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On Consideration of Radiated Power in RF Field
Simulations for MRI
Wanzhan Liu,1 Chien-ping Kao,2 Christopher M. Collins,3* Michael B. Smith,4
and Qing X. Yang2,5
In numerical analyses of radiofrequency (RF) fields for MRI, RF
power is often permitted to radiate out of the problem region. In
reality, RF power will be confined by the magnet bore and RF
screen enclosing the magnet room. We present numerical calculations at different frequencies for various surface and volume
coils, with samples from simple spheres to the human body in
environments from free space to a shielded RF room. Results for
calculations within a limited problem region show radiated power
increases with frequency. When the magnet room RF screen is
included, nearly all the power is dissipated in the human subject.
For limited problem regions, inclusion of a term for radiation loss
results in an underestimation of transmit efficiency compared to
results including the complete bore and RF screen. If the term
for radiated power is not included, calculated coil efficiencies are
slightly overestimated compared to the complete case. Magn
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The expectation that the percentage of input power that
is radiated will increase dramatically with excitation frequency is cited as a challenge to radiofrequency (RF)
coil design in high field MRI (1–7). Applying the concepts of radiation efficiency as developed for antenna
theory (where typically the antenna is far from lossy
media and at least partially exposed to vast regions of
free space) to MRI (where the RF coil is typically adjacent lossy dielectric material and surrounded by conductive surfaces), however, is not straightforward. Certainly,
at higher frequencies the mechanism for energy transfer
from any given coil to the sample becomes more radiative in nature, also allowing for the RF fields to propa1
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gate far from the coil and nearby region of interest.
Although radiated energy may be associated with less
effective containment of the RF energy to a nearby region
of interest at higher frequencies (8–10), designs based
intentionally on principles for radiative antennas have
recently been used in high field MRI with some potential
advantages over more traditional approaches (11,12).
In field calculations, where typically only a small portion of a shielded magnet room is considered, it is often
possible to calculate the portion of the input power dissipated in matter as well as that radiated out of the ‘‘problem region’’ considered in the calculation. Although this
has been done a number of times for shielded and
unshielded coils in free space (i.e., without magnet bore
or magnet room RF screen present) with or without a lossy
sample present (1,3,13–17), it is important to recognize
that from the early days of this type of calculation, it was
assumed that any amount of RF power radiated out of the
problem region in the calculations would in reality be
contained within the magnet bore and shielded magnet
room and thus be dissipated in lossy dielectric materials
in the magnet room (primarily the human subject). Indeed,
it was this logic that was used to justify treating a term for
radiated power like that for power dissipated in the biological sample in early calculations (13).
Numerical methods of calculation are used increasingly in
design and analysis of coils for MRI. Although it is possible
to perform calculations with full representation of the magnet
bore and shielded magnet room (18), due to time and memory
requirements it is more common to perform a simulation of a
limited region allowing RF energy to radiate beyond associated boundaries. In this work we first calculate the percent of
input power that is radiated out of the problem region over a
range of frequencies for comparison to some prior calculations. We then compare different approaches of accounting
for energy radiated out of the problem region to a case where
the entire shielded magnet room is included in the simulation. The studies are designed to characterize inaccuracies
that arise when simulations of an MR system are limited to a
relatively small region surrounded by infinite free space.
METHODS
Numerical calculations were performed using the finite
difference time domain (FDTD) method of calculation for
electromagnetics (19) considering different volume and
surface coils loaded with samples from simple spheres
to the human body while within environments from free
space to a closed magnet room. Calculations could be
separated into three groups.
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FIG. 1. Geometry of the birdcage coil (left) and TEM-type resonator (right) loaded with the spherical sample for the first group of calculations. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

