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Abstract—Considerations of biological effects, executed as the 

bio-heat and bio-thermal simulations, in terms of a specific 
absorption rate (SAR) and temperature rise in human body 
tissues for ultra wideband (UWB) wireless body area network 
(WBAN) applications are studied in this paper. 3D-
electromagnetic (EM) simulation software, utilizing finite 
integration technique (FIT), is used in order to obtain 
temperatures and power losses by thermal stationary and 
transient solvers (TSS, TTS) in the vicinity of the modelled 
dispersive medium. Two different UWB antennas having 
excellent radiation properties are experimented on contact with 
tissues. The effect of the antenna input power on the temperature 
and maximum SARs over 1 g and 10 g averaging masses are 
evaluated. Obtained results are compared with the restrictions 
set by the institute of Electrical and Electronics Engineers (IEEE) 
and International Commission on Non-Ionizing Radiation 
Protection (ICNIRP). This paper investigates generally how 
much power should be fed to the UWB antenna in order to cross 
the maximum SAR limits in WBANs or in order the antenna start 
to heat the tissues significantly, both in the stationary conditions 
and further as the transient solutions. 

Keywords—specific absorption rate (SAR); temperature rise in 
tissues; wireless body area network (WBAN)  

I.  INTRODUCTION 
In wireless body area network (WBAN) applications, a 

measurement device targeted for recording the decided 
parameters includes both a sensor and an antenna. Therefore it 
might cause the certain exposure level of an electromagnetic 
(EM) radiation depending on the emitted power of the device 
[1]. Once the device is used on the body over a long period of 
time, the temperature rise should be limited and controlled in 
advance in order to avoid the heat generation and harmful 
effects on tissues. Actual exposure to EM fields is regulated 
according to standardization guidelines [2], [3]. 
Fundamentally, human body is formed of water, electrolytes, 
and molecules, which have certain dipolar momentum that is 
able to interact with the E-field [1]. It is explained in [1], if the 
E-field propagates through the tissues, EM energy turns into 
the heat due to the dielectric losses, which means that as long 
as the E-field travels across the body, its energy decrease 
resulting in the temperature increase around its surrounding 
tissues. Federal Communications Commission (FCC) 
recommends to investigate specific absorption rate (SAR) in 

order to evaluate the radio frequency (RF) exposure level [4]. 
Nowadays, the most commonly used SAR limits are defined 
both by the Institute of Electrical and Electronics Engineers 
(IEEE) [2] (1.6 mW/g) for any 1 g of tissue and the 
International Commission on Non-Ionizing Radiation 
Protection (ICNIRP) [3] (2 mW/g) for any 10 g of tissue. 
These guidelines are adjusted in terms of the maximum mass-
normalised rates of EM energy deposition for any 1 g or 10 g 
of tissue [5]. However, some exceptions are also shown, e.g., 
that hands and feet are excluded where higher SARs up to 4 
mW/g (for 10 g) are permitted in both of these standards [5].  

It is possible to realize thermal modelling by contemporary 
simulation software. From the perspective of modelling, it is 
both efficient and safe, because software enables to execute 
investigations without human subject under tests, and 
additionally, the optimal antenna positions from the bio-heat 
point of view can be relatively easily obtained. Only few 
investigations have been realized so far for examining some of 
biological effects, e.g., SAR especially for ultra wideband 
(UWB) WBAN applications [6], [7]. Therefore, for observing 
the foregoing biological effects, two different planar UWB 
antennas having excellent radiation properties are exploited 
for the bio-heat and bio-thermal simulations in this paper. The 
temperature rise and power losses with time in tissues are 
solved by using thermal stationary and transient solvers (TSS, 
TTS) with computer simulation technology (CST) microwave 
studio (MWS) suite software using finite integration technique 
(FIT) [8]. Antennas are positioned on contact with a layered 
tissue model, for which the frequency-dependent behaviour 
based on the Debye 2nd order model is defined. In this paper, 
we present an approach to investigate how much (input) power 
can be fed to the antenna from the SAR and temperature rise 
perspective in order the human body tissues are in safe. This 
paper not only considers and examines different input powers, 
but also the heat generation in different tissues is of interest as 
well.  

