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I n t r o d u c t I o n  
In wireless-communication and in bio-medical technologies, no device can be brought to market without proof that it 
satisfies safety standards related to Specific Absorption Ratio (SAR). SAR is a measure for the electromagnetic power 
density absorbed by the human body and resulting locally in an increase in temperature. In the case of hand-held 
communication devices such as cellular phones, the concern is often about power density absorbed by the brain, the 
most critical and temperature-sensitive organ in the body. In other applications, such as radio transmitters, Magnetic 
Resonance Imaging (MRI) , or medical implants transmitting data wirelessly, electromagnetic power can be absorbed 
by any organ. Ensuring that safety standards are met is essential for any equipment manufacturer. In this white paper, 
we will show how this can be done with ANSYS HFSS for four applications:
  •  Personal communication devices
  •  Transmitting vehicle-mounted antennas, e.g. for police radio
  •  Magnetic Resonance Imaging (MRI) equipment
  •  Medical implants
In all cases, SAR in the human body is the quantity of interest.

the FInIte element method
HFSS employs the Finite Element Method. This method offers several advantages over other methods that are 
sometimes used in the aforementioned applications, specifically methods based on the Finite-Difference Time-Domain 
(FDTD) method. 

The most important advantage is the use of a mesh consisting of tetrahedral elements. This mesh will always be able 
to conform to oblique and irregular surfaces, which dominate in applications with complicated, real-life devices and 
human-body models. This contrasts with the brick-shaped mesh employed by FDTD. The Finite Element mesh will 
employ small elements where needed, in regions with geometrical details or large field gradients, and large elements 
elsewhere. Adaptive mesh refinement ensures that regions with strong field gradients will always obtain a sufficiently 
dense mesh. Thus, the mesh is always close to optimal for a given simulation.

Within mesh elements, the electromagnetic fields are described by so-called basis functions. These basis functions 
can have low, intermediate and high orders, indicating increasing accuracy. HFSS can employ Mixed Element Orders, 
determining autonomously as part of the adaptive mesh refinement process which orders are most appropriate for 
which mesh elements. The combination of adaptive mesh refinement and adaptive basis-order adjustment ensures 
that a desired accuracy is reached a minimal computational cost.

The solution process can use an iterative solver. This solver takes advantage of the fact that the basis functions are 
hierarchical. It produces a pre-conditioner based on lower-order basis functions and subsequently determines the ac-
curate solution iteratively, using much less memory and time than the regular matrix solver would have needed. Also, 
when a network of computers is available, the solution process can use High Performance
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Computing (HPC) to split the computational domain into many smaller domains and spread them out over 
the network.

HFSS solves in the frequency domain. This is an advantage for the applications of interest, since they are all single-
frequency applications. Even cellular phones capable of operating in multiple bands need to meet specifications at 
only a handful of widely-spaced individual frequencies and are best analyzed one frequency at a time.

ANSYS offers a couple of human-body models: a detailed adult
male with over 300 muscles, organs and bones, as well as an 
adult female (Fig. 1). The objects in the models have a 
geometrical accuracy of 1-2 mm. The models can be tailored 
by the user for any specific application, e.g. by temporarily 
removing parts that are not needed.

PerSonal WIreleSS 
communIcatIon devIceS
Power transmitted by personal communication devices, such 
as cellular phones, and partly absorbed by the body, is of great 
concern for two reasons. It is the brain, the most critical organ 
in the body, that absorbs a large fraction of the power, and 
personal wireless communication devices such as cellular phones 
are used for hours per day by a very large number of people. 
A technical committee of the Institute of Electrical and Electronics 
Engineers (IEEE), ICES TC34, is in the process of defining 
Recommended Practices for the proper determination of SAR 
through measurements and simulations. ANSYS participates in the 
sub-committee on numerical methods. 
The local SAR is defined as 

where σ denotes the electrical conductivity in S/m, E the magnitude of the peak electric field in V/m and ρ the mass 
density in kg/m3. The unit of SAR is Watts per kilogram, W/kg.