A first group of calculations compared percent of the
power radiated across a range of frequencies for different
coil geometries in free space when loaded with a spherical
sample having dimensions (18 cm diameter) and electrical
properties similar to brain. Coils included a square surface
coil (11 cm per side, placed with its center 1.25 cm from
the surface of the sphere), a shielded high-pass birdcage
coil (eight elements, 27 cm coil diameter, 34 cm shield diameter, and 22 cm length), and a transverse electromagnetic (TEM) coil volume resonator (similar geometry to
the birdcage coil). Calculations for the birdcage coil were
performed at frequencies of 125, 175, and 300 MHz, those
for the TEM-type coil at 300, 345, and 400 MHz, and those
for the surface coil were performed at all these frequencies. Coil models were tuned (20,21) with lumped-element (for the surface coil and birdcage coil) or distributed
(TEM-type coil) capacitors to the desired frequency and
then excited with sinusoidal waveforms with sources
placed as they would be in experiment. To simulate infinite free space, the sample and coil were placed at the center of a 5-m cubic problem region with a Liao absorbing
outer boundary condition (22). Figure 1 shows the geometry of the birdcage and TEM-type resonators loaded with
the cylindrical sample.
In a second group of calculations, percent power radiated and transmit efficiency for a surface coil were compared across cases with different levels of completeness
in models of the sample and environment. Sample models
included a sphere (as in the first group of calculations,
but with the coil center 1.0 cm from the surface of the
sphere), a human head and shoulders (with the coil center
1 cm from the back of the head), and a complete human
body (with the coil again placed adjacent the occipital
lobe). Environment models included free space (no magnet bore or magnet room RF screen present), a magnet
bore (represented as a 2.45-m-long stainless steel annulus
with outer radius 1.075 m and inner radius 0.4475 m),
and both the magnet bore and RF screen (bordering magnet room 5.8 m long, 3.85 m wide, and 3 m high) at 300
MHz. For these calculations the coil was excited with
voltage sources across four gaps in the coil spaced equidistantly. The problem region was 6.2 m long, 4.225 m

wide, and 3.4 m high and had a seven-cell perfectly
matched layer absorbing outer boundary condition (23).
In a third group of calculations, percent power radiated and transmit efficiency for a patch antenna placed
100 cm superior to the head of a human body model
were compared across cases with different levels of completeness in the model of the environment. Calculations
were performed for the coil and body located in free
space, in a magnet bore, and within both the magnet
bore and magnet room RF screen. The models for the
problem region, magnet bore, and RF screen were the
same as in the second group of calculations. The patch
antenna was tuned to 300 MHz and driven in quadrature
with voltage sources between the ground plate and radiating plate at two locations 14 cm from the center and
90 apart. The radiating plate (closer to the subject) was
50 cm in diameter and placed 4.5 cm from the 80 cm diameter ground plate with free space between.
For the frequencies 125, 175, 300, 345, 400, and 600
MHz the electrical conductivities of the sphere were chosen to be 0.54, 0.59, 0.66, 0.68, 0.7, and 0.76 S/m, respectively, and relative electrical permittivities to be 66.9, 59,
50.6, 49, 47.7, and 45, respectively. The electrical properties of human tissues were acquired from published
results (24). The coils, shields, and magnet room RF
screen were assigned conductivity of copper (s ¼ 5.8 
107 S/m). The problem region extended beyond the location of the copper RF screen by 20cm in all directions.
The magnet casing was assigned conductivity of stainless
steel (s ¼ 1.7  106 S/m). All simulations were performed using commercially available software (xFDTD,
Remcom, Inc.) on a Dell Precision workstation with 3.0
GHz Intel Xeon X5450 processors and over 8-GB RAM.
To accommodate the large volumes considered in the
second and third groups of calculations, grid resolution
varied from 5mm in the human body model to 25 mm at
locations far from the coil using a variable mesh density
feature available in modern commercial finite difference
time domain software packages. To run the largest simulations here in four parallel streams, the simulation
required 2.2 GB of memory and 8.2 h. For the complete
case that includes the body model, magnet bore, and RF
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and z indicate orthogonal components. The power radiated out of the problem region (Prad) was determined by
integrating the normal component of the time-average
Poynting vector on the surface of a large box enclosing
the coil, sample, and bore (when present). Mathematically, this can be expressed
Z Z
1
Prad ¼
ReðE  H Þ  d~
s
½3
2
box

where E and H are the vector electric and magnetic field
intensities (having complex components in each direction) and the asterisk indicates complex conjugate. In the
first group of calculations, the box was a cube 2.5 m on
each side. In the second and third groups, the box was
5.9 m long, 3.95 m wide, and 3.1 m high.
The percent of the power radiated was calculated as
Prad
100%
Prad þ Pdiss