This paper is structured as follows. Section II considers the 
heat generation in tissues and SAR, and also describes the 
simulation method, setup and antennas. In Section III, the 
results of this work are shown and explained by following 
conclusions and possible future work, provided in Section IV.  
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TABLE I.  REQUIRED BIO-THERMAL SIMULATION PROPERTIES FOR TISSUES, ANTENNA SUBSTRATE AND ANTENNA COPPERING 

Thermal Properties Human Body Tissues TRF-43 Antenna Substrate Antenna Coppering Skin Fat Muscle 
Thermal conductivity, K [W/K/m] 0.293 0.201 0.530 0.43 5.96 x10-7 

Heat capacity, C [kJ/K/kg] 3.5 2.5 3.5 0.92 0.4 
Thermal diffusivity, d [m2/s] x10-8  7.61  8.78 14.36 0.19 x10-3 0.12 x10-3 

Density ߩ [kg/m3] 1100 916 1041 2.46 - 

II. HEAT GENERATION AND SAR IN SIMULATIONS 

A. Background Information 
The heat generation in tissues due to EM waves is 

fundamentally discussed in [1], [9]. EM energy starts to heat 
the tissues after the E-field has been passed through and 
penetrating tissues. An original Bio-heat Equation can be used 
for the estimation of temperature increase within tissues as [1] 

ߩܥ                         డ்డ௧ ൌ K ൉ ଶܶ׏ ൅ ݄௠ ൅ ݄௕,                        (1) 

where C is the specific heat [kJ/K/kg], T the tissue temperature 
[K], K the thermal conductivity [W/K/m], hm the rate of tissue 
heat production, and hb the rate of heat transfer from blood 
tissue. As explained in [1], (1) simply equals to how much 
temperature increases per unit time when multiplied by the 
thermal capacitance of 1 m3 of tissue, to the heat accumulated 
per unit time and per unit volume in the body. For calculating 
the temperature in tissues by simulations, the used parameters 
for tissues are presented in Table I.  

SAR can be defined with the tissue conductivity ߪ [S/m] 
multiplied with the rms value of E-field |E| (or E-field strength 
E) further divided by the tissue density ߩ [kg/m3] [1] 

ܴܣܵ                             ൌ  ఙఘ ଶ|ࡱ| ൌ ఙாమଶఘ .                                   (2) 

CST C95.3 averaging method that corresponds to IEEE C95.3 
is used [2]. The maximum values of mass-averaged SARs over 
both 10 g and 1 g averaging mass are studied here.   

B. Simulation Methods 
Bio-thermal simulations are implemented by obtaining first 

the time domain transient (TDT) solution for the simulation 
model by using the Gaussian pulses as an excitation signal in 
CST MWS. In TDT runs, power losses are recorded with 
power loss monitors (PLMs) by following the conversion of 
RF losses into the temperature distributions, executed as the 
calculation of thermal loss distributions from TDT solution, 
which are further imported as an excitation source for the 
thermal solver in CST microphysics (MP). In CST MP, TTS 
and TSS are used to obtain the required thermal properties. 
For TTS, the smooth step signal with the signal rise time TRISE 
of 10 s (arise: 80 %) and total signal time TTOTAL of 720 s are 
exploited as an excitation. Practically, the preliminary 
temperatures in the stationary situation are first attained with 
the certain rms power scaling factors (PSFs) (which 

 
Figure 1.  The CST simulation models of the planar UWB antennas (with 
TRF-43 antenna substrate) for the investigations: bow-tie dipole (left), and 
loop (right) antenna.  
 
corresponds to peak input power (PIP) when multiplied by 
two) by using TSS. Next, in order to clarify a time-
temperature dependency, simulations with TTS are run for 
obtaining a transient increase of the temperature of tissues 
over the period of 12 minutes (720 seconds). The IEEE C95.3 
standard recommends recording temperature over the period 
of 6 minutes. Here, different PSFs for each simulation case 
discussed in the next Section are considered such that PIPs 
through 0.5 mW < PIP < 250 mW were used. In calculations, 
an initial temperature of 36 ºC is adjusted.   

In SAR simulations, only TDT simulations for the adjusted 
PLMs are recorded, and different SAR results for the certain 
average cubes are calculated with the post-processing 
templates for different rms reference powers, i.e., again equal 
to PIP if multiplied by two.  

