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Abstract—In this study, a three-dimensional (3-D) structural model
of an adult male body, including 12 kinds of tissues and organs,
was analyzed using a 3-D model design application (i.e., 3ds Max).
The standard model of Asians was used as reference. The electrical
parameters of brain tissues at different electromagnetic frequencies
were introduced to obtain the electromagnetic model. Computational
electromagnetic software based on the finite-difference time-domain
was used to calculate the model absorption of electromagnetic waves
under ultra-wide band electromagnetic irradiation. The specific
absorption rates (SARs) of the ensemble average and the model human
tissue were also obtained. This study aims to provide a parameter
for the development of electromagnetic radiation protection standards,
and to discuss related research.

1. INTRODUCTION.

Since the development of electronic technology in the 1980s,
semiconductor devices and integrated circuits have been increasingly
applied to many devices. However, electromagnetic pulses pose
destructive and hazardous effects on modern instruments. Such
effects cannot be underestimated. Thus, extensive studies have
been conducted internationally to investigate the possible biological
effects of low-power electromagnetic irradiation and of continuous
wave in organisms and its dosimetry. Furthermore, significant
advancements have been achieved in the studies on the endocrine,
digestive, reproductive, nervous, and cardiovascular systems as well
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as on the carcinogenic properties of electromagnetic waves. With the
development of ultra-wide band (UWB) in recent years, studies on
the biological effects of UWB electromagnetic pulses have emerged.
For example, previous works explore the biological effects under UWB
irradiation [1–3]. One study discusses the latest progress in the
research on the biological effect mechanism of UWB electromagnetic
pulses [4]. An electromagnetic pulse has a greater destructive effect on
biological cells than continuous waves. Thus, the failure mechanism of
electromagnetic pulses should be explored further. However, the effect
of UWB electromagnetic pulses on organisms and its possible value
have been investigated in biomedical research only recently. In the
present study, a computational electromagnetic application based on
finite-difference time-domain (FDTD) is used to calculate the model
absorption of electromagnetic waves under UWB electromagnetic
irradiation. The specific absorption rates (SARs) of the ensemble
average and the model human tissue are also obtained.

2. BASIC PRINCIPLES OF THE CALCULATION OF
ELECTROMAGNETIC WAVE SAR

A general solution method for Maxwell’s equations, which describe
the evolution of electromagnetic waves in periodical materials, is the
FDTD method [5]. Since its introduction 70 years ago, this method has
become popular because of certain advantages: (a) simplicity of explicit
numerical scheme, (b) applicability to different geometries (only grids
should be adapted), and (c) explicit description of the properties of
non-linear materials [6].

The most commonly used electromagnetic dosimetry in complex
biological models is the FDTD, which is a numerical method based on
the difference principle. The FDTD transforms the electromagnetic
continuous domain into a discrete system, i.e., the FDTD uses
arithmetic solutions on each discrete point to infinitely approach the
real solution in the continuous field. The FDTD is an approximate
calculation method and translates Maxwell’s curl equation into a
simple and comprehensible differential equation, with Yee cell as the
electromagnetic field discrete unit of space. With computer technology,
the FDTD can process complex electromagnetic issues [7–11].

In this study, induced electric fields were generated in organisms
under the influence of external electromagnetic fields. The size of the
induced electric field is related to electromagnetic frequency, intensity,
direction, etc. Moreover, the shape, size, and electrical parameters of
tissue as well as the relative position between the radiation source and
irradiated object and the nearby objects are also related to size. SAR
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was extensively applied in the electromagnetic dosimetry to measure
the induced electric field generated from electromagnetic radiation in
living tissue and to evaluate the effect of different electromagnetic
waves on different organisms at different positions. The international
unit of SAR is W/kg, which indicates something to the effect of the
time derivative of the mass absorption or electromagnetic wave energy
consumption of a biological target tissue per unit.

When the incident field is a time-harmonic field, the aforemen-
tioned equation can be expressed as

SAR(i, j, k) =
σ(i, j, k)
2ρ(i, j, k)

|Emax|2 (1)

where (i, j, k) indicates a node in the discretized model grid, σ is the
living tissue conductivity (S/m), ρ is the mass density (kg/m3) of the
living tissue, and |Emax| is the electric field amplitude of the node.

