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An eight-rung, 3T degenerate birdcage coil (DBC) was con-

structed and evaluated for accelerated parallel excitation of the

head with eight independent excitation channels. Two mode

configurations were tested. In the first, each of the eight loops

formed by the birdcage was individually excited, producing an

excitation pattern similar to a loop coil array. In the second

configuration a Butler matrix transformed this “loop coil” basis

set into a basis set representing the orthogonal modes of the

birdcage coil. In this case the rung currents vary sinusoidally

around the coil and only four of the eight modes have significant

excitation capability (the other four produce anticircularly po-

larized (ACP) fields). The lowest useful mode produces the

familiar uniform B1 field pattern, and the higher-order modes

produce center magnitude nulls and azimuthal phase varia-

tions. The measured magnitude and phase excitation profiles of

the individual modes were used to generate one-, four-, six-,

and eightfold-accelerated spatially tailored RF excitations with

2D and 3D k-space excitation trajectories. Transmit accelera-

tions of up to six-fold were possible with acceptable levels of

spatial artifact. The orthogonal basis set provided by the Butler

matrix was found to be advantageous when an orthogonal

subset of these modes was used to mitigate B1 transmit inho-

mogeneities using parallel excitation. Magn Reson Med 57:

1148–1158, 2007. © 2007 Wiley-Liss, Inc.
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The many positive benefits of high-field MRI are accom-

panied by destructive interference of the transmit RF fields

within a typical volume excitation coil (1,2). This effect

arises when the wavelength of the electromagnetic fields

in the body approaches the dimension of the human head

or body. In this case the RF fields generated by different

parts of the coil can destructively interfere at some loca-
tions. For cylindrically symmetric coils, such as conven-
tional birdcage designs, the center of the object is equidis-
tant from all the rungs in the coil, which ensures an equal
phase shift for the fields generated from each rung. For the
phase relationship of the standard uniform mode of the
birdcage, this leads to constructive interference at this
location. In the periphery of the object, fields produced
from different rungs travel unequal distances and can de-
structively interfere. The net effect is the center-brighten-
ing phenomena that is common in uniform mode birdcage
coils at 3T and 7T. Although the high dielectric constant of
water is, in practice, critical for shortening the wavelength,
Collins et al. (2) have pointed out that the phenomenon
does not require a dielectric media, and the phenomenon
is not a dielectric resonance effect.

The B1 excitation field inhomogeneity in the transmit
coil leads to unwanted spatial variations in the tissue
contrast and image intensity for most pulse sequences. The
severity of the effect depends on the flip-angle dependence
of the sequence, and since the problem arises during ex-
citation, it is not easily dealt with in postprocessing.
Where the intrinsic contrast information is not present
locally, image manipulation cannot substitute for the miss-
ing information. A variety of methods have been explored
to reduce the spatial variance in the B1 excitation field.
These methods include attempts to improve the high-fre-
quency homogeneity of the RF coil (3) or to add local
phase shifts to the RF wave with dielectric cushions (3) or
detuned surface coils (4). Other methods have explored
the theoretical potential of “RF shimming” (1,5,6). In these
schemes, birdcage-like current elements are driven with
tunable global phase and amplitudes that can deviate from
the traditional uniform birdcage current distribution in
order to improve the RF homogeneity across the sample.

A different approach alters the excitation scheme to
reduce the flip-angle dependence of the contrast (7) or uses
RF pulses with spatial profiles that approximately com-
pensate for the transmit B1 profile (8). Adiabatic RF pulses
can mitigate the B1 sensitivity of some excitations (9),
although the highly nonlinear phase profile across the
slice requires the application of additional techniques for
many sequences.

2D and 3D spatially tailored excitation pulses can be
designed to provide an arbitrary spatial pattern to the
amplitude and phase of the transverse magnetization (10)
subject to constraints on gradient and RF hardware. Thus,
if the B1 map of the excitation coil is known, a compen-
sating excitation pattern can be designed that results in a
uniform transverse magnetization after the excitation.
While this is not the same as rendering the B1 field uni-
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form, it achieves the desired effect of making the flip-angle
distribution and thus the image contrast uniform across
the body similar to those produced by a uniform coil with
a conventional excitation pulse.