C. Simulation Setup and Antennas 
Four different tissue-equivalent slab models are studied for 

investigations. First model (i.e., later called as M1) is made of 
skin (thickness t = 2 mm), fat (t = 3 mm), and muscle (t = 30 
mm) tissues with the total size of 300 mm (x) ⋅ 300 mm (y) ⋅ 35 
mm (z). Three other tissue models are made only of skin (M2), 
fat (M3) or muscle (M4) also with the same total size of 300 
mm (x) ⋅ 300 mm (y) ⋅ 35 mm (z), for demonstrating how the 
SAR and temperature results vary between these different 
configurations. The broadband behaviour for tissues is 
generated based on the 2nd order Debye dispersion model, 
which Equations and used values are described earlier, e.g., in 
[11], [12]. Two planar UWB antennas are used in the 
examinations, which are presented in Fig. 1: a) bow-tie dipole 
(presented already in [10], [11]), and b) single loop (not 
published earlier). For the same reasons (referring to some 
lacks with the practical on body usage of FR4) described in 
[12], an alternative substrate material, the 1.63 mm thick 
polytetrafluoroethylene-based (PTFE) TRF-43 [13], is also 
experimented for these antennas. 
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TABLE II.  SARS WITH DIFFERENT PEAK INPUT POWERS (PIPS) IN CASE THE ANTENNA CONTACTS THE TISSUE MODEL. NOTE DIFFERENT PIPS FOR 10 G AND 
1 G CUBES. MODEL M1 INCLUDES SKIN (T = 2 MM), FAT (T = 3 MM), AND MUSCLE (T = 30 MM) TISSUES, M2 ONLY SKIN (T = 35 MM), M3 FAT, AND M4 MUSCLES 

 
PIP  

[mW] 

Bow-Tie Dipole Single Loop   
PIP 

[mW] 

Bow-Tie Dipole Single Loop  
10 g cube 10 g cube 1 g cube 1 g cube 

Frequency [GHz] Frequency [GHz] Frequency [GHz] Frequency [GHz] 
3 5 7 9 3 5 7 9 3 5 7 9 3 5 7 9 

M1 ICNIRP SAR limit = 2.0 mW/g for 10 g cube  M1 IEEE SAR limit = 1.6 mW/g for 1 g cube 
0.5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.5 0.03 0.04 0.04 0.03 0.04 0.06 0.05 0.05 
25 0.56 0.65 0.62 0.55 0.50 0.64 0.58 0.47 15 0.92 1.22 1.14 0.91 1.17 1.60 1.42 1.46 

100 2.23 2.60 2.48 2.21 2.01 2.56 2.30 1.90 25 1.53 2.03 1.91 1.52 1.95 2.67 2.36 2.43 
M2  M2  
0.5 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.5 0.05 0.06 0.07 0.07 0.05 0.05 0.06 0.07 
25 0.67 0.72 0.74 0.75 0.70 0.75 0.77 0.75 15 1.56 1.87 2.00 2.01 1.41 1.46 1.80 1.96 

100 2.68 2.88 2.96 3.02 2.81 2.97 3.08 2.98 25 2.60 3.12 3.34 3.35 2.36 2.43 3.00 3.26 
M3  M3  
0.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.5 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 
25 0.08 0.09 0.11 0.09 0.09 0.10 0.12 0.11 15 0.08 0.13 0.17 0.12 0.13 0.15 0.18 0.15 

100 0.30 0.35 0.44 0.37 0.36 0.40 0.47 0.43 25 0.13 0.22 0.29 0.20 0.21 0.25 0.30 0.26 
M4  M4  
0.5 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.01 0.5 0.04 0.05 0.05 0.05 0.04 0.04 0.06 0.06 
25 0.79 0.83 0.84 0.81 0.72 0.78 0.80 0.75 15 1.24 1.36 1.44 1.39 1.29 1.36 1.66 1.86 

100 3.14 3.30 3.36 3.22 2.87 3.11 3.22 2.98 25 2.06 2.27 2.39 2.31 2.15 2.27 2.76 3.10 
 

 
Figure 2.  FS simulation results for investigated antennas: reflection 
coefficient S11 [dB], total antenna efficiency [dB], and realized maximum gain 
[dBi].  

III. RESULTS 
In the first phase, the free space (FS) performance between 

exploited antennas under investigations was compared and they 
were concluded to be very close to each other, as depicted in 
Fig. 2. As shown there, the reflection coefficient S11, total 
antenna efficiency and realized maximum gain of these 
antennas are quite similar. Then, the effect of both different 
PIPs on the SAR results and stationary temperatures were 
evaluated by following the investigations of corresponding 
PIPs for time-dependent temperatures. Both the SAR and 
temperature results were examined on contact with different 
tissue models in order to receive some basic knowledge how 
different tissues in the outer layers of human body influence on 
the biological effects, and on the other hand, if there are any 
significant differences between them.  

