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Abstract/Résumé
To design any new EM-device, it is of great importance to have a good estimation of the specific absorption rate (SAR) distribution or the
Power Density (PD) it induces in users or people in its proximity. Respecting the recommended SAR limits is mandatory for any new
technology to go public. Moreover, the good knowledge of SAR/PD is critical in any electromagnetic compatibility (EMC) study between EMdevices with lossy media. From numerical analysis point of view, as frequencies go higher and higher e.g. from 5G to millimetric or even
terahertz applications, the computational problem becomes exhaustive in size. Note that at higher frequencies, the transmitting devices get
normally smaller in size. In this article, we will study the effect of considering only the tissues (the part of the human model) adjacent to the
transmitter vs. including the full human model in the computation domain. For a good spatial representation, the block-meshing scheme can
be applied to finely mesh the antenna system and the tissues close to it. Numerical examples show the SAR distributions at 3.5 GHz in human
head and the entire body, in addition to show the validity and CPU-time/memory gain obtained when considering part of the human model
instead of the entire model. Moreover, we show the effects of human head presence on the antenna performance in its proximity.

1

Introduction

In the last few decades, one can observe the constant and rapid increase in operating frequencies of EM-devices.
The reasons behind that is to increase the data rate (bandwidth), downsize antenna systems, and to allocate new
unused frequency bands, in addition to other applications such as spectroscopy and imaging techniques. For such
devices, the SAR/PD levels estimation is mandatory. However, at such high frequencies (5G and beyond)
experimental measurements are very difficult to conduct [1] [2]. Even numerical simulations are very challenging
in several scenarios [1] [2]. As the frequency goes higher the size of the computational domain becomes higher,
hence the memory requirements and CPU time become higher as well. For instance at frequencies greater than 10
GHz, volumic simulations including human body are extremely huge and parallel big machines are necessary to
perform the computations. It is worth mentioning that if we go the other way in the spectrum for instance to study
the SAR at frequencies less than 10 MHz we face another problem; a huge number of iterations is necessary to
cover the low frequency band of interest. Therefore, the easiest SAR computations with reasonable computational
costs are for the range of frequencies between few tens of MHz until few GHz.
In this article, we are going to present a general methodology to perform SAR full-wave computations, as well as,
focusing attention on the complexity of the problem, the different challenges and the practical computational
limitations. Moreover, sub-gridding feature (it is much more efficient than structured irregular meshing that is used
in the up-to-date commercial solvers) can be applied when dealing with a multi-scale scenario (ex. an antenna with
very small details). Finally, we will study the effects of truncating the computational problem by keeping the
antenna system and the human tissues in its proximity and excluding everything else.

2

Mathematical model

As a computational scheme, we are going to use the Transmission-Line Matrix method (TLM) in time-domain
(TD). The TLM method is a full-wave computational method that has some very attractive features:
1) Can handle any linear anisotropic dispersive heterogeneous media [3].
2) Very efficient in highly heterogeneous structures (mesh or media), as compared to other TD methods.
3) One can do the sub-gridding for any mesh ratio, and in any heterogeneous media. Thanks to the ideal
transformer model, that allows smooth, lossless and stable transition between fine and coarse meshes [4].

4) Can handle any lumped element (source, passive or active element). Thus, at any point (or region) we can
define a port for example and control exactly how much power is supplied.
For more details concerning the mathematical representation of TLM method, we refer the reader to [3] [4].
As a human model, we used the heterogeneous Duke voxel model. Media properties for different tissues in are
represented as a summation of four Cole-Cole expressions [5]:
𝜀(𝜔) = 𝜀∞ + ∑4𝑖=1
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where 𝜀∞ is the permittivity at very high frequencies, 𝜎 the conductivity, 𝜏𝑖 , 𝛼𝑖 and ∆𝜀𝑖 are different parameters
used by Cole-Cole model. In TD simulations, the dispersive media properties are translated into TD-filters.

3

SAR computation in realist scenarios

As frequencies go higher, the wavelength 𝜆 gets smaller. Finer meshes are required to represent the computational
domain (Δ𝑙 ≤ 𝜆⁄
). To show the complexity of the problem when working at higher frequencies we can
10√𝜀𝑟
make this rough estimation of the problem size. It is desired to simulate a human model exposed to a signal at 10
GHz (𝜆 = 3 cm). Assuming the human model is mainly water (𝜀𝑟 ≈ 70) at 10 GHz and at 37 oC, the mesh size
is 𝑑𝑙 ≤ 0.36 mm. Now for Duke model of dimensions 177 cm × 61 cm × 31 cm, one needs around 7.17 billion
cells. To perform a convergence test for instance by doubling the resolution in every dimension, the problem size
explodes to 57 billion of cells. For the 5G frequency band at 60 GHz the previous number of cells reaches few
Tera cells. At millimetric (110 GHz to 300 GHz) and terahertz (0.3 THz to 30 THz) frequencies, cell numbers are
much higher.
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Figure 1: Duke model exposed to EM waves,
(a) the full body is included in the computational domain, block
meshing is used around the antenna system and the human tissues close to it. (b) Only the head is considered, fine
resolution is used around the antenna and the tissues in its proximity.

