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Abstract

A coil array was composed of two slott ed surface coils forming a structure 
with two plates at 90°, each one having 6 circular slots and is introduced in 
this paper. Numerical simulations of the magnetic fi eld of this coil array 
were performed at 170 MHz using the fi nite element method to study its 
behaviour. This coil array was developed for brain magnetic resonance ima-
ging to be operated at the resonant frequency of 170 MHz in the transceiver 
mode and quadrature driven. Numerical simulations demonstrated that 
electromagnetic interaction between the coil elements is negligible, and that 
the magnetic fi eld showed a good uniformity. Phantom images were acqui-
red with our coil array and standard pulse sequences on a research-dedica-
ted 4 Tesla scanner. In vitro images showed the feasibility of this coil array 
for standard pulses and high fi eld magnetic resonance imaging.
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Introduction

Multi coil magnetic resonance imaging (MRI) has quic-
kly become a wide spread commodity since its reduced 
acquisition times (> 8 ms). The developments in RF-te-
chnology and multi-coil arrays, which have been lar-
gely triggered and infl uenced by the challenges of high 
fi eld MR have led to quite a dramatic improvement of 
clinical 1.5 and 3T systems (Henning, 2008). The qua-
drature coil pair has been widely accepted for magnetic 
resonance imaging applications due to their high sig-
nal-to-noise ratio (SNR) over large volumes of interest. 
This coil array compromised of independent coil ele-
ments forming an orthogonal structure is called a qua-
drature RF coil pair (Chen et al., 1983). The principal 
radiofrequency (RF) magnetic fi eld components are or-
thogonal or nearly orthogonal, such that they can di-
rectly receive the circularly polarized MRI signals from 
a sample. Quadrature surface MRI detectors usually 
comprised of circular loop. However, the non-uniform 
sensitivity profi le is the main disadvantage of surface 
RF coils compared to volume coils, because it produces 
marked decreases of signal-to-noise ratio (SNR) for in-
creasing coil-tissue distances. Kumar and Bott omley 
recently published an optimised version of the quadra-
ture surface coil pair (Kumar, 2008). Our group has re-
cently introduced a new surface coil with a signifi cant 
improvement in image SNR over the circular-shaped 
coil (Rodríguez, 2006), the so-called magnetron surface 
coil (Solis et al., 2006). In this paper, a modifi ed design 
of the magnetron surface coil composed of circular slot 
was used to construct a quadrature slott ed surface coil 
pair. Then, a prototype of an array of 2 slott ed surface 
coils was developed to perform in vitro MR imaging 
experiments at 4 Tesla. Phantom images were then 
acquired using standard spin echo sequences and 
showed good quality.

Method

Magnetic field numerical simulation

To predict image quality, the spatial distribution of the 
magnetic fi eld, B1 produced by the slott ed surface coil 
pair was numerically simulated using a fi nite element 
method (FEM) with a three-dimensional electromagne-
tic model. Figure 1b shows a schematic of the coil pair 
and the spherical phantom used to mimic the saline-
solution phantom of the imaging experiments. The 
FEM was used due to its ability to model complex geo-
metries with acceptable accuracy. All numerical com-
putations were carried out with the commercial 
software tool, FEMLAB (COMSOL, Burlington, MA, 
USA) in a standard Intel PC running Windows OS. The 
simulation parameters were; mesh element number: 
1308, degrees of freedom: 83595, and solution time: 
92.62 s. 

Quadrature coil pair prototype

 Two slott ed surface coils with equal dimensions (fi gure 
1c) were machined in copper sheets to form ellipses 
with 6 circular slots each. These two surface coils were 
mounted on acrylic bases with a 900 separation. Figure 
1a shows an illustration of the coil array confi guration. 
50 Ohm coax cables were att ached to each coil to trans-
mit the RF signal and to receive the MR signal coming 
from the phantom into the scanner. The coil pair was 
driven in the quadrature mode. To tune and match the 
coils, both nonmagnetic fi xed-value capacitors (CD1-
CD4) and trimmers (Ct1, Ct2, Cm1 and Cm2) were used and 
evenly distributed around the coils. Each slott ed coil 
was tuned to 170 MHz (proton frequency) and 50 Ohms 
matching was used to assure maximum energy trans-
fer. To reduce coupling between the two coil elements a 

