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We propose a new method of designing a power-optimized single-channel shim coil (SCSC), which enables high homogeneity in the magnetic

field of a magnetic resonance imaging system. The design method is based on a superposition of multiple circular currents to account for the

power dissipated in the current-carrying coils. With a power-optimized SCSC, magnetic field inhomogeneity is largely corrected and there is

negligible degradation of the magnetic field in continuous use. # 2013 The Japan Society of Applied Physics

H
omogeneity in the magnetic field (B0) is critical to
achieving high image quality in magnetic resonance
imaging (MRI). B0 inhomogeneity in an MRI mag-

net is often corrected by multiple shim coils with adjustable
currents, each of which is designed to correct a specific
spherical-harmonic distribution in the B0 inhomogeneity
(such as 2Z2–X2–Y2, X2–Y2, X2–Z2, Y2–Z2, XY, YZ, or
ZX).1,2) In contrast to these multiple shim coils, a single-
channel shim coil (SCSC)3–6) uses a single coil with an
adjustable current, whose pattern is designed by calculating
a superposition of multiple shim-coil currents. SCSCs are
particularly suited to permanent magnet circuits, because the
spacing of the magnet gap or bore can be reduced and the
power supply system can be simplified. Recently, it has been
shown that the use of SCSCs can enable compensation
for local high-order spatial inhomogeneity that cannot be
corrected by magnet shimming.5,6)

In a permanent magnetic circuit, the B0 spatial variation
and homogeneity are sensitive to thermal changes of the pole
pieces.7) In most cases, moreover, an SCSC is installed near
the pole pieces, and the heat generated by the SCSC will
cause undesired changes in the magnetic properties of the
pole pieces. Therefore, continuous use of the SCSC often
degrades B0 homogeneity, particularly when a large current
is required for shimming. The degradation in B0 homo-
geneity can result in severe deterioration in image qualities
(such as signal loss, image distortion, or image blurring).
Despite its importance, the power dissipated by an SCSC has
yet to be considered in its design.

In this study, we propose a new method of designing an
SCSC, which is based on a power optimization approach.
We then show that the use of a power-optimized SCSC leads
to less heat generation and suppresses the degradation of B0

homogeneity to a negligible level.
The MRI system considered in our shim design comprised

a C-shaped Nd–Fe–B permanent magnet (Shin-Etsu Chemi-
cal), a gradient coil set, a radiofrequency probe, and an
MRI console. The specifications for the magnet included a
field strength of 0.3 T, a homogeneity of 24.8 ppm over
a 12� 16� 5 cm3 diameter ellipsoidal volume (DEV), a
gap width of 12 cm, dimensions of 40� 57� 41 cm3, and
a weight of 450 kg. B0ðrÞ in the central ellipsoidal area
(12� 16� 5 cm3 DEV) was measured by a conventional
MRI-based phase-shift method [a spin echo sequence with
field of view (FOV) = 22� 22� 6 cm3, matrix = 256�
64� 32, repetition time (TR) = 160ms, echo time (TE) =
16ms, and phase-shift time = 300 �s]. The MRI phantom
used was a phantom made of a cylindrical acrylic container

(diameter : 200mm, height : 55mm) filled with CuSO4-
doped water.

The method of designing the SCSC was based on the
superposition of multiple circular currents (MCCs),5,8,9)

which account for the power dissipation. In the MCC
method, the magnetic field Bs generated by the SCSC is a
linear combination of the magnetic fields Bij generated by
circular unitary currents placed on an n� m elliptical grid,
such that Bs ¼

P
i; j cijBijðrÞ. Here, cij is the coefficient used

in the linear combination for the circular current flowing
at position ði; jÞ. The field inhomogeneity �B0ðrÞ was calcu-
lated as �B0ðrÞ ¼ B0ðrÞ � BSðrÞ, where B0ðrÞ is the mag-
netic field measured at a position r with respect to the center
of the magnet gap. To evaluate the B0 inhomogeneity and
power dissipated by the coil, an optimization function

f ¼ �Brms þ �
X

i; j

c2ij;

was introduced, where �Brms is the root mean square (RMS)
of �B0 and � denotes a weighting factor for power
dissipation. The coefficients cij were optimized to minimize
f for a given � using a quasi-Newton method. When � ¼ 0,
the optimization problem corresponds to a previously
reported method that excluded power dissipation effects.5)

The coil winding patterns were then derived using a
stream function (SF) method, from the current density for
the SCSC, Js ¼

P
i; j cijGð�Þ � Jij, where Jij is the current

density of each coil element, Gð�Þ is a normalized Gaussian
filter with standard deviation �, and � denotes the con-
volution operation.4,5)

