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Abstract. A hemispherical antenna array consisting of 42 elements was
proposed and simulated. The array is capable of receiving signals at 500
kHz. The array elements are distributed on a hemisphere to be placed
on a human’s head. The function of the array is to receive brain waves
or signals from embedded electronics in the brain. By considering the
problem as a boundary valued problem with the source signal or field
being in the brain, the induced current on the antenna elements can
be determined using boundary conditions. A beamforming technique for
reception was used that made use of the orthogonality property of the
transverse electric fields to enable the array to receive from one or mul-
tiple points from within the brain.

Index Terms: Hemispherical array, Boundary valued problem (BVP),
Beaamforming.

1 Introduction

Antenna arrays have the ability to receive signals while improving the overall
signal-to-noise since they allow for constructive interference in the desired point
or direction of reception and destructive interference in all other directions. This
property can be put in use when considering medical applications where there
is a transmitter embedded inside the body and a receiver is needed to receive
signals from that transmitter [1]-[4].

The reception is achieved by using some kind of a beamforming algorithm.
This is usually done by first defining or calculating a real property of the signal
that will be maximum in the direction where the signal is coming from and
all what the designer have to do is try to scan for this maximum using some
kind of an optimization scheme. According to [5], the algorithms for direction
of arrival (DOA) estimation fall into the following 3 categories: (1) spectral-
based algorithm; (2) subspace-based methods & (3) parametric methods. In the
literature there are many kinds of reception strategies that fall in the above
categories [6]-[13].
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In the case presented in this paper the array is a hemispherical array that is
placed on the human head (or could be used for any other spherical surface) to
receive signals from the brain either as brain waves or from embedded transmit-
ters. A new beamforming technique is used that allows for reception from one
or multiple directions.

2 Theoretical Analysis

2.1 Problem Statement

The design of the hemispherical array was done by solving an electromagnetic
boundary valued problem in which the human head was modeled as a three
layered hemisphere like the one shown in Fig. 1. Of course modeling the head as
a perfect hemisphere is an assumption, but a necessary one to enable the use of
the spherical coordinate system. The antenna elements are of course fixed onto a
helmet which is in turn placed on the head but in the analysis it is assumed that
the antennas are placed right above the head to reduce the number of layers and
hence simplify the analysis. It is seen from the figure that there are four regions
marked as (0), (1), (2) and (3). Region (0) is the outside of the head (i.e. free

Fig. 1. A simple model of a human’s head as seen from the front. There are four
regions denoted by (0), (1), (2) and (3) which represent free space, the skull and brain
respectively. The radius of the brain is a, while b denotes the radius from the center of
the brain to the outer part of the skull and c for skin where the antenna elements are
going to be placed.
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Fig. 2. Loop Antennas Placed on the Human head

space), region (1) is the skin, region (2) is the skull and finally region (3) is the
brain. The 42 antennas are going to be placed on top of the skin surface and
they will cover a hemispherical surface of radius c (Fig. 2).

Since the human head is approximated to be spherical, it is therefore obvi-
ous that the boundary value problem will be solved by utilizing the spherical
coordinate system. According to [14, ch.6-1], any electromagnetic problem with
spherical symmetry can be solved using the electric vector potential Fr and the
magnetic vector potential Ar in spherical coordinates. Any electromagnetic wave
can be decomposed into two orthogonal sets of functions which are the trans-
verse electric (TE) Fr and the transverse magnetic (TM) Ar waves. Both vector
potentials are solutions to the Helmholtz equation [14, ch.6-1] and can be used
to find the fields in all four region. In the paper the fields will be expressed in
terms of the TE modes only since the TM modes are smaller in comparison. The
problem starts with the assumption that there is a localized (i.e. assumed as a
delta function) radiating magnetic field in region (3) at a distance rs coming
from the direction (θs,ϕs) (the subscript s denotes source). Since the H-field is
localized it can be described by the following equation which.

(1)

Where Ho represents the magnitude of the H-field. To solve the BVP equation
(1) must be expanded in terms of the TE modes as shown in (2):

(2)
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To find the coefficient Flm of the TE expansion (1) and (2) are equated and
then the orthogonality property of the TE modes is applied. Flm is given by the
following equation.

(3)

Where J(k3r) = k3rjl(k3r) and jl(k3r) [14, ch.6-1] is the spherical Bessel func-
tion, J ′

l is the derivative w.r.t r, i =
√−1, μ0 is the permeability of free space, ε3

is the relative permittivity of region (3) and Ylm(θ, ϕ) is the spherical harmonic
with l and m as the indices of the expansion. The wavenumber k3 is given by:

3
3 0 0 3

0

( )ik
(4)

Where ε0 is the permittivity of free space, ω = 2πf is the frequency in radian/sec
(f=500kHz ) and σ3 is the conductivity of region (3).

Beginning with the field in region (3) as the source, one can use the boundary
conditions presented in (5)-(10) to solve for the current density of each antenna
element given by (8).

��� r = c  )"

��� r = b  �"

��� r = a  ,"

��� r = c  +"
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Where Hj and Ej represent the magnetic intensity (H-field) and electric field
in the region (j) and Ji is the current density of the i-th antenna element.

By solving the BVP by using equation (2) and (5)-(10), one can derive the
expression of the current density induced at the ith antenna. After determining
the current density it is very easy to determine the current signal induced at the
ith antenna and this is given by (11).