½4

and transmit efficiency was calculated as

FIG. 2. Geometry and B1 field distribution on mid-sagittal plane
for the most complete case in calculations involving a surface coil
(second group of calculations) and patch antenna (third group of
calculations) at 300 MHz. Fields are scaled to have a ||B1|| of 2 mT
at the center of the brain, and the maximum value of the logarithmic color scale (0 dB) is 10 mT.

screen, Fig. 2 shows the distribution of the RF magnetic
(B1) field produced by the surface coil and patch antenna.
In all cases, the average amplitude of the pertinent circularly polarized component of the B1 field (Bþ
1 ) in the
sphere or brain was calculated. Bþ
1 at any one location is
calculated as
Bþ
1 jðBx þ iBy Þj  2

½1

where Bx and By are the complex amplitudes of the orthogonal transverse components of the B1 field, i is the
imaginary unit, and imaginary components are 90 out of
phase with respect to the real components.
The amount of power dissipated in the sample (Pdiss)
was determined as
Z
1
Pdiss ¼
sx jEx j2 þ sy jEy j2 þ sz jEz j2 dV
½2
2
sample

throughout the sample where E is electric field amplitude, s is electrical conductivity, and subscripts x, y,

þ
B
1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pdiss þ Prad

½5

þ
where Bþ
1 is the average value of B1 over the sphere or
brain, as relevant for the specific calculation. To compare different methods of considering Prad, transmit efficiency was calculated both by including it and by
ignoring it. For cases that included the magnet room RF
screen, Prad is zero as calculated with Eq. 3 on a closed
surface outside the RF screen.

RESULTS
Table 1 shows the percent of the input power radiated
out of the problem region for the first group of calculations that considers different coils in free space loaded
with a spherical sample. As expected, for each coil the
percent of the power radiated increases with frequency.
No results are shown for the birdcage coil at very high
frequencies or the TEM coil at very low frequencies due
to challenges in tuning these models in those ranges
using reasonable material properties and capacitor
values.
Table 2 presents the percent of the input power radiated out of the problem region and the transmit efficiency for the second group of calculations, considering
a surface coil positioned adjacent to different samples
and contained in different environments at 300 MHz.
Transmit efficiency data are normalized to the most complete case, which includes the body, bore and screen.

Table 1
Percent of the Input Power Radiated Out of the Problem Region for the First Group of Calculations, Where a Surface Coil, Birdcage
Coil, and TEM Coil are Loaded with a Sphere Having Properties Similar to Brain and Surrounded by Free Space

Surface coil
Birdcage coil
TEM

64 MHz

125 MHz

175 MHz

300 MHz

345 MHz

400 MHz

600 MHz

3.7
8.4
2.8

6.6

8.7

11

26

3.8

2.9
6.8

18

27
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Table 2
Percent of the Input Power Radiated Out of the Problem Region and Transmit Efficiency (Normalized to the Most Complete Case) for
the Second Group of Calculations, Considering a Surface Coil Adjacent Different Samples and in Different Environments at 300 MHz

% of power radiated

No bore, no screen

Bore, No screen

Bore and Screen

5.1
8.3
6.3
0.89(0.91)
0.96(1.0)
0.97(1.0)

3.2
5.8
2.5
8.9(0.90)
0.98(1.0)
1.0(1.0)

0
0
0
0.90
0.99
1

Sphere
Head
Head and body
Sphere
Head
Head and body

Efficiency

The actual efficiency for the most complete case was 0.306 mT/HW. For cases where Prad is nonzero, the efficiency calculated without
including Prad is given in parentheses.