Shaping the 2D or 3D spatial flip-angle distribution of an
RF excitation in this way requires knowledge of the B1

profile of the coils, as well as the application of a modu-
lated RF amplitude and phase waveform while a gradient
trajectory (usually a spiral or echo-planar trajectory (11)) is
being played out. The principal practical limitation of this
method is the length of time needed for the 2D or 3D
excitation pulse. In a multichannel transmit coil, the dif-
fering spatial B1 patterns of each coil can be used to accel-
erate the excitation k-space trajectory (12–14). In the ac-
celerated parallel transmit case, a different time-depen-
dent modulation of the RF phase and amplitude is sent to
each channel. The principal goal is to reduce the length of
the 2D and 3D spatial excitations and improve the off-
resonance performance of the pulse. Thus, the spiral- or
EPI-type gradient trajectory is accelerated R-fold compared
to the Nyquist excitation sampling criteria in analogy to
acceleration in parallel reception. The RF shimming
method, with global phase and amplitude shifts to each
coil and a conventional slice-selective excitation, can be
viewed as a 1D, R � 1 parallel transmit excitation.

Similar to the receive array, the capability of the trans-
mit array to accelerate the spatially shaped RF pulse de-
pends on the spatially differing B1 profiles of the array
elements. While the ubiquity of MR systems with multiple
receive channels has led to a great deal of effort in design-
ing receive arrays, the lack of parallel transmit capability
has led to less exploration of transmit coil geometries.
Most transmit coil work has focused on “transceive arrays”
for applications in which a uniform RF body coil is not
available, and to potentially allow flexible excitation and
reception in a single array, ultimately providing either B1

shimming approaches or parallel transmit applications
(15–18).

Most of the work toward developing multichannel trans-
mit arrays has focused on the decoupled, lumped-element,
strip-line array (18,19). The strip-line elements show a
favorable lack of coupling when they are used in their
original (nonlumped element) configuration and are
closely shielded and trimmed to a �/4 length (20). How-
ever, most studies have found it simpler to use the
lumped-element approach and either have the elements
far from one another (18) or decoupled with capacitive
networks (17), or both (18). It is not possible to apply the
direct analogy to preamplifier decoupling used for receive
arrays in transmit since the power transfer requires a 50�

impedance match for maximum power transfer. Neverthe-
less, a variety of methods have been proposed to decouple
the transmit array coil. These methods include attempts to
minimize the inductive coupling by overlapping the adja-
cent elements of an array (15), to control the currents in the
coil using a current source instead of an voltage source
(21), to use a Cartesian feedback approach (22), and to use
a capacitive ladder network (23) to decouple the array
coils.

In this work we developed a transmit array built of the
modes of a degenerate birdcage coil (DBC) driven with and
without a Butler matrix (24), and evaluated its perfor-

mance for accelerated parallel transmit of spatially tai-
lored 2D and 3D excitation pulses. An expected advantage
of using the modes of a birdcage coil as excited by the
Butler matrix is that they form naturally decoupled orthog-
onal modes that do not require decoupling strategies. The
DBC utilizes the freedom to adjust the ratio of the rung and
end-ring capacitors (Crung and -Cring) in a band-pass bird-
cage coil. Tropp showed (25) that as this ratio is adjusted,
the coil makes a transition from high-pass to low-pass
behavior, and at the transition point the modes of the coil
are degenerate. A DBC built in this way has been utilized
as a receive array (26) and a transmit array for RF shim-
ming (27). Other methods have used coupling structures to
selectively perturb the frequency of the gradient mode of a
low-pass birdcage to be degenerate with the uniform mode
to improve sensitivity (28) or to allow sensitivity encoding
(SENSE) acceleration in reception (29). In addition, Cheng
et al. (30) performed an elegant theoretical analysis of the
mode structure of the DBC. Taracila et al. (31) used vector
potential simulated patterns and considered how the mag-
nitude images from the orthogonal modes of a DBC trans-
mit-receive array could be combined to produce a uniform
intensity image but not necessarily a uniform flip-angle
excitation.

Beyond these investigations for reception, and theoreti-
cal investigations for transmission, to our knowledge the
DBC has never been tested as a transmit array and only
minimally as a receive array. With the exception of our
preliminary work with the Butler matrix (32), the DBC has
never been demonstrated with more than two of its orthog-
onal modes used for detection (as opposed to coupling into
the loop-array basis set).

In our work we seek to use parallel excitation in con-
junction with accelerated spatially tailored excitation
pulses to produce 3D patterns of transverse magnetization
following the excitation, including the uniform excitation
pattern of constant flip angle across the object needed for
uniform image contrast in many imaging sequences. In
particular, we compare the two sets of modes (the loop-
array basis set) and the orthogonal birdcage modes to as-
sess the benefit of the extra flexibility in this design. Fi-
nally, the transmit validation is important because the
phase variation of the modes is so critical for transmit,
where, unlike reception, there is no “magnitude recon-
struction” or opportunity to manipulate the loop-array
mode data digitally to form the orthogonal modes.