The quantity of interest is the local SAR averaged over a small 
volume, usually 1 g or 10 g of mass. The proper way to perform 
the averaging is described in Appendix E of IEEE Standard C95.3 [1]. 
Every location in the body obtains its own small averaging volume and 
its own value of value of average SAR. Of the entire distribution of 
average SAR values, only the peak value in the body matters for 
compliance with safety regulations. It is this peak average SAR that
has to be below a certain value, e.g. 1.6 W/kg for cellular phones in 
the U.S.A.

The head model used in the simulations is not a heterogeneous
model with brain, skull, eyes, etc., but is the so-called Specific 
Anthropomorphic Mannequin (SAM). Figure 2 shows an image of 
the SAM with a cellular-phone model. The reason for uses the 
SAM is that it corresponds to the measurement setup, in which a 
head-shaped shell is filled with a fluid with appropriate relative 
permittivity and electrical conductivity. The IEEE technical committee 
has verified, in a comparison with inhomogeneous head models, 
that this is a conservative approach, i.e. the SAR will not be 

Fig. 1 ANSYS human-body models

Fig. 2 The Specific Anthropomorphic 
               Mannequin (SAM) model
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under-estimated. The Recommended Practices for simulations describe how to position the SAM model relative to the 
phone model, how much detail to include in the phone model, how to generate the appropriate mesh for the simula-
tion, how to ensure that the simulation tool produces correct results, how to assess computational uncertainty, etc. 

 A computational comparison between various commercial software tools, carried out by ten different participating 
organizations, showed that the SAR results computed with HFSS are close to the average computed with various 
other tools by eight other participating organizations [2, 3]. Figure 3 summarizes the results. The simulation was done 
with a complicated, realistic phone model. The horizontal axis refers to eight cases: case 1 through 4 are in the 900 
MHz band and case 5 through 8 in the 1800-MHz band. Further variations pertain to the way the phone was held, 
along the cheek (odd-numbered cases) or tilted away from the cheek (even-numbered cases). The remaining varia-
tion is the SAR averaging: based on 1 gram of tissue (cases 1, 2, 5, 6) or 10 grams of tissue (cases 3, 4, 7, 8). The 
vertical axis represents the peak average SAR, normalized in each case to the average result of the nine participating 
organizations. In every simulation by every participant, care was taken to correct for the return loss, i.e. correct for S11, 
so the accepted power would be the same. The ANSYS result always falls in the band defined by normalized average 
± standard deviation. In the first four cases, in the 900 MHz band, the standard deviation was large. This was largely 
due to the presence of one set of outlying results (not produced with HFSS), that were much too low, pulling down the 
average and increasing the standard deviation.

Fig. 3 Results of computational comparison: ANSYS results compared to the band defined by average ± standard deviation
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Other studies [4, 5] have also shown that HFSS produces accurate results for this application. 

The electric field, shown in Figure 4 at 900 and at 1800 MHz on a linear scale, is attenuated rapidly as it penetrates 
the head. The region where the average SAR values are high is therefore relatively small, as shown below in 
Figure 5.

In addition, a sensitivity study was done. One may not always know all material parameters with high accuracy, or not 
be certain how much detail to include in the phone model. Table 1 lists the sensitivities to changes in the phone model 
for the peak 1g avg. SAR value. The sensitivities of the 10g avg. SAR were very close to these and are therefore not 
listed separately.

Fig. 4 Attenuation of the electric field in the head. left: 900 MHz, right: 1800 MHz.

Fig. 5 The region where SAR is significant is relatively small. left: 900 MHz, right: 1800 MHz.
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Change in phone model Change in peak 1g avg. SAR 
900-MHz band

Change in peak 1g avg. SAR
1800 MHz band

Double conductivity plastics -20% -19%

Double permittivity plastics -8% -8%
Simplify model -3% +2%
Move 2 mm along head 0% -1.5%
Move 2 mm from head -11% -22%

In all cases, an essential step in the analysis is to correct for the return loss, i.e. for S11, so the accepted power is the 
same in all simulations. Otherwise, results are very sensitive to small shifts in the resonance frequency.

