
Received 6 January 2023, accepted 25 February 2023, date of publication 6 March 2023, date of current version 15 March 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3252906

Radially Extended 3D Birdcage Antenna for
MRI With Loop-Type Legs and
Connection to the Shield
CHAN-SUN PARK 1, DENIS TIHON 1, (Member, IEEE), FARZAD JABBARIGARGARI 1,
REDHA ABDEDDAIM 2, AND CHRISTOPHE CRAEYE 1, (Senior Member, IEEE)
1Institute of Information and Communication Technologies, Electronics and Applied Mathematics (ICTEAM), Université Catholique de Louvain,
1348 Ottignies-Louvain-la-Neuve, Belgium
2Aix Marseille Univ, CNRS, Centrale Marseille, Institut Fresnel, Institut Marseille Imaging, 13013 Marseille, France

Corresponding author: Chan-Sun Park (chan-sun.park@uclouvain.be)

This work was supported in part by the European Commission through the M-Cube Project under Grant 736937, in part by the M-One
Project under Grant 952106, and in part by the Excellence Initiative of Aix-Marseille University—A*MIDEX, a French ‘‘Investissements
d’Avenir’’ Program through the Multiwave Chair of Medical Imaging.

ABSTRACT A novel radially extended 3D birdcage (BC) coil antenna was designed, simulated, and
optimized for a cylindrical dielectric phantom at 4.7 T. The 3D birdcage consists of a classical birdcage with
additional protrusions toward the inside and connections to the shield. To overcome the huge computational
burden of the optimization process using the particle swarm optimization (PSO) method, an in-house method
of moment (MoM) code exploiting the symmetry of the structure has been developed. The code produces
open-circuit embedded element patterns and makes use of a Schur complement to analyze the effects of
passive loads, in the presence of a phantom. The simulation results have been verified with the use of
commercial software. The proposed 3D BC coil showed a 34 % improvement in the homogeneity of B+

1
and a 37 % reduction in the peak specific absorption rate (SAR), compared with a conventional BC coil.

INDEX TERMS Birdcage antenna, birdcage coil, high-field magnetic resonance imaging, method of
moments.

I. INTRODUCTION
Since the concept of magnetic resonance imaging (MRI) was
first introduced to academia in the 1970s, MRI has been
one of the key technologies for obtaining human or animal
body images in vivo [1], [2], [3], [4]. The MRI machine
generates images when protons in a molecule repeatedly
absorb and relax energy from and to a radio frequency (RF)
field when embedded in a static magnetic field B0. In general,
the RF magnetic field looked for, denoted as B+

1 = Bx + jBy,
is circularly polarized and transverse to B0. Continuous
research has been carried out on the main components of
MRI, such as main magnets and RF coils, as well as devices
that control them [5].

Over the last few decades, many research programs aimed
at improving the MRI systems in terms of homogeneity of
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the RF field magnitude, which translates into a homogeneous
signal-to-noise ratio (SNR) in the image. In this endeavour,
RF coils have gained more attention since they could be used
in both transmitting and receiving modes. Although different
types of volume coils have been introduced to improve the
performance of the MRI system [6], [7], [8], the birdcage
(BC) coil that was proposed by Hayes et al. [9] is still in
wide use since it can produce a very homogeneous field
over a wide volume. The conventional BC coil structure
covered in this paper consists of two endrings at the top and
bottom andmultiple legs connecting them, as shown in Fig. 1.
This coil showed significant performance improvement not
only in terms of RF homogeneity but also in terms of the
SNR. Ideally, if a BC coil stretches out infinitely along
the longitudinal axis and has a number of legs that tends
toward infinity, an almost perfectly homogeneous transverse
magnetic field can be produced by a surface current flowing
along the axial direction of the cylinder with an amplitude
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FIGURE 1. (a) Scheme of the conventional birdcage coil used as a
reference. (b) detailed view of one of the sectors of the BC coil.

varying as sin θ , where θ is the azimuthal angle [10, Chapter
8]. In practice, the magnitude of the current flowing through
each of N legs can be controlled to a large part by adjusting
the capacitance values inserted into the endrings or legs [11],
which makes it possible to create a highly homogeneous field
inside the coil. A birdcage coil supports N/2+ 1 resonances.
One is formed by end ring current loops. The other ones
correspond to closed current loops involving both the legs and
end rings. The resonant mode used in MRI is the dominant
mode. It forms a sinusoidal current magnitude on the legs,
resulting in a homogeneous field inside the volume of the coil.

