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Abstract

The rapid development of counting techniques and technology make it possible to
collect increasing amounts of information and perform modern data analysis. The
complexity of the problems often stimulates the use of innovative mathematical
techniques that are able to capture accurately processes that occur at multiple scales
in time and space. The subject of this paper is intensive extraction of information from
ECG signals and using it in diagnostics and assessment status of heart function. The
aim of this study was to present the analytical methods designed for analysis of
dynamic interrelations between different ECG parameters. The main idea of this
paper is adaptation of Hankel matrix ranks and coherence matrices to describe
complexity of ECG and interrelations between parameters of ECG. The results show
that expressing of cardiac signals with Hankel and coherence matrix could be useful
for diagnostic purposes.

1. INTRODUCTION

Over the last years there has been growing interest in problems of complexity
analysis. There are very interesting research fields including the wide spectrum of
tackled problems - from software development to analysis of medical information.
The complexity can be described as strength connection between different parts of
complex system. It is obvious that human body is a complex system. There are many
excellent methods describing the complexity measure of various physiologic signals.
The complexity of electrocardiogram (ECG) signal may reflect the physiological
function and healthy status of the heart. For the purpose to characterize the nonlinear

complexity of ECG signal the power spectrum, fractal dimensions, wavelet



transformation, phase portrait, correlation dimension, the largest Lyapunov exponent,
time-dependent divergence exponent, mass exponent spectrum and complexity
measure can be used, [1]. The methods verifies the fact that ECG dynamics are
dominated by an underlying multi dimensional non-linear chaotic system, whose
complexity measure is about 0,7.

Usually in system identification Hankel matrices are formed when is a sequence of
output data and realization of an underlying state-space given or hidden Markov
model is desired, but in this paper the ranks of the Hankel matrix will be used as
features for the system identification purposes.

The ECG signals were recorded and analyzed by means of multi cardio signal
analysis system developed in the Kaunas Institute of Cardiology and produced by
“Kardiosignalas” Ltd. (Kaunas, Lithuania). All signal analysis techniques used in this

paper are implemented on a PC using custom software developed in Matlab R2007b.

2. COMPLEXITY FROM THE MATHEMATICAL POINT OF VIEW

In this section the mathematical characterization of complexity will be presented.

Let a dynamical system S be given. This system can be characterized in this way: it
consists of m components K;,K,,...,K_ and these components K, ,r =12,...,m are
related by algebraic relations. Usually these relationships are composed of ordinary
sum and product operations, i.e. S =K, + K, +...+a,K,, . In this case measure of
complexity of dynamical system S is noted cmpl S .

Having proposed interpretation of complexity it is possible to compose the
mathematical algorithm of complexity estimation.  Suppose that time series
(Yor V1: Y5»..) describes dynamical system S. Here y,,k=0.12,.. measures are
describing the state of dynamical system S in time moment n. It can be either scalar, or
function, or matrix etc.

Then the concept of Hankel rank for these series can be defined. Let a series

(yo,yl,yz,...) be a sequence of real or complex numbers. Then the sequence

(H,,H,,H,,...) of Hankel matrices H,,m=12,3,... can be formed:

Yo Wi
H = , H = g weey ses
=Yl H, L’l yj



and from values of its determinants detH,:=d,,detH, :=d,,... the sequence of
determinants (d,,d,,d,,...) can be formed.

Frequently the elements d,,r =123,...0f this sequence with fixed &£>0 satisfy
special constructed estimation. There exists fixed natural number m,me N and such
number satisfies inequalities

o= &,|d,.0 SEn=123,... @)

If the system of inequalities (1) hold true for sequence of determinants then the
series has & —Hankel rank equal to natural number m. Besides, this is noted by this
way:

Hg(yofyl’yZ'“'):m (2
Then exists a function f(x) which is described by relation

f(x)=> Q(x)e*" ®3)
r=1
when Q,(x) is a polynomial and f(j)~y, j=012,....

The primary concepts for Hankel matrices analysis in finding exact, periodic and
chaotic solutions of ordinary differential equations were presented in [2].
If the dynamical system S is described by time series with has &—Hankel rank,

then the components K, can be the functions Q,(x)e**,r=12,...,m, it means that

complexity of dynamical system S is outlined this way:

cmpl S =( l(x)eﬁlx,..,Qm(x)eimX) 4)

The accuracy of expression depends on choose level of ¢.

Proposed analysis of time series using Hankel matrices is an alternative method for
Fourier analysis which is widely developed. But in proposed method the expression
for dynamical systems are finite functions and in most cases it needs less parameters
to describe the evaluation of dynamical systems than Fourier methods. For fast
classification of dynamical systems and its complexity measure the convolution of

Mealy and Moore automaton is practiced [3].

3. INVESTIGATION OF INTERNAL RELATIONS OF DYNAMICAL
SYSTEM
Let a dynamical system S be given. Suppose that this system can be described by

two (or more) synchronous time series (Yo, VY., Yore), (Z9:2,2,,...). Then it is

considered that internal relations of dynamical system S are relations between two



synchronous time series described by mathematical expressions. It must be noticed
that usually the couple of series are investigated using statistical methods and there are
widely developed analysis of correlation of two series which describes tendency of
variation of these series (global type features). But statistical methods are not
convenient for investigation of instantaneous features of series variation. The
knowledge of such characteristics is none the less important than correlation type
properties.

Experience shows that for description of instantaneous features of two time series

the algebraic matrix analysis is convenient. In this case the elements y, & and z,
n=0.12,... are considered as determined. The basis of algebraic matrix analysis is
algebraic arrangement of matrices. The discriminant of matrix A or difference of
eigen values is outlined by this formula:

|4 = 2| = \/|dsk A 5)

and it shows the ,,informative degree* of matrix [4].
The smaller value of |dsk A| implies simplicity of dynamical system described by

matrix A. When two time series describing dynamical system are given then it is

possible to relate to these series one matrix time sequence: (A, A, A,,...):

An _ |: Yn Yo — Zn+1:| ©)

Yoa—Zna Z,
Then the features of matrix series sufficiently reflect the interdependence of two

series. It shows the variation of discriminants series (dsk A ,dsk Az) Besides, these

series can be considered as analogue of correlation characteristic if the statistical
methods in some cases for couple of initial series would be used.

The complex system adapts to different conditions, the relations between its
elements (complex system consists of at least three elements) are shifting. So the main
aim was to find the new analytical method for the analysis of dynamic interrelations of
three different signals, which requires only three points of each signal.

Suppose we have three synchronous signals (x,;;n=012..), (y,;n=012..) and
(z;;n=012,..), the following elements x,, y, and z, are determined. For the

combination of three signals to series of third order matrixes can be constructed as

follows:



al) afy afy
A=laf) ay) af | ™
aly af) afy

Q)

n n n
here al(?) =Xn» al(z) = Xn+l — Yn+ls a1(3) =Xn+l ~ Zn+ls 431 =¥Yn1—Xp1

a® =y, al% =ynia—zns A =z —xna, A% =20~ Yoo, al) —z,. The invariants of
matrix ~ An: vy (A) =al +al) +ald; vy (A) =all -ald +al ) ol . alD

—a®.al) —ald .2l _al) .2l invaA, =det A, IF InvA, =4, Inv,A, =b, InvzA, =c, then
the symmetry coefficients can be defined:

a3 =0sk,(A,) =a° —3b;

2

P12 =[a—\)a2 —3-b] -[a+\/a2 —3~b]—27ci
2

p13=[a+\/a2—3-b a—\/a2—3-b]—27c-

The large discriminant of matrix A, :

dsky Ay = p1z - pr3- ®)
According to these expressions, hypothesis can be formulated: if discriminants of

matrixes become close to zero, then numeric time series become similar, i.e., their
interrelation is high.

Interrelations of the signal series can be labeled as ,,o ““. According to the previous
expressions, the value of interrelations can be defined as follows:

1
X © oZ,)=—""— 9
e(XpoYnoz,) I -dsk; A, 9)
here | —real number, ¢— the value of interrelations.
Assuming that I=1, dynamic interrelation of each cardio-cycle was calculated for

ECG parameters.

4. THE EXPERIMENTAL RESULTS

The primary step of investigation of physiological systems requires the
development of appropriate sensors and instrumentation to transduce the phenomenon
of interest in a measurable electrical signal. The next step of the signals analysis,
however, is not always an easy task for a physician or life-sciences specialist. The
clinically relevant information in the signal is often masked by noise and interference,
and the signal features may not be readily comprehensible by visual or auditory

systems of a human observer. Processing of biomedical signals is not only directed



toward filtering for removal of noise and power-line interference; spectral analysis to
understand the frequency characteristics of signals; and modeling for feature
representation and parameterization. Recent trends have been toward quantitative or
objective analysis of physiological systems and phenomena via signal analysis [1].

Analysis of ECG complexity is implemented by scientific group which contains
employees of Kaunas University of Technology, Kaunas University of Medicine and
Lithuanian Academy of Physical Education. The physiological state of persons with
cardiovascular diseases, elite sportsmen, elderly people (project GUARANTEE)
during various physical tasks is investigating.

The expressing of cardiac signals with Hankel matrix could be useful for diagnostic
purposes, because averaged ranks in each RR interval and normalized in one scale
separate the “healthy” and “sick” persons groups, [5]. In Fig. 1 the example of these

ranks (red line) is presented, when initial data is divided to RR intervals (blue lines).

1 1 1 1

0 500 1000 1500 2000 2500
Figure 1. Example of Hankel matrix analysis

The higher rank value describes the higher signal complexity in certain interval. It

is clearly observable that from numerical relations between ranks and the computation

step for describing the higher variation of the signal, the higher rank is needed [6].

w o

o 50 100 150 200 250 300 350

Figure 2. Example of coherence matrix analysis



Discriminants for healthy people in normal conditions fluctuate between 0 and 0.2
and grow if physical load is applied, [7]. Results for three different sportsmen
(wrestle, stage 10-12 years, 11- 13 place in Europe championship) are shown in Fig. 2
(I Rest — 1 min; Il — physical load - Rouffier test (30 squats per 45 s); Illa Recovery
(1st minute); Illb — recovery (2nd minute)).

