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Abstract

This paper investigates the effects of metallic jewellery on the
SAR in the human head. A CW dipole is placed in front of the
head to represent a mobile enabled personal data assistant.
The FDTD method has been used to simulate an eyebrow ring
near a homogeneous SAM phantom at 1.8GHz.
Measurements were made on the Loughborough SAM head
with the DASY4 measurement system. Simulations were also
made with eyebrow rings on the surface of the skin and
pierced through the eyebrow of a heterogeneous anatomically
realistic human head. Common sizes of eyebrow ring and
eyebrow stud have been considered over the frequency range
0.6 to 4.6GHz. Jewellery which was small compared to a
wavelength had little effect on the SAR in the head.

1 Introduction

There is public concern and scientific interest in the
possibility that the radiation from mobile phones may
adversely affect human health. The international standard to
quantify these effects is Specific Absorption Rate (SAR). In
previous works, the authors [1] [2] have found that metallic
spectacles can increase the SAR in the eyes and head. This
paper investigates the effects of metallic jewellery on the
SAR in the human head. It is commonly estimated that there
are a billion mobile phone users in the world. Many of these
may also wear metallic jewellery or have metallic objects in
close proximity to their head. These include facial piercings,
metallic spectacles, jewellery on the hands, hairclips, and
Bluetooth microphones. This paper will consider eyebrow
rings and eyebrow studs.

In the Finite-Difference Time-Domain (FDTD) simulations,
we have used a continuous wave (CW) source, positioned in
front of the head to study the effects of a communications
enabled personal data assistant mobile communications
equipment (PDAMCE) device, used in front but away from
the face. In recent years, work has been presented regarding
mobile communications equipment (MCE) positioned near
the ear [3-6]. The head has also been irradiated from in front
of the eye using realistic mobile phone models [5-7].

Recently, the authors have briefly considered the effect of
metallic jewellery on the SAR in the head [8]. Virtanen [9]
found that metallic implants inside the head could increase
the SAR. She considered metallic loops and pins inside a
cylindrical head. The same author has reviewed the area of
passive implants [10] and investigated implants in a
heterogeneous anatomical model of a head [11]. Tay [12] has
investigated the change in radiation efficiency using a passive
reflector and directive element. He found that the efficiency
of the reflector could be increased if a metallic scatterer was
positioned near to a dipole.

In the same area Cooper [13], modelled a geometric head, and
Bernardi [14] investigated an anatomical head, irradiated by
simple dipoles positioned near conducting surfaces. Both
found that such systems could increase the power absorbed in
the head. In [15] Cooper considered metal implants inside the
head and found that they increased the SAR in the
surrounding region. These papers show that metal objects
close to biological matter may increase SAR in that matter.
Troulis [16] used the FDTD method to briefly examine thin
metallic spectacles on a heterogeneous phantom with a
resolution of Smm. The excitation used was a monopole on a
metallic box positioned at the side of the head. The paper
showed that metallic spectacles may re-distribute energy
produced by MCE. A drop in the efficiency of the MCE
antenna was associated with SAR increase.

Griffin [17] performed measurements with a phantom and
metallic spectacles and showed that spectacles can increase or
decrease the level of radiation near the eyes by up to 20dB
due to shielding, enhancement and depolarization effects.
Anderson [18] also performed measurements with a phantom
wearing spectacles. For MCE operating at 835MHz, held by
the ear, the SAR in the eye closest to the phone was found to
increase by almost 30%. Wang [19] modelled a monopole on
a metallic box positioned by the ear of a human head wearing
spectacles at 1.5GHz using the FDTD method. The average
SAR in the eye increased by up to 2.7 times. Wang postulated
that increased SAR in parts of the head was due to current on
the spectacles. Joo [20] used the FDTD method and scaled
models of an adult head to consider the effects of metallic
spectacles on adults and children with a mobile phone placed
by the ear. In the same paper, he also considered passive
implants by the ear. Metallic ear rings have previously been
considered with a source by the ear [11] [21] [22].



2 Description of Model

An independent 3D FDTD code [1] [2] has been written; see
Taflove [23] for an excellent reference. Perfectly Matched
Layers (PML), with geometric grading [24], absorbing
boundary conditions are used to terminate the grid. The PML
is eight cells thick and is positioned at least twelve cells from
the head. The Yee cell size used throughout this paper is
2mm. The lowest number of cells per wavelength was always
greater than ten at 1.8GHz, and reasonable results have been
obtained with only four [3] [25]. At 4.6GHz, the number of
cells per wavelength is greater than 4.5. The time step was
3.336pS. The simulations were run for at least ten cycles and
until stability was achieved (at least 1660 time steps at
1.8GHz). The geometry of the problem space is as follows;
the X axis runs from the tip of the nose to the back of the
head, the Y axis is from ear to ear and the Z axis runs from
chin to top of the head.