A power-balance analysis shows that, when the conductivity of the plastics is doubled, the fraction of the accepted 
power absorbed by the plastics in the phone grows from 32% to 45% (low band, similar for high band), leaving less 
for radiation and for absorption by the head. When the permittivity is doubled, the power balance changes in a simi-
lar way, although to a lesser extent. This is partly due to the fact that higher permittivity with the same loss tangent 
corresponds to higher conductivity. Another effect is a shift in the resonance frequency. Although the accepted power 
is kept constant, the power distribution changes. This happens to mitigate the effect of the higher conductivity in this 
case, but it could be the other way round with a different phone.

In the simplified model, the following parts were kept: PCB, antenna, battery, major shield cans, one speaker near the 
antenna, plastic housing, display, and the vast majority of interior plastic objects, especially in the vicinity of the an-
tenna. Removed were the other speaker, several screws, brackets and springs, and a small fraction of interior plastic 
objects that were not in the vicinity of the antenna. The resonance frequency was hardly affected. In the simplification 
process, it is essential to maintain electrical contact between major metal objects. In one variation on this model, the 
battery had lost electrical contact with the PCB. In that particular case, the power distribution changed significantly, 
and the peak avg. SAR came out 10% lower in the high band.

The sensitivity to the position of the phone along the head is small, as can be expected intuitively. When the phone 
is moved a few mm away from the head, the peak avg. SAR falls rapidly. Given this sensitivity, one may ask how 
reliable results produced by any individual software user will be. The draft IEEE Recommended Practice for this kind 
of simulation describes in detail how to position a phone geometry and the SAM head together in one model. In that 
procedure, the phone and the SAM are supposed to touch. Even if an individual user leaves a small gap, that gap 
won’t exceed a few tenths of a millimeter. The uncertainty in peak avg. SAR due to positioning is therefore a couple of 
percent.

The sensitivity study teaches us the following. Since material properties of plastics are usually known within 10%, the 
uncertainty in peak avg. SAR due to materials is limited to a couple of percent. Also, the uncertainty due to position-
ing is a couple of percent. The most important question is to what extent a phone model can be simplified. This study 
shows that the aforementioned simplification changes the peak avg. SAR by 3% in the low band and 2% in the high 
band, provided electrical contact between the major metal objects is maintained.  

Of course, although not part of the standard developed by the IEEE committee, a hand model can be added if desired 
(Fig. 6), e.g. to investigate its influence on the antenna resonance. The presence of the hand can shift the resonance 
down in frequency and influence the antenna pattern, so inclusion of a hand model is beneficial to the antenna de-
signer and the system designer. Another effect of the hand is that it will absorb part of the power, leading to the pos-
sibility that inclusion of the hand will under-estimate the peak avg. SAR in the head. Therefore, usually a SAR evalua-
tion is done without a hand model.

Table 1 Sensitivity of the peak 1g avg. SAR to changes in the phone model
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In conclusion, HFSS addresses the problem of electromagnetic safety of personal communication devices 
with great reliability.

vehIcle-mounted antennaS
The aforementioned IEEE committee also develops a Recommended Practice for electromagnetic safety from vehi-
cle-mounted antennas. A typical application is police radio, where the transmitters are much stronger than those of 
cell phones (tens of Watt), and the power absorbed by passengers and bystanders may be a concern.
Figure 7 gives an impression of the model: the car with a monopole antenna on the trunk and a bystander standing 
one meter behind the car. The car and the person are standing on a slab of asphalt. The simulation at 450 MHz shows 
high SAR on the ankles, the knees and the throat.

Fig. 6 Inclusion of a hand model in the simulation can be       
 beneficial in antenna and system design.