As shown in figure 1, we are going to study the effect of considering only the part of Duke model that is close to
the antenna system, for example the head in figure 1b. Comparison will be made with the scenario when the full
body is present (figure 1a). The objective is to compute the impact of truncating the computational domain on the
SAR distribution in human head and on the antenna performance. Such analysis can be very beneficial when
dealing with devices that produces localized power in small regions such as medical sensors and RFIDs, smart
lenses, or other wearable devices. Sub-gridding feature in TLM can used to give a good geometrical representation
of the antenna system/circuit and the nearby human tissues. Finally, as frequencies go higher, the skin effect
obliges us to use fine resolution in the first few skin depths in lossy media to accurately capture the rapidly decaying
EM fields.

4

Results and discussions

In this section, we present three scenarios for SAR computation at 3.5 GHz frequency. In the first experiment, we
study the effects of plane-wave excitation on the head of Duke voxel model for two spatial resolutions (mesh

sizes), namely, at ∆ = 1 mm and at ∆ = 0.667 mm. In the second experiment, the SAR distribution is shown
when Duke’ head is excited by a half-wavelength dipole antenna (𝜆 = 8.6 cm) at the aforementioned resolutions.
In addition, the impact of human head presence on the antenna input impedance is presented. Finally, an
experiment of SAR computation again at 3.5 GHz is provided for plane wave excitation with both the head alone,
and the entire body. The objective of this experiment is to show the effects of exclusion the rest of the body on the
accuracy in SAR distributions in the head. To reduce the computer expenditures, we used a resolution of 2 mm for
the last experiment, since the entire human model was very huge to simulate at 1 mm or finer. In all experiments
cubic cells were used everywhere, with maximum time-step. Modulated-Gaussian pulse ( = 6.67 , 𝜎 =
1.33
a d 𝑓 = 3.5 GHz ) was used as an excitation. All simulations were performed on a TLM parallel solver
developed in collaboration between LEAT laboratory and IMT-Atlantique [6].

4.1

Duke’ head excited by a plane wave

Consider the configuration in Figure 2 below with the head of Duke’ model illuminated by a plane wave. Huygens
box for is used as a source of plane wave excitation. The TEM wave is vertically polarized propagating towards
the face of Duke.

Figure 2: Duke voxel model excited by a plane-wave using Huygens box
The SAR distribution was initially computed at 1 mm resolution, then as a convergence test was conducted by
repeating the same simulation with a 0.667 mm mesh-size. As shown in figure 3 below both SAR distributions are
in good matching.

Figure 3: SAR distributions for plane wave excitation at 3.5 GHz, (a) resolution 1 mm, (b) resolution 0.667 mm.
Table 1 below shows the computational expenditures for both simulations shown in figure 3. Where 𝑁𝑐 is the
number of TLM cells needed to represent the computational domain, 𝑁𝑝 is the number of processors used to run
the simulator, 𝐶𝑃𝑈𝑡 is the corresponding CPU simulation time and 𝑁𝑖𝑡 is the number of iterations used in every
simulation. One can observe that, even for the 3.5 GHz which is a relatively small frequency in the 5G band the
CPU-time and memory requirements are very high. Repeating the same experiment a higher 5G frequency band

such as, 28 GHz (𝜀𝑟 ≈ 16, 𝜎 ≈ 7 S/m ) [5] [7] means a mesh size less than 0.27 mm (1.46 billion cells, and 127
days with 42 processors).
3.5 GHz
1 mm
0.667 mm
𝑵𝒄
𝑵𝒑

36750000
37

42

𝑪𝑷𝑼𝒕
𝑵𝒊𝒕

12h45min
20000

37h41min
30000

96768000

Table 1: Memory requirements, number of processors and iterations and the corresponding CPU-time (plane
wave excitation)

4.2

Duke’ head excited by a half-wavelength dipole antenna

In figure 4 below, the Duke head is illuminated by a center-fed half-wavelength dipole antenna. The antenna is
made of cupper (𝜎 = 5.96 × 107 S/m) with a length of 43 mm (43 cells in 1mm resolution and 64 cells in 0.667
mm) and a square cross section of 2 mm side length. An air gap of one cell-size at the center of the antenna is used
to place a voltage source with a modulated Gaussian pulse temporal-profile. The antenna is located vertically next
to the right-ear with around two cm distance from the skin.

