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Abstract. This study investigates the radiation safety of a newly designed magnetic induction sensor. This novel magnetic
induction sensor uses a two-arm Archimedean spiral coil (TAASC) as the exciter. A human head model with a real
anatomical structure was used to calculate the specific absorption rate (SAR) and temperature change. Computer Simulation
Technology (CST) was used to determine the values of the peak 10-g SAR under different operating parameters (current,
frequency, horizontal distance between the excitation coil and the receiver coil, vertical distance between the top of the head
model and the XOY plane, position of excitation coil, and volume of hemorrhage). Then, the highest response for the SAR
and temperature rise was determined. The results showed that this new magnetic induction sensor is safe in the initial state;
for safety reasons, the TAASC current should not exceed 4 A. The scalp tissue absorbed most of the electromagnetic energy.
The TAASC’s SAR/thermal performance was close to that of the circular coil.
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1. Introduction

Recently, magnetic induction measuring has attracted growing interest due to its intracerebral
hemorrhage (ICH) evaluation [1, 2]. Magnetic induction measurements can be obtained by placing the
coils around a person’s head. The current frequency in the excitation coil usually ranges from tens of
kHz to several MHz [3], and is even higher in some studies [4]. Radiation safety assessment should be
performed when a human head is exposed to the RF electromagnetic fields. The person’s head can
absorb the transmitting power from the excitation coil, which will in turn cause a temperature increase
in the person’s head. The specific absorption rate (SAR) is a widely used indicator that can reflect the
quantity of the absorbed electromagnetic energy within the unit mass of human tissue; the temperature
rise positively correlates with the SAR. According to the IEEE standard, the safety threshold for the
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SAR is 2.0 W/kg over 10 gram of tissue [5]. The electromagnetic field numerical approaches such as
the method of moments (MoM) [6] and the finite-difference time-domain (FDTD) method [7], are
frequently-used to estimate the SAR. The SAR quantification can also be simulated by the commercial
electromagnetic simulation software which employs these techniques [8]. A significant amount of
research has been conducted on SAR and the thermal effect of mobile phone, antenna, and MRI on the
human brain [9-11]. However, due to the facts that magnetic induction measurement is an emerging
technique and its excitation frequency is relatively low, the SAR and thermal response are ignored in
many of these studies. To the authors’ knowledge, the only work of this field has been reported by
Zolgharni, et al [12]. This study addresses the radiation safety of the newly designed magnetic
induction sensor. This novel magnetic induction sensor uses a two-arm Archimedean spiral coil
(TAASC) as the exciter. The SAR and temperature rise are calculated by the commercial software
Computer Simulation Technology (CST). A human head model with real anatomical structure was
placed in the coil system to conduct the simulation experiments. The results were compared with those
of Zolgharni, et al.

2. Model and simulation
2.1. Novel magnetic induction sensor

In magnetic induction measurements, the conventional exciter is the circular coil that can emit
primary electromagnetic fields in space. The major drawback of the circular excitation coil is that
primary fields are considerably more intense than those of secondary fields. To overcome this
difficulty, the authors of this study propose a novel two-arm Archimedean spiral coil (TAASC)
exciter. In previous publications, the authors verified that the TAASC can counteract its primary
magnetic fields at the receiver coil and consequently improve the measurement sensitivity compared
with the conventional circular excitation coil [13]. As shown in Figure 1(a), the TAASC is constructed
by two opposite Archimedean spirals connected in the center. Both spirals have 6 turns with the
maximum outer radium of 50 mm. The receiver coil is a single-turn circular coil with 50 mm radium.
The TAASC and the receiver coil are coaxially located in the YZ plane, and their axis is coincident
with the x-axis. The two coils are the same distance from the YOZ plane, and their distance is denoted
as the horizontal distance. The wire diameter of the two coils is 1 mm. In the rectangular coordinate
system, the parametric equations of the two spirals of TAASC (unit: mm) are:

Receiver
Coil
~

TAASC

Fig. 1. Illustration of the model. (a) Configuration of the novel magnetic induction sensor. (b) Three types of ICH: the mild
case (left), the moderate case (middle), and the severe case (right). (c) The position of the head model (left), and four sites
where the excitation coil can be located (right).
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where the parameter ¢ is in the range of 0 to 127
2.2. Human head model

The human head model, provided by Third Military Medical University, is developed from the
second Chinese visible human (CVH) data. It is a three-dimensional model with a real anatomical
structure, and can be imported to CST to calculate the SAR and temperature rise. The human head
model contains seven tissues, including scalp, skull, cerebrospinal fluid (CSF), brain, optic nerve, eye,
and blood. The hemorrhage can be added to the head model. The site where the hemorrhage is located
usually appears in the left or right hemisphere of the brain and above the eye level. This paper
addresses three types of ICH: a mild case with a volume of 4.2 ml, a moderate case with a volume of
18.8 ml, and a severe case with a volume of 31.4 ml. As shown in Figure 1(b), all three cases appear in
the left hemisphere of the brain.

