
In most fields today, electronic devices
must meet strict certification require-
ments to ensure that humans are not ex-

posed to excessive levels of radiated energy. If
sufficiently high levels of power, quantified as
the Specific Absorption Rate (SAR), are dissi-
pated in human tissue, the result could be tis-
sue heating and damage. Should a device that
has reached the prototyping stage fail to pass
SAR certification, a redesign will be required,
costing both time and money. Through ad-
vanced software tools, designs can be iterated
and validated for compliance, ensuring a good
product before any prototypes are built. To
adequately analyze this type of design, a fully
three-dimensional approach for simulating the
propagation of electromagnetic fields is re-
quired.

The SAR analysis for an MRI system, pre-
sented in this article, is based on the XFDTD®

product from REMCOM Inc., which utilizes a
finite-difference, time-domain (FDTD)
method. In FDTD, the geometry under con-
sideration is discretized into small block-
shaped voxels. This approach works well with
complex electronic devices and also preserves
the configuration of the tissues within the hu-
man body. It has been recognized as the pre-
ferred method for making SAR calculations1

and has been widely used in a variety of appli-
cations.

COMPUTATION OF FIELDS
AND SAR FOR MRI WITH
FINITE-DIFFERENCE, 
TIME-DOMAIN SOFTWARE

Editor’s note: RF and microwave technology has been utilized in numerous medical applications, such
as the study of electromagnetic radiation on the human body. Mobile handset and antenna
manufacturers have performed Specific Absorption Rate (SAR) measurements and/or simulation with
various test systems and software tools at microwave frequencies for a number of years. As we look to
how our technology is addressing problems in the fields of industry, science and medicine, Microwave
Journal finds numerous examples of microwave engineering being applied to the lower-end of the high
frequency spectrum (from 3 MHz to a few hundred megahertz), such as magnetic resonance imaging
(MRI), plasma generation for semiconductor processing equipment and laser drivers. One such
example is the following invited application note from REMCOM Inc.
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XFDTD USE FOR MRI
In magnetic resonance imaging

(MRI) systems, the field propagation
and distribution in the human patient
is important for good image quality in
addition to the safety requirements.
These quantities are difficult to mea-
sure in living human subjects, so simu-
lation has become a useful method for
research in the MRI field. As far back
as 1998, researchers at the Center for
NMR Research at Penn State College
of Medicine used simulation to deter-
mine SAR and B1 fields from birdcage
coils at several frequencies in realistic
human head models. Studies have
done similar work to investigate the
field homogeneity and SAR in higher
frequency MRI systems and with dif-
ferent coil configurations. For exam-
ple, in 2003 DeMeester6 compared us-
ing body and head transmit coils to de-
termine which gave lower SAR while
still producing an acceptable B1 field.
In fact, researchers developing MRI
systems have used simulations to:

• Study and improve coil and shield
designs7–9

• Find optimum transmit and re-
ceive arrays and waveforms to im-
prove homogeneity9,10

• Investigate issues of dielectric res-
onance12–15

• Study the impact of metallic im-
plants such as wires16 and electrodes
for electroencephalography (EEG)
recording17 on SAR

In addition to SAR, the tempera-
ture rise in the tissues is of particular
interest, since it is the heating of tis-
sues that causes the damage. Evalua-
tion of the power absorbed in SAR
does not take into account the cool-
ing effects by blood flow and air
movement. Work by Collins, et al.18

describes a technique to compute the
temperature rise caused by absorbed
power in the form of SAR. This tech-
nique, based on the Pennes bio-heat
equation, can be achieved through
simulation provided the software in-
cludes the appropriate thermal mod-
ule, such as the one recently added to
XFDTD.

A continuing advance in simula-
tion technology has allowed re-
searchers to investigate extremely
challenging problems. For instance,
recent use of the XFDTD software
included an MRI system, involving
complex imaging devices made of ar-
rays of elements with adjustable mag-
nitude and phase such as the case19

where an 80-element coil made of
five vertical elements in 16 columns
is simulated on a human head (see
Figure 1). The importance of simula-
tions can be summed up by the com-
ments of Christo-
pher Collins of the
Center for NMR

Research at Penn State College of
Medicine, who attributes the use of
the XFDTD product in particular as
“a valuable tool in the field of MRI
for applications ranging from ground-
breaking fundamental discoveries and
demonstrations to engineering and
safety assurance. It is now something
of an industry standard in our field.”

