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Abstract

An optimization method in RF coil array design for SENSE imaging is described. Using this method the optimized RF coil geom-
etries can be calculated numerically given the required SENSE imaging performance. Although this method can be applied to optimize
the RF coil arrays for both 1D and 2D SENSE imaging, to demonstrate the potential applications of this method, we designed RF coil
arrays for 2D SENSE imaging and compared their performance by simulation. An optimized 4-channel receive-only RF coil array
designed for 2D SENSE imaging was implemented and tested to demonstrate the feasibility of the proposed technique. Imaging results
showed reasonable agreement with the simulations, thus the method can be applied to RF coil array designs for SENSE imaging when
optimum imaging performance is desired.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Sensitivity encoding (SENSE) [1] is a parallel imaging
technique that reduces MR scanning time by under sam-
pling k-space in the phase encoding direction and recon-
structing the aliased images with RF (radio frequency)
coil sensitivity information in the image domain. In addi-
tion to the intrinsic signal-to-noise ratio (SNR) loss by a
factor of

ffiffiffi
R
p

, where the phase encoding steps are reduced
by a factor of R, there always exists an additional SNR loss
due to the noise correlation between the RF coils detecting
the signal from the same sample volume where thermal
noise is generated. Furthermore the SNR distribution in
the SENSE images acquired with non-optimized RF coil
arrays is usually non-uniform, i.e. the SNR in the central
region and the peripheral regions of the sample far away
from the coils is usually lower than in the peripheral
regions close to the coils.

The importance of designing optimized RF receiver coil
arrays for SENSE imaging has been recognized for several
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years. Optimization of RF coil array design for SENSE
imaging is important because the physical layout of the
RF coil arrays determines the electromagnetic field gener-
ated by the coils, which dramatically affects the final
SNR in SENSE imaging. Therefore, various coil array
designs have been investigated for optimized SENSE imag-
ing performance [2–4]. In these methods, a finite number of
RF coil array designs were simulated for SENSE imaging,
and the best design was then chosen as the optimized
design or as a standard to apply to other similar designs.
However, the SNR in SENSE imaging is so sensitive to coil
array designs that studying only a finite number of designs
is insufficient to find the SENSE-optimized design or to
determine any set of optimum parameters that can be
generically used.

Recently, computerized optimization processes in
designing optimized RF coil arrays have been published
[5–10]. In [9] the size of the coil was optimized and in
[10] the positions of a set of fixed-shape coils were opti-
mized. In our previous work [5,6] the elements of an RF
coil array were modeled by a continuous surface current
density, and the current distributions were optimized for
improved SENSE imaging performance. The resulting con-
tinuous surface current distributions were discretized and
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Fig. 1. The basic geometries of RF coil elements that make up the RF coil
array. The geometry of each element is determined by a set of indexed
vertices {ri}c.
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simplified to achieve a practical RF coil design. The advan-
tage of this method is that the surface current density can
assume any arbitrary distribution for optimum perfor-
mance. However, the resulting coil elements might require
multiple parallel branches, and it becomes difficult to
obtain the correct current distribution among those
branches. On the other hand, in [7,8] the RF coil arrays
were modeled by a set of connected conductor segments
and the locations of the vertices of these segments were
optimized. In this approach, parallel branches are avoided
and the solution is restricted to coil elements with single
wire loops of arbitrary geometries. Wire crossing without
short circuiting is allowed so that butterfly shapes are pos-
sible. This second approach is described in detail in this
manuscript. The common goal in all these recent methods
is to solve an inverse problem to find a coil topography that
achieves better SENSE imaging performance, so that the
final coil topography is more likely to approach optimum
SENSE operation.

Wiesinger et al. [11] has studied what the ultimate SNR
in SENSE imaging would be. In their study the ultimate
SNR achievable by the ideal electromagnetic field was
studied. Although the ultimate RF coil array design was
not studied, the results can be used to set the stopping cri-
teria when optimizing RF coil arrays, i.e. when the SENSE
SNR of an RF coil array being optimized is within a cer-
tain range of the ultimate SNR, the optimization process
stops and returns this optimized design.

