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ABSTRACT The finite-difference time-domain (FDTD) modeling of a human voxel model at
millimeter-wave (mmWave) frequencies is presented. It is very important to develop the proper geometrical
and electrical modeling of a human voxel model suitable for accurate electromagnetic (EM) analysis.
Although there are many human phantom models available, their voxel resolution is too poor to use for
the FDTD study of EM wave interaction with human tissues. In this paper, we develop a proper human
voxel model suitable for mmWave FDTD analysis using the voxel resolution enhancement technique and
the image smoothing technique. The former can improve the resolution of the human voxel model and the
latter can alleviate staircasing boundaries of the human voxel model. Quadratic complex rational function
is employed for the electrical modeling of human tissues in the frequency range of 6–100 GHz. Massage
passing interface-based parallel processing is also applied to dramatically speed up FDTD calculations.
Numerical examples are used to illustrate the validity of the mmWave FDTD simulator developed here for
bio electromagnetics studies.

INDEX TERMS Finite-difference time-domain (FDTD) method, electromagnetic wave, human tissue,
dispersion model, parallel processing, bioelectromagnetics, Doppler radar.

I. INTRODUCTION
During the past few decades, the use of electromagnetic (EM)
wave has been explosively increasing in the wide range
of applications such as wireless communication, biomedi-
cal applications, etc. Operating frequencies are also rapidly
increasing because they can provide great advantages. For
wireless communication technology, high operating fre-
quency bands are preferred owing to the need of high bit rates
and compact size. In the new generationwireless communica-
tion system [1], millimeter-wave (mmWave) bands (28 GHz,
38 GHz, 64 GHz, and 71 GHz) will be of significant impor-
tance [2]. Note that the study of 5G channel modeling was
performed in the frequency range from 6GHz to 100GHz [3].
For biomedical applications, EM waves has been popularly
utilized for cancer detection [4]–[6]. For example, the study
on the electrical modeling of breast cancer was performed
in the frequency range of 500 MHz to 20 GHz [7] and

the effective medium theory was employed for the electrical
modeling of skin cancer from 20GHz to 100GHz [8]. In addi-
tion, Doppler radars has been actively utilized for remote
monitoring of human vital signs in the 24 GHz and 60 GHz
band [9]. Therefore, it is of great necessary to investigate EM
wave interaction with human body at these high frequencies.