HUMAN BODY DATA
In simulations involving MRI sys-

tems, a detailed dataset of the human
body tissues is necessary for accurate
results. These detailed datasets are
available as meshes (available from
REMCOM) based on the scans from
the Visible Human male and female
projects. These meshes are available
in resolutions as fine as one millime-
ter, although the data may be res-
canned in the software to any neces-
sary voxel size. The highest resolution
meshes contain 39 distinct tissues in-
cluding 24 tissues in the head. The
original Visible Human data that is
available for the XFDTD product has
the body in a supine position with the
arms crossed over the body. Unfortu-
nately, this position is inappropriate
for some MRI applications and will
not yield SAR results that correspond
with the MRI system’s actual use.
Therefore, it is critical that re-
searchers are able to manipulate the
data including the re-positioning of
the body into more desirable poses
(see Figure 2). At left is the data in
the original position, while at right is
the data after processing by Varipose.
The data is shown with all tissues pre-
sent and again with the outer layers

APPLICATION NOTE

▲ Fig. 1  An image from XFDTD of the
human head surrounded by an 80-element
coil.

▲ Fig. 2  Three-dimensional views of the human male data.
▲ Fig. 3  Simulation geometry of a human male in 5 mm resolution
in a large MRI coil. 
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(skin, fat, muscle) removed to reveal
the internal structure. All the limbs
on the body, including the fingers,
may require repositioning. It is also
important that the internal tissue
connections are maintained during
repositioning in order to ensure con-
tinuity. To improve the simulation
speed, it may also be desirable for the
body data to be cropped to include
only those parts of interest for a par-
ticular application, such as separating
the head or arm into a file of its own.
An example of a commercial tool with
the ability to manipulate the body
model data is a separate product from
REMCOM known as Varipose.

MRI COIL SIMULATION
One area where the use of simula-

tion tools can provide significant cost
and time savings is coil design. Engi-
neers making coil designs need to
tune the coils by applying appropri-
ately placed capacitors to get a reso-
nance at the desired frequency. Using
a prototyping approach, this can lead
to several expensive models being
built until proper values for the ca-
pacitors are found and the coil is
tuned at a high level of Q. With simu-

lation, the coil can be tuned with a
few simple steps. While whole body
simulations with a large MRI coil
(such as the one shown in Figure 3)
can be computed, a simple coil exam-
ple will be performed here to demon-
strate the technique. An example of a
four-element coil is shown in Figure
4, where identical coil elements are
placed with a slight overlap. This coil
measures approximately 280 mm in
diameter with a length of 250 mm
and may be placed over a knee for
imaging. Here, it will be tuned for
use at 64 MHz. This coil and tuning
approach were generously provided
by Fahad Alradady of MR Medical
Solutions of Pittsburgh, PA. To begin
the tuning process, start with a single
coil element, as shown in Figure 5. A
single cut is placed in the coil and a
parallel combination of a voltage
source and a wisely chosen capacitor
are placed in the gap. For this case, a
capacitor value of 7 pF was chosen.
Although this coil is designed for re-
ceive-only use, by reciprocity it can
be simulated in transmit mode for
tuning. The coil is simulated with a
broadband input of a Gaussian pulse
to find the series resonance of the
base coil. Following the simulation,
the return loss for the coil is plotted
on a Smith chart, shown in Figure 6,
to find the resonant frequency of the
coil. The resonance is located at the
point where the return loss is purely
real, at approximately 68.5 MHz,
which is slightly above the desired 64
MHz for the coil. With the resonant
frequency value and the applied ca-
pacitance of 7 pF, the inductance of
the coil structure can be computed.
This is done by first computing the
reactance due to the capacitor as

Since at resonance the inductive re-
actance will equal the negative of the
capacitive reactance, the inductance
of the coil loop may be computed as

Since the desired frequency for the
coil is 64 MHz, and the inductance of
the loop is known, the inductive reac-
tance at 64 MHz may be found and
then from this value the necessary ca-
pacitance may be computed to res-
onate the coil. This is done by first
computing the reactance at 64 MHz
for the coil inductance, or

To resonate the coil, the capacitive
reactance must equal the negative of
the inductive reactance, so the re-
quired capacitor value may be found
as

To best resonate the coil at 64
MHz, the capacitance value should
be distributed around the loop. The
number of divisions of the capaci-
tance should be based on the wave-
length of the signal. In human tissue,
the wavelength will be approximately
50 cm, so four gaps around the loop
are determined to be appropriate to
properly distribute the capacitance.
Since the total capacitance needed to
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▲ Fig. 4  A four-element coil.