Non-invasive diagnosis of ischemic heart disease (IHD) is the main objective of
cardiologists. However at rest accuracy of usual ECG, using only common, widely
used diagnostic parameters is only about 45%. It increases using stress test [8], but
also in this case accuracy and specificity is too low. If to take human body as a
complex system [9], [10], important features of its complex function is assessment of
dynamic interrelations between investigative parameters. There is still unknown the
form of changes of any ECG parameters, during coronary artery revascularization
procedures, when there is changing ischemic situation in the heart [11]. In this work it
was hypothesized, that if person is healthy, ECG parameters interrelations values are
high, if an ischemic heart disease is diagnosed — values are low. The examples of
initial ECG parameters and their dynamic interrelations before, during and after
coronary angiography of patient with acute myocardial infarction are given in the

Figure 3 and Figure 4.

1 pefore | . after procedure
procedure coronory angiography :

Parameters values

ML

:

0 500 1000 1500 2000 2500 3000 3500

Number of cardio - cycle

Figure 3. An example of one investigation, initial ECG parameters RR, DJT and AT sequences
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Figure 4. An example of dynamic interrelations of one investigative ECG parameters RR, DJT and AT

The results confirm the hypothesis and illustrate, that dynamic interrelations are

more informative for clinical practice than initial ECG parameters series [9],[10].

5. CONCLUSIONS

The Hankel matrix ranks and second order coherence matrices for describing
complexity of ECG and relationship between parameters of ECG were presented.
Such type analysis was applied in evaluation of physiological state for different
persons. The results showed that a short and quick reciprocity of the signals could be
observed using matrix analysis. Moreover, the new algorithm required just three
signal points for the evaluation of dynamic relations — it was practical to use in
monitoring systems for real time analysis. The increasing amount of studies in this
area and application of complex system theory into medicine it is hope to have more
detailed and motivated interpretation of intra and interpersonal concatenation and

complexity itself.
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Abstract

A new Perceptron training algorithm is presented, which employs the piecewise
linear activation function and the sum of squared differences error function over the
entire training set.

The most commonly used activation functions are continuously differentiable such
as the logistic sigmoid function, the hyperbolic-tangent and the arc-tangent. The
differentiable activation functions allow gradient-based optimization algorithms to be
applied to the minimization of the error. This algorithm is based on the following
approach: the activation function is approximated by its linearization near the
current point, hence the error function becomes quadratic and the corresponding
constraint quadratic program is solved by an active set method.

The performance of the new algorithm was compared with recently reported
methods. Numerical results indicate that the proposed algorithm is more efficient in
terms of both, its convergence properties and the residual value of the error function.

1. INTRODUCTION

Neural network (NN) models are of board interest to researchers in the recent
years, as its applications have flooded many areas.

The activation function is a key factor in the NN structure [1]. The most fuzzy
applications use a piecewise linear function (PLF) [2] for activation of neurons,
because of its easy handling from their limited computational resources. NNs that use
PLFs as activation function is known as piecewise linear NNs (PWL NNs). These
cannot be trained by a gradient based optimization method because the lack of
continuous derivatives. Hence several training algorithms of PWL NNs have been

developed. For example the algorithm presented in [3] is used to NNs that employs

10
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the absolute value as activation function. In addition, in [4] is proposed a basis
exchange algorithm.

In this paper a new algorithm for training a PWL NN is proposed. The main stage
of the method is the modification of the training problem to a quadratic programming.
This process is briefly described in Section 2. The main steps of the algorithm are
presented in Section 3. Section 4 contains numerical results. The paper is concluded in

Section 5.

2. MODIFICATION OF PERCEPTRON TRAINING TO A CONSTRAINED
QUADRATIC OPTIMIZATION PROBLEM
A graphical representation of a single hidden layer Perceptron with a single output
Is shown in Fig. 1. The hidden layer consists of n neurons.

SN

J-

|
: AL
|

|
|
Input layer : Output layer

| Hidden layer

Figure 1. Graphical depiction of a single hidden layer Perceptron.

In Fig. 1 each neuron passes its input which is the weighted sum of the inputs of
the network plus the input bias term, through its activation function f and presents

the result to its output. The proposed method adopts the 1-dim piecewise linear

function (PLF) as activation of neurons:

L y>L
f :R—>[-LL], f(y,L)=1y |y|<L 1)
-L y<-L
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where L =1, its threshold. Obviously, it is nondifferential and bounded between -1
and 1. Its graph is given in Fig. 2. It has three linear pieces which are locally
differentiable and two corners. This form of the activation function may be viewed as

an approximation to a nonlinear amplifier.

15

1

0.5

- 0

-0.5

-1

15 -2 -1

o
[N
N
w

y
Figure 2. 1-dim PLF bounded between -1 and 1.

Hence the output of the ith neuron, yip, corresponding to the input of the pth

training data x” , is computed as:
p L p
y =1 jZ_‘iwijxj +r, 1), with i=12,...,n (2)

where n is the number of neurons, xJp is the jth element of the N -dim vector xp,

that is xP = [xlp,...,xf,...xlg]T, r; the input bias of the ith neuron and Wi the

weight connecting the jth input to the ith neuron. By considering W, = [Wil,...,WiN] :
(2) is written equivalently as: yiID = f (wiTxID I 1) with i =1,2,...,n.

The output of the network zP, corresponding to the xP, is the weighted linear

combination of the outputs of the neurons plus the output bias:
P~ T, P 4 P
2" = Ewif(wi X"+, 1)+9 = za)iyi +6 (3)

where 6 is the output bias and @; the weight connecting the ith neuron to the output

layer.
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For every given training sample, let the pth one, the output of the network z P,
differs from the target (desired) value tP, by (tP-zP). The purpose of the proposed

method is to determine the coefficients wij, @, r;, and 6 in such a way that the

summed over all training samples squared error, between the actual and the target

M 2
output, to be minimized. Hence the total error is selected to be E = 1 Z(tp A p}
p=1
which since (3) becomes:
1& (. p L T, P 2
E@,rW,0) = Epz_:l t —e—éwi f (Wi X +ri,1j (4)

where M is the number of training samples, r is the vector of input bias, that is
r=[n,...m], W is the nxN matrix of the weights connecting the inputs to the

j=1...N

neurons that is W =[w;;Ji_; " and « is the vector of weights connecting the

outputs of neurons and the output layer of the network, that is @ = [ay, ..., o,].
The following property of the PLF is an easy consequence of its definition given
by (1) :
af (y,L) = f(ay,|alL), vaeR (5)
Take into account (5), (4) becomes:

1 m
E@.rW,o0)==>
23

2
n
p T,P
{t —Q—Zf(wiwi X +a)lrl‘a)lDJ (6)
i=1
To simplify the formula (6), the following transformation is applied:
¢ :‘“’i‘ b =aw", g =an, Vie{l2...n} 7
Hence the error function (6) is written:
2 1 Q| p L T, P i
E(H,q,B,§)=EZ t —H—Zf[bi X +qi,gi) (8)
p=1 i=1
where ¢ =[¢3,...,$n], B=[by,...,b,] and g=[0y,...,0q,]. So the training of NN

whose layout is pictured in Fig. 1, is modified to the following optimization problem

with inequalities constraints:

e,mg]’g{é(e,q,s,g): ¢ 20, i=1,2,...,n} (9)
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The basic idea of the proposed approach to carry out the optimization process for
the problem (9) is the following: At each algorithm iteration and (i, p) the PWF in
problem (9) is approximated by its linearization at the current point. In doing so the
problem (9) is modified to a constrained quadratic optimization problem. It is
remarked that, to be valid the linearization has to be restricted within the linear piece
of the PWF where its current value belongs. The validity of the linearization, is
assured by setting extra constrains. The resulting quadratic problem is solved via an
active set method [5]. The original weights and bias of NN can be obtained by

applying the inverse of the transformation (7) on the solution.

3. OVERVIEW OF THE ALGORITHM
The outline of the proposed algorithm is as follows:
Initialization

Input:

1){(x1,t1),...(

2) n:the number of neurons,

x'vI ,tM )} . the training set,

3) &: the threshold for stopping criterion,

def
0

T
4) u = (eo,qo, Bo,goj : the initial point, such that bi0 xP +in * ig’io, v(i, p).
k iteration

Step 1. Let T (ek,qk, Bk,gk) be the current point.

T
Compute f (bik xP +qik, Cik J i, p}.
Step 2. Modify the problem (9) to the corresponding quadratic substituting v(i, p)

the PLF for its linearization, and setting the proper extra constraints so that
the linearizations to be valid.
Step 3. Apply the active set quadratic programming algorithm. Firstly, determine the

feasible descent direction d". If Hd*H<g the algorithm ends, otherwise

determine the maximum step length a, in this direction, for point

uk*L —ukK £ axd™ to be feasible.
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Step 4. Set k =k +1 and go back to Step 1. (For some (i, p) at the new point u¥ the
PLF attains a corner of its graph. In these cases the linearization considers
the other linear piece. As a result both the objective function and the extra
constraints of the quadratic problem change at each iteration of the
algorithm).

Ref. [6] provides a detailed description of both the modification process and the

relative algorithm.

4. SIMULATION RESULTS
Two benchmark problems were selected from [7]. The simulation results confirm
the effectiveness of the algorithm in terms of both accuracy and speed. The algorithm

was developed using Matlab.