In order to obtain better quality images, MRI machines
have gradually used higher magnetic fields such as 3 T,
4.7 T, and 7 T. The Larmor frequency being proportional to
B0, the RF operating frequency has increased accordingly.
However, the conventional BC coil was ideally operated
under the condition that the RF frequency was below the
cut-off frequency of the MRI tunnel (or shield), even when
loaded by the human body. This condition is no longer
satisfied at the higher RF frequencies currently considered.
It deteriorates the homogeneity when higher B0 fields
are used, as a standing wave appears in the MRI tunnel
[12], [13], [14], [15], [16], [17].

In order to obtain a more homogeneous RF field and to
get more accurate clinical images, several research projects
aimed at tailoring the RF field interference effects by
exploiting a passive shimming [18] (such as the use of
high-permittivity dielectric materials [19]) or by using an
active shimming (such as transmit arrays or pTx [20]).

In this paper, we introduce a novel BC coil with improved
performance by modifying the structure of the coil, which
can be categorized as a new shimming technique. This
modification consists of a tight transmission-line inspired
link between the coil and the shield and of extra legs placed
on an inner ring. Two main figures of merit (FoMs) regarding
RF fields in MRI, field homogeneity and specific absorption
rate (SAR), are taken as the criteria of coil performance. The

FIGURE 2. (a) Geometry and (b) electrical scheme of a sector of the
proposed volumetric BC coil.

homogeneity of B+

1 of the coil is more important than the
radiation efficiency because it is not a structure intended to
radiate the field to a far location as in typical antennas; also,
the maximum SAR is more crucial than the radiation pattern
of the coil. Field inhomogeneity, already mentioned above,
causes a direct decline in image quality, such as shading,
spatial distortion, blurring [21], and intensity loss; therefore,
field homogeneity is essential for the MRI coil. SAR is a
quantity related to the safety aspects ofMRI, which is defined
as the power per unit mass absorbed by tissues when exposed
to the RF field; it is given by

SAR =
σ |E|

2

2ρ
, (1)

where σ and ρ are the conductivity and the mass density of
the tissue respectively and |E| is the magnitude of the electric
field in the tissue. Local and global limitations on SAR are
usually applied in order to avoid damaging tissues through
local or global elevation of the temperature.

This paper is organized as follows. In Section II, solutions
to the homogeneity problem are reviewed and the proposed
BC coil structure is introduced. Section III describes the
numerical method devised to efficiently analyze and optimize
the coil. The performance of the improved BC coil is shown
in Section IV. Conclusions are drawn in Section V.

II. GEOMETRY OF THE PROPOSED BIRDCAGE COIL
Obtaining homogeneous B1 fields and low SAR values is
always a challenging research topic in the MRI area. The
birdcage antenna has shown quite effective performance
in the medical imaging field, but better performance is
still required as B0 goes higher. Also the presence of the
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shielding cylinder may cause low antenna impedance and
may also exacerbate the above-mentioned inhomogeneity.
Several authors [22], [23], [24], [25], [26], [27], [28] tried
to create high-impedance surfaces on the shield, for instance
using mushroom-type particles, and could achieve improved
transmit efficiency for the MRI coil. As an alternative to
high-impedance surfaces, we propose a volumetric approach,
in which the birdcage is physically connected to the shield,
using a number of series and parallel strips (respectively
in the radial and axial directions), each of which is
terminated with a reactive load (inductor or capacitor) as in
Fig. 2.(a).