Fig. 7 SAR on the body of a bystander, frequency 450 MHz
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Of particular interest is SAR at lower frequencies, since the electromagnetic fields 
penetrate deeper into the body at lower frequencies. Figure 8 shows the 1g avg. SAR 
inside the body at 150 MHz. The highest values, up to 0.18W/kg for a transmitter power 
of 10 W, occur in the throat, but some interior organs such as heart and intestines also 
have higher avg. SAR values than their surroundings.
 
Another metric of interest for a situation in which essentially the entire body is hit by 
radiation, is the whole-body SAR. For whole-body SAR, the safety limit for the general 
public is 80 mW/kg. At a transmitter power of 10 W, we find the following values for 
whole-body SAR:
At 150 MHz: 3.3 mW/kg
At 450 MHz: 1.0 mW/kg

Clearly, both the 1g avg. SAR and the whole-body SAR are well below the safety
limits at a transmitter power of 10 W. If the transmitter power were increased to 90 
W, the 1g avg. SAR at 150 MHz would exceed the safety limit of 1.6 W/kg. The 
whole-body SAR, in that case, would still be well below its limit of 80 mW/kg. The 
whole-body SAR could be a concern at lower frequencies, at which fields penetrate 
deeper into the body.  

Simulations have also been performed with this model at 900 MHz. This makes for 
a very challenging simulation: both the car and the body have a very large detailed 
mesh, while the air, the body and the asphalt consist of many cubic wavelengths: 
about 9,000. This is a situation in which the Finite Element Method does very well for 
the reasons mentioned in the section on the method: small elements where necessary, 
large elements where possible, mixed element orders (typically lower near insignificant 
details and higher in the many wavelengths of air), adaptive mesh refinement and 
adaptive order adjustment. For this simulation, the final mesh had 1.35 million 
elements, and the total number of complex-valued unknowns in the Finite Element matrix equation was 20.2 mil-
lion. This system can be solved by using either the iterative solver on one computer or High-Performance Computing 
(HPC) on a network. The table below shows the RAM and real time (not CPU time) time needed to solve a system 
this big, and how these depend, for this particular model, on the number of unknowns N.

RAM (GB) Dependence on N Elapsed time (min) Dependence on N

Iterative solver 168 N^1.2 653 N^1.2
HPC, 24 nodes 181 N^1.3 274 N^1.5

A very interesting dependence on N emerges for HPC when one can assign more and more nodes on a network. Par-
titioning is done at the mesh level by the software, so all the user has to do is specify the number of available process-
ing nodes on the network. Suppose the number of nodes is given by M. Then, the total RAM needed for a simulation 
will be proportional to                           and the total time will be proportional to

If sufficient network resources are available to let the number of nodes M grow linearly with the problem size N, then 
the total RAM will be proportional to N, i.e. grow linearly with the problem size, while the total time will be constant, 
since all matrix factorizations are done in parallel!

In summary, this example combines geometric complexity and size in terms of cubic wavelengths. It is a situation 
where HFSS excels, thanks to its meshing technology, mixed element orders, and advanced solver technology.

Fig. 8 Avg. SAR in the 
 body at 150 MHz

7



www.ansys.com MKT0000528 ›  

magnetIc reSonance ImagIng equIPment
Not only manufacturers of wireless communications devices have to comply with electromagnetic safety regulations: 
during MRI scans patients are exposed to strong fields, and without proper safety standards power absorbed by the 
body can easily be strong enough to lead to discomfort. Like with communication devices, the safety standards con-
centrate on peak average SAR.

 

Figure 9 shows the ANSYS human body model in an open MRI machine. Open MRI machines, with the extra room 
they provide over traditional MRI machines, have several advantages: they can handle patients who have to remain 
connected to life-saving equipment, they can handle obese patients, and, whether obese or not, the patient will not 
feel claustrophobic, which may help him to lie still longer so the doctor can obtain higher-quality images. Open MRI 
equipment is much harder to design than traditional cylindrical-bore equipment, since it’s harder to obtain a homoge-
neous magnetic field, and the fields interact with the entire examination room, so the entire room has to be simulated.
In order to verify compliance with SAR regulations, it’s not enough to simulate the MRI equipment with the human 
body present in one position. Rather, an entire MRI scan needs to be simulated, in which the body moves through the 
scanner. To this aim, in the HFSS model the body was moved over a parameterized distance. With Optimetrics™ , a 
tool integrated with HFSS for parametric sweeps and optimization, the distance was varied such that the body moved 
over span of two meters in steps of 2.5 cm. In each position, the peak local SAR was determined. The result is plotted 
in Figure 10.