When Prad is included in calculations of transmit efficiency, the resulting values are slightly lower than when
the magnet and magnet room RF screen are included.
When Prad is omitted from calculations of efficiency, the
resulting values are slightly higher than when the magnet and magnet room RF screen are included. The power
radiated for the case of the sphere in Table 2 (5.1%) is
slightly less than that reported for a similar case in Table
1 (6.6%). The cross-sectional geometry of the coil conductor was like a thin copper tape in the second group
of calculations (Table 2), but more like a 5 mm diameter
wire in the first group (Table 1). With 5-mm grid resolution in the region of the coil and sample, this results in
the coil center being effectively 2.5 mm closer to the
sample in the second group, so that the ratio of radiated
power to dissipated power will be slightly lower.
The results for the third group of calculations, for a
patch antenna at 300 MHz, are presented in Table 3.
Because the patch antenna is some distance from the
subject, it radiates most of its power when neither the
magnet bore nor the magnet room RF screen is present in
the simulation. As in the second group of calculations,
calculated efficiency is underestimated when Prad is
included and is slightly overestimated when Prad is
omitted.
DISCUSSION
Today, numerical simulations rarely include the entire
magnet room and its RF screen. This raises questions
about how to consider the RF power that is radiated out
of the problem region, Prad. Here we have performed
some basic examinations of Prad in free space as a function of frequency and as it contributes to transmit efficiency in different environments relative to cases when
Table 3
Percent of the Input Power Radiated Out of the Problem Region
and Transmit Efficiency (Normalized to the Most Complete Case)
for the Third Group of Calculations, Which Considers a Patch
Antenna at 300 MHz in Different Environments

% of power
radiated
Efficiency

No bore,
no screen

Bore,
no screen

Bore and
screen

91

24

0

0.40(1.4)

0.89(1.0)

1

The actual transmit efficiency for the most complete case was
0.121 mT/HW. For cases where Prad is nonzero, the efficiency calculated by omitting Prad is given in parentheses.