4.1 1-dim Function approximation

The desired function is the following:

27T X

. 27X .
X) =0.5sin——+0.5| sin——
9() 10 ( 10 j
As in [7], it was used 20 (X, f(x)) - samples with x in (0, 1) randomly chosen, as the

training set of two neurons NN. The new algorithm run 50 times using each time

different random starting weights and bias in (0,1). All times the algorithm was

reaching the termination after 4 iterations and the final sum squared error SSE =

20
D (g(xP)-z P)2 was 6x107%. These are better performances than most in [7].

p=1
Furthermore, the algorithm is tested to approximate ¢ over a larger domain. So,
the algorithm used 20 random samples within (0, 9), as the training set of 3 neurons

NN and is tested for 50 different random starting weights and bias in (0, 1) . The final

SSE fluctuated between 1.9x10™* and 2.3><10_2 after 19 and 39 iterations

correspondingly. In Fig. 3 it is shown the approximation of g from the output of NN

with the best performance.
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1
/ ’*\ —— NN approximation

....... Desired function o

0.8
f \ + Training samples
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0.4 Z \

0.2

-0.2
0

Figure 3. The output of NN after training with the new algorithm.

4.2 2-dim Exclusive OR problem
In this example a two neurons NN is trained to output a 1, when its input is (0,0) or
(1,1), and a 0, when its input is (0,1) or (1,0). The new algorithm run 50 times using

each time different random starting weights and bias in (0,1). All times the algorithm

was reaching the termination after 10 iterations and the final SSE was 25x107°,

These are by far better performances than most in [7].

5. CONCLUSION

A new training algorithm for a single layer NN with a single layer output is
introduced in this work. Making use of PLF as activation of neurons, it modifies the
training problem to a constrained quadratic optimization problem. Numerical results

confirm its effectiveness compared to other algorithms.
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Abstract

Computing experiments for restoration of the ECG signal’s spectrum by means of
interpolation were carried out. A loss of spectrum for different frequency values was
simulated. The computations were made in Matlab. The built-in functions for
interpolation in Matlab were used, as well as the mathematical method of L.
Aizenberg for analytical continuation of finite spectrum. The software, which provides
application of Aizenberg’s method, has been programmed also in MATLAB. The
errors of signal’s restoration in the cases of different number of values of loss have
been calculated.

The results received from the built-in Matlab functions and algorithm written on
the Aizenberg’s method was compared.

1. INTRODUCTION

It is quite often necessary to remove the noise, focused in determined band while
accepting a signal with finite Fourier spectrum. Or, which is mathematically the same
- to eliminate noise in the spectrum focused on the Fourier finite signal in a band. This
is a task for the interpolation of the spectrum of Fourier of a finite signal or a task for
signal interpolation of finite spectrum. The report presents the results of interpolation
of the spectrum of cardio signal.

In order to support clinical decision-making, reasoning tool to the ECG signal must
be clearly represented and filtered, to remove out all noises and artifacts from the
signal. ECG signal is one of the biosignals that is considered as a non-stationary signal
and needs a hard work to denoising. Interpolation of signal, which is lost at a certain
time interval must be used.
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In regard to this, in the computer experiments Aizenberg’s formulas have been
used for interpolation of the analytical functions and inserted functions interp 1 and

interpft from Matlab.

2. INTERPOLATION OF THE SPECTRUM OF ECG SIGNAL WITH
AIZENBERG METHOD

.
Viners’ class W, , consist of functions, which have Fourier spectrum, concentrated

+

in the interval [0,a]. The task for interpolation of the function f(x) in "« is solved

from L. A. Aizenberg [1]. If feW;, the formula for interpolation of f(x) has the

following form (1):

1‘x):limZm:1‘(xk

=) X=X, +2|a

e (X=X%;)(X —X; +2i0)

H

]:
]¢

1)

(X=X, +2i0)(% -X))

f (Xk), they are numbered m.

The known values of the signal are marked with

The above formula can be applied for interpolation of the spectrum of one-
dimensional signals and in item 4 the results of the recovery of spectrums of ECG
signals will be presented as a simulated loss of spectral values.

Formula (1) contains two parameters m and o. The accuracy of signal restoration
depends on their values. Results from previous experiments show that the number m
of the known values of the spectrum must be not more than 30.

The parameter o is defined by searching of the minimal root mean-square error

Esar by formula (2) between the real and interpolated spectral values:
/1 3 ~2
gqr: HZ(Xi_Xi) )
i=0

where % and X are the values of the real and restored signal.
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3. COMPUTER EXPERIMENTS FOR SPECTRUM INTERPOLATION ECG
SIGNAL

Data from echograph are entered in the form of Microsoft Excel WorkBook (xIs).
The Excel table contains 3 columns of 7680 values for the cardiac signal parameters.
Each of these columns is imported into the editor Matlab's Array Editor and stored as
a separate variable in Matlab's Workspace. Then it is stored in Workspace as a .mat-
file. Formula (1) is programmed on Matlab as a function, called in program in the
form of m-script file. The algorithm of the program is as follows:

1. .mat-file with cardiogram data opens

2. With the function C fft from Matlab the spectrum of the signal (separately for
the both channels) is found

3. The user enters the values of the start and end points of the frequencies of both
intervals in which the signal (named s0) of the first channel is known.

4. Function is called, in which formula (1) is programmed. The missing spectral
values can be found by it using interpolation.

5. Graphs of the theoretical ECG signal’spectrum and the signal obtained by
formula (1) are plotted .

6. The results for the absolute and root mean-square errors of the signal from the
first channel are found.

7. Steps 3 - 6 are repeated for the signal (named s1)’s spectrum from the second
channel.

Computational experiments for restoration of the signal are performed by the use of
the functions interpl and interpft as well. The values of the spectrum are introduced as
complex numbers in the function using the algorithm Aizenberg. The functions
interpl and interpft required values of the function that will interpolate to be real
numbers. Therefore, as input data for these functions amplitude signals from each of
the two channels of the ultrasound are used.

In the spectrum of the interpolation with interpl a method ‘pchip’ is used.
(Piecewise cubic Hermite interpolation). It gave better results (less error recovery)
compared with the methods ‘linear' (Linear interpolation) and 'nearest’ (Nearest
neighbour interpolation). Interpolation according to the method 'spline’ was not done,

because during its performance interpl function failed and issued an error. Since when
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interpft function was used a very large absolute error “abs= 69.8726 was obtained, in
section 4 only the results of interpolation with interpl are presented.

A computing experiment on interpolation of a spectrum with noise of ECG signal
using the method of Ayzenberg, was carried out. A block diagram of the algorithm of

Matlab-function that realizes the formula (1) is presented in Fig. 1. Variables in it

have the following meanings: Input parameters: IN1B - the first frequency from Xcin

the first interval (before the area with noice) where the values of the spectrum are
known; IN1E - the last frequency of X< in the first range; IN2B - the first incidence
from X« in the second interval (after the area with noise ) where the values of the

spectrum are known; IN2E - the last frequency from X< in the second interval; M - the
number m of formula (1) of all the known values of the spectrum; sf - the input
spectrum (with noise) signal; sigma - parameter c of (1); MAXABSER - first value of
absolute error, MAXABSER = 0.001; MAXSQRER - baseline mean-square error ,
MAXSQRER = 0.001.Output parameters: MAXSQRER1 - calculated mean square
error; MAXABSERL - calculated absolute error; S - interpolated amplitude spectrum
of T (x) of (1); F2 - interpolated spectrum in complex form; Stru - the real amplitude
(spectrum with noise)

Auxiliary variables: L, J and K are used for management of the cycles, P -
production IT in (1), SUM - ¥ of (1) X - vector of frequencies x from (1); LL -

secondary variable for calculating mean square error.
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Assignment of the values X, in the vector XK;

Assignment of the values f (X, ) in the vector

A; LL=1 e no

L=IN1B yes

_ Plotting results with command
SUM=0 . . .
X(L)=L plot, Iab(_ellng_ axis and title graph
K=1 Calculating finally absolute error

MAXABSER1 and mean-squared

error MAXSQRER1

P
J

LeN RN ]
yes n
yes I_

Computing the product //from (1):
P=P*(X(L)-XK(J)).*(XK(K)-XK(J) + 2.*
I*sigma) / ((X(L)-XK(@J)+2.*1.*sigma) *
(XK(K)-XK()))

1
[ueY

| I

<&
<

v
Computing the sum X' from (1):
SUM=SUM+P.*A(K).*2.*I.*sigma/(X(
L)-XK(K)+2.*1.*sigma)

yes
K=K+1
no

S(L=]s|
Stru(L)= | sf(L) |
LL=LL+1
Computing results for errors

v

L=L+1

®

Figure 1. Scheme of algorithm, computing formula
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4. RESULTS FROM THE COMPUTING EXPERIEMNTS

On Figure 2 it is shown the interpolation, using (1) of a spectrum of a recorded

ultrasound signal in time domain. The spectrums of the signals sO and s1 from the two

channels are calculated and it is modelled loss of one spectral component under

number 16. On Fig. 2 in both signals the number of known spectral values m = 28.