Fig. 9 ANSYS human-body model in open  
 MRI machine. 
 Courtesy Philips Medical Systems, 

 the Netherlands.
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Notice from the plot how strongly the peak SAR varies with position, confirming that simulating just one position is 
not enough. The peaks in the first 75 cm in the plot are due to SAR in the legs. In that part of the scan, the legs are 
between the MRI coils.
 
Next, at 87.5 cm, the highest peak occurs. At this position, the hips and hands are between the coils. That position de-
serves extra investigation. The 1g avg. SAR was determined, and, ignoring the SAR in the finger, which is an extrem-
ity for which a different rule applies, it turns out that the peak 1g avg. SAR occurs in the lower arm, as shown in 
Fig. 11.

Note how the red dots in the lower arm appear to be under the green dots. The green dots are on the surface while 
the red dots are in the flexor and tensor muscles. Figure 12 shows this more clearly.

Fig. 10  Peak local SAR as a function of position during an MRI scan

Fig. 11 Average SAR at position 87.5 cm

Fig. 12 Average SAR at position 87.5 cm; flexor and tensor muscles only
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This shows that if one would determine the average SAR on the surface only, or work with a homogeneous body 
model, one may miss important information. At low frequencies (42.6 MHz in this case), fields penetrate deep into 
the body. Only a detailed analysis with the interior structure present can ensure that the correct peak avg. SAR 
is obtained.

The next peak occurs at 112.5 cm.  Figure 13 gives an impression of the distribution of the 1g avg. SAR in that 
position. It is high in a relatively large region in the back, as well as under an armpit. In the back, it can be higher in 
muscles than on the surface as shown in Figure 14.

In summary, with Optimetrics one can simulate efficiently an entire MRI scan, involving an entire examination room 
with a lot of geometrical detail inside, and determine peak local SAR and peak avg. SAR. In contrast, the combina-
tion of small details and relatively low frequencies makes this type of simulation take a prohibitively long time with 
traditional time-domain methods, since the details dictate a small time step in the entire model while the low frequency 
dictates a relatively long simulation to reach steady state.

Fig. 13 Distribution of 1g avg. SAR at position 112.5 cm

Fig. 14 Avg. SAR at position 112.5 cm in a cross section, showing how the highest values 
 occur in muscles
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medIcal ImPlantS
Medical implants that transmit data wirelessly to the outside world form a relatively new development. Examples of 
such implants are cardiac pacemakers, neuro-stimulators, pain-suppression devices, drug dispensers, many types of 
sensors and monitoring devices, and control devices for other implants. The American Federal Communications Com-
mission (FCC) has designated a frequency band for wireless communication for such devices: the Medical Implant 
Communication Services (MICS) band, ranging from 402 to 405 MHz. These frequencies form a reasonable trade-
off: they are high enough to allow high data rates while low enough to penetrate the human tissue. As for transmitted 
power, the FCC sets a limit for Effective Radiated Power (ERP) outside the body of 25 μW.

With HFSS, two generic implant antennas and their matching circuits were designed. The matching circuits were 
optimized to achieve low return loss when embedded in a body. Performing this optimization with simulation is a lot 
easier than through experiments. One antenna is an electrical dipole with arms of 10 mm while the other is a magnetic 
dipole with a square loop of 10 mm on a side. The implant antennas with their matching circuits and plastic housings 
are shown in Figure 15.