Several papers and patents have already proposed different
types of connection between a shield and a leg. In [29], legs
are cut in the middle and connected to the shield in order
to be able to insert another instrument in the MRI tunnel.
In [30], a radial strip connects the legs to a ring located
between the birdcage and shield in order to tune the operating
frequency. The transverse electromagnetic (TEM) resonator
coil [8], [17], [31], [32], which is a structure that has a direct
connection between the leg and the shield, is one of the
most widely used MRI coils along with the BC coil; it is
distinguished from the BC coil because there is no endring
connecting the legs.

The difference between the BC coil proposed in this paper
and the aforementioned studies lies in the presence of radial
inductively loaded connections between the BC and the shield
and additional axial capacitively loaded legs, as illustrated in
Fig. 2(b). The additional structure mimics the ladder model of
a transmission line and acts as an ‘‘impedance bridge’’. The
phase velocity in that transmission line commands the rate
at which impedance changes along the line (from very low
on the shield to high at the level of the birdcage antenna),
while the characteristic impedance impacts the antenna
matching. This is obtained through proper positioning
of the additional conducting strips and through a joint
optimization of the capacitance and inductance values in the
structure.

III. NUMERICAL METHODS USED FOR ANALYSIS AND
OPTIMIZATION
As mentioned in Section II, a proper optimization of the
value of the capacitors and inductors is essential to obtain
good performances, i.e. low SAR peaks, homogeneous B+

1
field and good impedance matching of the input ports in the
presence of a sample that is being imaged. The optimization
algorithm focused on the generation of homogeneous B+

1
field in the central transverse plane of the phantom. Indeed,
a homogeneous B+

1 field on that plane is associated with an
optimal current distribution on the BC coil. Such an optimal
current distribution also exhibits a large field of view in the
axial direction and low SAR peaks, as will be shown in
Section IV. As for the matching, it is implicitly realized by
favoring high field intensity in the evolutionary algorithm
used for optimization; this prevents the solution from being

affected by a too-large reflection loss between the generator
and birdcage.

Optimum values for the lumped elements have been found
using the particle swarm optimization (PSO) [33] method.
First, a cost function is defined. To any set of lumped
element values, it associates a real number that describes
the ‘‘quality’’ of the corresponding antenna. In our case, the
quality criterion is formulated in terms of field homogeneity.
The impedance matching of the coil is implicitly guaranteed
by the convergence criterion of the PSO, which ensures a
good field intensity in the center of the coil. In our case,
we define the cost function as the normalized standard
deviation (NSD) of the B+

1 field, formulated as

NSD(B+

1 ) =
Std(B+

1 )

Mean(B+

1 )
, (2)

where

Mean(B+

1 ) =

∫∫
|B+

1 (r)|dr
S

, (3)

Std(B+

1 ) =

√∫∫
(|B+

1 (r)| − Mean(B+

1 ))
2dr

S
, (4)

and S is the area of the transverse section of the phantom.
Once the cost function is defined, a set of candidate

solutions is generated randomly and simulated. The cost
function associated with each solution of the set is estimated,
providing a measure of their quality. To improve the quality
of the candidate solutions, the PSO algorithm treats each
solution as a particle moving in the solution-space, i.e.
a M-dimensional space, M corresponding to the number of
lumped elements. At each iteration, each particle’s movement
is affected by its local best-known position, but it is
also guided toward the best-known positions in the whole
solution-space, as found by the other particles. This leads the
swarm of particles to move toward the optimum solutions.

Since for each candidate solution, a full simulation of the
BC coil is needed, an in-house software based on the Method
of Moments (MoM) was used to accelerate the procedure.
The code was optimized to minimize the computation time
required to obtain the cost function for many different sets of
loads when the geometry of the BC coil is fixed. The main
features of the geometry are:

• the presence of perfectly electrically conducting (PEC)
sheets to model the birdcage, the shielding and the
impedance bridges,

• the presence of lumped electrical elements (capacitors,
inductors and ports) whose values need to be optimized,

• the presence of a lossy dielectric cylinder used as a
phantom,

• an 8-fold rotational symmetry that is only broken by
the ports and that can be exploited to accelerate the
computations.