 

A. The Effect of Power Fed to the Antenna  
1) SAR 
The maximum SARs over 1 g cube with different input 

powers collected to Table II were first investigated and 
compared with the IEEE SAR limit close to tissue models. We 
started the evaluations by using very low PIP of 0.5 mW and 
SAR values were observed to be far below the safety limits. As 
we have assumed the model M1 to be a good assumption for 
the tissue combination in the abdomen of human, the amount 
of PIP should be roughly as high as 25 mW in order to exceed 
the IEEE SAR limit. Then, the maximum SARs over 10 g 
averaging mass were evaluated in the proximity of the same 
models. In these cases, achieved values are compared with the 
ICNIRP SAR limit. Like over the 1 g cube, also the results 
over the 10 g cube with PIP = 0.5 mW were observed to 
appear very small in proportion to the safety guidelines. For 
10 g cube, the PIP of 100 mW was observed to be enough to 
cross the ICNIRP SAR limit. Further, the effect of different 
tissues on the SAR results was studied. In order to understand 
the differences in SAR (or later in the temperature increase) 
between the skin, fat, and muscle tissues, not only the 
knowledge of in-depth wave propagation, but also the 
understanding about the properties of tissues from RF point of 
view is required, too. It can be concluded based on these 
simulations that when the antenna is used in the vicinity of 
high permittivity εr (e.g., εr_SKIN ≈ 38 @ 3 GHz and εr_MUSCLE ≈ 
52) and high loss tangent of tanδ (tanδSKIN ≈ 0.28 @ 3 GHz 
and tanδMUSCLE ≈ 0.25) tissues, SAR and temperatures will be 
significantly high in comparison with fat tissue (εr_FAT ≈ 5 @ 3 
GHz and tanδFAT ≈ 0.15). This can be explained due to the 
characteristics of tissues: skin and muscle have notable high 
water content and it will lead to the high power losses in RF 
frequencies. When the frequency goes higher, the losses in 
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TABLE III.  TEMPERATURE RISE WITH THE TIME AND PEAK INPUT POWERS IN CASE THE ANTENNA CONTACTS THE TISSUE MODEL. INITIAL TEMPERATURE OF 
36 ºC IS USED. MODEL M1 INCLUDES SKIN (T = 2 MM), FAT (T = 3 MM), AND MUSCLES (T = 30 MM), M2 ONLY SKIN (T = 35 MM), M3 FAT, AND M4 MUSCLES 

 
Tissue 
Model 

Peak 
Input 
Power  
[mW] 

Bow-Tie Dipole Single Loop  
Time [sec] Stationary 

solution 
Time [sec] Stationary 

solution 120 240 360 480 600 720 120 240 360 480 600 720 
Temperature [ºC]  Temperature [ºC]  

 
M1 

0.5 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 
50 36.1 36.2 36.3 36.3 36.3 36.3 36.6 36.0 36.0 36.0 36.0 36.0 36.0 36.4 

250 36.7 37.1 37.3 37.4 37.5 37.6 38.8 36.2 36.4 36.5 36.6 36.7 36.7 38.4 
 

M2 
0.5 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 
50 36.1 36.2 36.3 36.3 36.3 36.3 36.7 36.1 36.1 36.1 36.1 36.2 36.2 36.7 

250 36.7 37.1 37.3 37.5 37.6 37.8 39.4 36.3 36.5 36.6 36.7 36.8 36.9 39.6 
 

M3 
0.5 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 
50 36.0 36.0 36.0 36.0 36.0 36.1 36.2 36.0 36.0 36.0 36.0 36.0 36.1 36.2 

250 36.1 36.1 36.2 36.2 36.2 36.2 37.1 36.1 36.1 36.2 36.2 36.2 36.2 37.2 
 

M4 
0.5 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 
50 36.1 36.2 36.3 36.3 36.3 36.3 36.4 36.0 36.1 36.1 36.1 36.1 36.1 36.4 

250 36.7 37.1 37.3 37.4 37.5 37.6 38.2 36.2 36.3 36.4 36.5 36.5 36.6 38.0 
 

      
                              a)                                                            b)                           
Figure 3.  Temperature distribution in xy-plane for a) dipole and b) loop 
antenna with different tissue models, when PIP of 50 mW is fed to the 
antenna: M1 (left), and M2 (right). Temperatures are scaled such that 36.0 ºC 
corresponds to blue, while red for 37.0 ºC. In each plot, cutting plane is 
aligned immediately below the antenna, at the top of tissue model.   
 
high-permittivity tissues increase significantly.  

2) Temperature 
According to the lowest considered PIP of 0.5 mW, any 

temperatures over the initial temperature 36 ºC was not 
observed, even though different models were involved. By 
using notable higher powers of 50 mW or 250 mW, 
temperature rise in tissues was attained. Temperatures in Table 
III received by TSS correspond to the situations where 
temperature will not change anymore. Time-dependent 
solutions are shown in steps of 2 minutes.  