Due to the lack of analytical EM solutions in human body
that has complex, inhomogeneous, and dispersive character-
istics, numerical methods play a vital role in the study of EM
wave propagation in human tissues. Among computational
electromagnetics, the finite-difference time-domain (FDTD)
method [10]–[12] is very popular for bioelectromagnet-
ics [13]–[18] because it is robust, versatile, simple to imple-
ment, and also it can obtain wideband responses in a single
run [19]–[23]. In this work, we develop FDTD modeling
suitable for EM wave analysis of a computational human
voxel phantom in the frequency range of 6–100 GHz that
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covers the above-mentioned frequency bands. It is well
known that FDTD cell size should be chosen as at least
10–20 point per wavelength (PPW) for computational accu-
racy [11]. Since 1988, many human voxel phantoms have
been reported in the literature: BABY with the voxel res-
olution of 0.85 mm × 0.85 mm × 4 mm [24], VoxelMan
with the voxel resolution of 1 mm × 1 mm × 0.5 mm [25],
VIP-MANwith the voxel resolution of 0.33 mm×0.33mm×
1 mm [26], Nagaoga with the voxel resolution of 2 mm ×
2 mm × 2 mm [27], KORMAN with the voxel resolution
of 2 mm×2 mm×5 mm [28], Katja with the voxel resolution
of 1.775 mm × 1.775 mm × 4.8 mm [29], CNMAN with
the voxel resolution of 0.16 mm× 0.16 mm× 0.5 mm [30],
Virtual Population with the voxel resolution of 0.5 mm ×
0.5 mm×0.5 mm [31], Rad-Human with the voxel resolution
of 0.15 mm× 0.15 mm× 0.25 mm [32], and Visible Korean
with the voxel resolution of 1 mm × 1 mm × 1 mm [33].
However, all existing computational human phantoms do
not meet the requirement of FDTD voxel size in the fre-
quency range of interest. For Rad-Human model (to our
best knowledge, it provides the highest voxel resolution),
its PPW is only 3.33 for cerebrospinal fluid at 100 GHz.
In other words, when employing the Rad-Human model,
the maximum usable frequency for EM analysis is 26.2 GHz
under the FDTD voxel resolution guideline of 10 PPW and
it is only 10.5 GHz under the 20 PPW guideline. Therefore,
it is of great necessity to develop a high-resolution human
voxel model in the frequency of interest. Based on the voxel
resolution enhancement method, we develop the human voxel
model with the voxel resolution of 0.025 mm× 0.025 mm×
0.025 mm, leading to 33.32 PPW for the cerebrospinal fluid
at 100 GHz. However, this resolution-improved human voxel
phantom has the same shape of large staircasing bound-
aries as the original human phantom, albeit with meeting
the FDTD voxel resolution requirement. To alleviate stair-
casing boundaries of the human voxel model, the image
smoothing method [34] is employed in this study. To our
best knowledge, it is the first time to incorporate the voxel
resolution enhancement technique and the image smoothing
technique simultaneously to obtain a high-resolution human
voxel model suitable for mmWave FDTD analysis. Before
proceeding, it should be mentioned that voxel-based human
models can represent inhomogeneity of human tissues simply
and also show human tissues exactly as the source images.
That explains why FDTD is so popular for EM analysis of a
human model. On the other hand, other numerical methods
such as the method of moment (MoM) [35] and the finite
element method (FEM) [36] rely on unstructured meshes
and thus it is not straightforward to apply these methods to
analyze EM wave interaction with a human model. There is
limited literature on unstructured meshes of a human model
for EM analysis [37], [38].

As previously alluded to, human tissues have dispersion
characteristics: their dielectric properties vary with the fre-
quency. Therefore, accurate dispersive modeling should be
applied for the human voxel model. In this work, a quadratic

complex rational function (QCRF) [39] is employed for
the electrical modeling of human tissues in the frequency
range of 6–100 GHz. It is worth noting that the FDTD
algorithm does not involve matrix calculations differently
from MoM and FEM, thus easily implementing its paral-
lel programming. Massage passing interface (MPI) parallel
programming [40] is utilized to FDTD simulations [41] in
this work. The remainder of this paper is organized as fol-
lows. We first present the accurate geometrical modeling of
a human voxel model suitable for mmWave FDTD analy-
sis based on the voxel resolution enhancement method and
the image smoothing method. Next, QCRF-FDTD algorithm
and MPI implementation are provided for proper electrical
modeling and computational speedup respectively. Numer-
ical examples in one-dimensional (1-D) and three dimen-
sional (3-D) are used to validate our work. Finally, concluding
remarks are provided.

II. MMWAVE FDTD MODELING
In what follows, the time dependence of ejωt is assumed,
where j =

√
−1. The discrete representation of field

f (x, y, z, t) is defined as f (i1x, j1y, k1z, n1t) = f n(i, j, k),
where i, j, and k refer to the spatial grid indexing, n refers
to the time step indexing, 1s (s = x, y, z) is the spa-
tial cell size in the s-direction, and 1t is the time step
size.

A. HIGH-RESOLUTION HUMAN VOXEL MODEL
In this section, a high-resolution human voxel model is
developed for EM wave analysis at mmWave frequencies.
As a proof of concept, we consider some brain part of
Ella, a female phantom model with the voxel resolution
of 0.5 mm×0.5 mm×0.5 mm, from Virtual Population [31]
(one of the most popular human phantommodels), referred to
as an original human phantom model (Fig. 1). As explained
previously, its voxel resolution should be improved to meet
the requirement of FDTD voxel size in the frequency range of
interest. The development of a high-resolution human voxel
phantom is composed of the voxel resolution enhancement
method and the image smoothing method.