In this paper, a robust optimization method is presented
for designing the RF coil arrays for SENSE imaging. The
RF coil geometry was modeled by a set of connected con-
ductor segments. Then, the SENSE imaging SNR was for-
mulated as a function of the RF coil geometry, and a
solution was sought in the least squares sense to find the
most efficient coil array design. Various target volumes
were defined for the optimization, and the optimized coil
array designs were compared by simulation. The approach
outlined here yielded more efficient RF coil array designs
compared with a previous optimized design. One of the
optimized RF coil arrays was built; and RF coil sensitivity
and SENSE imaging SNR were measured and compared
with the simulation results. These experiments verified the
accuracy of the simulation. The feasibility of 2D (two
dimensional) SENSE imaging using the optimized RF coil
array was verified by imaging a resolution phantom, and
the reconstructed 2D SENSE images showed minimum
artifacts even at the full acceleration rate (when phase
encoding reduction factor equals the number of coil
elements).

2. Materials and methods

2.1. Coil modeling and field calculation

RF coils can be used to detect a MRI signal because
the RF wave generated by precessing spins induces alter-
nating current in the surrounding conductive wires.
These metal segments are usually connected to form a
closed loop (shown in Fig. 1) near the imaging volume
to efficiently detect the RF signal. When the metal seg-
ments are connected to form an RF coil, the coil is fully
determined by the locations of the joint vertices {ri}c of
all the metal segments (c is the index of the RF coils).
Thus {ri}c can be used to model the RF coil geometries.
In order to find the most efficient coil shape in SENSE
imaging, the {ri}c can be treated as unknowns, and an
inverse problem can be solved to find the best coil shape
to achieve improved SNR performance for different
SENSE imaging purposes.

Once the coil geometries are defined by {ri}c as described
above, the next step is to calculate the magnetic field gen-
erated by the RF coil loop. This is necessary for calculating
the SENSE SNR achievable by the RF coil array. The elec-
tromagnetic field can be calculated by solving the full Max-
well equations using finite-difference time-domain
approaches [12,13], finite element approaches [14,15], or
integral equation solvers [16], and can also be calculated
under quasistatic approximation [17–19] using the Biot–
Savart law when the RF coil size and imaging volume are
small compared to the RF wavelength. Using either
method, the magnetic field distribution can be determined
by the coil structure and a given load. Therefore, Bc(qj,
{ri}c) can be found, which gives the magnetic field at loca-
tion qj generated by the RF coil loop c that is determined
by {ri}c.
2.2. SNR calculation

Because SNR is one of the most important factors that
determine the SENSE image quality, one needs to formu-
late the SNR in terms of the magnetic field in order to find
the optimized RF coil array topography. In order to calcu-
late the SNR in SENSE imaging (SNRSENSE) given the
magnetic field distribution, we followed the same steps in
[3,5,20]. The receiver noise matrix W is approximated by
summing the scalar product of coil sensitivities over a num-
ber of points qj inside the sample.

Wc;c0 ¼
XN

j¼1

BcðqjÞ � Bc0 ðqjÞ ð1Þ
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Here, Bc(qj) is the field generated by the cth coil at point qj

and Bc0 ðqjÞ is the field generated by the c 0th coil at the same
point.

SNRfull,q, the SNR at point q when the image is taken
with full phase encoding without SENSE acceleration, is
calculated by Eq. (2),

SNRfull;q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RH

q �W�1 � Rq

q
ð2Þ

where Rq is the vector containing the complex sensitivity of
every coil element at location q.

The geometry factor (or g-factor) at location q is calcu-
lated by Eq. (3)

gq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððSH �W�1 � SÞ�1Þq;qðSH �W�1 � SÞq;q

q
ð3Þ

Here S is the coil sensitivity matrix (H indicates transposed
complex conjugate) at the effective superimposed positions
related to location q.

Finally the SNRSENSE at point q is calculated by,

SNRSENSE;q ¼ SNRfull;q=ðgq �
ffiffiffi
R
p
Þ ð4Þ

Here, R is the reduction factor of the phase encoding steps.
As an example of a 2D SNRSENSE calculation, to find

the SNRSENSE of voxel ‘‘a’’ as shown in Fig. 2 from a given
4-channel RF array, first W and the B field at every voxel in
the volume that generates noise is calculated using Eq. (1).
Second, the full SNR at voxel ‘‘a’’ (SNRfull,a) is calculated
using Eqs. (2) and (5). Third, the voxels that are superim-
Fig. 2. Schematic of 2D Cartesian SENSE imaging with 2 · 2 reductions
in two phase encoding directions for a cross section of a cylindrical object.
Not all of the voxels have 4 times aliasing because of the shape of the
object. Voxels with 4, 3, and 2 times aliasing are shown with dark red,
orange, and green color, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
posed with voxel ‘‘a’’ in 2D SENSE imaging are located
(in this case voxels ‘‘b, c’’ and ‘‘d’’), then the g-factor is cal-
culated using Eqs. (3) and (6). Finally the SNRSENSE of
voxel ‘‘a’’ is calculated using Eq. (4).