A. THE METHOD OF MOMENTS
The Method of Moments solves Maxwell’s equations in sur-
face integral form and can deal with piecewise homogeneous
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FIGURE 3. B+

1 field from (a) in-house MoM (b) CST and (c) FEKO.

FIGURE 4. S-parameter analysis of the conventional BC coil using the in-house MoM, CST
and FEKO.

geometries through the use of the equivalence principle
[34], [35], [36], [37].

The unknown equivalent currents used to mimic the
response of the structure are found by imposing boundary
conditions [38]. For PEC surfaces, it corresponds to a
vanishing electric field. For penetrable bodies, it corresponds
to the continuity of the tangential electric and magnetic fields
across the interface.

To study the field generated by the BC coil, the metallic
surface of the antenna (shield, BC coil, and impedance
bridges) and the surface of the dielectric phantom are
discretized using a set of basis and testing functions. The basis
functions are used to approximate the equivalent currents
on the different surfaces. The testing functions are used to
impose the boundary conditions on the different interfaces.
In order to model the lumped elements (ports, capacitors

and inductors), a delta-gap model is used [39]. The lumped
elements are modeled using basis functions that bridge the
infinitesimal gap separating different conductive parts of the
geometry. The current flowing along these basis functions
depends on the voltage that builds up across the gap and the
impedance of the lumped elements. Imposing the boundary
conditions across the conducting surfaces and the dielec-
tric interface and imposing the I-V relation across the
lumped elements, one has to solve the following system of
equations 

Zcc Zcd Zcp

Zdc Zdd Zdp

Zpc Zpd Z tot
pp

 ·

xc
xd
xp

 =

 0
0

−bp

 , (5)
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FIGURE 5. (a) Geometry of the proposed BC coil #1. (b) Detailed view of one sector of the BC coil.
The novel features of the proposed design (i.e. the impedance bridges) have been highlighted.

with c, d and p subscripts corresponding to the PEC surfaces,
dielectric interface and port basis and testing functions. Entry
(i, j) of Zlm describes the interactions between the jth basis
function of surface m and the ith testing function of surface
l. xl is the unknowns vector whose ith entry corresponds to
the amplitude of the currents along the ith basis function
of surface l. bp is a vector that describes the excitation
of the ports of the antenna. The Z tot

pp matrix corresponds
to the classical MoM impedance matrix Zpp except for
the self-interaction terms, for which the contribution of the
lumped element is added. The self-interaction term of lumped
element i whose impedance is Zi reads

Z tot
pp [i, i] = Zpp[i, i] − Ziw2 (6)

with w the width of the basis function at the position of the
gap and Z [i, j] the (i, j) entry of matrix Z . Similarly, if a port
i is excited with a voltage amplitude Vexc, the corresponding
entry of the excitation vector bp becomes

bp[i] = −Vexcw. (7)

It can be noticed that only a tiny portion of the total
impedance matrix changes when the value of the lumped
elements is modified. Thus, using the Schur complement, one
can invert the part of the impedance matrix that does not vary
and use the result for every different set of loads, leading to
the reduced system of equations

Z̃ tot
pp · xp = −bp (8)

with

Z̃ tot
pp =Z tot

pp −
(
Zpc Zpd

)
·

Zcc Zcd
Zdc Zdd

−1

·

Zcp
Zdp

 (9)

Algorithm 1 Algorithm Used to Optimize the Lumped
Elements Value of a Given BC Coil Geometry
1: Compute Zcc, Zcd , Zcp, Zdc, Zdd , Zdp, Zpc, Zpd , Zpp and
Ztd

2: Evaluate Z̃pp for short-circuited elements using (9)
3: Compute Zoc

tp using (11)
4: Generate a set of 1000 candidate solutions
5: while Solution can be improved do
6: for Candidate solution in the set do
7: Update Z̃pp using (6)
8: Find xp solving (8)
9: Compute B+

1 field using (10)
10: Evaluate NSD(B+

1 ) using (2), (3) and (4)
11: end for
12: Update the set of candidate solutions using PSO
13: end while

The solution of (9) has been accelerated using the
block-circulant nature of the Zcc, Zcd , Zdc and Zdd matri-
ces [40], [41], which is a consequence of the rotational
symmetry of the corresponding geometrical entities.