MATERIALS AND METHODS

Eight-Channel Transmit System

The parallel excitation was performed on an eight-channel
system consisting of a modified 3T Magnetom Trio, A Tim
system (Siemens Medical Solutions, Erlangen, Germany)
with gradient amplitude at 40 mT/m (Gx, Gy) and 45 mT/m
(Gz), and slew rate at 200 mT/m/s. Eight sets of the RF
waveform and gradient generation hardware were config-
ured in a master and slave setup. A single master channel
synchronized the waveforms of each of the seven slave
transmit systems. Each subsystem was used to produce the
independent phase and amplitude modulation needed for
the independent transmit (TX) array channels, and in-
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cluded B0 eddy-current compensation, amplifier nonlin-
earity compensation, and specific absorption rate (SAR)
monitoring. Each channel used a separate 8-kW RF ampli-
fier (Dressler, Stolberg-Vicht, Germany). All of the experi-
ments were performed on a 170-mm-diameter spherical
phantom filled with low-dielectric synthetic oil (dimeth-
ylpolysiloxane (DMPS)). The spherical oil phantom was
surrounded by a cylindrical loading ring to mimic the
loading of the human head.

Sequence Parameters

The B1 profile of each mode was inferred by reciprocity
from a complex image acquired using the DBC mode for
transmit and the RF body coil for reception. A low-flip-
angle 3D gradient-recalled echo (GRE) sequence with 64 �

64 � 64 pixels and 4 � 4 � 4 mm resolution (TR/TE/BW �

20 ms/6 ms/400 Hz/pixel) was used. Both the 2D and 3D
spatially tailored RF excitations were used in a conven-
tional 3D GRE sequence (TR/TE � 30 ms/6 ms, matrix �

128 � 128 � 64, in-plane resolution � 2 mm, partition
thickness � 4 mm, and BW � 400 Hz/pixel).

Coil Construction

An eight-rung DBC (Fig. 1) was constructed on a 280-mm-
diameter acrylic cylinder with 12-mm-wide conductors.
The band-pass birdcage used a 200-mm rung length. The
multiple resonant modes of the band-pass coil were col-
lapsed to a single frequency by careful choice of the ratio
of rung capacitances (Crung) to the end-ring capacitance
(Cring). We estimated this ratio for the Larmor frequency
based on a measurement made with only two of the eight
loop segments of the birdcage present (Fig. 1). First, each
loop was independently tuned via Crung and Cring to the
Larmor frequency and matched to a 50� coaxial cable.
Then the two loops were allowed to resonate simulta-
neously and the S12 coupling between them was measured.
The value of the capacitor on the common rung was incre-
mentally adjusted to improve the S12 decoupling. After
each incremental adjustment of the common rung capaci-
tor, one Cring on each loop was adjusted to maintain the
tuning of the loops. With the S12 isolation optimized, the
three Crungs were replaced with the optimum value found
for the common rung and the coils were individually re-
tuned with the appropriate Cring. These values for Crung and

Cring (18pF and 13pF) were used as initial values for all
eight sections of the DBC.

Starting with the initial capacitance values, the birdcage
coil was fine-tuned to degeneracy with only minor adjust-
ments to Crung and Cring by adding additional rungs one at
a time and checking the resonance frequency and S12 cou-
plings of the added loop to the loops already constructed.
Only one of the ring capacitors was perturbed to adjust the
tuning of the loop. Finally, each loop section was coupled
into a coaxial cable, and an RF cable trap was used to block
common mode currents on the output coax. These traps
were formed using five turns (�1 cm diameter) of semi-
rigid coax bridged with a parallel capacitance tuned to
create a resonant parallel LC circuit in the ground of the
coax. An additional coaxial cable trap was placed 25 cm
from the coil at the T/R switch for each channel.

B1 Field Mapping

The RF body coil of the scanner was used for image recep-
tion in order to measure the magnitude and phase of the
transmit B1 profiles of the coil modes. The use of a separate
and uniform reception coil simplified the measurement of
the array’s transmit field by simplifying the usual multi-
plicative modulation of the receive profile of the coil (we
assumed the RF body coil was uniform over the FOV of the
oil phantom.) For practical use, we anticipate that a ded-
icated receive-only array would be used for image recep-
tion, but for the purposes of evaluating the parallel trans-
mit array, the use of a uniform body RF coil simplified the
analysis of the excitation patterns. The use of a separate
reception coil also allowed the relative phases of the trans-
mit fields to be measured for simple GRE images. A sepa-
rate reception coil is needed since a transceive coil image
contains no information about phase of the transmit B1

field. For the transceive case, the RF reception scales as B1

and the excitation as B1*; thus the detected image (the
product of the two) loses all phase information (33). In
order to allow the DBC array to be used as a “transmit-
only” coil, each loop was detuned during receive by re-
verse biasing a series pin diode in each segment of the
end-ring. Similarly, the body coil was dynamically de-
tuned during the transmission with the local DBC. In the
case of transmission with a mode of the DBC and reception
with the spatially uniform body RF coil, the magnitude of
the transmit B1 field is proportional to the image intensity.