Ra ¼

B1ðaÞ
B2ðaÞ
B3ðaÞ
B4ðaÞ

0
BBB@

1
CCCA ð5Þ

S ¼

B1ðaÞ B1ðbÞ B1ðcÞ B1ðdÞ
B2ðaÞ B2ðbÞ B2ðcÞ B2ðdÞ
B3ðaÞ B3ðbÞ B3ðcÞ B3ðdÞ
B4ðaÞ B4ðbÞ B4ðcÞ B4ðdÞ

0
BBB@

1
CCCA ð6Þ

It should be noted that the superposition in SENSE imag-
ing depends on the shape of the object to be imaged. For
example, the voxel at location ‘‘e’’, is only superimposed
with the voxels at locations ‘‘f’’ and ‘‘g’’ in 2D SENSE
imaging. When the g-factor of voxel ‘‘e’’ is calculated, the
sensitivity matrix should only include the sensitivities of
voxels ‘‘e, f’’ and ‘‘g’’. Similarly, when the g-factors of vox-
els ‘‘h’’ and ‘‘i’’ are calculated, the sensitivity matrix only
includes the sensitivities of these voxels.

2.3. Coil optimization

Once the SENSE SNR of every voxel in the VOI (vol-
ume of interest) is formulated as a function of magnetic
field and the magnetic field is formulated as a function of
RF coil geometry, the SENSE SNR of any given voxel q
can be formulated as a function of RF coil geometry, which
is given as SNRSENSE,q({{ri}c}).

In order to apply optimization algorithms to find effi-
cient RF coil array designs for SENSE imaging, a cost
function that evaluates the performance of the RF coil
array design needs to be given. Depending on the applica-
tions of RF coil array design, different weights wqj

can be
given to the SNRSENSE of different voxels. If the RF coil
array design will be used for SENSE imaging with different
acceleration factors Rm, different weights wRm for each
acceleration factors can also be assigned to achieve a design
suitable for multipurpose SENSE imaging. Therefore the
cost function will have the general form given in Eq. (7).

O ¼ Offrigc; wqj
; Rm; wRmg ð7Þ

Finally, an optimization algorithm can be applied to find
the locations of the coil vertices {ri}c that would minimize
the cost function, and the resulting RF coil arrays can be
constructed according to the optimization results.

3. Results

3.1. Coil optimization

Using the optimization method described above, 4-
channel RF coil arrays for 2D SENSE imaging with a
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2 · 2 acceleration rate along two phase encoding directions
were designed for imaging the human head at 1.5 T. The
head shape was assumed to be a simple cylinder with a
22.4 cm diameter and 22.4 cm length. The VOI was the cen-
tral part of the cylinder with the same diameter as the head
and a 13.4 cm length. The RF coil array was confined on a
cylindrical surface with a 28 cm diameter. Each coil ele-
ment was modeled by 8 vertices as shown in Fig. 1. The
vertices were allowed to move freely on the 28 cm cylindri-
cal surface in the optimization process. The number of ver-
tices was chosen empirically to minimize redundancy while
maintaining generality. Symmetry along the two phase
encoding directions was utilized to speed up the calcula-
tion. Iterations were done on a single coil element and
the coil geometry was mirrored in the other three quad-
rants to update the geometries of the remaining three coils.

Since the RF coil size and imaging volume are small
compared with the RF wavelength at 1.5 T, the RF coils
can be simulated under quasistatic approximation [17–
19]; therefore we calculate the magnetic field of the RF
coils using the Biot–Savart law (here the sample loading
is ignored). Since the {ri}c are the unknowns, we formulate
the magnetic field generated by each segment as a function
of {ri}c using the Biot–Savart law. The net magnetic field of
Fig. 3. The rectangular coil design found in the literature. The geometry of one
the coil sensitivity profiles through the center slice and the diagonal slice are sho
the diagonal slice (c) and the center slice (b). (d) and (g) show the 1/g-factor, (e
2D SENSE SNR from 2 · 2 reduced k-space encoded scan of the center slice a
colour in this figure legend, the reader is referred to the web version of this a
the whole loop can be calculated by superimposing the
magnetic field of each segment.

