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Abstract. Active methods for attenuating acoustic pressure
fields have been successfully used in many applications. In
this paper we investigate some of these active control met-
hods in combination with a MIMO antenna system in order
to assess their validity and performance when applied to
electromagnetic fields. The application that we evaluated in
this paper is a model of a mobile phone equipped with one
ordinary transmitting antenna and two actuator-antennas
which purpose is to reduce the electromagnetic field at a
specific area in space (e.g. at the human head). Simulation
results show the promise of using the adaptive active con-
trol algorithms and MIMO system to attenuate the electro-
magnetic field power density.
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1. Introduction

Active suppression of noise and vibrations is a well-
established field of research with many applications in
acoustic and mechanical industries [1] — [3]. The method of
canceling out a signal comes from the principle of super-
position. If two signals are superimposed, they will add
either constructively or destructively. The objective of our
study is to investigate the possibility of applying these
adaptive active control methods with the aim of lowering
the electromagnetic field power density at a specific area in
space using the superposition principle and a MIMO (Mul-
tiple Input Multiple Output) antenna system.

There have been several studies done, with conflicting
results, on the effects of cell-phone radiation on the human
body. The amount of radiation emitted from most cell
phones is very minute. However, given the close proximity
of the phone to the head, it is entirely possible for the ra-
diation to cause harm. This paper makes a contribution to
that discussion by proposing a new approach by exploiting
adaptive active control algorithms combined with a MIMO
antenna system to attenuate the electromagnetic field at

specific area. Thus, the application we evaluated in this
paper is a model of a mobile telephone equipped with one
ordinary transmitting antenna and two actuator-antennas
which purpose is to reduce the electromagnetic field at a
specific area in space (e.g. at the human head). It is worth
stressing at this point that the purpose of this MIMO system
is not to improve the capacity or quality of transmission
between the mobile unit and base station, but to predict the
channel response or sense the radiated field that can then be
controlled by using the active control algorithms. The
modeling of the antenna elements and the electromagnetic
field calculations are done in FEMLAB. This modeling
software is also used in combination with MATLAB to
implement the adaptive algorithms used to control the elec-
tromagnetic field.

The organization of this paper is as follows. In Section
2, we present the FEMLAB MIMO antenna model. In Sec-
tion 3, the adaptive algorithms used to suppress the power
density of the electromagnetic field are briefly presented.
Simulation results are shown in Section 4. Finally, Section
5 concludes the paper and presents further research ideas.

2. The FEMLAB MIMO Model

The application used in this paper is a two-dimen-
sional (2D) cross-section model of a physical system con-
sisting of eight vertically polarized antenna elements and of
a human head phantom, as shown in Figs. 1 and 2, respec-
tively. The operating carrier frequency of the model is 900
MHz (a wave length of approximately 0.33 m). The simu-
lation of the radio waves is performed numerically by using
the finite element method (FEM) in FEMLAB for solving
the electromagnetic field equations. FEMLAB is an inter-
active environment for modeling and simulating scientific
and engineering problems based on partial differential
equations (PDE) that are the basis for the laws of science.
One of the FEMLAB applications is to solve the electro-
magnetic field equations.

In a simple source-free medium V-E = 0 we can com-
bine Maxwell’s equations in time-harmonic form to get the
inhomogeneous Helmholz’s equation:

V’E + 0’suE = — joul , (1)
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where J is the current density input to the transmitting an-
tennas and E is the electric field. To simplify the equations
we have omitted the arguments of the different fields; e.g.
E is defined as E(x,y) exp( jwf). The parameters denoted by
&, p and o define the electromagnetic properties of the dif-
ferent materials in the model; these parameters can change
in both time and space, but in this paper we assume them to
be real valued constants. To model materials that contain
both conductive and dielectric properties, a complex valued
parameter ¢ is defined:

& =¢ — jo/lws,) 2)

where o is the conductivity and &, is the relative permit-
tivity of the material when there is an incident time-har-
monic wave with an angular frequency .
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Fig. 1. 2D model representing the tested physical system.
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Fig. 2. The FEMLAB representation of the 2D model in Fig 1.
The outer boundary is set to a radius of 1 meter to limit
the FEM solution.