FIGURE 1. Original human voxel model with the voxel resolution of
0.5 mm × 0.5 mm × 0.5 mm and it has 40 × 60 × 40 voxels. (a) Front-side
view. (b) Back-side view. Voxel coloring: � skin, � subcutaneous adipose
tissue (SAT), � skull, � cerebrospinal fluid, � brain gray matter,
and � brain white matter.
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For the first step, the voxel resolution enhancement can be
performed by downsizing the FDTD cell and its process can
be given by the following

VO(i× R+ ii, j× R+ jj, k × R+ kk)← VI (i, j, k),

0 ≤ ii, jj, kk < R. (1)

Here, VI and VO represent an integer array of media infor-
mation allocated to the input (original) human voxel model
and the output (resolution-improved) human voxel model,
respectively. For example, air is set as 0, brain gray matter
as 2, brain white matter as 5, cerebrospinal fluid as 8, etc. The
resolution enhancement ratio is defined as R. By perform-
ing this process, we can obtain fine FDTD cell size (1sO)
from the original coarse FDTD cell size (1sI ). Note that
R = 1sI/1sO and we set R = 20 in this work, leading to
the human phantom with voxel resolution of 0.025 mm ×
0.025 mm × 0.025 mm. Although the resulting human
voxel phantom can meet the voxel resolution guideline for
FDTD accuracy, it still keeps the shape of large staircasing
boundaries as the original human voxel phantom as shown
in Fig 2.

FIGURE 2. Human voxel model with the voxel resolution of 0.025
mm × 0.025 mm × 0.025 mm and it has 800 × 1200 × 800 voxels.
Subcaptions and voxel coloring are same as Fig. 1.

For the next step, to alleviate staircasing boundaries,
the image smoothing method that is usually utilized in the
imaging processing technique is employed [34]. The image
smoothing technique that we apply in this work consists of
four-substep procedures:
Step 1: Opening with the octahedron structuring element
Step 2: Closing with the octahedron structuring element
Step 3: Opening with the spherical structuring element
Step 4: Closing with the spherical structuring element
The opening and closing processes involve erosion and

dilation. The erosion operation of the media information
image VO by a structuring element B is given by the following[
VO 	 B

]
(i, j, k) = min

(p,q,r)∈B
{VO(i+ p, j+ q, k + r)}. (2)

The dilation operation is given by the following[
VO ⊕ B

]
(i, j, k) = max

(p,q,r)∈B
{VO(i− p, j− q, k − r)}. (3)

Now, the opening process and the closing process can be
performed by

VO ◦ B = (A	 B)⊕ B (4)

VOUB = ( A⊕ B)	 B, (5)

FIGURE 3. Image smoothing method for a 2-D simple structure.

respectively. To clearly illustrate how the each substep pro-
cess works, we consider a simple two-dimensional (2-D)
structure. Fig. 3 shows the flow chart of the image smoothing
technique utilized in this work and the resulting image for
each substep process. Fig. 4 shows the high-resolution FDTD
human voxel model after applying the above-mentioned
image smoothing method. As shown in the figure, the image
smoothing technique can significantly mitigate staircasing
boundaries of the human phantommodel, compared to Fig. 2.
It is believed that proposed geometrical modeling is very
well suitable for FDTD analysis of the human voxel model
at mmWave frequencies.
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FIGURE 4. Final high-resolution human voxel model with the voxel
resolution suitable for mmWave FDTD analysis. Subcaptions and voxel
coloring are same as Fig. 1.