(11)

Where:
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(12)

(13)

Where L is the dimension of the antenna element, H
(1,2)
l (k, r) = krh

(1,2)
l (k, r)

and h
(1,2)
l (k, r) [14, ch.6-1] is the spherical Hankel function of the first and second

kind and H
′
l is the derivative w.r.t r. The coefficients presented in (12) and (13)

are simply the result from solving the BVP.

2.2 Beamforming Technique

After obtaining the received current signal equation in the previous section it is
now possible to consider the beamforming technique that will allow the array to
efficiently scan the environment. By proper scanning the array will determine
the source from which the source H-field originated.

The idea behind the technique is based on the orthogonality principle of the
TE modes. To begin the analysis the received input current at the ith antenna
element is expressed as follows.

(14)

Where Ii is given by (11) and ni is a zero mean white Gaussian noise. Each
signal Ii will be multiplied by a weight factor (i.e. magnitude and phase) gi and
then all the signals from all the elements are added up to produce one output
current Iout given by equation (15).

(15)
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The first part of (15) gives the output current in a summation form while the
second part expresses the current in a matrix form.

Where:

(16)

(17)

(18)

(19)

F is a vector that contains the information about the source signal, S is a matrix
that contains the terms of the double sum present in (11), gV is a column vector
that contains the adjustable weights and N is a row vector that contains the
noise for each antenna element.

The aim in this problem is to use the vector gV to transfer the matrix S into
the following desired vector.

(20)

Reducing the matrix from S to the vector SDesired allows for the use of the
orthogonality principle. When considering the product between F and SDesired

the output current becomes:
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(21)

It is clear from (21) that the resulting current is desired to be a delta-like form
in the control angles (θ, ϕ) with some added noise. The scanning process is done
in the sense that the control angles (θ, ϕ) are going to be varied from 0 to π for
θ and from 0 to 2π for ϕ. For each control angle set (θ, ϕ), Iout is calculated by
first finding the optimal set of weight factors gV . When the calculation is done
for all the angle sets, plotting Iout(θ, ϕ) will show that the output will have its
maximum value at (θs, ϕs) which is the aim of the array. In this way by using
some kind of a maximum seeking circuit and after that determining at which
control angle set this maximum was found, the direction of arrival detection is
possible.

To transform S to SDesired the following problem must be solved for each
control angle set.

(22)

The above minimization statement can be easily solved for with respect to the
vector gV by setting the vector to:

(23)

Note that the same analysis applies if more than one source is being detected.

3 Matlab Simulation Results

The theory presented in Section II is simulated in MATLAB. As mentioned
earlier 42 elements were used in the simulation. Each element has a dimension
of L=2cm and the frequency of reception is taken to be 500 kHz. The spacing
between the centers of the elements is ≈ 4 cm. For an operating frequency of 500
kHz the electromagnetic properties of the human head in region 0-3 are as follows
(as given in [15]): region (0) has the free space permittivity and permeability;
region (1) has ε1 = 38.87ε0, μ1 = μ0 & σ1 = 1.88S/m; region (2) has ε2 = 19.34ε0,
μ2 = μ0 & σ2 = 0.59S/m; and region (3) has ε3 = 51.8ε0, μ3 = μ0 & σ3 = 1.5S/m.
The simulations in Figures 3-5 show how the output current Iout in (21) varies
with the angular parameters θ and ϕ. Note that all the simulations made are
for a radial distance of r(0) = 5 cm from the center of the coordinate system as
shown in Fig. 1.

It is clear from the figures that the beamforming technique is successful in
determining the direction of the source H-field (θ, ϕ) indicated by each figure.
The origin of the source clearly corresponds to the maximum value in the output
current at every case. For the case of Fig. 5b it is clear that the technique is
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a) b)

Fig. 3. a) Iout(θ, ϕ) for θs = π
2

& ϕs = 0. b)Iout(θ, ϕ) for θs = π
4

& ϕs = π

a) b)

Fig. 4. a) Iout(θ, ϕ) for θs = π
4

& ϕs = π
2
. b)Iout(θ, ϕ) for θs = π

2
& ϕs = π

4

a) b)

Fig. 5. a) Iout(θ, ϕ) for θs = π
4

& ϕs = 3π
2

. b)Iout(θ, ϕ) for θs1 = π
4

& ϕs1 = 3π
2

and
θs2 = π

4
& ϕs2 = π

2

applicable for multiple source detection (in this example two sources). It is clear
from Fig. 5b that there are two maximum values for the current which correspond
to the two location of the two source H-fields. Another remark is the scaling used
in the figures. The simulation was carried out for values of θ ranging from 0 to
π and ϕ ranging from 0 to 2π. In the plots the θ range is divided into 40 points
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while the ϕ range is divided into 20 points. For example, for the ϕ-axis the point
10 corresponds to ϕ = 10∗ 2π

20 = π
2 and for the θ axis the same point corresponds

to θ = 10 ∗ π
40 = π

4 .

4 Conclusions and Future Work

A theoretical hemispherical antenna array is designed and simulated to receive
brain waves or signals embedded in the human head. A new beamforming tech-
nique that makes use of the orthogonality property of the TE modes is devised
and used. The beamforming technique used is successful in receiving from single
or multiple sources. The array can be applied to any other application where
spherical geometry is involved where the task is to receive signals from within
this spherical geometry. The maximum seeking circuit for the output current is
under investigation and also the antenna elements and all the radio-frequency
RF front-end circuitry is being designed for simulation.
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