Errors of the recovered signals in the frequency domain are: for sO: absolute error:

€abs=(,9505, root mean square error

Esar =), 1796; 3a sl:

€abs=0.7642, root mean

square error %sar=0,1419. On all figures the graph of the interpolated values is in blue,

and the real (unprocessed) signal values are in red.
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The interpolated values are in blue color, the real (true) values are in red

L

L

C
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Interpolated spectrum of signal sO
True spectrum of signal sO

r
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f
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Results of interpolation of the lower signal, named s1

30

]

]

]

r

r

C

C C

Interpolated spectrum of signal s1
True spectrum of signal s1

Figure 2. Interpolation of the spectrum by the method of Aizenberg when 1 spectral value is

lost

Fig. 3 shows the interpolation of 16 component of the spectrum signal sO, using

built-in function interpl, method pchip. Values obtained for mean- square and

absolute error were as follows: s =2.6605 i “abs=14.3271.
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The interpolated values are in blue color, the real (true) values are in red
400 T T T T T

350

300 -

250

200

Spectrum of sO

150 —

100 -

50

Figure 3. Interpolation of the spectrum by interpl when one spectral value is lost

From Fig.2, Fig.3 and the values of the errors show that better results in the
interpolation of a value obtained through the application of the method of Ayzenberg.
In Fig. 4 a) is presented the spectrum of ECG with noise, and in Fig. 4 b) -

interpolated spectrum for frequencies in the range [41, 42] where there is noise.
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a) Spectrum with noise

60

° : AN N ———

o 10 20 30 a0 50 60

b) The noise is removed by interpolation
Figure 4. Interpolation of the noised spectrum by the method of Aizenberg when 2 spectral
values are lost
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5. CONCLUSION
The Ayzenberg method gives more accurate results (less error) for the recovery of
the spectrum of ECG signal in comparison with built-in Matlab function interpl and

interpft. For recovering the values in a larger interval the formula (1) can be

repeatedly used, as X< are taken also from the frequency of recovered intervals in

previous figures.
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Abstract

The Radio-communication Sector of ITU is now seeking submissions from
industry and governments on various technical, regulatory and economic ideas in
order to increase the efficient use of satellite orbits and frequencies. The proposed by
the author a year before new mobile access to the satellite segment named RPSC-MA
(Random Phase Spread Coding Multiple Access) is based on the statement, that close
situated RPSC subscriber terminals could communicate with terrestrial or satellite
base stations, using the same frequency channel without interference. The isolation
between the terminals will be provided by their specific random phase spread coding,
due to their specific antenna arrays random design. RPSC-MA will be a breakthrough
technology, leading to unpredictable increase of the frequency reuse factor in
satellite and terrestrial wideband networks, satisfying completely the ITU — R
requirements. Block-schemes of a RPSC-MA satellite system, as well as detailed
system principles of operation are given in the report.

The European Space Policy Institute [ESPI] is arguing for studies to introduce
effective counter measures to protect satellites. The most vulnerable components of
the space systems are the ground stations and communication links. The ESPI insists
the policy makers to reconsider the satellite system architecture as a whole in order to
improve the situation. The anti jam characteristics of RPSC-MA are considered in the
report in order to satisfy the ESPI anti space terrorism activity. An analysis of up and
down links protection principles are given in the report too.

1. INTRODUCTION

The broadband wireless networks (both satellite and terrestrial) are currently a
strong growth market. One of the biggest technical problems of these networks is the
antenna system. The need to change the polarization, to track Low Earth Orbiting
Satellites (LEO,s) or to select one of several Geo Stationary Orbit Satellites (GEO,s)
positions, as well as the requirements for mobile reception, low price and mass
market production leads to unsolved by traditional antennas problems. The solving of
these problems needs entirely new approach, which is subject of several years research
activity of the author. The name of the new technical solution is Spatial Correlation
Processing — Random Phase Spread Coding (SCP-RPSC).
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The main objectives of the SCP down link technology [1,2,3] are:

e To receive one or more radio signals coming from one or several spatially
distributed sources (satellites), insuring high gain of the antenna systems and
using fixed or mobile receiving terminals, equipped with SCP signal
processing systems.

e To ensure spatial selectivity high enough to cancel the same frequency channel
interference, coming from different space directions, using simple one-channel

receiver and signal processing techniques.

1< IF
b
SAT TUNER
= |F
b
Filot Recovery ,
[ '}{'
Cooperative
Sat. Code P
Signal Recovery
BBO

Figure 1. Block scheme of a SCP-CDMA satellite system

The objectives stated above are achieved by a patented method for radio
communications, which proposes application of additional pilot signal transmitted in
the band of information signals and available in the receiver by one of the known
methods of access, for example CDMA. A block scheme of a SCP-CDMA satellite

system is shown in Fig.1. The SCP receiver terminal is equipped with antenna array
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with random phase aperture excitation. The phase shifts among the signals, coming
from the antenna elements, are random at the antenna output, regardless of the
information source direction. These random phase spread signals correlate with the
recovered pilot signal, phase spread in the same manner, in the Signal recovery unit.
The result of the correlation process between pilot and information signals is
recovered information signal at base band.

One of the main parts of the SCP system is the random phase antenna. In principle
all kind of antenna arrays could be used, but for Ku and Ka bands particular suitable is
the Random Phased Radial Line Slot Antenna (RP-RLSA). Until now it is used as
phased array for fixed satellite reception.

The idea to use SCP principle in transmit mode [4,5] for up-link applications was
born during the SCP project research. The transmitting antennas, as well as the
receiving random phase antenna arrays in SCP technology are pure passive, without
any active or nonreciprocal elements. The specific SCP processing is situated in the
receiver. According to the basic electromagnetic antenna lows the replacement of the
passive transmitting antenna with passive random phase antenna array in the
transmitter, and vice versa in the receiver should not change the system working
principles and system parameters. The transmitted by the random phase antenna array
signals have specific phase spread. It can be considered as random spatial coding. That
is why the term SCP-RPSC (Random Phase Spread Coding) is used instead SCP,

transmit in the text below.

2. RPSC MULTIPLE ACCESS TECHNIQUES - THE NEW WAY FOR
EFFECTIVE ORBITAL - FREQUENCY REUSE OF SATELLITE SEGMENT

The Radio-communication Sector of ITU is now seeking submissions from
industry and governments on various technical, regulatory and economic ideas
[6,7,8,9] in order to increase the efficient use of satellite orbits and frequencies.

The developed SCP-RPSC principles could be base of a new breakthrough
technology, leading to unpredictable increase of the frequency reuse factor in the
satellite and terrestrial wideband networks. This statement is based on the published
previously RPSC property, that close situated subscriber terminals could communicate
with terrestrial or satellite base stations, using the same frequency channel without

interference. The isolation between the terminal up-links will be provided by their
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specific random phase spread coding, due to their specific random design. Thus, we
can consider this way of operation as a new multiple access approach, named by us
Random Phase Spread Coding - Multiple Access (RPSC-MA) [10].

A block scheme of a possible RPSC-MA based satellite system is shown in Fig. 2.

Here I,1,....1 are the incoming information streams, C,,C,.....C,, are the
corresponding pseudo-noise codes, used for pilot access. VMES, ,VMES,........VMES

- the different simultaneous transmitting Vehicle Mounted Earth Stations, equipped

with Random Phased Radial Line Slot Antennas (RP-RLSA) with different random

design.
I 11 I Tz I 1w
FCormeior Corraior JC e bt r
e 1 — 2 B i
Pl o] Pilai [ Pilgt =],
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Figure 2. Block scheme of a RPSC-MA system

In the receiver, equipped with a conventional high gain antenna, the information

streams are recovered and separated in several SCP channels. Here 1, 1,.....1, are the

out coming information streams This principle of operation is similar to the famous
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CDMA approach. The different RP-RLSA,s act as spatial coding devices. As it was
shown in [5], the sum of several thousands random phased signals, transmitted by the
different slots of the each RP-RLSA, is Gaussian random process (equivalent to noise)
The pilot and information signals, transmitted by same RP-RLSA, will have similar
random phase spread in given direction and will correlate in the signal recovery units.
The correlators outputs will contain the corresponding recovered information streams
at base-band.

The isolation among the different channels of the proposed RPSC-MA system is
based on the lack of correlation of the different random phase spread coded signals.
The possible numbers of RP-RLSA with different random design and the
corresponding frequency reuse factor improvement are not predictable at this stage of
research. It is obvious, that similar RP-RLSA, oriented in random way in the space,
could work without interference too. The intuitive approach to the problem shows that
even similar RP-RLSA, oriented in similar way, could use the RPSC-MA approach.
The isolation among them could be result of the random manufacturing and materials

tolerances, due to the used cheap materials and manufacturing technologies.

3. RPSC TECHNOLOGY - A NEW APPROACH TO PROTECT SATELLITE
COMMUNICATIONS FROM SPACE TERRORISM

The European Space Policy Institute [ESPI] issued an article in January, titled “The
Need to Counter Space Terrorism - a European Perspective”, arguing for studies to
introduce effective counter measures to protect satellites [11].The article lists several
examples of jamming and piracy events that occurred in the commercial satellite
sector. One of the conclusions is that the most vulnerable components space systems
are the ground stations and communication links. These components are susceptible to
attack from widely accessible weapons and technologies. The ESPI agrees with this
and says policy makers must consider the system architecture as a whole.

SCP-RPSC technology is one the best technologies, satisfying the above mentioned

requirements, as follows:

e SCP in down-links
In this particular case the down-links are well protected from jamming, coming
from the side-lobes of the Spatial Cross-Correlation Function (SCCF). SCCF is the
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virtual SCP antenna pattern at baseband. As it was shown in [6], the level of the side-
lobes is very low (in order of -25, -30 dB-Fig.3). It leads to good protection rations of

SCP down-links against ground based terrorist jamming.
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Figure 3. Computer simulated SCCF of a RLSA with diameter 0,57 m, f=12 GHz

e RPSC in up-links

In this particular case up-links are protected against jamming, coming even from
points, close situated to the earth stations — in the main lobe of the satellite up-link
receiving antenna. The receiving SCP units will not recovery the jamming signals
because of the lack of correlation between the jamming signals, transmitted by
conventional high gain antennas, and the recovered random phase spread pilot signals.

Situation is similar to the case of CDMA protection against narrowband interference.

4. CONCLUSION

The practical SCP-RPSC principles implementations in transmit and receive mode
will drastically change the existing paradigm in the satellite communication business
in general. Many of the existing problems of the proposed LEO, MEO and GEO
satellite systems, dealing with frequency and orbital resource sharing, beam pointing,

beam shadowing, terrorist jamming etc., will be solved successfully.
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Abstract

The new satellite interactive broadband communication systems use high gain
satellite tracking antennas, installed on vehicles. Vehicle-Mounted Earth Stations
(VMES) currently can operate on conventional Ku-band frequencies (14 GHz Uplink,
11-12 GHz Downlink) but only on a secondary basis. Regulation on VMES in the co-
primary status is not without challenges. There are several primary concerns of
allowing VMES to share co-primary status in Ku-band - Ability to maintain pointing
accuracy; Danger of using ultra small antennas and Ability to track potential
interference.