SAR is the standard criteria to measure the amount of
electromagnetic energy absorbed in the body and is calculated
as in equation (1)
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Where | E | is the rms magnitude of the electric field strength
vector, p is the mass density of the material in kg/m?® and o is
the electrical conductivity in S/m. The SAR is calculated with
the twelve-field approach as used by Caputa [26].

2.1 Dipole model

To allow comparison between simulations and measurements,
a dipole model [23] has been used as the excitation in this
paper. The dipole is vertically orientated along the Z axis
(from chin to top of head) and fed at its centre with a
sinusoidal CW source. In the FDTD simulation the dipole was
modelled by setting the tangential E-field components to zero
along the length of the dipole.

2.2 The head model

Section 3.1 of this paper uses the Loughborough SAM head.
The rear of the head has been removed to allow the head to be
placed down so measurements can be made in the face of the
SAM head [27] [28]. The properties of the brain simulating
tissue of the homogeneous head are (6=1.37S/m, &=40.48,
p=1000kg/m®). The properties of the shell are (c=0S/m,
er=3.5).

In sections 3.2 and 3.3 of the results, metallic jewellery is
added to an anatomically realistic head. A head matrix
provided by Brooks Air force (www.brooks.af.mil) was used.
The head, which is based on The Visible Human Project, is
that of an adult male and has twenty-five tissue types. The
head data has a 2mm resolution.

2.3 Modelling the metallic jewellery

The metallic jewellery was modelled using metallic Yee cells,
by setting the conductivity of the cells equal to the
conductivity of copper [1]. Nikita [29] and Bernardi [14] both
used this technique to model metal shapes. Wang [19]
modelled metallic spectacles by setting the conductivity of the
Yee cells in the frames equal to titanium. In the range of
conductivities used amongst these researchers and ourselves,
changes to SAR given by equation (1) are not significant. The
rings and studs investigated in this paper were 2mm thick (1
Yee cell). The studs were orientated along the Z axis and
therefore parallel to the dipole. Studs orientated perpendicular
to the dipole was found to have negligible effect.

3 Results

3.1 Eyebrow ring touching SAM head at 1.8GHz

In this section, an eyebrow ring has been added to the
eyebrow of the Loughborough SAM head at 1.8GHz. The
simulation setup is similar to the measurement setup shown in
Figure 1. The dipole was positioned 80mm (along the X axis)
in front of the tip of the nose and orientated in the Z direction.
The centre of the dipole in the Z axis was level with the
eyebrows. The dipole and the edge of the ring were located
32mm to the side of the head (along the Y axis) to lie at the at
the centre of the eyebrow. The edge of the ring touched the
eyebrow in the same position as the ring size was varied.
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Figure 1. 52mm eyebrow ring touching SAM head.

The maximum 1g and 10g SAR with various sizes of eyebrow
ring found with the FDTD code are shown in Figure 2. The
rings have negligible effect if the circumference of the ring is
less than 0.7A. As the size of the ring was increased beyond
this size the 1g and 10g SAR increased. The maximum
diameter of ring considered was 52mm (circumference
=098)\). This size meant the eyebrow ring did not extend



beyond the edge of the head. Figure 2 shows the maximum
SAR occurs when the circumference of the eyebrow ring is
approximately one wavelength. The 52mm diameter ring
increases the 1g SAR by 3.8 times from 1.36 to 5.12W/kg.
The 10g SAR is increased by 3.0 times from 0.62 to
1.83W/kg.
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Figure 2. FDTD simulations of different sizes of eyebrow ring
near the SAM head.

The simulated results in Figure 2 with and without the 52mm
eyebrow ring were repeated with the Loughborough SAM
head measurement system [27] [28]. The measured and
simulated results are compared in Table 1.

FDTD - | DASY- FDTD - DASY -

Noring | Noring | 52mmring | 52mm ring
g 1.36 1.95 5.12 3.99
10g 0.62 0.71 1.83 1.84

Table 1. 1g and 10g SAR (W/kg) for DASY measurements
and FDTD simulations with and without 52mm eyebrow ring.