Last, solving (8) only provides the currents xp flowing
across the lumped elements. To rapidly evaluate the cost
function associated with these currents, the open-circuit (o.c.)
embedded element pattern of each port is precomputed. Using
the subscript t to designate the testing functions used to image
the magnetic field inside the phantom, the value of the field
along the testing functions reads

ft = Zoc
tp · xp (10)
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FIGURE 6. Electrical scheme of (a) conventional birdcage coil and
(b) birdcage coil model #1.

FIGURE 7. B+

1 of (a) Conventional BC coil, NSD = 0.214 (b) Proposed 3D
BC coil model #1, NSD = 0.171.

with

Zoc
tp =

(
0tc −Ztd

)
·

Zcc Zcd
Zdc Zdd

−1

·

Zcp
Zdp

 (11)

with 0ij a null matrix of the same size as Zij. The minus
sign of (11) comes from the fact that, using the equivalence
principle, the currents inside and outside the phantom have
opposite sign [34]. It can be noticed that Zoc

tp does not depend
on the value of the lumped elements and can thus be computed
once and stored for subsequent uses.

The algorithm used to exploit the acceleration techniques
described in this section is visible in Algorithm 1. The
time consumption of each step for a typical optimization
procedure is the following. We consider a BC coil whose
PEC surfaces and phantom are discretized using 5632 and
288 basis functions, respectively. The basis functions used to
mesh the surface of the phantomwere used to expand both the
equivalent electric and magnetic surface currents, leading to
576 associated unknowns. Using the algorithm described in
Algorithm 1, the value of the 56 lumped elements involved
in the geometry was optimized. It took approximately
35 minutes to compute the impedance matrices (line 1 of

FIGURE 8. Separating supplemental elements of 3D BC coil by parts.

FIGURE 9. (a) Geometry of the BC coil model #2. (b) Detailed view of a
sector.

Algorithm 1) and 36 additional seconds to evaluate Z̃pp and
the embedded element patterns (lines 2 and 3). Once the
preparation steps are finished, the computation of the cost
function for a given candidate solution took approximately
9 ms (lines 7 to 10). The PSO required 14 iterations
with a swarm of 1000 particles, leading to a total time
of 124 seconds. As can be seen, the optimization time
remains small compared to the preparation time, showing the
effectiveness of the acceleration techniques used.

IV. RESULTS
Before comparing the results, validation of the in-house
MoM code has been carried out via comparison with
simulation results obtained with the commercial software
CST Microwave Studio and FEKO. The geometry used here
is a conventional 4.7 T BC coil with a phantom and a
conducting shield. The phantom used in this analysis has a
0.06 m radius and a 0.2 m height with a relative permittivity
of 61 and a conductivity of 0.8�−1m−1, which reflect human
tissue characteristics. Figs. 3 and 4 show the B+

1 field for
a frequency of 200 MHz and the S-parameter analysis for
frequencies between 100 MHz and 300 MHz for the BC coil
shown in Fig. 1. It is almost impossible to obtain exactly
the same results when we use different types of numerical
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FIGURE 10. Current distribution on the legs of the ideal, conventional BC coil and proposed BC coil.

FIGURE 11. S-parameter of optimized proposed BC coil.

methods or solvers because formulations and mesh shapes
are different between every numerical analysis technique.
However, since the above results yield very similar results
based on the field distribution and S-parameter among the
three different analysis schemes, we think it is sufficient to
verify the validity of the analysis technique. As can be seen
in Figs. 3 and 4, the in-house MoM code shows a good
agreement with the commercial software results.