The unique properties of the SCP-RPSC (Spatial Correlation Processing —
Random Phase Spread Coding) technology were demonstrated by the author with
examples of co-located same frequency sharing conventional and RPSC satellite
systems. In the particular case of total number of antenna array elements 2500, the
Protection Ratio of the conventional satellite system will be better than 17 dB for
86,4% of the time and better than 12,2 dB for 99,9% of the time. It means that the
transmitted random poly-phase spread signals will not cause significant harmful
interference to the conventional satellites, using the same frequency channels.

An analysis of the VMES SCP down links protection from neighbor satellite
interferences is given in the report too. It is negligible due to the full electronic
principle of operation, pointing the maximum of the Space Cross-Correlation
Function (SCCF) to the cooperative satellite without time delay and due to its low
sidelobes.

1. INTRODUCTION

Historically, connectivity services for mobile vehicles have been delivered through
the use of satellites transmitting in L-band (out of which only a few tens of MHz are
assigned to satellite use from regulatory authorities), beginning with Marisat in 1976.
Targeted to telephone communication at first, these services have evolved towards IP
connectivity and, more recently, the delivery of IP broadband. The use of L-band gives
important benefits, such as small onboard antenna size and little or no attenuation due
to rain. However, the amount of L-band available, and more specifically the portion
allocated to MSS, is limited. Moreover, frequency reuse due to different orbital slots
is extremely limited. Broadband applications require a much greater amount of bitrate

for the final user than normally available. One technical solution has been to create
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small spots of coverage, so that the same frequency can be re-used in different spots,
thus increasing the total amount of available bandwidth. The lack of the bandwidth in
L-band has consequences on the costs to the users. For example, the cost of a minute
of Inmarsat communication can range from several Euros to tens of Euros. These costs
are hardly compatible with a ‘broadband’ user experience at reasonable prices. To
definitely overcome the problems due to the scarcity of L-band, the only choice is to
move to a higher frequency band [1]. Ku-band (frequencies between 11 and 14 GHz,
out of which 2+2 GHz assigned to satellite use) is an ideal candidate to offer
broadband services. Although only a part of the overall Ku spectrum is usable in a
mobile environment (in particular, only 500 MHz — from 14 to 14.5 GHz — can be
used in the uplink direction from a mobile vehicle), bandwidth can be augmented by

frequency reuse at different orbital positions.

2. THE VMES REGULATORY PROBLEMS IN Ku - BAND

Vehicle-Mounted Earth Stations currently can operate on conventional Ku-band
frequencies but only on a secondary basis. This means VMES can not claim
interference protection from primary services such as Fixed Satellite Systems (FSS)
and Earth Station on Vessels (ESV).

Regulation on VMES in the co-primary status is not without challenges. There are
several primary concerns of allowing VMES to share co-primary status in Ku-band
[2]:

e Ability to maintain pointing accuracy: Vehicles can abruptly accelerate
and decelerate as well as travel in rough terrain. Under these conditions,
VMES may find it difficult or impossible to maintain their pointing accuracy.
Of greater practicality may be the ability of the antenna systems to
automatically mute transmissions upon deviation from the target satellite.

e Danger of using ultra small antennas: Vehicles can not accommodate the
larger antennas that can be installed on ships. Thus ultra small stabilized
antennas are more practical for VMES. However, smaller antennas have
greater potential for interference to adjacent satellites because they have
wider main and side lobes that can radiate more energy to satellites on either

side of the intended satellite.
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e Ability to track potential interference: Because of the ubiquity of vehicles
and their unpredictable driving patterns, a method to identify and correct

interference issues is paramount.

3. SCP-RPSC APPROACH

The SCP-RPSC principle of operation [3,4,5,6] is based on the use of random
phased antenna arrays and correlation signal processing. It was developed for receive
(SCP) and transmit (RPSC) modes. A block scheme of a SCP-RPSC satellite system

is shown in fig.1:

processing equipment
correlator

pilot recovery

receiver

ik

Figure 1. Block scheme of a SCP-RPSC system

4. POSSIBLE IMPROVEMENTS OF REGULATORY STATUS OF VMES

The unique properties of the SCP-RPSC technology were demonstrated with an
example of co-located same frequency sharing conventional and RPSC satellite
systems. The case, considered in [6], included a situation, where a conventional
antenna, placed near to transmitting random phased antenna array and having the same
gain, transmits towards a conventional receiving satellite system with the same
parameters as that of the receiving RPSC system. It was shown, that the output signal
of the conventional system receiving antenna will be sum of the own signal and the

interference from SCP-RPSC system. The Protection Ratio (PR) of the conventional
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system was defined and calculated by means of the Probability Theory of the Random

Gaussian Processes as:

2
P o
PRSG,A% _ _ recconv. _ y — /GZ 1
conv Pim. Jy y ( )
2
P o
PR99,9% _ _ recconv. _ y — 0’33 IO_Z 2
conv - 30'y y ( )

A? : :
where o} =no; :n7 is the variance of the full interference, caused by the

transmitting random phased antenna array and o =A72 is the variance of the
interference, caused by single antenna element.

Bearing in mind that the number of the antenna elements of a random phased
antenna array is in order of 2500 [7], the PR will be better than 17 dB for 86,4% of the
time and better than 12,2 dB for 99,9% of the time.

The conclusion is that the transmitted random poly-phase spread signals will not
cause significant harmful interference to the conventional satellites, using the same
frequency channels. The interference will be similar to that, caused by the side-lobes
of a circular, phased in another direction antenna array with random inter elements
spacing. The transmitted random poly-phase spread signals are uniformly radiated in
the space above the antenna. Several satellites, equipped with the same SCP receivers
and providing space diversity, could receive them. The knowledge of the receiving
satellites positions for the transmitting equipment is not necessary (as it is for a
conventional satellite earth station).

Several mitigation techniques have been used until now in order to solve the
VMES regulatory problems. One of them uses CDMA techniques to reduce the
transmitted spectral power density in order to satisfy 1TU transmitting masks. This is
a temporally solution for low speed mobile up-links with poor directivity patterns. As
it was shown above, the interference of RPSC up-links over conventional up-links is
in order of that, caused by the side-lobes of random spaced antenna array, phased in
another direction. This property is direct result of the principle of operation, so the
additional expenditures to realize it are not necessary. To support the above
mentioned, in fig.2 the amplitude distribution, and in fig.3 — the phase distribution of a
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57 cm in diameter RP-RLSA (Random Phased — Radial Line Slot Antenna) are

shown.
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Figure 2. RLSA amplitude distribution (LHCP, RP RLSA-® 57 cm)
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The VMES,s SCP down links are protected from neighbor satellite interferences
due to the full electronic principle of operation, pointing the maximum of the SCCF to

the cooperative satellite without time delay.

5. CONCLUSION

In summary, a co-primary allocation of VMES in the conventional Ku-band would
be in the public interest, as it would address a growing commercial demand for on the
move services. However, a co-primary allocation would also have to be conditioned
on strict adherence to interference avoidance mechanism, which in the best way

obviously is satisfied by the RPSC technology.
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Abstract

The objective of this paper is to analyze realistic exposure scenarios by means of numerical
computations. Our aim is to determine and compare peak values of SAR and temperature rise for
several types of antennas. This paper contains results obtained in terms of MMF/GSMA WP8
2008-2010 years’ project. Numerical simulations were performed on a human model [1].

1. INTRODUCTION

The recent numerical simulations results of electromagnetic (EM) exposure on a human body
by wireless transmitters are discussed in this paper. A large number of dipole, monopole, and
planar antennas have been studied at different frequencies and different distances between the
head and the mobile phone in order to quantify the SAR level produced in the human body. The
aim of this paper is to present and discuss results numerical simulation results. During the
calculations the focus was made on the peak values of 10g avg. SAR and temperature rise. The
simulations were conducted using the proprietary program package, which was developed in the
Laboratory of Applied Electrodynamics and Radio Physics — FDTDLab [2-4] in cooperation
with Motorola Inc. (2002-2008). Validation of FDTDLab was proved for EM and thermal
solvers using different ways [3, 4]. The software package was enhanced with several new
features including the calculation of peak values in selected tissue regions and/or tissue, and,
most importantly, the consideration of directional blood flow [5] in the tissue capillary and its
effect on the spatial distribution of the temperature and temperature rise in the Human model [1].

In accordance with specific requirements our aim was to investigate EM exposure and
determine peak SAR and temperature rise values in various scenarios without consideration of
directional blood flow. The first task included: use of the Finite Difference Time Domain
(FDTD) method and anatomically based human head models; computation the peak 1-g and 10-g

averaged SAR [6-9] and the temperature rise in the tissue for canonical dipole antennas of
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various length: A/2, /4, A/8 and at 300, 450, 900, 1450, 1900 and 2450, 3700 6000 MHz —and at
distances of 5, 10 and 20 mm from the head model. Frequencies up to 1900 MHz are used in
wireless communication devices. Although the higher frequencies are not widely used yet, they
are planned to be used in near future for mobile communications.

The second task was examining the monopole antennas on 300 MHz and 1450 MHz. The
third task consisted in studying the planar antennas. Peak 1g and 10g averaged SAR and the
temperature increase in tissue has been calculated for Patch Antennas, PIFA, and IFA Antennas.
Patch antenna has been studied at 3700 MHz, while PIFAs was studied at 1900, 3700, and 6000
MHz. IFA Antennas were simulated at 6000 MHz. The 1-g and 10-g averaged-SAR distributions
were subsequently computed on the basis of the algorithm specified in IEEE C95.3-2002
standard (IEEE, 2002) (2002) [6-9].