Descriptores

• arreglo de antenas
• imagenología por 

resonancia magnética
• simulación electromagnética
• antena superficial con 

ranuras
• antena transceptora
• arreglo en cuadratura

Resumen 

Se presenta un arreglo de antenas transceptoras operado en cuadratura, se con-
struyó con dos antenas superfi ciales con 6 ranuras circulares y separadas por un 
ángulo de 900. El campo magnético de este arreglo de antenas se simuló de manera 
numérica a la frecuencia de 170 MHz, empleando el método de elemento fi nito. El 
arreglo de antenas se desarrolló para aplicaciones de la imagenología del cerebro por 
resonancia magnética a la frecuencia de 170 MHz. Las simulaciones numéricas 
mostraron que la interacción electromagnética entre los elementos es nula, y mues-
tra una buena uniformidad de campo. Se generaron imágenes de fantoma con el ar-
reglo de antenas, usando secuencias de pulsos estándar con un sistema de 4 Tesla 
dedicado para hacer investigación. Las imágenes en vitro muestran la factibilidad de 
este tipo de arreglos de antenas con secuencias de pulsos estándar para imagenología 
por resonancia magnética de altos campos.
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specially designed circuit was developed and shown in 
fi gure 2. The resonant frequency was measured using a 
network analyzer (Model 4396A, Hewlett  Packard, Agi-
lent Technologies, CA) as the loss return (S11). The qua-
lity factor (Q) of the coil pair prototype was experi-
mentally determined by measuring the resonant 
frequency of the coil pair divided by the 3-dB bandwi-
dth, Δω, with quarter-wavelength coaxial cables at the 
input of each coil. The loaded Q-value was measured 
while the coil was placed on the top of a cooking oil-fi -
lled phantom. The resonant frequency of the circular-
shaped coil was measured following the same pro-
cedure as above. 

The probe interface 

In the MRI system the signal is usually processed in two 
separate paths. To obtain the magnetic resonance (MR) 
response from the sample (biological tissue), it is excited 
by an RF signal that is transmitt ed with the coil fi rst 
(when driven with a voltage at a particular frequency, 
generates a current distribution that produces a B1 fi eld 
over a sample). After switching off  the excitation, the 
sample response is detected with the reception coil.

The pre-amplifi er. The outgoing signal’s response 
from the measured sample is usually very weak and 
must be amplifi ed by a low noise pre-amplifi er. This is 
the fi rst stage of amplifi cation. The pre-amplifi er, is a 
device specifi cally designed to have a good noise char-
acteristics and it may be within the magnet.

Impedance matching network. The input imped-
ance of RF resonator needs to match 50Ω cable. Simple 
LC circuit is divided into two types, i.e., serial resonator 
and parallel resonator. The impedance of ideal parallel 
resonator is infi nitely big, while of ideal serial or pure 
parallel resonator is nearly zero. Both pure serial or 
pure parallel resonator can not absorb effi  ciently RF 
power because of power refl ected. The impedance of 
the parallel resonator can be reduced by adding a ca-
pacitor in series. It is possible to reduce to 50Ω. The im-
pedance of serial resonator can be elevated through 
adding a capacitor in parallel. It is also possible o raise 
to 50Ω. The RF power can be delivered from transmitt er 
to RF coil without refl ecting only under impedance 
matching condition.

TR switch. The RF switch is used to separate the in-
coming and outgoing signals of the combined RF coil. 
The combined RF coil can be used to receive and trans-
mit the signal simultaneously, so there are needs to 
choose diff erent paths for the transmitt ed and received 
signals because of their diff erent processing. When 
transmitt ing, the signal coming into the RF coil is am-
plifi ed up to the power of 1 kW to excite the measured 
sample. Owing to a diff erent signal levels and the dif-
ferent signal processing techniques used, the signals 
must be separated from each other with high switching 

Figure 1. a) Quadrature coil pair 
prototype formed with two slotted surface 
coils mounted on an acrylic sheet bent 
90°,  b) Eagle view of the 3D model 
showing coil array and phantom and 
c) prototype’s dimensions

Figure 2. Capacitive decoupling circuit for the magnetron coil 
pair: cable 0° and 90° represent coil element 1 and coil element 
2, respectively. Capacitors Cd1 and Cd2 do the decoupling of 
both coils. Cm1 and Ct1 are nonmagnetic trimmers (1-30 pF) for 
tuning and 50Ω matching for coil 1, and similarly Cd2 and Ct2 for 
coil 2
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times, typically a few microseconds  (time ranges from 
1 to 5 μs).

The coupler (phase shifter). The phase-sensitive de-
tection (‘in quadrature’) reduces the Larmor frequency 
to a manageable value from a computational point of 
view. The phase of the reference may be adjusted as de-
sired, before the reference is split of 90°. The two prod-
ucts are fi ltered to remove the high-frequency 
components and two quadrature signals are ready.