Both antennas were implanted in the abdomen of the human body model, under a 2-mm layer of skin and a 2-cm 
thick layer of fat. Their input powers were adjusted such that they both had an ERP outside the body of just under 25 
μW, the limit for radiated power.

It turned out that the implant with the magnetic dipole antenna still satisfied the FDA limit for peak average SAR of 1.6 
W/kg, while the implant with the electric dipole exceeded it by a factor 7.5, reaching 12 W/kg. See Figure 16 for a plot 
of average SAR of the two implants.

Fig. 15  Generic antennas for implanted devices, with optimized matching circuits, in plastic housings
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The fundamental reason for the large difference between the SAR values produced with the electric and magnetic 
dipole antennas is the fact that, in the near field, the electric field of the magnetic dipole is relatively weak compared to 
that of the electric dipole. This has two consequences. First, the attenuation by the surrounding tissue is smaller, 
so a given ERP can be reached with lower input power. Second, the SAR, being proportional to the square of the 
electric field, is smaller in the near field of the magnetic dipole, even if the input powers of the two antennas would be 
the same. 

In summary, with simulation the antenna and its matching circuit can be optimized for low return loss in their specific 
environment in the body. Effective radiated power outside the body and peak average SAR inside the body can be 
determined, and compliance with regulations can be ensured. 

concluSIon
The determination of the Specific Absorption Rate (SAR) is a crucial step in the development of wireless communica-
tion devices, MRI equipment and medical implants. Without compliance with SAR safety standards, a device can-
not be brought to market and the investment in its development is lost. This paper shows examples of each of these 
applications. HFSS excels in each application, thanks to the flexible meshing method with adaptive refinement, mixed 
element orders, and powerful solver technology. Detailed human-body models are available that work well with HFSS. 
High-performance computing (HPC) technology has the ability to distribute simulations over a network, such that mod-
els of very large size and high geometric complexity can still be simulated easily.
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 Fig. 16 Average SAR of two generic implants,  
 one with an electric dipole and one with  
 a magnetic dipole antenna. The scale  
 ranges from 0 to 1.6 W/kg.
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aBout anSYS, Inc. SolutIonS
ANSYS designs, develops, markets and globally supports engineering simulation solutions that are used to evaluate 
and support the product development process. Its integrated, open portfolio of tools is flexible enough to fit into any 
customer’s product development process yet powerful enough to drive it. The ANSYS Simulation Driven Product De-
velopment vision is to enable customers to optimize designs throughout the product development process, especially 
in the early stages when changes can be efficiently and cost-effectively implemented. The process can help a busi-
ness reduce development time, prototype testing and time-to-market — and ultimately help win the race in product 
innovation. The solutions ANSYS provides in the areas of structural, fluids, chemical, electromagnetic and coupled 
simulation are adaptable to customer-specific needs.
ANSYS tools provide customers strategic advantages by:
  •  Offering time- and cost-saving alternatives to expensive prototype development and experimental efforts
  •  Providing the opportunity to examine and optimize more design alternatives in the product definition and
     design stages of development
  •  Reducing product development time
  •  Enabling the customer to use simulation in order to optimize and support a product through its entire lifecycle

As one of the fastest-growing simulation companies worldwide, ANSYS remains dedicated to offering best-in-class 
simulation solutions that repeatedly demonstrate success.

aBout anSYS, Inc.
ANSYS, Inc., founded in 1970, develops and globally markets engineering simulation software and technologies wide-
ly used by engineers and designers across a broad spectrum of industries. The Company focuses on the develop-
ment of open and flexible solutions that enable users to analyze designs directly on the desktop, providing a common 
platform for fast, efficient and costconscious product development, from design concept to final-stage testing, valida-
tion and production. The Company and its global network of channel partners provide sales, support and training for 
customers. Headquartered in Canonsburg, Pennsylvania, U.S.A., with more than 40 strategic sales locations through-
out the world, ANSYS, Inc. and its subsidiaries employ approximately 1,400 people and distribute ANSYS products 
through a network of channel partners in over 40 countries.
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