▲ Fig. 5  A single coil element.
▲ Fig. 7  Single coil resonated with four
separate capacitors.
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▲ Fig. 6  Return loss of a single coil plotted
to determine the resonant frequency.
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resonate the loop was found to be 8
pF, each elemental capacitance, con-

nected in series, should be set to 32
pF. The resulting coil with the four
capacitances attached is shown in
Figure 7. The coil with the four ca-
pacitive elements is simulated again
with a broadband Gaussian pulse to
determine the resonant frequency.
The resulting return loss is shown in
Figure 8 where the resonance can be
seen to have shifted to the desired 64
MHz. At this point, a single coil has
been tuned. This procedure of cut-
ting gaps and adding capacitors
should be performed for the other
three elements of the total four-ele-
ment coil. In order to minimize cou-
pling between the elements, a tank
circuit is added at the feed point ca-
pacitor by adding an appropriate in-
ductor to form a high impedance at
64 MHz making the coil seem invisi-
ble to the adjacent elements. Once
this is done, the full coil is ready to be
simulated at the design frequency to
determine the quality of the field dis-
tribution. Following a simulation with
a sinusoidal input at the desired 64
MHz, the magnetic field and magnet-
ic flux density distributions across the
center of the coil may be observed. A
properly designed coil should give a
homogeneous field across the coil
and have nulls in the field centered
between the coil overlaps. The result-
ing magnetic field through the center
cross-section of the coil, shown in

Figure 9, indicates
that the coil is still
not perfectly tuned.
A well-tuned coil
will have a strong
null in the magnetic
field between the
coil elements. This
null is visible in the
upper right and
lower left hand cor-

ners where a low field value (single
blue dot) may be seen between the
two coil elements, indicating minimal
coupling. In the upper left and lower
right hand corners, there is still some
coupling between the adjacent coil
elements, which is disturbing the
magnetic field distribution and pro-
ducing nulls at the outer edges of the
elements. To reduce the coupling,
the spacing between the elements re-
quires some adjustment to make the
field more homogeneous. After the
coil is properly tuned, a simulation of
the loaded coil in use on a leg may be

performed. The positioning of the
coil is shown in Figure 10, where the
knee is centered in the coil. The actu-
al simulation is performed on a sec-
tion of the leg in the vicinity of the
coil. Note that the coil may need fur-
ther tuning once it is under loaded
conditions. This step is not discussed
here, but it would involve optimizing
the return loss when the leg is pre-
sent in the coil. The resulting SAR
distribution through the leg may be
computed and observed to ensure
that the device is within design speci-
fications. The SAR in several leg sec-
tions is shown in Figure 11. In addi-
tion to the values shown here, the
temperature rise in the tissue result-
ing from the SAR, the rotating B
fields (B+/B–), the electric fields and
the currents in the simulated geome-
try may also be displayed.

CONCLUSION
Research and development of MRI

systems requires powerful software
tools to evaluate and optimize designs.
For a number of years, researchers in
the MRI area have made use of FDTD
software for computing the fields inter-
nal to the body, which are nearly im-
possible to measure experimentally and
to design structures such as coils. The
simulation procedure allows the coil
designer to get quick feedback on the
performance of the device, without the
time or cost of producing numerous
prototypes. The further ability to simu-
late the structure in practical use, such
as the coil around a body part, permits
the designer to optimize the device un-
der loaded conditions and ensure that
the regulated limits such as SAR are
within thresholds. Improvements in
software accountability for actual hu-
man body characteristics (such as heat
transfer due to blood flow) provides en-
hanced accuracy with the capability of
supporting body data re-positioning
and cropping to ensure more accurate
simulations, while reducing simulation
time by restricting the analysis to just
the areas of interest. ■
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▲ Fig. 10  Positioning of the coil, centered on the knee.

▲ Fig. 11  Computed SAR in several leg
sections.
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