In vitro MRI experiments

To test the validity of this coil design, phantom images 
were acquired with a spherical phantom. All imaging 
experiments were performed on a 4 Tesla whole-body 
Varian/Siemens system (Varian, Inc, Palo Alto, CA) in-
terfaced with an INOVA console. T1-weighted axial 
images of a spherical phantom were acquired with the 
following acquisition parameters: TE/TR = 20 / 1000 ms, 
FOV = 20 × 20 cm, matrix size = 256 × 256, slice thickness 
= 10 mm, NEX = 1.

Results and discussion

Numerical simulations were performed using a spheri-
cal phantom to mimic the human brain and shown as 
bi-dimensional images in fi gure 3 right. The numerica-
lly computed magnetic fi eld clearly shows that no mag-
netic interaction between the coil elements is present. 
This is mainly due to the separation of the coil elements. 
These results confi rm a well-known fact that coils or-
thogonally arranged show no mutual interaction. The 
typical att enuation of the fi eld generated by the coil ele-
ments for points far away from the coil plane can also 
be observed. 

The spherical phantom image in the fi gure 3 left 
shows a remarkable agreement with the numerical si-
mulations: no interaction between coils and the charac-
teristic signal att enuation are shown. This also implies 
that a good isolation of the two channels was able to 

achieve with the fi gure 2 circuit. The measured coil 
quality factors are: 15.45 at –22.5 dB for coil element 1, 
and 18.88 at –24.3 dB for coil element 2. These calcula-
tions are referred to the unloaded case. When the sphe-
rical phantom was placed in the coil array (loaded 
case), the quality factors were reduced around 30% for 
both coil elements. The experimental measurement of 
the resonant frequency is shown in fi gure 4 for both 
channels. 

These data prove that both coil elements are at the 
same resonant frequency and that their expected per-
formances should be practically the same. The (dB) at-
tenuation is also within the acceptable range for surface 
coil commonly used at high frequency. Coupling of the 
coil elements can appreciated when there is a widening 
of the spectra in fi gure 4. This implies that the indivi-
dual coil performance shows a low quality factor. This 
is particularly important since at resonant frequency 
values greater than 100 MHz the coil element isolation 
in an array is achieved at expense of low coil perfor-
mance.  However, the fi gure 2 circuit is able to decouple 
the two coils to produce a great deal of isolation bet-
ween them since the widening is only a few MHz. 

From these data it can be appreciated that the quali-
ty factors are in good agreement with those reported in 
the literature (Kumar, 2008). Additionally, the capaciti-
ve circuit of fi gure 2 plays an important role in the coil 
performance refl ected in the good quality factors men-
tioned above and the loss return profi les of fi gure 4.

An example of an axial image taken at the midsec-
tion of the coil array is shown in fi gure 5a. Axial images 
were also obtained with a saline solution phantom and 
the slott ed-coil array. Figure 5b shows a T1-weighted 
image acquired with a standard spin echo sequence. 
Despite that only the magnetic fi eld was numerically 
computed, there is a good agreement between the nu-
merical results and the actual phantom image.

Figure 3. Image comparison: phantom image (left) [arbitrary 
units] and numerical simulation (right) [A/m2] of the coil array

Figure 4. Plots of loss-return-vs.-frequency for both coil elements 
for the unloaded case. coil1 and represent the 00 channel and 
900 channel, respectively
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A more realistic comparison should include the compu-
tation of the signal-to-noise ratio in the form of bi-dimen-
sional images. This electric magnetic fi eld generated by 
the sample to be imaged should necessarily be determi-
ned too. Phantom images showed a good image SNR. 
Field uniformity still requires improvement to fully co-
ver the phantom sphere. A new confi guration is neces-
sary to be used to actually cover the sphere in more 
adequate fashion. This may be solved by rearranging the 
position of the two coils via the angle formed by them. It 
is suggested to use angle value lower than 900 without 
reducing the volume available to accommodate the 
spherical phantom. These results confi rmed the viability 
of this coil array design and its compatibility with high 
fi eld imagers and standard pulse sequences. This coil 
array may also prove to be of some use for applications 
with parallel imaging techniques.

Conclusions

It has been show that the slott ed surface coil can be 
used to form a coil array to acquire phantom images 
with a research dedicated magnetic resonance imager. 
It has also been proved that the coil array design is fully 

compatible with standard pulse sequences usually 
used in the clinical environment.
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