B. MMWAVE DISPERSIVE FDTD ALGORITHM
As mentioned previously, dielectric properties of human tis-
sues varywith the frequency, thus needing a proper dispersion
model of the FDTD human voxel model in the frequency of
interest. Debye, Lorentz, and Drude dispersion models are
interesting for representing dielectric characteristics of mate-
rials of interest [42], [43]. However, a complicated optimiza-
tion technique should be used to obtain accurate coefficients,
which implies that some initial values may often lead to
inadequate coefficients [42] because the coefficient solution
space is too large (usually in the range ofmore than 8 orders of
magnitude). QCRF dispersion model was successfully used
for FDTD analysis of complex media in the wide range
of applications such as human tissues in 0.4–3 GHz [39],
concrete materials in 50–1000 MHz [44], amorphous sil-
icon/crystalline silicon solar cells in 300–1000 THz [45],
and plasmonic nanoparticles in 300–1000 THz [46]. Note
that QCRF dispersion model is more efficient and accurate
than Debye, Lorentz, and Drude dispersion models because
it has more degrees of freedom. In QCRF dispersion model,
the relative permittivity is expressed as follows [39]

εr (ω) =
A0 + A1(jω)+ A2(jω)2

B0 + B1(jω)+ B2(jω)2
, (6)

where A0, A1, A2, B0, B1, and B2 are the real-numbered
coefficients (for simplicity, we set B0 = 1). Appropriate
QCRF coefficients can be obtained using the complex curve
fitting method [47], [48].

In QCRF-FDTD, the update equation for electric field (E)
is obtained using the constitutive relation, the inverse Fourier
transform, and the central difference scheme:

En+1 = c1En + c2En−1 + c3Dn+1
+ c4Dn

+ c5Dn−1, (7)

where update equation coefficients are

c1 = 2
α2 − α0

α0 + α1 + α2

c2 =
α1 − α0 − α2

α0 + α1 + α2

c3 =
β0 + β1 + β2

α0 + α1 + α2

c4 = 2
β0 − β2

α0 + α1 + α2

c5 =
β0 − β1 + β2

α0 + α1 + α2
.

Here, α0 = A01t2, α1 = 2A11t , α2 = 4A2, β0 =
1t2/ε0, β1 = 2B11t/ε0, and β2 = 4B2/ε0. It is stressed
that the memory requirement can be reduced from five
real-valued arrays to four real-valued arrays using a trans-
posed direct Form II structure [49] as known in the signal
processing literature. Update equations for magnetic field (H)
and electric flux density (D) can be simply obtained by the
standard Yee discretization of Ampere’s law and Faraday’s
law [11], [50]. Note that an absorbing boundary condition
should employed be to terminate the computational space
because FDTD is developed based on partial difference equa-
tion. Material-independent perfectly matched layer (PML)
can be incorporated in QCRF-FDTD, based on the stretched
coordinate approach [51], [52]. For example, final update
equations for Hx and Dx can be written as (8) and (9), as

H
n+ 1

2
x

(
i, j+

1
2
, k +

1
2

)
= H

n− 1
2

x

(
i, j+

1
2
, k +

1
2

)
−

1t
µ1y

[
Enz

(
i, j+ 1, k +

1
2

)
− Enz

(
i, j, k +

1
2

)]
+
1t
µ1z

[
Eny

(
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1
2
, k + 1

)
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(
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1
2
, k

)]
+
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[
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2
xy

(
i, j+

1
2
, k +

1
2

)
+ G

n− 1
2

xy

(
i, j+

1
2
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[
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(8)
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+
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(9)
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TABLE 1. Quadratic complex rational function dispersive modelling of human tissues in the frequency range of 6–100 GHz.

shown at the previous page, respectively. The auxiliary vari-
ables G and F are given by the following
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with

cξ1 =
(1− σξ (ζ )1t

2ε0

1+ σξ (ζ )1t
2ε0

)
, cξ2 =

( σξ (ζ )1t
ε01ξ

1+ σξ (ζ )1t
2ε0

)

dξ1 =
(1−

σξ (ζ+ 1
2 )1t

2ε0
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2 )1t
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)
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2 )1t
2ε0

)
.