FIG. 1. Eight-rung DBC (a) and its sche-

matic (b). The 280-mm-O.D. coil utilized

18pF capacitors in rungs and 13pF on the

end-rings. Each drive port is fed across the

end-ring capacitor and matched to 50� with

a series capacitance. These coaxial driving

cables were either independently excited

with each transmit channel (loop-array

mode configuration) or transformed by the

Butler matrix into the birdcage mode con-

figuration. [Color figure can be viewed in the

online issue, which is available at www.

interscience.wiley.com.]
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The relative transmit B1 phase was taken as the phase of
the image received by the body RF coil. While this method
assumes reception uniformity that may not be present in
the body at high field, other quick, T1-insensitive methods
have been described (34). The absolute B1 field at the
center of the phantom was measured based on the double-
flip-angle method (35), which utilizes the stimulated-echo
concept by acquiring images with two flip angles � and 2�,
where TR �� T1 (TR � 500 ms) such that the image signal
is proportional to sin(�) and sin(2�), respectively. The B1

field is derived from the ratio of signal magnitudes.

Butler Matrix and Birdcage Modes of the DBC

We evaluated the transmit DBC in the two different mode
configurations. In the first configuration the RF power
amplifiers directly feed the matched drive ports of each
loop, as shown in Fig. 1. We refer to this configuration as
the “loop coil” basis set because exciting a single port
produces current only in the loop associated with that
driving port. An 8 � 8 Butler matrix (24) was used to
transform the “loop coil” basis set into the orthogonal
mode configuration (36). The Butler matrix has eight co-
axial inputs and eight coaxial outputs. It is constructed
from 90° hybrids and phase shifters. The prototype eight-
port, high-power, narrow-band Butler matrix schematic is
shown in Fig. 2. The Butler matrix is the analog of a fast
Fourier transform algorithm. It can also be thought of as a
generalization of a quadrature hybrid. Like the quadrature
hybrid in which a reflected wave is canceled if the mis-
matched load is symmetric, the Butler matrix has been
found to provide reflection coefficients that are insensitive
to the load (27).

A signal at any of the input ports produces equal ampli-
tudes at all the output ports and a linear phase progression
from port to port. The phase increment depends on which
input port is used. The RF signal voltage (Si) produced at
output port i can be related to the amplitude and phase of
the input waveforms (Am and �m), where the subscript m
corresponds to the mode (37):

Si �

1

�8
�m Amej��mejm	i
1��/4 [1]

If the RF waveform is incident only on input port m � 1,
then the output ports generate rung currents with a sinu-

soidally varying phase from 0 to 2� as a function of rung
number. Thus the m � 1 mode input generates the familiar
circularly polarized (CP) uniform birdcage mode. A volt-
age waveform applied only on input port m � 
1 gener-
ates the same field pattern with the opposite circular po-
larization (the antiquadrature excitation). An RF waveform
incident only on input port m � 2 produces a similar
sinusoidally varying phase relationship, but with twice
the phase increment per rung. This is the first gradient
mode of the birdcage coil. Similarly, RF voltage applied
only on input port m � 
2 produces the antiquadrature
version of the m � 2 mode.

In principle, an eight-rung DBC driven by the Butler
matrix can produce eight modes. The eight modes include
three CP modes (m � 1, 2, 3); three anticircularly
polarized (ACP) modes (m � 
1, 
2, 
3); mode m � 0,
which is the in-phase or coaxial mode with no phase
variation between the rungs; and, finally, mode m � 4, the
linear mode with a � phase shift between adjacent rungs.
Based on the principle of reciprocity, which states that the
field associated with reception has the opposite circular
polarization of that associated with transmission, we label
the CP modes as those CP modes with the correct circular
polarization for efficient transmit, and the ACP modes as
those correctly polarized for receive. The transmit CP
modes (m � 1, 2, 3) and the receive ACP modes (m �


1, 
2, 
3) form two groups of orthogonal modes. Within
each group the modes are orthogonal to each other in the
sense that they have no mutual inductance, i.e., if U and V
are the B1 field vectors of each mode, then

��� U	x,y,z�.V*	x,y,z�.dxdydz � 0 [2]

Some combinations are also orthogonal between groups.
Given two modes m and n from the eight choices (0, 1, 2,
3, 4,
1,
2,
3), then m is orthogonal to n if |m| � |n|.
Thus, any two different modes from within the set of
modes m �1, 2, 3 (CP modes) are orthogonal to other
modes within this set, as are any modes within the set m �


1, 
2, 
3 (ACP modes). Modes from the CP set will not
be orthogonal to their equivalent in the ACP set (e.g., m �

1 is not orthogonal to m � 
1), but note that m � 1 is
orthogonal to m � 
2.