it is rendered effectively zero by the shielding of the
magnet bore or RF screen..
It can be seen that in the absence of magnet bore and
RF screen, radiated power increases with frequency.
This is in agreement with expectations and findings of a
number of prior studies (1–7,13–17). For the birdcage
coil, the values seen here are notably less than those
reported previously using numerical (14) and analytical
(1) calculations. Using numerical calculations, Ibrahim et
al. (14) reported 7% of the power to be radiated at 64
MHz and 39% to be radiated at 200 MHz and using analytically based calculations, Harpen (1) predicted more
than 50% of the power to be radiated at frequencies
above 150 MHz. Both of these works, however, considered unshielded coils, and in Harpen’s work (1) the
amount of radiated power was calculated without the
load present and the amount of power dissipated in the
sample was calculated without considering the effects of
electric permittivity in the sample. All of these factors
would result in higher estimates of radiated power than
for the case considered here. One previous study showed
that use of realistic permittivity values increases the
amount of power dissipated in the sample relative to
that radiated (15). Using analytical methods, Keltner et
al. calculated 15% of the power to be radiated at 400
MHz for a surface coil positioned near a spherical phantom. This is in reasonably good agreement with the value
of 11% reported here. The relatively minor disagreement
could be caused by slight differences in coil size and geometry (rectangular vs. circular), sample electric properties and size, and distance between the coil and sample.
It was found that inclusion of Prad results in an underestimate of transmit efficiency compared to the complete
case, and omission of this term results in an overestimate. By including the Prad term from simulation in
Eq. 5, one pessimistically assumes that none of the
energy radiated from the problem region would contribute constructively to B1 in the region of interest when
contained by the magnet bore and RF screen in realty. In
cases where a surface coil was placed near the sample
the differences were relatively small (less than 10% variance in efficiency as a function of environment only),
but for the patch antenna placed far from the sample the
difference was much more significant. Omission of the
Prad term results in an overestimate of transmit efficiency. Interestingly, in each case considered here the
overestimate found by ignoring Prad is smaller than the
underestimate seen when including it, so that the result
of ignoring Prad is more accurate.
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It is important to note that in these simulations, the
power dissipated in good conductors was less than 0.1%
of that dissipated in the sample. At 300 MHz, roughly
99.995% of power from a plane wave is reflected from a
copper sheet (25), so in reality negligible power should
be dissipated in the shield, magnet casing, and RF room
screen, but it is possible that calculated coil losses are
unrealistically low due to challenges in getting accurate
representation of small skin depths in good conductors
using the finite difference time domain method.
Although a variety of other approaches can provide better representation of coil losses, the finite difference time
domain method models very well the RF fields in complex lossy dielectric structures such as the human body.
Thus, although we are confident in the values reported
here for the relative proportions of power radiated from
the problem region versus dissipated in the sample, the
real values for overall efficiency may be a bit lower
owing to coil losses. For the coils simulated here, however, coil losses are expected to be small compared to
both sample losses (26) and radiative losses (3). In addition, details of structures next to the magnet casing, such
as gradient coils and metal in the patient table (18) that
may affect the distribution of fields were not considered
here, but this should have little effect on the relative
amounts of dissipated and radiated power.
Modeling of the entire magnet room is often not practical. In simulations for MRI today, it is common to consider a problem region much smaller than the magnet
room and having an absorbing or radiating outer boundary condition. Often, this provides a reasonably accurate
result while requiring fewer resources and less time than
simulating the entire magnet room. In one prior study
for body transmit coils (17), it was found that changing
the boundary condition of a limited problem region from
a radiating type to a perfectly conducting type provided
more realistic estimates of coil efficiency. Here we found
that when radiating boundary conditions are used in
simulations with a reduced problem region, better estimates of coil efficiency are calculated by ignoring the
radiated power than by including it. This demonstrates
the need for careful evaluation of methods for considering radiated power in simulations for MRI.
REFERENCES
1. Harpen MD. Radiative losses of a birdcage resonator. Magn Reson
Med 1993;29:713–716.
2. Vaughan JT, Hetherington HP, Otu JO, Pan JW, Pohost GM. High frequency volume coils for clinical NMR imaging and spectroscopy.
Magn Reson Med 1994;32:206–218.
3. Skubis MD. Radiofrequency losses in an NMR surface coil. Masters
Dissertation in Nuclear Engineering, Massachusetts Institute of Technology, June, 1998.
4. Redpath RW, Wiggins CJ. Estimating achievable signal-to-noise ratios of
MRI transmit-receive coils from radiofrequency power measurements:
applications in quality control. Phys Med Biol 2000;45:217–227.
5. Zhang X, Ugurbil K, Chen W. Microstrip RF surface coil design for
extremely high-field MRI and spectroscopy. Magn Reson Med 2001;
46:443–450.

