD (B.2.2)
∇⋅B =0
(B.2.3)
∇⋅D= ρ
(B.2.4)
D=ε ε E
0

B=µ µ H
0

(B.2.5)

r

r

(B.2.6)
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B.3 Boundary conditions
In the interface between two different materials the electromagnetic fields will vary in a
discontinuous way because of the different electromagnetic properties in the materials.

Figure B2Geometri for integration

Let V be an arbitrary volume with the interface S and normal vector n. Integrate Maxwell’s field
equations (B.1.1), (B.1.2), (B.1.3) and (B.1.4) over volume V:

∂B

∫∫∫ ∇ × E ∂v = − ∫∫∫ ∂t ∂v
V

V

∫∫∫ ∇ × H ∂v = ∫∫∫ J ∂v + ∫∫∫
V

V

∫∫∫ ∇ ⋅ B ∂v = 0
V

∫∫∫ ∇ ⋅ D ∂v = ∫∫∫ ρ ∂v
V

V

where ∂v = (∂x, ∂y, ∂z ) .

V

∂D
∂v
∂t
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Following two integration principles for vector field are suitable to use:

∫∫∫ ∇ ⋅ A ∂v = ∫∫ A ⋅ n ∂S
V

S

∫∫∫ ∇ × A ∂v = ∫∫ n × A ∂S
V

S

Where S is an arbitrary vector field and ∂S is surface S:s surface element (first principle is known
as Gauss principle and the second is known as divergence theorem) and A is an arbitrary vector
field.
After applying those two principles we get:

∂

∫∫ n × E ∂S = - ∂t ∫∫∫ B ∂v
S

V

∂

∫∫ n × H ∂S = ∫∫∫ J ∂v + ∂t ∫∫∫ D ∂v
S

V

v

∫∫ B ⋅ n ∂S = 0
S

∫∫ D ⋅ n ∂S = ∫∫∫ ρ ∂v
S

V

Now let us use these integrations on a special volume where normal vector n is pointing from V1
into V2:

Then the calculations are don in the same fashion as in the previous example with one
difference, those four equations will be negative since they express a flux in the opposite direction
to the normal vector of the surface S. To get the total field flux we need to add the separate flux of
each field to get these four equations:
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∂
∫∫∫ B ∂v
∂t V
S1
S2
∂
n
×
H
∂
S
+
−
n
×
H
∂
S
=
J
∂
v
+
1
2
1
2
∫∫S1
∫∫
∫∫∫
∫∫∫ D ∂v
∂t v
S2
V

∫∫ n × E

∫∫ B

1

S1

∫∫ D
S1

1

∂S1 + ∫∫ − n × E 2 ∂S 2 = -

⋅ n ∂S1 + ∫∫ B 2 ⋅ (−n) ∂S 2 = = 0
S2

1

⋅ n ∂S1 + ∫∫ D 2 ⋅ (−n) ∂S 2 = = ∫∫∫ ρ ∂v
S2

V

where V1+V2 = V and S1 is surface seen from V1and S2 is surface seen from V2.

Now if we let volume V tend to zero, and since magnetic flux density B and the electric flux
density are finite then B->0 and D->0. The current density J and the charge density

ρ can have

infinite values (metal). Then the above four equations can be reduced to:

n × (E 1 − E 2 ) = 0
n × (H 1 − H 2 ) = J S
n ⋅ (Β 1 − B 2 ) = 0
n ⋅ ( D1 − D 2 ) = ρ S
J S is the current density on the surface interface S, and have its vector component in the surface
plane and the ρ S is the charge density on the surface interface S.
These resulting four equations describe boundary conditions when an electromagnetic field moves
through one material into another.

B.4 Time-harmonic fields in a simple media
To express time-harmonic magnetic field you need to insert equation (B.2.6) into (B.2.2).