2.3. SAR and temperature rise calculation

The proper passive electrical and thermal properties were assigned to tissues in the head model for
the SAR and temperature rise calculation [14-18]. Muscle and white matter respectively compose most
of the scalp and brain, so the physical properties of the scalp and brain are nearly identical to those of
muscle and white matter, respectively. The physical properties of the skull and eyeball were valued
using the weighted average, and the physical properties of the hemorrhage were estimated by
assuming that the lesion contained 75% blood. The tissues were assumed to be uniform, linear, and
isotropic mediums. The human head model was placed in the sensor in Figure 1(a), with its vertical
axis at the z-axis and faced toward the y-axis. The distance between the top of the head model and the
XOY plane was denoted as the vertical distance, as shown in Figure 1(c).

This new magnetic induction sensor’s operating parameters were chosen as the initial state. It was a
system with 1 A current, 10 MHz frequency, 220 mm distance between the excitation coil and the
receiver coil, 56 mm distance between the top of the head model and the XOY plane (see Figure 1(c)),
0° position for the excitation coil (see Figure 1(c)), and a mild hemorrhage. Simulation experiment
proceeded with changing one factor at a time. The selected samples for the current were 1 A, 2 A, 3 A,
4 A, 5 A, and 10 A; frequencies were 10 MHz, 15 MHz, and 20 MHz; distances between the
excitation coil and the receiver coil were 220 mm, 250 mm, and 280 mm; distances between the top of
the head model and the XOY plane were 51 mm, 53.5 mm, 56 mm, 58.5 mm and 61 mm; excitation
coil positions were 0°, 90°, 180°, and 270°; hemorrhage volumes were 4.2 ml, 18.8 ml, and 31.4 ml.
The highest response for the SAR and temperature rise was determined. The SAR and temperature rise
were calculated by CST MICROWAVE and MPHYSICS STUDIO, respectively. The background and
body core temperature were set as 24°C and 37°C, respectively.

3. Results and discussions
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Fig. 2. Peak 10-g SAR versus the current (a) and frequency (b) of the exciter.
3.1. Peak 10-g SAR versus current and frequency

Figure 2 shows the peak 10-g SAR versus the current and frequency of the exciter. The SAR tended
to grow with the current and frequency; hence, increasing the current and frequency will enlarge the
SAR. Figure 2(a) depicts the quadratic fitting curve based on the simulation data. The fitting equation
is y = 0.0035x> + 2.3 x 107° — 8.2 x 107°, and the norm of residuals is 1.5191 x 107, The fitting curve
reflects the variation regularity of the simulation data, implying that the SAR is almost proportional to
the square of the current. In fact, this quadratic relation is reasonable as the SAR is defined to be
proportional to the square of the electric field intensity, and the excitation current is proportional to the
space electric field intensity theoretically. The peak 10-g SAR for the initial state was 3.5399 x 107
W/kg, which is almost three orders of magnitude lower than the safety threshold of the IEEE standard
and will cause an insignificant temperature increase. Thus, in the initial state, the novel magnetic
induction sensor was harmless. This value was almost equal to the SAR (around 3 x 10~ W/kg)
computed by Zolgharni, et al. based on their magnetic induction sensor. As Zolgharni, et al. employ
the circular excitation coil and their operating parameters were approximate with ours, it can be
concluded that the TAASC’s SAR/thermal performance is close to that of the circular coil.

3.2. Peak 10-g SAR versus horizontal and vertical distance
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Fig. 3. Peak 10-g SAR versus the horizontal distance between the excitation coil and the receiver coil (a) and the vertical
distance between the top of the head model and the XOY plane (b).
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Fig. 4. Peak 10-g SAR versus the excitation coil position (a) and hemorrhage volume (b).