The antenna elements in this model are assumed to be made
out of copper and have the following electric properties:

&.= 1, since this is not a dielectric material,
6=5.99-10" [S/m].

To electrically model the human head is a more com-
plicated task since it consists of organic tissues of varying
electric properties. For simplicity, an average of the electric
properties of the brain and skull at a frequency of 900 MHz
is used here:

& = 45.805496,
o=0.766504 [S/m].

These values are based on the 4-Cole-Cole equation as
described in [4]. Since there are no ferromagnetic materials

in this FEM model, it will be sufficient to set the perme-
ability equal to the free space permeability p=gp.

The finite element method requires that the modeled
area is finite and therefore it needs an outer boundary as is
clearly shown in Fig. 2. In the model we are using a very
simple absorbing boundary condition to approximately
account for the radio waves propagating towards infinity:

n-[VEZ]—[a) (nf+ni) 5;1} E =0. 3

FEM solution of electric field E.(x,y) in this confined 2D
room is then used to calculate the Poynting vector S(x,y)
and the power density |S(x,y)|, which is plotted in Fig. 3.
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Fig. 3. A surface plot showing the calculated magnitude of the
power density based on the electric field solution.

To reduce the electromagnetic field within a certain area in
the FEM-modeled space, a MIMO radio channel is mode-
led in order to compensate for the spatial displacement. In
this paper FEMLAB is used to simulate the physical MIMO
antenna system, which in this case consists of 3 transmit-
ting antennas and 5 receiving antennas as shown in Fig. 1.
The spacing between the antenna elements used in this ap-
plication is 0.02 m << /; thus this arrangement can not be
seen as an ordinary beamformer as the antenna elements are
working in the radiated near-field. The input signals to this
system are three separate currents in a complex-valued pha-
sor notation, one for each transmitting antenna. The simula-
ted output current from the 5 receiving antennas form com-
plex-valued data vector e =[e, e, e e4 es]" denoted as the
error signal vector of the system. The centre antenna T,
(Fig. 1) is transmitting the signal that we want to cancel (it
acts as the antenna on any ordinary mobile telephone) and
the two flank transmitter antennas T, and T; (Fig. 1) are
denoted as actuator-antennas, which will be used to reduce
the signal from the antenna T2 at some specified area.

Since the model is experimentally confirmed to be lin-
ear [5], and this is a weak-stationary problem with a mono-
chromatic time-harmonic signal, it is sufficient to describe
the parameters as a 5x3 complex-valued matrix H. These
complex-valued numbers describe the frequency response
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between the different combinations of transmitting and re-
ceiving antennas.

_Hll(w) H,, (o) Hn(a))_
H,(0) H,(w) H,(w)
H=H,(0) Hy(®) Hyo)|" “)
H,(0) H,(w) H,; ()
_H51(w) Hg, () H53(a))_

Partitioning the matrix H into two separate matrices:
F = [H, H3;] for describing the actuator-antennas channel
and g = H, for describing the objective antenna channel,
where H,, represents a column vector m of matrix H. The
system can now be described as consisting of two separate
channels as depicted by blocks g and F in Fig. 4, in which
case the vector g (the direct channel) channels the “Trans-
mitted objective signal” s and the matrix F (the forward
channel) channels the “actuator-signals” x, which is con-
trolled by the adaptive filter w. The vector e is the residual
error signal.

Fig. 4. Model of the direct channel g, and the forward channel F
controlled by the filter w.

With the additive white Gaussian noise (AWGN) signal v
included in the system, the residual error signal e can be
expressed in matrix form as:

e=sg+sFw+v, 5)

where w is the filter vector which consists of one complex-
valued filter weight for each actuator-antenna, w= [wo w;]".