2. MATERIALS AND METHODS

The simulations were conducted using the FDTD method. Temperature increase in tissue was
simulated due to RF exposure from antennas placed at different distances from the head model.
The EM and thermal coupled solver FDTDLab, developed at TSU [3, 4], was used. As it is
shown in [4] the thermal solver is tested against an analytical solution for a simplified case. At
the initial phase of the project various standard antenna and phantom orientations were
simulated. Along with the SAR the conventional bio-heat model was used to compute the
temperature rise. 1 mm discretization has been used for all thermal and EM calculations except
for 6000 MHz. Due to the small wavelength at 6000 MHz 0.5 mm discretization has been used
around the feed. A head without the shoulders and a hand has been used in calculations. Antenna
was placed at “d” distance from the nearest point of the head. The position of the antenna
remained intact at all times during the simulation. A sinusoidal wave signal has been used at
corresponding frequency. At lower frequencies 20 dB convergence criterion was used, while at
high frequencies it was 40 dB. Thus, the resultant peak temperature rises corresponded to the
infinite time exposure. These factors altogether gave us an idealized model which allowed us to
study the worse (with highest expected temperature rise) possible exposure scenario that can
never actually take place in the real life. Although FDTDLab allowed temperature dependent

thermal parameters, they were constant during the simulation time. It is well known that there are
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two kinds of effects caused by the RF field: biological and thermal. The current study is focused
on the thermal effects.

The Pennes bio-heat equation (1) has been used along with the boundary condition (2) to
simulate thermal processes in tissue.

p-CLL VKT +p-SAR+A —B-(T-T,)

ot (1)

K a_ -h(T -T,)

on )

Where A is the metabolic coefficient, B is blood perfusion coefficient, SAR is the specific
absorption rate. The integral representation (3) of equation (1) was used for the finite difference

approximation.
t

T at][] p-c Tav = [ aff Gos + [ ot ][] p-sar=av + [ ot[]] A, v
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Where dV is the elementary volume, ds is the elementary surface, G =-KVT is the flow

through the boundary of the volume. The boundary condition (2) in integral form transforms to
G=-h(T-T,) (4)
In equation (4) T, is the air temperature and h is the convection coefficient. For all

calculations those parameters were h = 10.5 and T,= 23 °C. The simulation time step for all

thermal calculations was dt = 0.5sec. All results have been normalized to 1W input power.

3. DIPOLE ANTENNAS

In terms of the MMF WP8 project the dipole antennas have been investigated at different
frequencies and distances from the head model. Calculations have been conducted on all
frequencies except 1900 MHz. Initially the MMF WP8 project tasks were divided between two
collaborators. It was planned to submit a joint report with data obtained by two research groups.
Later, due to discrepancies in approach to the calculations, separate papers have been submitted.

Despite the fact that only calculations at 300, 450 1450 and 3700 MHz were planned to be
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conducted in TSU, projects at 900, 2450 and 6000 MHz were also investigated in order to
analyze frequency dependencies of SAR and temperature rise. These additional calculations

helped in analysis of other antennas studied in terms of this project.

A8 Dipole

SAR

i i i 1 L
0 1000 2000 3000 4000 8000 €000

Frequency, MHz

Fig.1 SAR on frequency. All data normalized to input power

Dependency of peak 10g SAR on frequency is presented on Fig. 1. As it can be seen the
minimal 10g SAR is observed at 1450 MHz with a local peak at 2450 MHz, while the maximum
is at lower frequencies. On the figure data for all of the separation distances, namely 5, 10 and
20mm, is presented. For all calculations peak values of avg. SAR decrease when the separation
distance increases. The graphs for 5, 10 and 20mm have similar shape. It can be seen that the
higher the distance is the smoother is the corresponding graph. The reason of this the radiation
pattern of the antennas. With the increase of the separation distance the difference in radiation
pattern for different frequencies is less notable. After the distribution of SAR has been obtained
thermal calculations were conducted for each antenna project. The dependency of temperature
rise on frequency for A/8 dipole is presented on Fig. 2. The minimal temperature rise is observed
at 900MHz. In most cases the peak temperature rise was located in the ear, thus the resultant
temperature was less than 38°C.

The maximal peak temperature rise for all calculations is at 6000 MHz and is located in the
ear. It should be noted that at 6000 MHz results are not stable. A small change in the input
parameters can significantly affect the resultant distributions.
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Fig. 2 Temperature rise on frequency. All data normalized to input power

The 10g SAR dependency on frequency for A/4 dipoles is presented on Fig. 3. The minimal
peak 10g SAR is observed at 300 MHz for all distances. At the same time from Fig. 4 we see that
the minimal temperature rise for the same antennas is again found at 900 MHz. At low
frequencies (300 and 450 MHz) field penetrate deep into the model.

The high values at lower frequencies for A/8 dipole antennas can be explained by the resonant

dimensions of the head model.
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Fig. 3 SAR on temperature rise for A /4 dipole antennas
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It must be noted that the user’s hand is not taken into account. Preliminary calculations show
[11] that with the hand present the results are different, since it absorbs the energy and drastically
changes the radiation pattern. The radiation pattern makes the placement of the antenna a subject
of separate study. All examined scenarios represent an ideal case: an infinite exposure with the
antenna at the same point. If the direction of a beam matches peculiarity of the model the
induced temperature rise will be higher. But if the mobile handset is moved during the
communication process the beam moves from one point of the model to another, resulting in
much smaller peak values of SAR and temperature rise. The effect of changing position of the

antenna should be studied in the future.
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Fig.4 Temperature rise on frequencies for A /4 dipole antennas

As it can be seen from Fig. 3 and Fig. 4 at lower frequencies the peak values are much lower
for A /4 dipole antennas. The cause of this is the difference in radiation pattern for the two cases
(M4 and A /8 dipole antennas). For the smaller antenna it (the radiation pattern) is more directed.
The resultant peak values of SAR and temperature rise are higher when the beam’s direction
matches the peculiarity of the model. A local maximum is observed at 2450 MHz for both A/4
and A/8 dipole. At the same time the penetration depth at 2450 MHz is higher than at 3700 and
up. The penetration depth depends on o conductivity of the materials. The higher is the o
conductivity the smaller is the penetration depth of EM field. Dependencies of conductivity on

frequency for muscle, skin and SAT are shown on Fig. 5. The conductivity determines the
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penetration depth of EM field. As it can be seen from Fig. 5 the conductivity for higher
frequencies can be 10 times higher than at low frequencies. That is the reason why field
penetration depth is relatively small on high frequencies, while at low frequencies it is
significantly higher.

Conductivity on Frequency

O Muscle
Vv Skin : : : ;
5k a SAT  |eeed P —— 3 .............. ..........

Conductivity

| g ;
0 1000 2000 3000 4000 5000 6000
Frequency, MHz

Fig. 5. Conductivity on frequency. At 6000 MHz o conductivity is almost ten times higher than at 300MHz.

On Fig. 6 the distributions of 10g SAR and temperature rise are presented. As it can be seen
from Fig. 6 location of peak temperature rise and SAR depend on particular case and may not
correspond to each other. In this case match only locations of peak 1g SAR and temperature rise
while the location of peak 10g SAR is in another part of the model. The geometry of the antenna

and its placement can drastically affect resultant distributions of SAR and temperature rise.
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Fig. 6. Locations of peak a) 10g SAR = 6.7w/kg b) temperature rise AT=0.36°C of A/8-th Dipole Antenna for
frequency 300 MHz, at 10 mm distance.

In some cases, when the field penetration depth is comparable with the linear dimensions of
the model, a focusing effect can be observed Fig. 7. Due to complexity of the model and
frequency dependent material properties, points of maximal SAR and temperature rise are
located in different parts of the head and may not correspond to each other (Fig.6). As a result,
graphs are not smooth and it is harder to make conclusions based on them.

Field penetration depth is significantly bigger at low frequencies Fig. 7. Values of SAR and
temperature rise for inner parts of the model (e.g. brain, eye, etc.) are much higher for lower
frequencies. Starting from 1450 MHz the penetration depth of EM field is small and biggest part
of radiated energy is absorbed at the surface, which in the studied model in most cases is the ear.
If the position of device is changed during the communication process, the peak values are

washed out and the impact is be smaller.

a) b) c) d)
Fig. 7. Field penetration depth for A/2-th dipole antennas. 1g SAR with frequencies:
a) 300 MHz b) 450 MHz c¢) 1450 MHz and d) 3700 MHz

From Fig. 8 it can be seen that there is a good correlation between SAR and temperature rise
for dipole antennas. It turned out that the correlation depends on the dipole length. When the
correlation was calculated based on all simulation results together (A/2, A/4, A/8, A/15 dipoles) it
appeared that R2=0.73. At the same time for /2, /4, A/8 dipole antennas R2=0.91 (Fig. 8) and

for M/15 antennas apart it is R2=0.93. This fact is explained as follows.
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The /15 dipole antennas are smaller and their radiation pattern is more directed compared to
the bigger antennas. In such cases the point SAR appeared to be concentrated in a smaller area.
Considering that the boundary conditions are the same the heat flow through the boundary is
smaller. As a result for such cases the temperature rise values are higher. Overall good

correlation is observed for all calculations.

Dipole Antenna at 300, 450, 900, 1450, 2450, 3700 MHz

- R2= 091286

Temperature Rise

R 1 i I i I 1 i I i
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B
SAR 10g, Smm, 10mm, 20mm

Fig. 8 Correlation of 10g avg. SAR and temperature rise.

4. MONOPOLE ANTENNAS
Resonant /4 monopole antennas operating at (300 and 1450) MHz were investigated in terms
of MMF WP8 project. The temperature rise and SAR were the subject of study in all

calculations. Antennas were placed at distances of 10 and 20 mm from the Duke Head model [1].
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Fig. 9 Temperature Rise for Antennas at 10mm, 300MHz and 1450 Mhz

Three types of monopoles namely; the straight, the helical and the meander were mounted on
top of a metal box. A 1 mm uniform discretization was used for all calculations. Each monopole
was excited using a 1 mm excitation gap with a continuous wave sinusoidal source at a given
frequency. All SAR and temperature rise data were normalized to 1W of power. On Fig. 9
temperature rise for monopole antennas is compared to temperature rise of a dipole antenna of
the same length. At 10mm distance the dipole antenna induced the smallest temperature rise at
both frequencies. As it has been shown for dipoles, both SAR and temperature values decrease
with the increase of distance. Since tissue thermal parameters like specific heat, heat
conductivity, blood perfusion etc. are independent of frequency the temperature rise depends
only on the point SAR.