Figures 3(a) and 3(b) show the peak 10-g SAR versus the horizontal distance between the excitation
coil and the receiver coil, and the vertical distance between the top of the head model and the XOY
plane, respectively. From the figure, it is evident that the SAR decreases as the horizontal distance
increases, while it increases as the vertical distance increases. Considering these two parameters of the
horizontal and vertical distance in the novel magnetic induction sensor, the highest response for the
SAR is that the horizontal distance between the excitation coil and the receiver coil is 220 mm and the
vertical distance between the top of the head model and the XOY plane is 61 mm.

3.3. Peak 10-g SAR versus exciter position and blood volume

Figure 4 displays the peak 10-g SAR versus the excitation coil position and the hemorrhage volume.
As demonstrated in Figure 4(a), there existed no explicit relationship between the SAR and the exciter
position. The maximum peak 10-g SAR was 0.02145 W/kg, which appeared at the 90° position; it was
almost ten times those of the other three simulation datasets. The variation of the peak SAR values
was mainly caused by the difference of electrical conductivity and material density distribution in the
head model; it also related to the geometry of the head model. From Figure 4(b), as the blood volume
increased, the SAR increased obviously at first, and then became almost unchanged. For the moderate
ICH (18.8 ml), the peak 10-g SAR was 3.7126 x 10~ W/kg. For the severe ICH (31.4 ml), the peak
10-g SAR was 3.7142 x 10~ W/kg. When the hemorrhage volume was larger, the equivalent electrical
conductivity of the lesion also increased. Theoretically, as the SAR was proportional to the electrical
conductivity, the increase in blood volume enlarged the SAR. However, due to the discretization
errors of the software, this growth feature was not presented well. The errors could be reduced by
refining the mesh.

3.4. Highest response for SAR and temperature rise

The above data was used to determine the highest response for the SAR and the temperature rise for
the new magnetic induction sensor: 10 A current, 20 MHz frequency, 220 mm horizontal distance
between the excitation coil and the receiver coil, 61 mm vertical distance between the top of the head
model and the XOY plane, 90° position of excitation coil, and severe hemorrhage. In the real magnetic
induction sensor, among all the factors discussed, the excitation current was the most flexible
parameter; it could change the SAR and increase the temperature easily and greatly. Table 1 gives the
values of peak 10-g SAR and peak temperature rise (A7) of the highest response with respect to the
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Table 1

Values of peak 10-g SAR and peak temperature rise (A7) of the highest response with respect to the excitation currents

Excitation Current (A)

Highest Response Variable

1 2 3 4 5 6
Peak 10-g SAR (W/kg) 0.11 042 095 1.69  2.64 10.71
Peak AT (x 107 °C) 1.137 1.140 1.152 1.163 1.182 1.320

different excitation currents. The initial temperature for the head model can be obtained when there
was no current in the excitation coil. From the table, it can be seen that the SAR of the highest
response exceeded 2 W/kg when the excitation current exceeded 5 A. Similar to the SAR, the peak AT
of the highest response presented the approximate quadratic relation with the excitation current as
well. The temperature variation was quite small, but for safety reasons the excitation current should

not exceed 4 A.

Figure 5 shows the distributions of 10-g SAR and the temperature of the highest response at 5 A
current. As shown in Figures 5(a) and 5(b), the maximum SAR value was 2.64, which was slightly
more than the safety threshold, and was located in the scalp tissue. The SAR values were much larger
at the surface of the head model in the vicinity of the excitation coil. This indicates that most of the
electromagnetic energy was absorbed by the scalp tissue, and only a small fraction of the energy
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Fig. 5. Distribution maps of 10-g SAR and temperature of the highest response with 5 A current. (a) Surface view of the SAR
distribution. (b) Cross-sectional view of the SAR distribution. (c) Surface view of the temperature distribution. (d) Cross-
sectional view of the temperature distribution.
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penetrated the scalp to be absorbed by other tissues in the head. This characteristic of electromagnetic
energy absorption coincides with the results of Zolgharni, et al. In Figures 5(c) and 5(d), the
distribution of the temperature in the head model was relatively uniform. The maximum value of the
temperature was about 37.91586°C, and was also located in the scalp tissue.

4. Conclusion

In this paper, simulation experiments were used to study the SAR and thermal response for the
human head due to the TAASC in the magnetic induction sensor. Six factors that could influence the
SAR and temperature rise were considered. The results showed that our magnetic induction sensor
was safe in the initial state, and for safety reasons the current of the TAASC should not exceed 4 A.
The scalp tissue absorbed most of the electromagnetic energy. The experiment also demonstrated that
the SAR/thermal performance of the TAASC was close to that of the circular coil.
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