Since the goal is to maximize the overall SNRSENSE, the
cost function given in Eq. (8) was chosen. The SNRSENSE

was sampled within the volume of interest with 1 cm isotro-
pic resolution, where N is the total number of points sampled.

Offrigcg ¼
XN

j

1

SNR2
SENSE;qj

ðfrigcÞ
ð8Þ

The optimization program was developed under the MAT-
LAB� environment, and the built-in FMINSEARCH
function was used to find the local minima of the cost
function. FMINSEARCH uses a multidimensional uncon-
strained nonlinear minimization (Nelder-Mead). It tries to
find the minimum of a scalar function of several variables,
starting at an initial estimate. It takes about 10 min to find
the local minimum with one random initial location. The
process was repeated with different random initial locations
for three days on three computers until the solutions
calculated by the three computers converged to the same
minimum. The efficiency of the method can be improved
by using the clustering method, the simulated annealing
method, or genetic algorithms as discussed in [21].
of the RF coil array elements (a). When the head is modeled by a cylinder,
wn by (b) and (c). The yellow lines in (b) and (c) represent the locations of
) and (h) show the SNR for full k-space encoded scan, (f) and (i) show the
nd the diagonal slice, respectively. (For interpretation of the references to

rticle.)



Table 1
2D SENSE Performance of the three RF coil arrays

The rectangular
coil array

The first optimized
coil array

The second
optimized
coil array

Mean SNRFULL 188 203 196
Mean g-factor 1.13 1.11 1.16
Max g-factor 1.30 1.37 1.38
Mean SNRSENSE 84 91 85
Variance SNRSENSE 0.27 0.32 0.15

Center SNRSENSE 50 40 53

Performance of the three coil arrays in 3D (three dimensional) imaging
with 2D SENSE compared by simulation. The first optimized coil array
has the highest mean SENSE SNR of 91, and the second optimized coil
array has the lowest variance of SENSE SNR of 0.5, which indicates the
most uniform SENSE SNR distribution was achieved.
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After we obtained an optimized design, we simulated a
rectangular element coil array for 2D SENSE imaging that
was published earlier [4] for comparison. The goal of this
simulation was to establish a well-known reference to assess
the improvement using the proposed method. The coil
geometry of the two designs, the coil sensitivity profile,
the 1/g-factor, and the SNR of two selected slices are shown
in Figs. 3 and 4. The SENSE imaging performance of the
coils are compared and the details are given in Table 1.

With the first optimized design, the mean SENSE SNR
improved from 84 to 91. However, most of the improve-
ment was in the periphery of the cylindrical VOI; the uni-
formity of SENSE SNR did not improve, and the
SENSE SNR in the center of the VOI was still low. There-
fore, we decided to investigate a different design that would
enhance both the SENSE SNR in the center and the SNR
uniformity. For this purpose, we assigned greater weight to
the SENSE SNR in the center. In the extreme case, we
assigned zero weight to the SENSE SNR in the outer
40% of the VOI, and uniform weight 1 to the SENSE
SNR in the center 60% of the VOI. In other words, we
ignored the outer region of the VOI in the optimization
while only optimizing the SENSE SNR in the center 60%
of the VOI. With these additional criteria, the optimization
algorithm yielded the second optimized design as shown in
Fig. 5. The 2D SENSE imaging performance of this coil is
also listed in Table 1. This time, the SENSE SNR improved
Fig. 4. The first optimized design when 1/SNRSENSE was minimized in the fu
sensitivity (b, c), 1/g-factor (d, g), full SNR (e, h) and SENSE SNR (f, i) as e
in the center 60% of the VOI (36% of total coil volume) and
the variance of SENSE SNR reduced to 0.15, which indi-
cates significant improvement in SNR uniformity was
achieved. The noise correlation matrices of the three
designs are given in Table 2.
3.2. Coil construction

We built the RF coil array based on the results of the
first optimized design (Fig. 4), because the RF coil array
was to be used for imaging of the neocortex, and the
ll VOI. The geometry of one of the RF coil array elements (a), RF coil
xplained in Fig. 3.



Fig. 5. The second optimized coil design when the center 60% of VOI was given more weighting in the least squares calculations. The geometry of one of
the RF coil array elements (a), RF coil sensitivity (b, c), 1/g-factor (d, g), full SNR (e, h) and SENSE SNR (f, i) as explained in Fig. 3.
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improved SNR in the outer portion of the VOI is desirable
(Fig. 6).