Maxwell’s curl equation is

∇×H =
∂D

∂t
+ J (2)

∇× E = −∂B

∂t
− Jm (3)

where E is the electric field strength (N/C), D the electric flux density
(C/m2), H the magnetic field strength (A/m), B the magnetic flux
density (Wb/m2), J the current density (A/m2), and Jm the magnetic
current density (V/m2). As D = εE, E = µH, J = σE, and
Jm = σmH, ε refers to permittivity (F/m), µ is the permeance
coefficient (H/m), σ the conductivity (S/m), and σm the magnetic
permeability (Ω/m).

Let f (x, y, z, t) represent a component of E or H in the system of
rectangular coordinates:

f (x, y, z, t) = f (i∆x, j∆y, k∆z, n∆t) = fn (i, j, k) (4)

where ∆x, ∆y, ∆z are the space steps along the x, y, and z directions,
respectively, in the rectangular grid. ∆t is the time step, and n
indicates n grid.

Take the first-order partial derivative of f (x, y, z, t) as the central
difference approximation:

∂f (x, y, z, t)
∂x

∣∣∣∣
x=i∆x

≈ fn
(
i + 1

2 , j, k
)− fn

(
i− 1

2 , j, k
)

∆x
(5)

∂f (x, y, z, t)
∂y

∣∣∣∣
y=j∆y

≈ fn
(
i, j + 1

2 , k
)− fn

(
i, j − 1

2 , k
)

∆y
(6)
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∂f (x, y, z, t)
∂z

∣∣∣∣
z=k∆z

≈ fn
(
i, j, k + 1

2

)− fn
(
i, j, k − 1

2

)

∆z
(7)

∂f (x, y, z, t)
∂t

∣∣∣∣
t=n∆t

≈ fn+1/2 (i, j, k)− fn−1/2 (i, j, k)
∆t

(8)

In practice, Yee cells are cubic; thus, ∆x = ∆y = ∆z = δ with the
same intervals. Eq. (3) can be converted into a differential equation as
follows:

En+1
x

(
i + 1

2 , j, k
)

=
1− σ(m)∆t

2ε(m)

1 + σ(m)∆t
2ε(m)

· En
x

(
i + 1

2 , j, k
)

+
∆t
ε0δ

εr (m) + σ(m)∆t
2ε0

·
[
Hn+1/2

z

(
i + 1

2 , j + 1
2 , k

)−Hn+1/2
z

(
i + 1

2 , j − 1
2 , k

)

−Hn+1/2
y

(
i + 1

2 , j, k + 1
2

)
+ Hn+1/2

y (i + 1/2, j, k − 1/2)
]

As shown in the previous equation, the node and average SAR can
be obtained with the induced electric field of any point in the human
body. The average SAR of the same media in the human body and the
SAR distribution in a profile of the human body can also be obtained.

3. SAR CALCULATION WITH THE FDTD

3.1. Model Establishment of Bio-electromagnetic Dosimetry

In the study of bio-electromagnetic dosimetry, the bio-tissue model
with an irregular geometrical shape and nonhomogeneous electric
characteristics plays an important role in solving the electromagnetic
effect of bio-tissues.

In using the FDTD method to analyze the phenomenon of bio-
tissue electromagnetic scattering, the geometry and related physical
parameters of the 3-D model must be precisely described. The
description can be generated by incorporating the information on size,
electric parameters, etc. and then by meshing the model via the FDTD.
Generally, the surface of simple objects can be fitted by simple curves
and then yield a simple model. However, modeling real objects is
complicated.

When constructing a simple 3-D cube model, the target area
was irradiated first using electromagnetic waves and then meshed.
Finally, the corresponding electric parameters of each cell were imposed
according to its position in relation to the target area.
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3ds Max is a 3-D design software that can model the complicated
biological body, provide friendly user interface, and reduce the
complexity of the work. The DXF format is available both in 3-D model
design and in the finite element method software. Using 3ds Max, a
3-D human model can be generated in DXF format and then read
in 3-D electromagnetic simulation software (e.g., XFDTD, EMPIRE,
and FEMLAB). The procedure simplifies the meshing process and the
FEM calculation [12].