FIG. 2. Butler matrix schematic. The eight inputs

and eight outputs are transformed by a network of

90° hybrids and phase shifters. The signal at the

output port (Si) can be calculated as the weighted

sum of the input amplitudes and phases (Am and

�m). [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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RF Pulse Design

We demonstrated the feasibility of the DBC for parallel
excitation using accelerated 2D and 3D spatially selective
excitations calculated from target excitation patterns and
the measured B1 field maps. Several methods have been
proposed for the design of RF waveforms for parallel ex-
citation in the low-flip-angle domain (12,13,38). We based
our formulation on (14) the approach used by Grissom et
al. (38). The small-tip multidimensional excitation ap-
proximation with N coils is written as

m	x� � j��
n�1

N

Sn	x�� B1,n	t�e
j,x�k	t�dt [3]

where Sn are the spatial excitation maps, B1,n are the RF
waveforms for coils indexed by coil n, N is the total num-
ber of coils, x is the spatial variable, m(x) is the desired
target transverse magnetization after excitation, and k(t) is
the excitation k-space trajectory (defined as k	t� �

� ��
l

T
G	��d�, where � is the gyromagnetic ratio, G is the

gradient, and T is the duration of the gradient waveform).
After discretization of space and time, this expression can
be written as a matrix equation m � Ab. The A-matrix
incorporates the B1 coil profiles modulated by the Fourier
kernel due to the k-space traversal, and m is the target
profile in space. These linear equations were solved for b,
the sampled RF waveforms, by regularized pseudo-inverse
via singular-value decomposition (SVD).

Two types of gradient trajectories were used (Fig. 3). The
first trajectory consisted of a 2D excitation with a spiral
trajectory in (kx, ky) and no transmit encoding in z. This
was used to excite a high-resolution spatial pattern of
letters (the MIT logo) in the (x,y)-plane. The resolution for
the RF pulse design was set at 5 mm, FOV � 18 cm, and
undersampled spiral trajectories were calculated for accel-
erations of integer factors of R � 4, 6, and 8 by successively
increasing separation between the turns in the k-space
trajectory. The spiral gradient waveform designs made use

of routines made publicly available by Prof. B. Hargreaves,
and operated with a gradient amplitude of 35 mT/m and a
slew rate of 150 T/m/s (http://www-mrsrl.stanford.edu/
�brian/vdspiral). The duration of the unaccelerated (R �

1) trajectory was 9.47 ms, and the durations for the R � 4,
6, and 8 trajectories were 2.42 ms, 1.64 ms, and 1.26 ms,
respectively.

The second trajectory consisted of a 3D k-space excita-
tion using a set of line segments or “spokes” in kz, placed
at regular intervals in the (kx, ky) plane (39). The spacing in
the kx, ky plane corresponded to an FOV of 18 cm. The use
of a sinc-like RF waveform during the transversal of each
spoke achieves a sharp slice-selection in z, but with low-
resolution control of the in-plane magnetization profile.
This trajectory was used in conjunction with a uniform
target magnetization profile to achieve a uniform excita-
tion across the phantom despite the nonuniform nature of
the excitation coils. Two versions of these trajectories were
designed and tested: one with four spokes and one with
one spoke at kx, ky � 0. For the four-spoke design the pulse
length was 3.42 ms, and for the one-spoke design it was
1.2 ms.

RESULTS

Coil Decoupling and Field Maps

Tables 1 and 2 show the reflection measurement (S11) and
coil coupling (S12) measures for the loop-coil basis set and
the orthogonal birdcage basis set of the array, respectively.
The average reflection measures were 
20.47 dB for the
loop coil basis set and 
26.1 dB for the orthogonal bird-
cage basis. Thus, an additional benefit of the Butler matrix
setup is the intrinsic matching to all RF power amplifiers
in the presence of the load. Similarly to reflection cancel-
lation at the transmit input of a quadrature combiner, the
reflections at the mode ports of the Butler matrix are typ-
ically less than 10%, independently of the coil loading.
This minimizes the power derating and gain variation of
the amplifiers.