The RF coil array was first etched on a flexible copper
clad G10 board and then wrapped around an acrylic tube
with a 28 cm diameter. The RF coil array was tuned to
63.73 MHz (the resonance frequency of the 1.5 T Mar-
coni/Philips scanner). The RF coil array was to be used
in the receive-only mode, together with a body coil for
transmission; so active and passive detuning methods were
implemented. To achieve isolation among the 4-channel
coils, we first measured the coupling between opposite ele-
Table 2
Noise correlation matrices

wc;c0 1 2 3 4

The rectangular coil array 1 1.00 0.17 �0.09 0.17
2 0.17 1.00 0.17 �0.09
3 �0.09 0.17 1.00 0.17
4 0.17 �0.09 0.17 1.00

The first optimized coil array 1 1.000 0.002 0.004 0.002
2 0.002 1.000 0.002 0.004
3 0.004 0.002 1.000 0.002
4 0.002 0.004 0.002 1.000

The second optimized coil array 1 1.000 0.25 �0.14 0.25
2 0.25 1.000 0.25 �0.14
3 �0.14 0.25 1.000 0.25
4 0.25 �0.14 0.25 1.000

Comparison of the noise correlation matrices of the rectangular RF coil
array and the two optimized RF coil arrays by simulation.

Fig. 6. The home built 4-element RF coil array optimized for 3D imaging
with 2D SENSE at 1.5 T.
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ment pairs (one pair was detuned while the other pair was
measured). We found that the coupling was low for both
opposite pairs, with S12 < �20 dB, so there was no need
to decouple the opposite channels. However, inductive cou-
pling among adjacent coil elements was strong
(S12 > �8 dB), so we used transformer decoupling and
achieved S12 better than �16 dB among all the channels.
Each channel was then matched to 50 ohm and connected
to a preamplifier with 50-ohm input and output impedance.
Solenoid baluns were used to isolate the outer shield of the
coaxial cable from the coil ground.

3.3. Imaging results

3.3.1. Comparison of RF coil Sensitivity and SENSE SNR

To investigate the optimized coil array for 2D SENSE
imaging, we measured the array sensitivity with a uniform
phantom. We used the 3D RF-Fast sequence with
20 · 20 · 25.6 cm FOV, 50 · 64 · 128 acquisition matrix,
4 · 3.125 · 2 mm resolution, 30� flip angle, 2.24 ms TE,
and 30 ms TR.

The result is shown in Fig. 7. As expected, the measured
RF coil sensitivity is in accordance with the simulation
results.

We also measured the SNR using the RF coil array for
2D SENSE imaging. We used the 3D RF-Fast sequence
with 10 · 10 · 25.6 cm FOV, 50 · 64 · 128 acquisition
matrix, 2 · 1.56 · 2 mm resolution, 30� flip angle, 2.24 ms
TE, and 30 ms TR for the 2D SENSE imaging with a phase
reduction rate of 2 · 2. To acquire the coil array sensitivity
for SENSE reconstruction, two reference data sets were
acquired with the same coil array and the body coil using
the same sequence with 20 · 20 · 25.6 cm FOV,
50 · 64 · 128 acquisition matrix, 4 · 3.125 · 2 mm resolu-
tion, 30� flip angle, 2.24 ms TE, and 30 ms TR.

We followed Bernstein et al. [22] to reconstruct the 2D
SENSE images. The body coil sensitivity was used as the
target sensitivity function. Therefore, the reconstructed
images have the body coil sensitivity weighting, which is
relatively uniform.
Fig. 7. RF coil sensitivity measured using a uniform phantom. The sensitivity s
slice (right).
To measure the noise level we ran the same 2D SENSE
sequence consecutively 15 times, which gave us 15 phantom
image sets after reconstruction. Then, the standard devia-
tions of every voxel from the 15 image sets were calculated.
We used the calculated standard deviation as the noise level
as shown in Fig. 8a. Then we divided the signal by the noise
level voxel by voxel to get the 2D SENSE SNR (Fig. 8b).
Comparison of Fig. 8b with Fig. 4f shows that the simula-
tion sufficiently predicted the 2D SENSE SNR pattern of
this RF coil array. The SNR in the outer region is high
and uniform, and the SNR in the center region is lower.
Since the goal of the design is to improve SNR in the outer
portion of the VOI, the average SNR in the outer 60% of
the VOI relative to the average SNR in the whole volume
is calculated. For the simulation this ratio is 1.31 and for
the experiment this ratio is 1.25. Also, average SNRs in
17 small ROIs (marked by the red color in Fig. 9a) relative
to the average SNR of the whole VOI are compared
between the simulated value and the measured value.
Clearly the simulation provided a good prediction of the
SNR distribution found in the experiment.