3.2. Structural Model of an Adult Male Human Body

The difficulties in operating 3ds Max and model size for subsequent
FDTD calculation were considered in practical modeling. By calling
the 3ds Max model library was accessed to perform human-body
modeling, and then; the detailed parts in of the hands of the human
model were deleted removed, because of a very small percentage of
hands in practical modeling.

Based on the medical human anatomy atlas and on the anatomical
and physiology physiological structure of Chinese men and women,
particularly in terms of the major tissues or organs, NURBS drawing
(surface technology of interactive 3-D simulation curve) in 3ds Max
was used to draw the 3-D model of an adult male human with a height
of 167.8 cm and a weight of 60 kg, shown in Figure 1.

    

(a)                  (b)

Figure 1. (a) Cross-sectional line diagram and (b) solid body model
of the human body .
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3.3. Curve Fitting of the Electrical Parameters of the
Human Body Tissue

The electrical parameters of living tissues in the electromagnetic model
vary with the frequency changes of the electromagnetic field. As
the irradiation source is UWB, the relationship of the changes in
the electrical parameters of living tissues and those in frequencies is
crucial to establish the electromagnetic model. In this study, the spline
(cubic spline data interpolation) function was used to form the data
interpolation and curve fitting program using Matlab 6.0. The fitting
curve of relative permittivity εr and the conductivity σ of 12 tissues or
organs between 20MHz and 1 GHz, including brain, eye, heart, lung,
stomach, intestines, liver, kidney, bone, testicle, and blood is presented
in Figure 2 to Figure 13.

 

Figure 2. Variation relationship between the electrical parameters of
brain tissue and frequencies.

From this curve fitting technique, the electrical parameter values
of each tissue or organ at each frequency point can be extracted for
the following SAR calculation of the electromagnetic model.

3.4. SAR Calculation Results

In this study, UWB is a bipolar pulse with a repetition frequency of
100 pps and width of 5 ns. Over 99% of the energy was concentrated
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Figure 3. Variation relationship between the electrical parameters of
skin tissue and frequencies

Figure 4. Variation relationship between the electrical parameters of
eyeball and frequencies.
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Figure 5. Variation relationship between the electrical parameters of
lung and frequencies.

Figure 6. Variation relationship between the electrical parameters of
heart and frequencies.
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Figure 7. Variation relationship between the electrical parameters of
stomach and frequencies.

Figure 8. Variation relationship between the electrical parameters of
liver and frequencies.
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Figure 9. Variation relationship between the electrical parameters of
intestine and frequencies.

Figure 10. Variation relationship between the electrical parameters
of kidney and frequencies.
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Figure 11. Variation relationship between the electrical parameters
of bone and frequencies.

Figure 12. Variation relationship between the electrical parameters
of blood and frequencies.
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Figure 13. Variation relationship between the electrical parameters
of testnis and frequencies.

between 20MHz and 1 GHz. As the FDTD could not be directly used
in solving the effect of UWB electromagnetic pulse on the objectives,
this research adopted a method to make the UWB electromagnetic
pulse equivalent to the accumulation effects of several time-harmonic
fields that could be directly calculated with the FDTD.

The time-harmonic field frequency is 180 MHz, and the amplitude
is 19.1 V/m. This time-harmonic field frequency can be used to select
the calculation parameters for the SAR distribution in the male adult
model. With the tissue or organ distribution in the 3-D structure of
the male adult body serving as reference, medium parameters of the
electromagnetic model can be identified. Furthermore, the relative
dielectric constant εr, electrical conductivity σ, and density ρ can
be determined (Table 1). Assume that the incident electromagnetic
wave is a plane wave, and that the power density of free space is
P = E2

/
377 = 0.097mW/m2. Taking the same grid cell size along

three axes of the 3-D calculation space of the Yee cell, we can obtain
∆x = ∆y = ∆z = δ, where δ = λ

100 = c
100f = 0.017m, λ is

the wavelength in the medium, c is the speed of light (the vacuum
speed of electromagnetic waves), and f is the frequency (180 MHz).
Different frequencies can generate different discrete grid sizes. The
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SAR distribution of different human tissues or organs is shown in
Table 1.

The SAR distribution of different human tissues or organs when
f = 40 and 500MHz is shown in Tables 2 and 3.

Table 1. SAR distribution of the human model under electromagnetic
irradiation at 180MHz.