FIG. 3. a: The 2D spiral trajectory with the

RF amplitude of a single RF channel over-

laid. b: The 3D four-spoke trajectory. [Color

figure can be viewed in the online issue,

which is available at www.interscience.

wiley.com.]
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The CP and ACP modes of the Butler matrix provide
load-independent matching to the RF power amplifier as
long as the load is symmetric. The reflection measure-
ments were done under two different load conditions: 1) a
“light load” consisting of a 17-cm-diameter water sphere
doped to a conductivity of 0.46 S/m (this phantom loads
considerably less than the human head), and 2) a “head
load” condition consisting of the same sphere filled with
oil inside a heavily doped loading cylinder designed to
mimic the head load. The average reflection measurement
(S11) for the eight-loop array modes were 
7.92 dB under
the light load conditions. The use of the Butler matrix
improved this to 
22.5 dB (average for all excluding the
m � 0 and m � 4 modes, which are expected to have poor
reflection measures.). For the “head load” condition, the
reflection averages dropped from 
21.5 dB (loop basis set
average) to 
30.55 dB (Butler matrix average excluding
m � 0, 4). The exceptions are modes 0 and 4, which are
linear modes and therefore their reflection factors are de-
pendent on the loading of the array. Unlike the reflection
measures, the isolation between the different modes is
dependent on the loading condition.

The average decoupling between elements in the loop-
coil basis set was 
20.17 dB and the worst coupling was

16.1 dB. The average nearest-neighbor decoupling was

17.9 dB and the average next-nearest neighbor and high-
er-order neighbor decouplings were 
17.36 dB and 
22.4
dB, respectively. While the capacitive decoupling between
nearest neighbors was explicitly optimized in the tuning
procedure, we did not take any measures to adjust the
decoupling between next-nearest neighbors. For the or-
thogonal birdcage modes, the CP modes are expected to

couple to their partnering ACP modes. For example, if Cmn

is the coupling between mode m and mode n, then C
1,1,
C
2,2, C
3,3 are expected to couple. Excluding these three
cases, the average coupling among the orthogonal birdcage
modes was 
34.8 dB.

The B1 magnitude and phase profiles of the DBC are
shown in Figs. 4 (loop array modes) and 5 (orthogonal
birdcage modes). In both cases the field maps are in qual-
itative agreement with the expected patterns. The average
B1 field produced from each element at the center of the
phantom was 2.605 �T for a 100V input to the 50� port.
The ACP modes (m � 
1, 
2, 
3) on average showed
4.3-fold lower signal than their corresponding CP modes
(m � 1, 2, 3). For the normal mode (m � 1), the B1 field in
the center of the phantom was 4.269 �T for a 100V exci-
tation.

Accelerated Parallel Excitation

Figure 6 shows GRE images from 2D spatially selective
excitations accelerated at 1�, 4�, 6�, and 8� for both
mode configurations. The B1 pulse was appropriately
scaled across the different accelerations to maintain an
identical flip angle in the excited regions. The correlation
between the simulated spatial profile and the experimen-
tally obtained phantom image pattern was calculated to
compare the two different coil configurations. The simu-
lated spatial profile was obtained by performing a numer-
ical Bloch equation simulation of the RF pulse for each
pixel location within the phantom. The correlation coeffi-
cient between this simulated excitation and the measured
image was calculated using MatLab (The Mathworks,
Natick, MA, USA) as

Table 1

S12 Coupling Between Elements of the Loop Coil Basis Set in dB*

Coil
S12 coil coupling of the loop coil basis set in dB

1 2 3 4 5 6 7 8

1 
20.5

2 
16.9 
20

3 
16.8 
17.9 
21.4

4 
21.5 
18.3 
18.2 
20.2

5 
28.9 
23.2 
16.6 
18.9 
20.5

6 
21.3 
26.2 
21 
18.3 
18.5 
21.9

7 
16.7 
19.3 
28.6 
21.6 
18.1 
18.7 
19.9

8 
18.9 
18.3 
22.4 
27.5 
20.2 
16.1 
16.2 
19.4

*The diagonal elements represent the reflection measurement (S11) in dB.