Here, ξ = y or z and ζ = j or k , and σξ is the PML
conductivity profile along the ξ -direction [11].
The implementation of parallel processing to FDTD is

straightforward since FDTD involves no matrix calculation.
For parallel-processing FDTD, we use the MPI library [40]
that is popular and powerful for simulating large EM
problems [41], [53]. In MPI-FDTD, field data should be

communicated between nodes on domain decomposition
interfaces. In MPI-FDTD, field data communication should
be carried out for update equations relevant to Maxwell’s
curl equations. In our dispersive FDTD modeling, E field
data on domain decomposition interfaces are exchanged for
updating H (see (8)) and H field data on domain decom-
position interfaces are exchanged for updating D (see (9)).
We constructed a CPU cluster with 15 nodes equipped with
an Intel i7-2600 (Quad Core) and 16 GB SDRAM. The total
available number of processes is 60 and the total memory
capacity is 240 GB. Note that the main steps of our FDTD
algorithm can be summarized as

1) Save Gn− 1
2 as temporary variable.

2) Update Gn+ 1
2 .

3) Update Hn+ 1
2 .

4) Exchange Hn+ 1
2 on domain decomposition interfaces.

5) Save Fn as temporary variable.
6) Update Fn+1.
7) Update Dn+1.
8) Update En+1.
9) Exchange En+1 on domain decomposition interfaces.

III. NUMERICAL EXAMPLES
We perform QCRF dispersion modeling for all human tis-
sues and Table 1 summarizes QCRF coefficients and RMS
errors for some representative human tissues. Fig. 5 shows
the accuracy of QCRF-based electrical modeling for human
skin in the frequency range of 6–100 GHz. In the figure, red
solid lines indicate the QCRF dispersion model and black
circles represent Gabriel’s dielectric properties provided by

FIGURE 5. Relative permittivity of skin. Red solid lines indicate the QCRF
dispersion model and black circles represent Gabriel’s dielectric
properties provided by IFAC [54].
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Institute for Applied Physics (IFAC) [54]. The QCRF dis-
persion model agrees very well with Gabriel’s dielectric data
in the frequency of interest. In what follows, the QCRF
dispersion model in Table 1 is employed for the electrical
modeling of the high-resolution FDTD human voxel model.

In the following FDTD simulations, the ten layers of
PML are used and the time step size is determined by
the Courant-Friedrichs-Lewy (CFL) stability condition [11].
In other words, 1t = CFLN1s/c0

√
d , where c0 is the

speed of light in vacuum and d stands for the dimension-
ality of the problem geometry. In this work, CFL num-
ber (CFLN) of 0.99 is used. The excitation pulse is a sine
wave modulated with Gaussian pulse with the bandwidth
of 6–100 GHz, unless specified otherwise. To validate our
FDTD modeling, we first consider a 1-D inhomogeneous
problem that has the boundary of free space and cerebrospinal
fluid. We perform FDTD simulations with the coarse FDTD
cell (1x = 0.5 mm, same as the original human phantom)
and the fine FDTD cell (1x = 0.025 mm, same as our
high-resolution human phantom). A discrete Fourier trans-
form (DFT) is used to obtain frequency-domain responses
from FDTD time-domain results [55]. Fig. 6 and Fig. 7 show
the reflection coefficient calculated from the FDTD simu-
lations with 1x = 0.5 mm and 1x = 0.025 mm. In the
figures, lines indicate FDTD results and symbols indicate
theoretical results [56]. Very large errors are observed for the
FDTD simulation with the coarse FDTD cell, because of its
poor resolution. In contrast, the FDTD simulation with the
refined FDTD cell has excellent agreement with theoretical
results, thus illustrating the validity of the voxel resolution
enhancement method.

FIGURE 6. Reflection coefficient for the FDTD simulation of the original
human phantom. Lines indicate FDTD results and symbols indicate
theoretical results.

Before proceeding with 3-D FDTD simulations, it is
of great importance to investigate the computation effi-
ciency of MPI-based parallel FDTD. Toward this pur-
pose. we consider one-eighth human voxel model (Fig. 4),
i.e., 400 × 600 × 400 voxels. Fig. 8 shows the computation
efficiency ofMPI-based parallel FDTDby plotting scalability
(the ratio of the computation time on one process of the
computation time on many processes) [53]. As shown in the

FIGURE 7. Reflection coefficient for the FDTD simulation of the
high-resolution human phantom. Legends are same as Fig. 6.