Correspondingly with the SARs, tissue characteristics are 
also observed to affect the obtained results with temperature. 
Fig. 3 further shows the temperature deviations of dipole and 
loop in xy-plane at the top of skin and fat models (for PIP of 
50 mW). Temperature hot spot is the strongest right below the 
antenna and it decreases significantly with the distance away 
from the antenna. What comes to the differences between 
these tissue models, as explained in [1], the high thermal 
diffusivity of tissues is the reason why material reacts rapidly 
to the temperature of their surroundings. Therefore, due to 
high diffusivity, heat is conducted quickly in comparison to 
their volumetric heat capacity. That is one reason in order to 
explain the differences in the temperature rise and deviations 
in different tissues.  

B. Comparing Investigated Antennas 
As introduced at the beginning of Section III, exploited 

antennas were found to have FS performance very close to 

each other. One point we would like to mention is that the 
loop antenna configuration that authors have designed is found 
to have very similar radiation patterns with respect to the 
dipole, if comparison is made by positioning them next to each 
other, likewise in Fig. 1. That means that this UWB loop 
antenna generates its maxima of pattern in the direction of z-
axis. The reason for this behaviour comes from the 
characteristics to operate like an electrically small antenna 
(ESA). If the antenna covers the entire FCC UWB band, it 
cannot be practically ESA at any rate in which case the 
patterns between dipole and loop according to the dual-
theorem (dual patterns) can be achieved. Therefore, both the 
impedance behaviour and the patterns for the UWB loop 
differs from that what can be achieved with the typical 
electrically small single loop antenna.  

Another interesting issue is that even though the UWB loop 
(or UWB dipole) do not behave like ESA in FS, however, in 
the proximity of body it acts like ESA, based on its impedance 
and radiation properties as concluded, e.g., in [14], [15]. 
Hence, authors would like to highlight that the presented 
antennas in this paper and their comparison is not like 
comparing typical dipole versus typical loop (because of the 
characteristics of ESA and the proximity of tissues).  

Finally, during this study, noticeable differences between 
these two antennas however were not observed. SAR cross 
section cuttings below the antenna and also obtained 
temperature were relatively close to each other, and also other 
typical antenna parameters such as reflection coefficient S11 
and total antenna efficiency behaved similarly. It could be 
remarked that even though corresponding temperatures in 
stationary situations will be achieved with these antennas, the 
temperature rise is slightly slower for loop.      

IV. CONCLUSIONS AND FUTURE WORK 
The effect of different peak input powers for different tissue 

models and two different UWB antennas were considered in 
this paper. The results of these evaluations is mainly to show 
how much power can be fed to the antenna in order the human 
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body tissues are immune to the harmful effects of EM 
radiation by an antenna (referring to the heating and SAR). 
Hence, this study experiments generally what should be the 
input power of the UWB antenna in order to cross the most 
commonly used SAR limits by IEEE and ICNIRP or in order 
the antenna start to heat the tissues. In pursuance of the 
evaluation of different input powers, these investigations also 
touched on the differences of antenna types. It was observed 
that tissues having high permittivity and loss tangent hence 
having notable high water content, e.g., skin and muscles, 
might cause more concern from SAR and temperature point of 
view than fat. These findings are further providing useful 
information for the most suitable position of implantable 
WBAN device. 

As a possible future work, different body models (adult, 
child, female, and male) with the help of accurate voxel 
models of different cube resolutions will be involved to the 
studies, as used earlier for studies in lower frequencies [16].  

Also, some additional parameters for more realistic 
simulation modelling will be included and taken into account 
such as the bloodflow coefficients (used to determine the 
influence of a blood at a certain temperature inside the tissue 
volume) and basal metabolic heat rate (an additional heating 
source taking the basal metabolic heat of biological tissue into 
account).  

It would be also interesting to characterize whether the 
temperature and SARs start to clearly diminish in some 
antenna orientations.  

Further, SAR simulations are notably quite heavy and need a 
lot of memory in order to receive results in satisfactory and 
reasonable timing especially in high frequencies when the 
wavelength decreases and therefore required simulations mesh 
increases. Therefore, it is also of interest that would it be 
possible to significantly simplify SAR models for achieving 
realistic results, as the model simplification is proved to be 
productive [17].  

One huge drawback in SAR investigations is the lack of 
measurement devices: they are expensive and not easily 
available, which causes uncertainty to verification of results.     
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