Table 2

S12 Coupling Between Modes of the Orthogonal Birdcage Basis Set in dB*

Mode
S12 coil coupling of the orthogonal birdcage basis set in dB


3 
2 
1 0 1 2 3 4


3 
21.6


2 
46 
35.9


1 
28.9 
40 
28.6

0 
29.9 
35.4 
27.7 
26.2

1 
26.6 
34.9 
12.1 
31.7 
33.2

2 
34 
11.5 
60 
24.6 
35.9 
25.5

3 
13.1 
40.9 
26.4 
33.2 
33.6 
44.4 
27.3

4 
27.5 
35.4 
50.5 
26.9 
38.4 
30.5 
27.3 
10.5

*The diagonal elements represent the reflection measurement (S11) in dB.
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Corr � Cov	sim,data�/	�sim.�data� [4]

where Cov(sim, data) is the covariance between simula-
tion and data, calculated on magnitude maps within the
phantom boundary, and � is the standard deviation (SD)
calculated over the same spatial domain. The correlation
factor is shown in Table 3. At R � 1 and R � 4 accelerated

excitations the correlation factors for the two basis sets

were similar (�96%). The correlation factors did not sig-

nificantly drop on acceleration (from R � 1 to R � 4). This

may reflect the dominance of systematic errors in the B1

map measurements over g-factor-like amplification of the

transmit noise. An alternative possibility is that the im-

proved robustness of the faster R � 4 trajectory to off-

FIG. 5. (a) Magnitude and (b) phase profiles

of the birdcage modes produced by the

Butler matrix. The CP modes are the modes

(m � 1, 2, 3) and the ACP modes are

the modes (m � 
1, 
2, 
3), mode m � 0

is the in-phase mode, and the phase m � 4

is the linear mode.

FIG. 4. (a) Magnitude and (b) phase profiles

of the DBC in a loop array configuration. The

red lines around the phantom indicate the

position of the contributing loop within the

DBC. The body coil was used for reception.
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resonance effects compensated for increased g-factor arti-
facts. At R � 6 acceleration, the orthogonal birdcage basis
set showed a higher artifact burden than the loop coil basis
set (corr.factor � 87.50% and 92.57%, respectively).

Figure 7 shows the GRE images from the homogenous
slice-selective excitation achieved with the one- and four-
spoke 3D trajectory with a uniform target profile for both
configurations of the DBC. The degree of homogeneity was
compared by calculating the SD across the phantom as a
percentage of the mean image intensity. Using only one
spoke is equivalent to “RF shimming” of the slice-selective
excitation.

The single-spoke homogeneity was found to be SD �

15.26% of the mean with the orthogonal basis set and
SD � 16.48% of the mean with the loop coil basis set. For
the four-spoke trajectory the corresponding homogeneities
were 11.95% and 13.13%. The lower SDs for the four-
spoke trajectory but similar results between the two mode
sets suggest that increased gradient encoding is more use-
ful than the choice of basis set for this application. The
four-spoke loop coil basis set was observed to suffer from
an image inhomogeneity near the air bubble in the phan-
tom. This effect was not seen for the other configurations.

DISCUSSION

The orthogonal birdcage mode set was found to have good
isolation, Cm,n, between pairs of modes m,n with the ex-
ception of C
1,1, C
2,2, and C
3,3. A first glance, it would

appear these modes should be well isolated since the
transmit and receive ports of a quadrature driven birdcage
are known to be isolated. However, as Hoult (33) notes, it
is important to keep the notation for the fields themselves
separate from the terms proportional (by reciprocity) to
transmission and reflection. For the uniform symmetric
coil, the m � 1 field can be expressed as U � 	B1x̂
� iB1ŷ�/2, and the m � 
1 field as V � 	B1x̂
� iB1ŷ�*/2. In the case of a transmit array, it is only the
efficiency of transmission that is relevant, and thus these
two fields are appropriate as the product in the orthogo-
nality condition. Then U � V* � B1

2 is always positive
and the integral cannot vanish, suggesting coupling be-
tween the m � 1 and 
1 modes. In the case of the transmit
receive birdcage, the reception process introduces a com-
plex conjugate to the above expression for V and is pro-
portional to 	B1x̂ � iB1ŷ�/2. In this case the dot product
between U and V* vanishes and we expect isolation be-
tween transmit and receive port of a quadrature birdcage
driven by a hybrid coupler.

When an ideal DBC coil is driven in the ACP modes, no
excitation is expected since the wrong sense of CP RF is
generated (although in practice we did observe some ex-
citation, presumably due to coupling to other modes and
other imperfections in the coil.) Similarly, the coaxial
mode (m � 0) should theoretically produce no excitation
(since it lacks a current return path). Finally, while the
capacitive decoupling between nearest neighbors was ex-
plicitly optimized in the tuning procedure, we did not take
any measures to adjust the decoupling between next near-
est neighbors. The theoretical work of Eagan et al. (40)
suggests that it is not possible to decouple next-nearest
neighbors using only two adjustable capacitors.