The maximal temperature rise AT=2.97 °C and maximal 10g SAR=10.5 W/kg were observed
in the earlobe at 1450 MHz for 10mm helical monopole. The resultant maximal temperature did

not exceed 37°C.
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Fig. 10 Temperature Rise for Antennas at 10mm, 300MHz and 1450 Mhz

The minimal temperature rise AT=0.14°C was observed at 300 MHz. Minimal peak 10g SAR
was observed at 300 MHz for straight monopole located at 20mm distance from the model.
Temperature rise and SAR for the same antenna types are lower at 300 MHz and higher at 1450
MHz. This fact is caused mostly by the penetration depth, which is much smaller at higher
frequencies. At 1450 MHz energy is absorbed at the surface and the peak values of temperature
rise are located mostly in the ear, while at 300 MHz they may be located in the head tissues. As
expected peak values of temperature rise are much lower at 20mm distance.

At 300 MHz, 20mm the smallest temperature rise is induced by the straight monopole. At
1450 MHz all monopole antennas are very close to each other with smaller temperature rise
compared to the dipole at the same frequency. The difference in temperature rise between dipole
and monopole antennas of the same length is caused by the radiation pattern and antenna

placement.

5. PIFA ANTENNAS
Planar inverted-F antennas (PIFA) operating at, 1900, 3700, and 6000 MHz were investigated
10 and 20 mm distances from the Duke head model. Two different orientations of the PIFA

namely the “conventional” and the “flipped” were used. In the conventional orientation the gap
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was placed on the outer surface of a metal box, while in the “flipped” it was on the inner surface

(directed towards the head model).

Correlation for PIFA antennas
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Fig. 11. Correlation between 10g SAR and temperature rise at 1900, 3700, 6000 frequencies.

PIFA Antennas have been simulated at 1900, 3700 and 6000 MHz. The distance ,,d” is
calculated as the separation between the outer edge of the compressed ear and the surface of the
metal box facing the metal strip of the PIFA antenna. The time step for thermal calculations was
0.5 second for all antennas. The basal body temperature was considered as 37°C while the air at
was 23°C.

The maximal temperature rise AT=4.68°C and maximal 10g SAR = 8.41 W/kg were observed
at 6000 MHz 10mm PIFA antenna with flipped orientation. The minimal temperature rise
AT=0.21°C was observed at 1900MHz for PIFA antenna with conventional orientation located at
20mm distance from the model.

Good correlation between SAR and temperature rise was observed at all frequencies.
Although the temperature rise of 4.68 °C is high enough, the resultant maximal temperature does
not exceed 38°C. While conducting the calculations it was noted that antenna position may
drastically affect resultant peak values of SAR and temperature rise and corresponding
distributions.

The maximum AT exhibits a strong correlation with both peak 1-g avg. SAR and peak 10-g
avg. SAR. Fig. 11 shows the peak AT values for the 1900, 3700 and 6000 MHz PIFAs plotted
against the 10-g avg. SAR. Similar dependency is observed for 1g SAR. [10-12].

50



AT for Antennas at 10mm

4.5

3.5

M Dipole
2.5 P

m PIFA-Conv

1.5 1 PIFA-Flipped

0.5

3700 6000

Fig. 12 Temperature Rise for Antennas at 3700 and 6000 MHz.

The more precise analysis can be made according to Fig. 12. It can be seen that PIFA
antennas with “flipped” orientation induct significantly higher temperature rise compared to the
“conventional” orientation. The same conclusion is true for 20mm distance.

For all simulations peak values of temperature rise at 3700 MHz are lower than at 6000 MHz.
As for 10 mm distance, the peak temperatre values for “flipped” PIFA antenna are signifacntly
higher compared to the “conventional” orientation. The peak values of temperature rise of PIFA

antennas with “flipped” orientation are very close to the peak values for dipole antennas.
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Fig. 13. Temperature Rise for Antennas at 20mm, 3700 and 6000 MHz.

At 20 mm distance the peak temperature rise values for dipole and “flipped” PIFA antennas
are not close any more. This is due to the resonant distances between the PIFA anetnna model

and the head model. This fact is explained more detailed later in this article.

6. PATCH ANTENNAS.

Patch antennas have been investigated at 3700 MHz. Two separation distances namely 10 and
20mm were used.

The patch antennas appeared to be very similar to the PIFA antennas. The same conclusions
that were made for the PIFA antennas can be applied to them. The peak values of SAR and
temperature rise for “flipped” orientation is much higher compared to the “conventional”
orientation. At the same time the values for the “flipped” orientation are close to dipole. At 20
mm distance the temperature rise is times smaller compared to the 10mm distanfce. The peak

temperature rises were located in the ear tissues for all calculations.
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Fig. 14 Temperature rise for Dipole and Patch antennas at 3700 MHz.

7. IFA ANTENNAS

Data, obtained for IFA (inverted-F antenna) antennas, is provided in table 1.
Table 1. Data for IFA antenna operating at 6000 MHz, all data normalized to 1W input power.

10 mm 20 mm
6000 MHz
1g SAR 10g SAR AT 1g SAR 10g SAR AT
Conventional 24.8 4.77 3.01 11.21 2.56 1.45
Flipped 53.1 12.66 6.37 63.88 16.97 7.78

Like it has been observed for Patch and PIFA antennas IFA antennas induce much higher
temperature rise in flipped position compared to ‘“conventioanal” one. In conventional
orientation for IFA antennas the temperature rise is bigger at 10mm and smaller at 20mm
distances. But the situation changes at 20mm. An unexpected behavior has been observed for
6000 MHz “flipped” IFA antenna at 20mm. The peak SAR and temperature rise values appeared
to be higher than at 10mm. This case has been investigated in detail. The wave length at 6000
MHz is around 5cm, the distance from the antenna to the nearest point of the model is 2cm. It

appeared that the IFA “antenna-head” model is resonant. The resonance had caused an
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unexpected high temperature rise at 20mm distance. The resonance phenomena for RF exposure

simulations is a subject of a separate study.

8. CONCLUSION

Thermal impacts of dipole, monopole, planar and patch antennas operating at several

frequencies were investigated. Peak values of specific absorption rate (SAR) and induced

temperature rise in the Duke Head model were presented. All of examined antennas have been

compared to dipole antennas. The position of the antenna remained intact at all times during the

simulation time. A sinusoidal wave signal has been used at corresponding frequency. Thus, the

resultant peak values of SAR and temperature rise corresponded to the infinite time exposure

and, therefore, obtained values were much higher than they would have been in reality.

Following conclusions were made:

1.
2.

The smallest temperature rise appeared to be at 900MHz and 1 900MHz (Fig. 1, 2).

Peak temperature rise ranged from 0.1°C to 7.78°C for all the antennas considered. Cases
with high temperature rise values were investigated separately. The wave length at 6000
MHz is about 5¢cm. At this frequency the distances between the antenna and the ear, the
antenna and the head are resonant. In case, when a resonance takes place, the resultant
temperature rises are above normal.

Due to the frequency dependant absorption of tissues (see Fig. 5.) the high temperature
rise values observed at high frequencies are located in the tissues of the model (Fig 7. d)
and the maximal temperature in the model does not exceed 38°C for most cases.

At lower frequencies the penetration depth is high, and studied model has been observed
to focus EM filed, concentrating RF energy in some local points inside of the model (see
Fig. 7). The hot spots appeared in the brain. Detailed studies show, that their position
shifts when the antenna placement is changed. Their dimensions and location depend on
the curvature of the head’s surface. The subject of big interest is the investigation of the
focusing effect on the model of a child.

Overall a good correlation between 10g SAR and temperature rise was observed (Fig.8
and Fig. 11)
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10.

11.

12.

13.

Due to asymmetrical radiation pattern monopole antennas in most cases inducted higher
temperature rise compared to the dipole antennas (see Fig. 9). But overall they are
identical to dipole antennas and peak temperature rise and SAR values are determined
mostly by the antenna placement.

Planar antennas with the flipped orientation induced much higher temperature rise than in
the conventional.

It has been shown that planar antennas with “flipped” orientation are very similar to
dipole antennas.

A local maximum of temperature rise is observed at 2450 MHz. At this frequency the
penetration depth is higher than at 3700 MHz and up. Probably this is the reason why the
microwave heaters work at this frequency. It is known that the presence of the high
permittivity and conductivity dielectric changes the radiation pattern and the dielectric
absorbs the most part of radiated energy. From our point of view, the use of high
frequencies is not recommended because of the high absorption at them.

Preliminary calculations show [11] that the presence of a hand affects the radiation
pattern. The hand redirects the radiated EM field’s energy along itself and peak
temperature rise values in the head are drastically reduced. From our point of view this
topic must be investigated more carefully.

Due to the directed radiation pattern of some antennas, it has been noticed that their
placement also affects the temperature rise. The placement of the antenna is a subject of
study.

A resonance has been observed for IFA antenna at 20mm. The resonance was the cause
of the unexpectedly high temperature rise (see Table 1).

IFA antennas induce higher temperature rise compared to Patch and PIFA antennas. A

resonance has been observed for “flipped” IFA antenna at 20mm.

14. At 6000MHz results are not stable. A small change in the input parameters can

significantly affect the resultant distributions.
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Abstract

The objective of this paper is the analysis of the realistic exposure scenarios simulations
stability. The paper contains analysis of the results obtained in terms of MMF/GSMA WP8
project [1]. Numerical simulations were performed on a human model [2] without consideration
of detailed blood perfusion [3]. The blood perfusion, positioning of the antenna and the hand
presence effects are described in this paper based on conducted research.