A. FINAL DESIGN OF THE PROPOSED BC COIL
Figs. 1, 5 and 6 show the structure of the conventional BC
coil, the initial model of the proposed 3D BC coil, and the
layout of lumped elements included in that structure. Both

FIGURE 12. B+

1 of (a) Conventional BC coil, NSD = 0.214 (b) Proposed 3D
BC coil model #2, NSD = 0.14.

the conventional BC coil and the proposed BC coil have
0.15m height, conducting shieldwith 0.1m radius and 0.08m
the innermost radius of coils. Detailed dimensions of the
structures can be found in Fig. 5. The conventional BC coil
consists of the top and bottom endrings, the legs connecting
them, and the conducting shield surrounding both. The initial
model of the proposed 3D BC coil corresponds to the
conventional BC coil with additional transmission line-type
impedance bridges. The latter aremade of additional endrings
connected by legs and radial strips connecting the BC to the
shield. The supplemental elements are highlighted in Fig. 5.
Both structures are excited with two ports with a 90◦ phase-
shift in order to selectively excite the mode that is rotating in
the ‘‘appropriate’’ direction. Through the numerical analysis
and optimization method described in Section III, the
optimized lumped inductance and capacitance values inserted
into the structure were obtained. This procedure led to a new
type of 3D BC coil.
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FIGURE 13.
B+

1√
SARmax

for 1 W accepted power for (a)-(c) Conventional BC (d)-(f) model #2 in voxel wrist (Gustav).

FIGURE 14.
B+

1√
SARmax

for 1 W accepted power for (a)-(c) Conventional BC (d)-(f) model #2 in voxel leg (Hugo).

When looking at the NSD, which is the quantitative
measure of field uniformity mentioned earlier in equation (2),

the first model of the proposed BC coil has an NSD
of 0.171, which is significantly improved with respect to
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FIGURE 15. Exact location of each plane in Fig. 16. (a) XY plane (b) YZ plane (c) XZ plane.

TABLE 1. Values of the optimized loads in the BC coil model #2.

the conventional BC coil (NSD = 0.214), as shown in
Fig. 7.

Although the first proposed BC coil with optimized
lumped elements values showed superior performance com-
pared to the conventional BC coil, the resulting field was not
entirely symmetric in the azimuthal direction.

To further improve the design, we looked for redundancies
within the degrees of freedom offered to the optimizer.
A new design have been obtained using the following
approach:

• Divide the supplemental parts in the initial 3D BC coil
by each element. (as in Fig. 8.)

• Try several candidate structures in which the additional
elements are arranged differently.

• Compare the performance of each structure to find the
optimal one.

As a result, it was possible to obtain themost homogeneous
and circularly symmetric B+

1 field from the structure shown
in Fig. 9. The detailed values of the optimized loads are in
Table. 1. The NSD of the above structure is 0.14, which is
about 22% better than the 0.171 of the model #1. The reason
of this performance improvement can be seen by observing
the magnitude and phase of the current induced in each leg,
which is the main source that generates the field inside the
birdcage coil.

As can be seen in Fig. 10, homogeneous fields come from
the improved current distribution on the legs, which is closer
to the ideal sinusoidal distribution [42].

In the case of the newly invented BC coil, an additional
impedance matching has been successfully conducted by
making use of the supplemental impedance bridges, as can be
seen in Fig. 11, which results in the current distribution close
to the ideal one, as in Fig. 10. As a result, it was possible to
obtain a field distribution with circular symmetry and a much
more homogeneous field than the field of the conventional
BC coil.

This optimum structure eliminated redundant endrings
(shown in Fig. 5), which were not included in the dominant
resonance path, and maintained the essential impedance
bridges that can perform the impedance matching. It yielded
further improved results, as shown in Fig. 12. Besides, special
care has been taken to keep the innermost radius of the coil at
a constant value, to avoid shrinking of the actual observation
area.

In addition, in order to further check the reliability and
efficiency of the newly proposed design, simulations were
performed on the wrist and calf of the human body using a
mesh file that provides the human body model in voxel form,
and the analysis was conducted. As for the voxel model used,
among the models provided by CST [43], model ‘‘Gustav’’
was used for the wrist, and model ‘‘Hugo’’ was used for the
calf. The results are as follows.

For this example, the homogeneity was judged using a
simplified homogeneity metrics (SHM) due to the difficulty
to extract and integrate fields from the complex model.
The simplified homogeneity index is obtained from the
normalized extremum fields to the maximum values of
SAR and corresponds to (

B+

1 max√
SARmax

−
B+

1 min√
SARmax

) divided by

(
B+

1 max√
SARmax

+
B+

1 min√
SARmax

)/2.