Liu et al.
6. Vaughan JT, Adriany G, Garwood M, Yacoub E, Duong T, DelaBarre
L, Andersen P, Ugurbil K. Detunable transverse electromagnetic
(TEM) volume coil for high-field NMR. Magn Reson Med 2002;47:
990–1000.
7. Butterworth EJ, Gore JC. Computing the field of the toroidal MRI
coil. J Magn Reson 2005;175:114–123.
8. Liu W, Collins CM, Yang QX, Smith MB. Calculations of RF power
absorbed by the portions of a human body inside and outside a body
coil’s imaging volume at 64 and 128 MHz. In: Proceedings of the
12th ISMRM Scientific Meeting and Exhibition, Kyoto, Japan, 2004,
p. 484.
9. Vaughan JT, Snyder CJ, DelaBarre LJ, Bolan PJ, Tian J, Bolinger L,
Adriany G, Andersen P, Strupp J, Ugurbil K. Whole-body imaging at
7T: preliminary results. Magn Reson Med 2009;61:244–248.
10. Webb AG, Collins CM, Versluis MJ, Kan HE, Smith NB. MRI and
localized proton spectroscopy in human leg muscle at 7 tesla using
longitudinal traveling waves. Magn Reson Med 2010;63:297–302.
11. Brunner DO, De Zanche N, Frohlich J, Paska J, Pruessmann KP. Travelling-wave nuclear magnetic resonance. Nature 2009;457:994–999.
12. Raaijmakers AJE, Ipek O, Klomp DWJ, Possanzini C, Harvey PR,
Lagendijk JJW, van den Berg CAT. Design of a radiative surface coil
array element at 7T: the single-side adapted dipole antenna. Magn
Reson Med 2011;66:1488–1497.
13. Keltner JR, Carlson JW, Roos MS, Wong STS, Wong TL, Budinger
TF. Electromagnetic fields of surface coil in vivo NMR at high frequencies. Magn Reson Med 1991;22:467–480.
14. Ibrahim TS, Lee R, Baertlein BA, Yu Y, Robitaille P-ML. Computational analysis of the high pass birdcage resonator: finite difference
time domain simulations for high-field MRI. Magn Reson Imaging
2000;18:835–843.
15. Liu W, Yang QX, Collins CM, Smith MB. Numerical evaluation of
power radiated and dissipated by a loaded surface coil at high field.
In: Proceedings of the 10th ISMRM Scientific Meeting and Exhibition, Honolulu; 2002. p 915.
16. Liu W, Yang QX, Collins CM, Smith MB. Numerical evaluation of power
radiated by a loaded volume coil at high fields. In: Proceedings of the
11th ISMRM Scientific Meeting and Exhibition, Toronto Canada, 2003.
p. 2393.
17. Collins CM, Liu W, Smith MB, Yang QX. Dissipation of radiated RF
power in magnet room: implications for SNR considerations. In: Proceedings of the 11th ISMRM Scientific Meeting and Exhibition, Toronto,
Canada, 2003; p. 714.
18. Fujita H, Young IR, Orton RS, Qureshi WMA, Burl M, Morich MA,
Hajnal JV. FDTD analysis of an MRI system housed in a screened
room. In: Proceedings of the 8th ISMRM Scientific Meeting and Exhibition, Denver; 2000. p 1410
19. Yee KS. Numerical solutionof initial boundary value problems
involving maxwell’s equations in isotropic media. IEEE Trans Ant
Propag 1966;14:302–307.
20. Vaughan JT, Garwood M, Collins CM, Liu W, DelaBarre L, Kim SG,
Adriany G, Andersen P, Merkle H, Goebel R, Smith MB, Ugurbil K.
7T vs. 4T: RF power, homogeneity, and signal-to-noise comparison
in head images. Magn Reson Med 2001;46:24–30.
21. Liu W, Collins CM, Smith MB. Calculations of B1 distribution, specific energy absorption rate, and intrinsic signal-to-noise ratio for a
body-size birdcage coil loaded with different human subjects at 64
and 128 MHz. Appl Magn Reson 2005;29:5–18.
22. Liao ZP, Wong HL, Baipo Y, Yifan Y. A transmitting boundary for
transient wave analyses. Scientia Sinica A 1984;27:1063–1076.
23. Berenger JP. A perfectly matched layer for the absorption of electromagnetic waves. J Comput Phys 1994;114:185–200.
24. Gabriel C. Compilation of the dielectric properties of body tissues at
RF and microwave frequencies. Brooks Air Force Base, TX: Air Force
Materiel Command; 1996.
25. Pozar DM. Microwave Engineering. Reading, TX: Addison-Wesley,
1990. pp 42–46.
26. Hoult DI, Lauterbur PC. The sensitivity of the zeugmatographic experiment involving human samples. J Magn Reson 1979;34:425–433.