The CP and ACP modes were well matched to the RF
amplifier independently of the load. However, for the lin-
ear mode m � 4 and the coaxial mode m � 0, the
matching was poorer and dependent on the loading con-
dition. For the m � 0 mode (rung currents in-phase), there
is no return path for the current, and the coil should act
like an open coax. For the m � 4 mode it is less clear, but
the poor reflection properties of m � 4 were also found in
Finite Difference Time Domain (FDTD) simulations (27),

FIG. 6. 2D excitation profile with

parallel transmission and acceler-

ation R � 1, 4, 6, and 8. Pulse

durations reduced from 9.47 ms

for the 1� accelerated pulse to

2.42 ms for 4�, 1.64 ms for 6�,

and 1.26 ms for 8� accelerated

pulses. All of the pulses were cal-

culated to produce identical flip

angles within the excited region.

a: Images from the DBC used in

the loop-array configuration. b:

Images from the orthogonal bird-

cage modes produced by the

Butler matrix.

Table 3

Correlation Factor in Percentage Between the Target Excitation

Profile and the Obtained Experimental Excitation Profile for the 2D

Spiral Trajectory MIT Logo

Acceleration

Loop coil

basis set

(%)

Orthogonal birdcage

basis set (%)

1 x 96.05 96.44

4 x 95.70 95.84

6 x 92.57 87.50

8 x 53.51 57.22
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suggesting that this is not just an experimental imperfec-
tion.

Given that the same spatial information should be
present in the two basis sets studied (loop coil modes and
orthogonal birdcage modes), but half of the orthogonal
birdcage modes are “dark” and in theory contribute little,
we expect that the orthogonal birdcage mode choice
should be significantly better for parallel imaging if only
four independent transmit channels are available. This is
an important consideration given the cost of additional
transmit channels. To test this we generated an R � 4
accelerated trajectory using only every other mode of the

loop coil basis set (similar field patterns to a gapped loop
coil array) and compared it with an excitation formed from
only the “bright” modes of the orthogonal birdcage set
(three CP modes m � 1, 2, 3, and the linear mode m �

4). This comparison is shown in Fig. 8. The Butler matrix-
driven orthogonal birdcage mode set was observed to have
a significantly lower artifact burden when operated as a
four-channel device. The correlation of the four loops and
four “bright” modes with the target profile was 91.68%
and 95.24%, respectively.

Figure 9 compares the R � 4 accelerated results from the
reduced orthogonal birdcage mode (m � 1, 2, 3, 4; corr.fac-

FIG. 7. Homogenous slice-selective excita-

tion achieved with one (right) and four (left)

spokes with the (a) loop coil basis set (top)

and (b) orthogonal birdcage basis set (bot-

tom). The indicated line profile through the

center is shown in the bottom right corner of

each image.

FIG. 8. R � 4 accelerated 2D excited GRE

images obtained with (a) four alternate

loops of the loop coil basis set (left) and (b)

the “bright” modes of the orthogonal bird-

cage modes (right). The white lines indicate

the position of the coils used for excitation

in the loop coil basis set.

1156 Alagappan et al.



tor � 95.24%) with those obtained using all eight modes
(corr.factor � 95.84%). There is very little difference, in-
dicating that nearly all of the spatial information needed
for the R � 4 accelerated pulse is contained in the four
“bright” modes of the orthogonal birdcage basis set. Figure
9 (bottom row) compares the reduced “bright” mode set
(corr.factor � 75.88 %) with the full set (corr.factor �

87.50 %) for R � 6. In this case the matrix inversion is
underdetermined for the reduced mode set, yielding a
poor excitation pattern, but apparently the “dark” modes
add enough spatial information to reduce the ill-condi-
tioning of the matrix central to the RF pulse design calcu-
lation.

CONCLUSIONS

We have demonstrated parallel transmit excitation using a
transmit array based on the various modes of a degenerate
mode birdcage coil. In addition to being a familiar struc-
ture used in most excitation coils, an array derived from a
birdcage design allows flexibility in the choice of the
modes used. In particular, we believe that the comparison
of the two sets of modes (the loop-array basis set) and the
birdcage modes gives this design an extra degree of flexi-
bility and novelty. In addition to being naturally orthogo-
nal, the birdcage modes have a convenient spatial B1 pat-
tern. The lowest mode is uniform in the long wavelength
regime, and the higher-order modes have center magni-
tude nulls and thus complement the center brightening
pattern that the uniform birdcage mode is seen to take on
as the wavelength shortens. A comparison of the two basis
sets for parallel transmission of a spatially tailored RF
pulse showed that both basis sets performed approxi-

mately the same for this task, with the orthogonal birdcage
modes performing better for accelerated transmit when
only a subset of coils was used.
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