∇ × H = (J Ext + J Int ) − jωε 0ε r E

where J Ext is the current fed into the material and

J Int is the current caused by free charges inside the material.
By using Ohm’s law on J Int we get:
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∇ × H = J Ext + (σE − jωε 0ε r E) = J Ext − jωε 0 (ε r − j
where

ε c = (ε r − j

ε c = (ε r − j

σ
)E
ωε 0

σ
) and we then get: ∇ × H = J Ext − jωε 0ε c E)
ωε 0

σ
) is expressing the relative complex permittivity.
ωε 0

When introducing the variable

ε = ε 0ε r in the formula above you get:

σ
ε c = (ε − j ) which expresses the complex permittivity.
ω
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Results from these simulations that are presented here in figure form relate to results shown in table
2.3, Part 2, chapter 3. Simulations 1, 4, 5 and 9 are represented. Figures below are representing the
quarter pole simulations when covering entire antenna and when covering half of the antenna.
Furthermore a picture showing power output when we do not use any shielding material will also
be presented. These plots represent the power output recorded at the surface of the outer boundary
The antenna is placed in level with the x-axis and y-axis.

Figure C1: Illustration of power output when we do not use any shielding material

We ca clearly see that there is no material shielding the human head and maximum output reaching
nearly 30 [dBW/m]. In the next picture we can see that the aluminium is shielding the human head
and stopping radiation, damping it with almost -80 [dBW/m].
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Figure C2: Illustration of the power output from the antenna when using aluminium as shielding material and
covering entire antenna

In the next picture we look from the z-axis to see which area the aluminium is shielding. In the
figure C2 we can see that the maximum output reaches ca 15 [dBW/m] comparing to 30 [dBw/m]
in the previous simulation.

Figure C3: Illustration over power output from the antenna looking from the left side of the sphere

61

Appendix C
In the figure C3 we can see the aluminium plate and we can clearly see that the plate is stopping the
radiation. Next picture is representing the power output when we cover half of the antenna.

Figure C4: Illustration of the power output when we cover half of the antenna

By comparing figure C4 and C2 we can clearly see that when covering entire antenna we stop more
radiation. This directly means that we lower SAR values but that also means that we considerably
lower the reception of the phone. View from the left side of the sphere is presented below.

Figure C5: Illustration of power output from the antenna looking from the left side of the sphere
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In the next picture I will present illustration of quartz as a shielding material. Even though quartz
has very low conducting abilities it still influences the wave propagation. That can clearly be seen
in the next figure where we look from left side of the sphere.

Figure C6: Illustration of power output from the antenna when using quartz as a shielding material and looking
from left side of the sphere

In this figure we can see that quartz has a smaller influence on power output from the antenna.
Quartz plate is visible on coordinates (0,0). Still in the next figure we can also see that quartz does
not shield the head that well even though it does have some effect.
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FigureC6: Illustration of power output from the antenna when using quartz as shielding material

64

Appendix D
Appendix D
In the figure below we can see how much power output from the antenna is absorbed by the human
head.

Figure D1: Illustration of the power output from the antenna
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Figure D2: Illustration of the antenna at the angle of 0 degrees

Figure D3: Illustration of the antenna at the angle of 60 degrees
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Figure D4: Illustration of the quarter pole antenna at the 60 degrees
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Plotting
Matlab code for plotting the boundaries and transferring Cartesian coordinates to spherical.
x = data(:,1);
y = data(:,2);
z = data(:,3);
P = data(:,4);
N=300;
[phi,theta,r] = cart2sph(x,y,z);
step = 1/N;
phi_i = pi*[-1:2*step:1];
theta_i = pi*[-0.5:step:0.5];
[PHI_I,THETA_I] = meshgrid(phi_i,theta_i);
ZI = griddata (phi,theta,P,PHI_I,THETA_I, 'nearest');
ZI(find(isnan(ZI))) = min(min(ZI));
figure,surf(PHI_I,THETA_I,(10*log10(ZI))), view(2);

SAR calculations
Matlab code for calculating the SAR values.
P = data (:,4);
M = mean (P);
SARvalue = (0.91*M*M)/1090;