Figure 4: Duke voxel model illuminated by a half-wavelength dipole antenna at 3.5 GHz
Similar to the previous experiment, the SAR distributions were initially simulated at 1 mm resolution, and then
were repeated at 0.667 mm resolution to test for convergence. As shown in figure 5 below the SAR distributions
for both resolutions are in good matching.

Figure 5: SAR distributions for a half-wavelength dipole antenna at 3.5 GHz, (a) resolution 1 mm, (b) resolution
0.667 mm.

Simulation times and memory requirements are shown in table 2 below, one can observe that the number of
iterations is higher than what is used in the previous experiment, even though the same modulated Gaussian pulse
temporal profile is used in both experiments. That is due to the high resonance phenomenon in the antenna
structure; however, this high number of iterations allows us to compute the input impedance of the antenna.

1 mm

3.5 GHz
0.667 mm

𝑵𝒄
𝑵𝒑

36750000

96768000

37

72

𝑪𝑷𝑼𝒕
𝑵𝒊𝒕

31h53min
50000

55h04min
75000

Table 2: Memory requirements, number of processors and iterations and the corresponding CPU-time (halfwavelength dipole antenna excitation)
One can observe in Figure 6 the high impact of human head presence in the proximity of the antenna on its input
impedance (51.5 Ω difference in input resistance and 13.6 Ω in input reactance). That means the interaction
between the head and the antenna modifies the operating setup of the later. Note that to simplify our calculations
we used a relatively thick wire antenna (square cross-section of side length of 2 mm, and 43 mm in length).
However, if one is interested in using thin wire antennas a very fine resolution should be used to accurately
discretize the cylindrical shape of the wire. This can be done by using block meshing approach, with fine meshing
applied to the antenna and few cells in its proximity [8].

Figure 6: Input impedance of the dipole antenna vs. frequency, impact of Duke’ head presence (results are
shown for resolution ∆ = 0.667mm)

4.3

Duke’ head vs. entire Duke’ model excited by a plane wave

In this example, the objective is to study the effect of excluding the rest of Duke’ body when computing the SAR
in the head. The SAR was computed initially for the entire body as shown in figure 7a (figure 7b is the SAR
distribution in the head cut from figure 7a for visualisation purposes). Then, the SAR distribution was computed
for the head alone as in the first experiment. In both figure 7a and figure 7c a mesh-size of 2mm was used.

Figure 7: (a) SAR distribution in the entire Duke model illuminated by a plane wave at 3.5 GHz, (b) SAR
distribution in the head of figure 7a, (c) SAR distribution in Duke head when head was simulated alone (the rest
of the body was excluded from the computational domain)
Similar SAR distributions can be noticed in both figure 7b and figure 7c, with small differences can be observed
in the neck region close to the cutting plane of Duke’ head (this can be explained by the diffraction/scattering at
the artificial discontinuity in the neck in figure 7c). Note that SAR distributions in figure 7b and figure 7c are in
good agreement to SAR distributions in figure 3a and figure 3b in the first experiment. From figure 7 one can
conclude that at 3.5 GHz the SAR can be computed with a reasonable accuracy in a specific region without the
need to include the entire body. In table 3, one can notice big differences in simulation time and the number of
TLM cells required to represent the computational domain for both the head alone, and the full Duke model,
respectively.

𝑵𝒄
𝑵𝒑
𝑪𝑷𝑼𝒕
𝑵𝒊𝒕

3.5 GHz (2mm)
Head
Full body
4593750
71319500
62
142
0h25min
7h40min
15000
15000

Table 3: Memory requirements, number of processors and iterations and the corresponding CPU-time (planewave excitation Duke’ head vs. full Duke’ model)

5

Conclusion

A numerical dosimetry procedure-based TD-TLM computational scheme was presented. This method allows for
computing the EM-fields in arbitrary complex linear media such as human tissues. This allows for the calculations
of SAR (up to 6-10 GHz) or PD (in the millimetric range of the 5G spectrum). Moreover, the possibility to simulate
scenarios involving humans and EM-devices permits to evaluate the impact of human presence on their
performance. The second objective of this article is to study the effect of considering only a part of the human
model (ex. the head) vs. including the full human model in the computation domain. In addition, we study the
impact of human tissues presence on the antenna performance in their proximity. Numerical experiments show
that a good SAR distribution can be obtained in the head without considering the entire model with a huge memory
and CPU-time gain as compared to the case of the entire model. Moreover, the input impedance of the dipole
antenna was largely influenced by the presence of Duke head in their near field region.
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