Tissue

or Organ

Subcutaneous

Tissue
Cerebrum

Bulbus

Oculi
Heart Lungs Stomach

ρ (kg/m3) 1025 1038 1100 1050 330 1050

εr 51.2 73.6 69.1 70.6 23.6 77.9

σ (S/m) 0.47 0.74 1.50 0.80 0.31 1.04

SAR

(mW/kg)
1.41 2.67 3.20 1.31 0.70 1.28

Tissue

or Organ
Intestine Liver Kidney Bone Testis Blood

ρ (kg/m3) 1042 1030 1020 1920 1044 1008

εr 86.5 58.6 73.8 15.8 72.8 63.9

σ (S/m) 1.88 0.54 1.01 0.08 0.99 1.63

SAR

(mW/kg)
2.15 0.65 0.34 0.26 0.32 0.90

Table 2. SAR distribution of the human model under electromagnetic
irradiation at 40MHz.

Tissue

or Organ

Subcutaneous

Tissue
Cerebrum

Bulbus

Oculi
Heart Lungs Stomach

ρ (kg/m3) 1025 1038 1100 1050 330 1050

εr 54.8 75.2 69.5 73.2 24.8 78.2

σ (S/m) 0.45 0.73 1.48 0.76 0.30 1.01

SAR

(mW/kg)
1.41 2.67 3.20 1.31 0.70 1.28

Tissue

or Organ
Intestine Liver Kidney Bone Testis Blood

ρ (kg/m3) 1042 1030 1020 1920 1044 1008

εr 91.6 63.2 76.6 16.2 74.2 66.5

σ (S/m) 1.82 0.53 1.01 0.08 0.99 1.63

SAR

(mW/kg)
2.15 0.65 0.34 0.26 0.32 0.90
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Table 3. SAR distribution of the human model under electromagnetic
irradiation at 500MHz.

Tissue

or Organ

Subcutaneous

Tissue
Cerebrum

Bulbus

Oculi
Heart Lungs Stomach

ρ (kg/m3) 1025 1038 1100 1050 330 1050

εr 51.2 73.6 69.1 70.6 23.6 77.9

σ (S/m) 0.47 0.74 1.50 0.80 0.31 1.04

SAR

(mW/kg)
1.41 2.67 3.20 1.31 0.70 1.28

Tissue

or Organ
Intestine Liver Kidney Bone Testis Blood

ρ (kg/m3) 1042 1030 1020 1920 1044 1008

εr 86.5 58.6 73.8 15.8 72.8 63.9

σ (S/m) 1.88 0.54 1.01 0.08 0.99 1.63

SAR

(mW/kg)
2.15 0.65 0.34 0.26 0.32 0.90

4. CONCLUSION

A precise 3-D model of a Chinese adult man is built using computer-
aided design software (3ds Max). Then, an electromagnetic model
is established by applying the electrical parameters of various
tissues and organs to the body model. The electromagnetic
absorption of the electromagnetic model under the irradiation of
UWB electromagnetic wave is calculated using an FDTD-based
computational electromagnetic method. Then, the SAR of the
ensemble average of the body model and the SAR of 12 tissues and
organs are obtained. The tissues and organs used in this study, namely,
subcutaneous tissue, brain, eyeball, heart, lung, stomach, intestine,
liver, kidney, bone, testis, and blood, are important in the research
on the bio-effects of electromagnetic pulse. By studying the SAR
under electromagnetic pulse based on the body model, the following
conclusions are drawn: 1. The eyeball has the highest SAR among all
the human organs because it is directly exposed to electromagnetic
wave and loses heat slowly, given its large water content and few
blood vessels. In general, the eyeball is the organ that is most
sensitive to the irradiation of electromagnetic wave. 2. The proposed
model produces highly precise SAR values compared with the simple
single-medium spheroid model. It can also obtain the electromagnetic
field distribution inside the object model and the SAR of interior
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tissues and organs. 3. The FDTD method is not suitable for the
research on UWB features and on the dispersion characteristics of real
biosomes. The proposed method decomposes UWB to the composition
of a number of continuous wave to study the absorption dose of
the biosomes with dispersion characteristics under the irradiation of
UWB electromagnetic pulses. The computation results thus provide a
dosimetry reference for research on various subjects.
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