3.3.2. 2D SENSE imaging using a resolution phantom

To further test the RF coil array for 2D SENSE imag-
ing, we acquired 2D SENSE images using a resolution
phantom using the same procedure as above. The images
are shown in Fig. 10, and it was observed in the recon-
structed images that SENSE related artifacts are almost
undetectable while the scanning time is reduced by a factor
of 4.

4. Discussion

In this paper, we have demonstrated that by using a set
of connected metal segments to model a SENSE RF coil
array, the performance of this array can be simulated
numerically, and computer optimization algorithms can
be developed to seek more efficient designs.

When applying the optimization method, our goal was
to find the optimum coil given some practical limitations
hown here is through the center axial slice (left) and the 45� oblique-sagittal



Fig. 8. Noise and SNR measured from a series of 2D SENSE images of a uniform phantom.

Fig. 9. 17 small ROIs marked by the red color are chosen to compare the simulated and measured SNR (a), the simulated average SNR values of these
ROIs are plotted by yellow diamonds and the measured SNR values are plotted by the green square (b). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 10. 2D SENSE images of one selected slice from all four channels before SENSE reconstruction (left), and reconstructed image of the same slice
(right).
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(number of coils, number of vertices, etc). For this study,
the number of coils was fixed. Although the number of
coils can be treated as a variable, it is in practice limited
by the number of channels provided by the MR console.
We chose eight vertices to model each coil because more
vertices seemed to be redundant in our previous trial, i.e.
when four vertices formed a straight segment in the opti-
mized coil design, the middle two vertices were redundant,
but when eight vertices were used there were no redundant
vertices found in the optimized coil design. Fewer vertices
also reduced the number of unknowns to be solved, result-
ing in faster optimization.

When the symmetry along the two phase encoding direc-
tions was not utilized in our initial trial, the resulting opti-
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mized coil designs were still always symmetrical. Therefore
this symmetry was enforced to reduce the optimization
time in later studies.

The mean SNRFULL and mean SNRSENSE are both
improved in our optimized designs compared with the rect-
angular design. However, the improvements are moderate,
except for the uniformity of SNRSENSE with the second
optimized coil. The uniformity was greatly improved as
seen from the reduced variance of SNR within the defined
VOI.

In this study, it was important to assign different weights
to different segments of the VOI in the cost function
depending on the application. For example, when uniform
SENSE SNR distribution is desired throughout the whole
volume, one should assign larger weights to the regions
in the VOI where the SNR is low with respect to the regions
where SENSE SNR is already high.

In the first optimized design, the noise correlation is low
among all the channels. Thus this design tends to achieve
the best global condition for SENSE imaging, and the aver-
age SENSE SNR and g-factor are best. However it does
not emphasize the optimization of the SENSE SNR at
the worst locations, so the design has the highest variance
in SENSE SNR. In the second optimized design, the noise
correlation between the channels is high, but the SENSE
SNR in the center is the best among all three designs. This
design did not try to minimize the noise correlation to
achieve the best global SENSE SNR, but instead optimized
the SENSE SNR in the worst region and achieved a more
uniform SENSE SNR distribution. It should be noted that
uniform SENSE SNR may not mean uniform signal inten-
sity or a uniform image. Uniformity of the image intensity
in the reconstructed SENSE image can be achieved by
using the Target Normalization Method [22] in the SENSE
reconstruction.

The RF coil arrays designed in the current work were
confined on the surface of a cylindrical former. However,
to achieve better performing RF coil arrays, one can use
more flexible constraints, such as allowing the coil arrays
to grow in a 3D space; e.g. using a helmet shape surface
as the inner limit and a cylindrical surface as the outer limit
[7]. This might result in a superior design, but also intro-
duce difficulty in constructing the RF coil array.

For magnetic field calculations at relatively low frequen-
cies, we used the Biot–Savart law and ignored loading. This
approach is still valid for head coil design at 1.5 T, however
at higher frequencies, the electromagnetic field can be cal-
culated by solving the full Maxwell equations using finite-
difference time-domain approaches [12,13], finite element
approaches [14,15] or integral equation solvers [16], and
the same design approach can be adapted accordingly.
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