For the MCC method, the number, diameter, and interval
of circular currents were set to be 8� 10, 15mm, and
17mm, respectively. For the SF method, the number of
contour lines was 40. Because the value of � affects the coil
performance (namely, attainable B0 homogeneity and power
dissipation), we first investigated the dependences of RMS
�B0 and power dissipation P on � for � ¼ 0 [Fig. 1(a)]. The
power dissipation could be reduced by increasing �, while
the inhomogeneity increased with �. This can be explained
as follows. When a larger value of � is chosen in the SF
method, Js becomes smoother because of stronger Gaussian
filtering and a sparser coil pattern is obtained, which leads to
lower power dissipation. Meanwhile, a larger � also leads to
a reduction in the attainable B0 homogeneity because of a
larger error between Js and Jij. The same tendency was
seen in the calculation for other values of � . Accordingly,
we determined that � ¼ 58:2mm was the critical value,
above which RMS �B0 increased with �.
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Several SCSCs were then designed with various values for
� . For comparison, other parameter values were the same in
all the calculations. Figures 1(b) and 1(c) show the calcu-
lated performances of the SCSCs before and after the SF
method was applied. Before the SF method was applied
[Fig. 1(b)], P was highest at � ¼ 0, where power dissipation
is not considered in the design. P decreased with � , while
RMS �B0 increased. This result ensures the validity of the
power optimization algorithm. After the SF method was
applied [� ¼ 58:2mm, Fig. 1(c)], RMS �B0 increased and
P decreased for all values of � , as described earlier. P was
highest (7.17W) at � ¼ 0, and decreased with � , while RMS
�B0 increased. When � > 0:05, RMS �B0 and P were
almost constant. In contrast, RMS �B0 was not a minimum
at � ¼ 0 but slightly larger than that for � ¼ 0:005
[Fig. 1(c)], because the errors due to the Gaussian filtering
in the SF method varied with � . We determined the opti-
mized value of � to be 0.005, because P was then only
1.79W, which was 75% smaller than that for the non-
optimized coil (� ¼ 0), while RMS �B0 decreased to the
same level as the nonoptimized coil.

To demonstrate the validity of the power optimization,
two coil patterns were fabricated, namely, a nonpower-

optimized coil (SC1, � ¼ 0) and a power-optimized coil
(SC2, � ¼ 0:005). Each coil was fabricated by winding a
polyethylene-coated Cu wire (0.6mm in diameter) fixed on
a fiber-reinforced plastic plate (36� 36 cm2, 0.5mm thick)
using epoxy resin [Fig. 2(a)]. Each SCSC was inserted
between the gradient coil and the pole piece [Fig. 2(b)],
and the B0 map with shimming was measured. The field
inhomogeneity �B0ðrÞ was calculated from the measured
map as �B0ðrÞ ¼ B0ðrÞ � B0ð0Þ.

Table I summarizes the calculated and measured perfor-
mances for SC1 and SC2. For each coil, the shim current I
was optimized to minimize RMS �B0.

4,5,7) For both coils,
the measured values of RMS and peak-to-peak �B0 were
almost the same as the calculated values, indicating the
accuracy of the design and fabrication of the coil. However,
the measured values of I and P were smaller than the
calculated values for both SC1 and SC2. This is possibly
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Fig. 1. Dependence of RMS �B0 and power dissipation P on the design

parameters. (a) Dependence on � for � ¼ 0, where power dissipation is not

considered. (b) and (c) Dependence on � (b) before and (c) after the SF

method was applied. � ¼ 58:2mm in (c).
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Fig. 2. (a) Fabricated SCSCs (nonoptimized SC1 and power-optimized

SC2). (b) Schematic of the magnetic circuit, gradient coils, SCSC, and

radiofrequency probe. The magnet circuit comprised of the pole piece,

magnet, and yoke.

Table I. RMS and peak-to-peak (PP) �B0 (ppm) over a 12� 16� 5 cm3

DEV, for current I (A), resistance R (�), and power dissipation P (W).

� RMS �B0 PP �B0 I R P

Initial — 24.8 235 — — —

Calc.
SC1 0 15.6 189 1.79 2.24 7.17

SC2 0.005 14.9 182 1.02 1.72 1.79

Meas.
SC1 0 14.0 195 1.20 2.74 3.95

SC2 0.005 14.2 196 0.70 2.14 1.05
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because the mirror current flowing in the pole piece en-
hances the magnetic field generated by the SCSC10) and a
smaller current would have been sufficient for shimming.

Figure 3 shows the evaluation of the heat generated by
SC1 and SC2 after the SCSC was switched on. For the non-
optimized SC1, the temperature T of the pole-piece surface
had increased by about 1.4 �C, and the RMS �B0 had
increased by 6.8 ppm after 170min, and both kept increasing
thereafter. This indicates that the high heat degraded the B0

homogeneity to an unacceptable level. In contrast, for the
power-optimized SC2, T and RMS �B0 increased by only
0.6 �C and 0.8 ppm, respectively, after 100min, and

remained almost constant thereafter. This shows that the
power-optimized SC2 can effectively suppress both heat
generation and B0 degradation.

Figures 4 and 5 illustrate the performance of the fabri-
cated SC2. Figure 4 shows three-dimensional �B0 maps
measured (a) without and (b) with shimming by SC2.
This demonstrates that the B0 inhomogeneity was largely
corrected by shimming over the whole area. Figure 5 shows
two-dimensional cross-sectional images (taken from three-
dimensional images of the left hand of a volunteer) obtained
(a) without and (b) with shimming using a gradient echo
sequence (FOV ¼ 10� 20� 5 cm3, matrix ¼ 128� 512�
32, TR ¼ 40ms, TE ¼ 11ms, and flip angle = 60�). A part
of the ulna bone (circled in the images) was invisible without
shimming, a signal-loss artifact due to B0 inhomogeneity.
In contrast, this image artifact was removed by shimming.
The improvement in the image quality enables accurate
visualization of the anatomical structure of bones, which is
necessary for applications such as skeletal age assessment in
children using MRI.11)

In summary, we have proposed a power optimization
method for designing a planar SCSC for a permanent MRI
magnet. The power-optimized SCSC achieved a B0 homo-
geneity comparable to that of a nonpower-optimized SCSC,
but with negligible heat generation.

1) W. A. Anderson: Rev. Sci. Instrum. 32 (1961) 241.
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shimming by SC2.
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