FIGURE 8. Scalability versus the number of processes.

figure, the computation efficiency increases as the number
of processes increases. Note that the discrepancy between
FDTD simulations and the ideal case results from network
time, load imbalance between processes, etc. Now, we per-
form 3-D FDTD simulations under the z-polarized planewave
excitation for (i) the original human voxel model (Fig. 1),
(ii) the resolution-improved human voxel model (using
only the voxel resolution enhancement method, Fig. 2),
and (iii) the final high-resolution human voxel model (using
both the voxel resolution enhancement and the image smooth-
ing methods, (Fig. 4)). Fig. 9 shows the reflected electric
field Ez in the time domain (Fig. 9a) and in the frequency
domain (Fig. 9b). As shown in the figures, the FDTD result
of the original human phantom is significantly different
from FDTD results of the other two human voxel mod-
els. In addition, a distinct difference is observed between
the resolution-improved human phantom case and the final
high-resolution human phantom case. Next, we investigate
electric field intensity on the xy-plane at the center of z
coordinate for three human phantom models. In this case,
a raised-cosine-ramped sine wave with the operating fre-
quency of 100 GHz is excited to avoid DC offsets [57].
Fig. 10 shows the original human voxel model and its elec-
tric field distributions. The field distribution of the original
human voxel model is significantly blurred due to the poor
spatial resolution. Fig. 11 shows the resolution-improved
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FIGURE 9. Reflected electric field Ez . (a) Time-domain response.
(b) Frequency-domain response.

FIGURE 10. Original human voxel model on the xy-plane at the center of
z coordinate. (a) Voxel. (b) Ex . (c) Ey . (d) Ez .

human voxel model and the electric field distribution in
the model. Each field components agree with the geome-
try of the resolution-improved human voxel model because
this model meets the proper voxel size at the frequency

FIGURE 11. Resolution-improved human voxel model on the xy-plane at
the center of z coordinate. (a) Voxel. (b) Ex . (c) Ey . (d) Ez .

FIGURE 12. Final high-resolution human voxel model on the xy-plane at
the center of z coordinate. (a) Voxel. (b) Ex . (c) Ey . (d) Ez .

of interest. However, we can observe an unnatural field dis-
tribution in some regions due to the stair-cased shape of the
voxel model. These nonphysical wave flows can lead to inac-
curate EM analysis. Final high-resolution human voxel model
and its field distribution are shown in Fig. 12. As shown in the
figures, we can observe the field distribution well according

VOLUME 7, 2019 3641



J.-W. Baek et al.: FDTD Modeling for EM Wave Analysis of Human Voxel Model at mmWave Frequencies

to the tissue structure. Furthermore, weird filed distribution
is not observed.

IV. CONCLUSION
We developed FDTD modeling suitable for EM analysis
of human tissues at mmWave frequencies. In particular,
the high-resolution human voxel model was developed for
the proper geometrical modeling of a human phantom, based
on the voxel resolution enhancement method and the image
smoothing method. This voxel manipulation significantly
improved FDTD voxel resolution and alleviated staircas-
ing boundaries. QCRF dispersion model was successfully
employed for the proper electrical modeling of human tissues
in the frequency range of 6–100 GHz. The MPI parallel
programming was also utilized to dramatically reduce FDTD
simulation time. Numerical examples was used to illus-
trate the validity of our mmWave FDTD simulator. Finally,
it should be noted that both geometrical and electrical mod-
eling processes were performed only once before the FDTD
time marching loop. When one considers a new frequency
range and/or a new biological voxel phantom (e.g., for a
child [13], a pregnant female [15], and an animal [16]),
high-resolution dispersive FDTD modeling can be achieved
in a similar manner presented in this work. In this work,
a small region is considered, as a proof of concept. When
the frequency of interest is not too high and/or the computing
resources are large, the whole realistic human model can be
simulated with the similar performance.
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