The results show that the eyebrow ring significantly increased
the SAR in the head. The 10g SAR results show good
agreement with the FDTD simulations. The 1g SAR
measurement results are increased with the ring but the
relative increase due to the ring is smaller than with the
FDTD results. The 1g averaging volume is much smaller than
the 10g volume and the 1g results are consequently much
more sensitive. Although, the 1g SAR results for FDTD
simulations and DASY measurements are not the same they
are on the same order of magnitude and both sets show an
increase in SAR. We believe that slight differences in position
of the ring in the simulations compared to the measurements
combined with staircasing effects in the FDTD model
contribute to the differences in results. The maximum SAR
without the ring lies behind the nose at the centre of the head.
With the ring, the maximum SAR occurs at the centre of the
eyebrow, where the ring touches the head. Therefore, the
maximum SAR, without the pin, in the DASY4
measurements lies behind the seam that joins the two half

heads together, see Figure 1. This seam may act as a lossless
adaptor that improves the match between the air and the
liquid and increases the SAR. Bernardi [30] found a similar
phenomem with a glass lens of a pair of spectacles. Note,
previously the authors found excellent agreement between
simulations and measurements with a ring near a flat
phantom. Good agreement has also been found with a straight
metallic jewellery pin in front of the Loughborough SAM
head [31].

3.2 Eyebrow ring near heterogeneous head at 1.8GHz

In this section, the effect of a metallic eyebrow ring near the
heterogeneous Brooks head is investigated. As in section 3.1,
the dipole was positioned 80mm in front of the nose and in
front of the eyebrow and at a height level with the centre of
the ring. The diameter of the eyebrow ring was varied from 0
to 60mm. Four locations of ring were considered; pierced
through the skin (replacing the tissues with copper Yee cells),
touching the surface of the skin, 4mm in front of the eyebrow
and 8mm in front of the eyebrow. Rings positioned away
from the head could include certain design of spectacles,
metallic jewellery coated in a lossless plastic or future
fashions in piercings and jewellery.

The 1g SAR with the eyebrow ring is shown in Figure 3.
Rings with a circumference of less than 0.6A have negligible
effect. Larger rings can increase the 1g SAR by up to 3.5
times. When the ring is touching the skin surface at the
eyebrow the maximum effect occurs when the circumference
is approximately one wavelength. When the ring is pierced
through the skin, the ring resonates at a larger size. Therefore,
a ring of a specific size (and larger than 0.6A) could have
different effects depending whether it was pierced through the
skin or on the skin’s surface. If the eyebrow ring was
positioned 4 or 8mm in front of the eyebrow, all sizes of ring
had negligible effect.
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Figure 3. 1g SAR when varying the position and size of
eyebrow ring near the heterogeneous Brooks head.

Figure 4 shows the 10g SAR, as the position and size of an
eyebrow ring is varied, with the heterogeneous Brooks head.
The rings have little effect until the circumference is larger
than half a wavelength. The figure shows that eyebrow rings
of different sizes and positions do not increase the 10g SAR



by significant amounts. Large rings further from the face can
decrease the 10g SAR.
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Figure 4. 10g SAR when varying the position and size of
eyebrow ring near the heterogeneous Brooks head.

Previously, the authors [8] have found that the distance of
metallic jewellery from a cubic phantom was very significant.
Negligible effect was found with the jewellery close to the
cubic head. The maximum effect was with the jewellery
12mm from the cube and the SAR could be reduced when the
jewellery was moved further away from the cubic head [8].
Clearly, the geometry with a realistically shaped head is much
more complicated than the cube, as different parts of the ring
are different distances from the head. Therefore, the
difference between the pierced ring and the ring on the
surface could be partially due to the fact that the pierced ring
is 4mm further away from the dipole and therefore 4mm
closer to parts of the face. If the ring is touching the eyebrow,
the curvature of the head means that most of the ring is a
couple of centimetres away from the face. This distance is
further increased if the ring is then moved 4 or 8mm away
from the eyebrow.

3.3 Popular jewellery on an anatomical head over a range
of frequencies

This section investigates the effects of popular sizes of
jewellery on an anatomical head over a range of frequencies
that include the communication spectra. The types of
jewellery considered are; a 12mm diameter eyebrow ring and
a 10mm long eyebrow stud. These types of jewellery are
currently very common. The eyebrow stud is orientated
parallel to the dipole. For all the FDTD results in this section,
the dipole is positioned central to the head. The frequency
range is 0.6 to 4.6GHz. The jewellery has been considered to
both lie on the skin surface and to be pierced through the skin.