3. The LMS Solution and Adaptive
Suppressions Algorithms

To get the best possible attenuation in energy sense at
the receiving antenna array (and indirectly in the human
head), the total energy output ¢ of the error signal e must be
as low as possible. One way of achieving this task is by
incorporating a complex-valued filter w in front of the for-
ward channel as shown in Fig. 4. If it is assumed that w is
linear and the noise as AWGN, then the minimum residual
mean energy of the error signal can be expressed as:

min ¢ = min E{\e|2}=min E{e“e} (6)
If the input signal s and the noise vector v are assumed to

be uncorrelated then the mean energy of the residual error
signal can be written as:

E=r, +w'p+p"w+w'R.wr, 7

where p represents the crosscovariance between the direct
channel and the forward channels, Ry is the covariance of
the forward channels (Rg = s FHF s), 1z and 1, are the
energy of the signal and noise, respectively.

The minimum value point &, is obtained with the
complex filter weight solution w,, defined by:

w,, =-R{p. (8)

This is the Least Mean Square (LMS) solution to the prob-
lem and is the optimal solution in mean energy sense. This
solution is used as a benchmark for comparing the perfor-
mance of the adaptive algorithms. In this paper we present
two Filtered-X (FX) adaptive algorithms: the FX Normali-
zed LMS (FX-NLMS) and Actuator Individual FX-NLMS,
which weight updating equations are defined by:

W, = wn—(ﬂjx:’e, &)
trace (Rp)+¢

Wia = Wi _(MJX;{e ? (10)
diag (R,)

where the f’s denote step-size parameters. These algo-
rithms were chosen because of their ability to handle non-
stationary signals, and they also provided the best compro-
mise between complexity and performance. Interested
readers are referred to [1-3] for more general information
about these algorithms and [5, 6] for many other adaptive
algorithms we have tested for this application.

4. Simulation Results

In this section we show the results of the simulations
of NLMS and Actuator Individual NLMS adaptive algo-
rithms and their effectiveness in controlling the electro-
magnetic field using FEMLAB-MIMO model. We have
also included the result of using a single transmitting an-
tenna only which is used as a reference level for compari-
son purposes in Fig. 5.
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Fig. 5. The relative average power level inside the human head:
(a) one transmitting antenna only, (b) 5 passive reflector ele-

ments, (¢) FX-NLMS, (d) Actuator Individual FX-NLMS,
(e) Least Mean Square solution.
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This figure clearly shows that the amount of attenu-
ation achieved by the least mean square solution is appro-
ximately 36 dB relative to the power level produced by a
single antenna system (i.e., by using the direct transmitting
antenna (see Fig. 1) only). It is clear from Fig. 5 that the
adaptive algorithms after convergence give about 23 dB
more attenuation compared to using the five receiving
antenna elements as a passive reflector. It can also be seen
that the Actuator Individual NLMS is converging about
40% faster than the NLMS towards the least mean square
solution since each diagonal element of the covariance
matrix is normalized separately as shown in equation (10).
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Fig. 6. Graphical plots showing the power density inside the hu-
man head phantom before (top figure) and after (bottom figu-
re) the Least Mean Square solution is applied, which respecti-
vely corresponds to plots b and e in Fig. 5.

In Fig. 6 we show the power density field for one trans-
mitting antenna with five passive reflector elements, and
three transmitting antennas tuned to the least mean square
solution (i.e., the adaptive algorithms after convergence),
respectively. Evidently, the electromagnetic power density
field inside the head is lower in the adaptive algorithms
case. These initial results show the possibility of using
MIMO antenna system for lowering the electromagnetic
field power density, but further research is still needed.

5. Conclusions

In this paper we have presented a FEMLAB model
that solves the PDE of an electromagnetic field and simu-
lates the physical MIMO antenna system that is controlled
by various adaptive signal processing algorithms in order to
suppress the electromagnetic field at a certain area in this
modeled 2D space. The attenuation level achieved from this
model suggests the possibility of using an active antenna
MIMO system for this purpose, but further research is still
needed. Future work comprises of investigating the overall
radiation efficiency and constraining the total output power
of the system. It is also interesting to investigate the effect
of the size and spacing of the MIMO antenna system on the
overall attenuation level.
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