As shown in Fig. 13, and in Fig. 14, and the SHM values
in Table. 2, the proposed structure shows better homogeneity
indices in both the wrist and calf.
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FIGURE 16. Volumic B+

1 of (a)-(c) Conventional BC (d)-(f) model #1 (g)-(i) model #2.

TABLE 2. Maximum, minimum B+

1 and simplified homogeneity index in
the voxel models.

B. EXTENSIVE VALIDATION OF THE FINAL DESIGN
Due to the characteristics of MRI, it is necessary to
look at the other parameters, such as the entire field in

TABLE 3. Stability analysis of the proposed BC coil for different radius
phantoms (0.055, 0.06(defalut), 0.065 and 0.07 m).

the volume of interest, the SAR, and the robustness of
the results. Fig. 15 shows the XY, YZ, and XZ cross-
sections, and Fig. 16 provides the corresponding field
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FIGURE 17. SAR distribution of (a) Conventional BC coil, peak SAR =

1410 [W/m3] (b) Proposed 3D BC coil model #2, peak SAR = 896[W/m3].

FIGURE 18. BC coil performance with different phantom radii.

distributions on these cuts for the three coils we analyzed
earlier.

The field generated by the conventional BC is skewed
in the XY, YZ, and XZ planes, exhibiting poor uniformity.
In the case of model #1 of the 3D BC coil, a better spatial
uniformity is obtained, as compared to the conventional
birdcage. However, model #2, offers a slightly larger field
of view. Since the current distribution induced in each leg
in model #2 is most similar to the current distribution
of the ideally designed BC coil, it can be confirmed that
a homogeneous B+

1 field is formed in the widest area
inside.

In addition to the field homogeneity, the proposed birdcage
coil also has strengths from the viewpoint of the peak SAR,
which is one of the most important FoMs of the MRI
coil. As can be seen in Fig. 12, the field of the proposed
birdcage coil is distributed as uniformly as possible in the
region of interest. Therefore the SAR spreads evenly over
the entire area rather than showing a specific peak value,
thus reducing the heat on the tissues and minimizing the
risk. It can be seen from Fig. 17 that the peak SAR of the
proposed BC coil is 896 W/m3, i.e., very small compared

to the one obtained with the conventional BC coil which
was 1410 W/m3.

Finally, we examined the stability of the performances for
a fixed set of loads for varying sizes of the phantom. The
phantoms with different radii of 0.055, 0.06 (default), 0.065,
and 0.07 m were placed into the same proposed coil, and the
resonant frequencies and NSD were computed. The results
are provided in Table 3. Over the whole range of phantom
sizes that have been investigated, a maximum frequency shift
of 0.7MHz and amaximumvariation of the NSD of 2.1%was
observed, confirming the robustness of the design. Also, the
stability of both the conventional BC coil and the proposed
coil are plotted in Fig. 18. It can be confirmed that the NSD
of the proposed BC coil remains stable when the radius of the
phantom varies, while the NSD of the conventional BC coil
changes considerably. As monitored from MoM simulations,
from a fabrication point of view, the optimized value of the
lumped elements can be chosen with a tolerance of 2%,
corresponding to a frequency shift between 1 and 2 MHz,
which can be corrected with a standard tuning circuit.

V. CONCLUSION
A high-frequency birdcage coil producing a very homoge-
neous B+

1 field and low SAR peaks has been described. The
design makes use of connections between the BC and the
shield that mimics the ladder model of a transmission line.
The loads involved in the design have been optimized using
an in-house MoM code combined with PSO optimization.
The conventional BC coil and two proposed improved
geometries have been analyzed and compared. With respect
to the traditional BC coil geometry, the best design provides a
34% improvement in field homogeneity and a 37% reduction
of peak SAR value. Good stability versus phantom size has
also been observed. Given its high homogeneity, the new
design is expected to provide a practically constant brightness
(SNR) over a large field of view.
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