1. INTRODUCTION

After conducting a big amount of calculations with dipole, monopole, patch, PIFA and IFA
antennas [1] it appeared that the results contain more valuable information than just peak values
of temperature rise, averaged SAR, correlation etc. Simulations were conducted at different
frequencies used in practice 300, 450, 900, 1450, 2450, 3700 and 6000MHz. In order to simulate
possible mobile phone user’s experience several separation distances between the head and the
mobile handset models were considered: 5, 10 and 20mm. The aim of this paper is to conduct
stability analysis of obtained results. The focus in the project was made on the peak values of
10g avg. SAR [7-10] and temperature rise. The simulations were conducted using the proprietary
program package, which has been developed in the Laboratory of Applied Electrodynamics and
Radio Physics — FDTDLab [4-6] in cooperation with Motorola Inc. (2002-2008). The validation
of FDTDLab has been provided for EM and thermal solvers using different ways [5, 6].

According to the project specification the human head model [2] without a hand has been
used for the calculations. It was decided to check how the presence of a hand affects the
temperature rise and SAR distributions. It appeared that with the hand, taken into account, the
results changed. Due to the high conductivity of the tissues the hand absorbs the energy and

drastically changes the radiation pattern.
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Another factor, which has not been discussed in the project description, is the placement of
the antenna. It has been observed that the movement of the antenna drastically affects the results.
All examined scenarios represent an ideal case: an infinite exposure with the antenna at a
constant position. During the calculations it has been seen that when the antenna was shifted
even by a small margin, the temperature rise and SAR values also significantly changed. The
aspects of numerical simulation of RF exposure are investigated in detail in scope of this paper,
namely the stability analysis of modeling results due to antenna placement, the possibility of
resonance phenomena in the system, the effects of a hand and the directional blood perfusion on

the temperature rise.

2. STABILITY ANALYSIS OF RESULTS AT HIGH FREQUENCIES
Data obtained for an inverted-F antenna (IFA) at 6000 MHz is presented in table 1. Two

orientations of the antenna namely the “conventional” and “flipped” (see Fig. 1) were used for

calculations.
Table 1. Data for IFA antenna operating at 6000 MHz, all data normalized to 1W input power.
10 mm 20 mm
6000 MHz
19 SAR 10g SAR AT 1g SAR 10g SAR AT
Conventional 24.8 4.77 3.01 11.21 2.56 1.45
Flipped 53.1 12.66 6.37 63.88 16.97 7.78

)

=
-

a)
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Fig.1 a) flipped orientation of the antenna, b) conventional orientation of the antenna




At 20mm distance the IFA antenna in “flipped” orientation induced higher temperature rise
compared to the same antenna at 10mm. Such behavior was unexpected since for all other
calculations in terms of the project it had been observed that with the increase of the distance the
peak values of temperature rise and averaged SAR decreased. This case has been investigated
and several possible explanations of obtained results were found.

The first, previously not considered factor, is the radiation pattern and antenna placement. The
far field pattern and near field distribution for the antenna in free space are shown on Fig. 2 and
Fig. 3 respectively.

Fig. 3. Near Field distribution of the antenna. Antenna is not shown on the image.

The near field distribution is inhomogeneous; it propagates better in some directions, while in
others it does considerably worse. From Fig. 3 it can be seen that at 6000 MHz field is
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concentrated in a small volume. At Fig. 3 the corresponding surface is approx 1x4cm. When the
location of an object matches that area, the field values and the induced temperature rise are
higher compared to the opposite case. The energy is concentrated in a small volume (Fig. 3). If in
such case the antenna is shifted vertically by as small margin as 1cm, the field values in the
model are drastically changed. At the same time the location of peak temperature rise and SAR
values changed too. The heat flow through the boundary was different for scenarios, where the
peak values of point SAR were located in different points of the model. In one case the peak
value of 1g, 10g and or point SAR may be located in the earlobe; while in another it may appear

on the surface of the head behind the ear Fig. 4 and Fig. 5.

a) b)
Fig. 4 Temperature rise for shifted position. Peak temperature rise is located in the earlobe.
a) XOZ slice b) YOZ slice.

a) b)
Fig. 5 Temperature rise for original position. . Peak temperature rise is located on the head surface.

a) XOZ slice b) YOZ slice.
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In such cases, even if the peak values of SAR matched a difference in peak temperature rise
values had been observed. The maximal observed difference was above 90%. The increases of
SAR and temperature values, although less expressed, were observed at 3700 MHz.

The second factor is the possible resonance that takes place in the “head-ear-antenna” system.
It has been noticed that at high frequencies (from 3700 MHz and up), the distances between
several parts of the model and the antenna may be comparable to the wave length, which for
6000MHz is 5cm. The dimensions of the ear or other parts of the model may be resonant at a
given frequency. One of the consequences of having a resonance in the system appeared to be
longer than usual calculation time. Described situation has been observed for the IFA antenna at
20mm. The resonance resulted in an unexpectedly high temperature rise.

From Fig. 6 it can be seen that the field concentration near the earlobe is very high. This is
explained by the high conductivity values of corresponding materials.

Fig. 6 near field distribution around the model. a) XOZ slice b) YOZ slice.
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Fig. 7. a) Field pattern for a L/2 dipole at 6000Mhz B) same dipole shifted by 10mm up.
The possibility of a resonance, the directed radiation pattern, result in the instability of the

results according to antenna placement. The described situation was observed not only to the
antennas with complex geometry, the same results have been obtained for dipoles Fig. 7. It can
be seen how the field distribution changes if the dipole is shifted by 10mm along the Z axis. The
resultant SAR and temperature rise distributions are different. Peak 10g SAR values are 3.61
W/kg and 6.01 W/kg respectively.

3. HAND EFFECT ON SAR IN THE MODEL

Due to the requirements of the project the anatomical model for all calculations consisted of the
head apart from the rest of the body. Neither head nor shoulders were included. Antennas were
placed next to the head model at different distances. There were fed by a sinusoidal signal at
several frequencies until the process stabilized. It is obvious that an ideal scenario has been
studied. In the real life a user holds the mobile handset in his hand, which changes the radiation
pattern and redirects the energy along itself. With the hand present, the temperature rise values in
the head are drastically reduced. The hand presence effect has been investigated using MAS [11-

13] on a simplified model. The MAS method has been selected due to small computation time.
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Fig. 8. The model of the head with a hand used for simulations.

At Fig. 8 the geometry used for calculations is presented. The arrow indicates the placement
of the dipole. The head model is smoothed in order to use the MAS method for calculations.
Both the head and the hand are filled with the muscle.

— a) Source pattern

—— b) Hand pattern

"""""" c) Head pattern

~~~" d)Head and hand pattern

Fig. 9. Radiation pattern for several scenarios. It can be seen how the radiation pattern differs for each case.

From Fig. 9 it can be seen how the radiation patterns change for different exposure scenarios.
The hand absorbs and redirects the energy Fig. 10. The peak SAR and temperature rise values in
the head model are reduced.
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Fig. 10. SAR distribution in the head and hand model.

It has been shown how the radiation pattern changes with distance between the head and the
antenna (see Fig. 11). At all distances except 4 cm the radiation patterns look alike. The 4cm
distance may be resonant for the studied model. The conducted investigation shows, that in order
to evaluate SAR and thermal effects in an anatomical model, the geometry of the head is not

sufficient. The hand also should be taken into account.

1.158e+000

L
5.88e-001 “. 5 T 3em

EFU

2.88e+002

Fig. 11. Radiation pattern of the “head-hand” system for different dipole placement.

65



4. BLOOD PERFUSION

The software package FDTDLab was enhanced with several new features. A new model of
blood perfusion with directional capillary blood flow [3] taken into account was added to it along
with such features like analyzing peak values for temperature rise and SAR for selected tissues
and regions. While the difference produced by two models was noticed, the thorough analysis is
needed to quantify it. As an example the Fig. 1 shows the difference in temperature rise
distribution computed for the same exposure condition using the conventional and new heat-
exchange model. Both presented models are restricted to low power exposure conditions but
may be extended to higher power levels by introducing reported in literature approximations of
the basic thermal regulation mechanisms.

The modified model [3] is linear, and there is good correlation between peak 10g SAR values
peek temperature rise values calculated according to it. At Fig. 12 results obtained using the
modified model are presented. Fig. 12a shows temperature distribution according to conventional
bio-heat equation, Fig. 12b distribution obtained according to the modified equation [3].The
darker parts correspond to arterial endings while the lighter areas to venous endings, where the

blood penetrates into examined volume.

3.06e+000 i 2.23e+000

f2.33e+000 1.70e+000

1.61e+000 1.17e+000

80e-001 .39e-001

0.00e-000 0.00e-000

a) b)

Fig. 12. Temperature rise for: a) Pennes model and b) modified model with new vascular structure model. SAR

normalized to 1W input power.

The modified model is a subject of further study.
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5. CONCLUSION
It has been shown that there is a large amount of factors to consider while simulating the RF
exposure on a human model.
1. The minor variations of simulation parameters may drastically change the peak SAR and
temperature rise values, especially at high frequencies.
2. The directional radiation pattern for planar antennas causes instability in respect to antenna
position.
3. If the resonance takes place the peak values of SAR and temperature rise are significantly
higher and simulation time is times bigger.
4. The resonance has been observed at 6000MHz. At other frequencies the main cause of the
results instability is the directional radiation pattern.
5. The presence of a hand affects the radiation pattern and changes temperature distribution.
With a hand taken into account the temperature rise in the head model is significantly lower.
6. Temperature rise, calculated according to the modified bio-heat equation [3] is slightly
lower. Peak values of temperature rise are washed out.
7. For the mobile phone user it is useful to change the position of the handset during the
communication process. Thus the peak values of SAR and temperature rise are reduced.
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