Figure 5 shows the 1g SAR results with each piece of
jewellery. The results show that these sizes of metallic
jewellery have little effect at communication spectra. Note,
the jewellery is relatively small compared to a wavelength
and the 1g SAR with jewellery is very similar to the 1g SAR
without jewellery. At lower frequencies in this range, which
have larger wavelengths, the jewellery considered has
negligible effect. Above 3GHz, jewellery begins to have a
small effect. At frequencies below 4.6GHz, small popular

jewellery (both rings and studs) have little effect on the SAR.
This is true whether it is pierced through the skin or lies on
the skin surface. The 1g SAR is increased or decreased by
less than 2.5% at frequencies up to 3GHz. The 1g SAR
variation increases to + 10% when the frequency range is
extended to 4.6GHz.
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Figure 5. 1g SAR with common jewellery on the face of the
anatomical head over a frequency range.

Figure 6 shows the 10g SAR results with the same pieces of
jewellery (both pierced through the skin and on the skin’s
surface) over the frequency range 0.6 to 4.6GHz. The results
are similar to the 1g SAR results shown in Figure 5. The
addition of jewellery affects the 10g SAR by less than 2%
over the frequency range considered.

Both the eyebrow ring and stud, either pierced through the
skin or on the skin’s surface, increased or decreased the
average SAR in the eye closest to the ring by less than 7%
over the frequency range considered. The jewellery also had
negligible effect on the average SAR in the head. The change
in the average SAR in the head was less than 1% up to
4.3GHz. The eyebrow ring on the surface of the head
increased the average SAR in the head by 4% at 4.6GHz.
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Figure 6. 10g SAR with common jewellery on the face of the
anatomical head over a frequency range.



4 Conclusions

This paper has investigated the effects of popular jewellery at
communication frequencies with the excitation in front of the
face. At 1.8GHz, a metallic ring touching the fibreglass shell
of the homogeneous SAM phantom, increased the 1g SAR by
4 times when the ring was approximately one wavelength in
circumference. The 10g SAR increased by three times.

The eyebrow ring had similar effects on the 1g SAR with the
heterogeneous anatomical head. Differences were observed
between an eyebrow ring pierced through the skin and
touching the surface of the skin. Larger sizes of rings
resonated when the rings were pierced through the skin. Note,
only a small section of the ring was pierced through the skin
and most of the ring was not touching the skin due to the
curvature of the head. The eyebrow rings marginally
decreased the 10g SAR in the heterogeneous head. Rings
positioned several millimetres from the head did not increase
the SAR in the head. Note, that at communication
frequencies, wavelengths are likely to be larger than common
jewellery sizes.

Popular sizes of eyebrow and eyebrow studs on an anatomical
head have also been examined over the frequency range 0.6 to
4.6GHz. The addition of this jewellery had negligible effect
on the 1g, 10g SAR or the average SAR in the eye over the
spectra considered. This observation was true when the
jewellery was pierced through the skin or resting on the skin’s
surface.

Metallic jewellery can significantly increase the SAR in the
head if its size is of the order of a wavelength. If the jewellery
is much smaller than this, it is unlikely to have a significant
effect. Therefore, at communications spectra, current facial
jewellery such as nose ring, eyebrow rings or small piercings
are not expected to have a large effect. However, other
objects such as ear rings or metallic spectacles, which are
generally closer to a wavelength in size, may increase or
decrease the SAR. It is also beyond the scope of this paper to
predict future trends of fashion and what might become
popular in years to come.

The results presented here with an eyebrow ring positioned
away from the head differ from those with spectacles [1].
This shows that similar sized metallic objects behave
differently on different parts of the head. Therefore, jewellery
on a heterogeneous realistically shaped head is much more
complicated to analyse that jewellery near a cubic head and
each size and shape of jewellery needs to be investigated
separately on different parts of the head. The situation is
further complicated as the effect of piercing the object
through the skin alters the SAR. The effect of the jewellery is
also likely to vary with different heads models. Therefore, an
alternative approach to investigating all the combinations of
jewellery that exist currently and could become popular in the
future, is to simulate and measure jewellery on cubic heads.
This allows the general enhancement mechanisms to be
understood and the order of magnitude of the relative effect of

the jewellery can be investigated. There is an infinite number
of combinations of sizes and positions of jewellery, so a
simple cubic model could be used to provide a worse case
scenario in terms of maximum SAR.
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