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MRI coil parameters can be estimated via simulation using an equivalent RLC circuit to investigate coil performance. The Spice Opus
simulator was used to simulate the loss return coefficients of a circular-shaped coil and a petal resonator surface (PERES) coil via equivalent
(RLC) circuit. Simulated coefficient spectra were obtained and compared with experimentally-acquired spectra generated by both coils.
From these spectra, resonant modes and quality factors of both coil prototypes were computed at 64 MHz and compared. Impedance and
resonant frequency of the 8 petal-PERES coil design were computed and compared against those obtained with the circuit simulation. PERES
coil design produced an impedance value ofthdand an experimental resonant frequency differing by less than 1% from that predicted

by the circuit simulator. The quality factor of the coil prototype differs by only 8% from that obtained with the simulation method. Due to
construction imperfections in the coil design, it showed a drop of 8.84 dB in attenuation compared with the simulation results obtained with
the aid of an equivalent circuit. This scheme may serve as an alternative to the trial-and-error method usually used to develop dedicated RF
coils for magnetic resonance imaging.
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Los paametros de una antena de IRM pueden ser estimados empleando un circuito equivalente RLC para estudiar 8o0.d8samyHé

el simulador de circuitos Spice Opus para determinar los coeficientes de retornergioiapde una antena circular y la antena PERES
haciendo uso de un circuito equivalente RLC. Se obtuvieron espectros de manera experimental y simulada de ambos prototipos de antenas
para propsitos de comparain. A partir de estos espectros se calcularon y compararon los modos de resonancia y los factores de calidad
para una frecuencia de 64 MHz. Se calcularon la impedancia y la frecuencia de resonancia de una antena PER&3lasny8sp
compararon con los datos obtenidos con la sim@lacia antena PERES tiene una impedancia d@ §4ina frecuencia de resonancia que

difiere en menos del 1% de la obtenida con la simokackEl factor de calidad del prototipo difiebmicamente en 8% del obtenido con el

método de simulaéin. Debido a las imperfeciones resultantes de la constmcel factor de calidad de la antena muestra uindecde 8.84

dB en la atenuadin comparada con el valor obtenido con el circuito equivalente. El enfoque presentado puede convertirse en una alternativa
al método de ensayo y error usualmente empleando para desarrollar antenas de RF para iniageno&spnancia magtica.

Descriptores: Imagenologa por resonancia magtica; antenas RF; simuldci; circuito equivalente; factor de calidad; antena resonador;
RLC.

PACS: 87.61.-c; 87.61.Ff, 84.32.Hh

1. Introduction Maxwell’s equations, as a first step to studying the coil per-

formance, it is suggested the equivalent-circuit approach be

A combination of practical experience and theory is used 1Q,seq. This is based on the evidence that Maxwell's equations
build magnetic resonance imaging (MRI) coils. The usualcan pe solved via an equivalent circuit. It is well accepted
selection of the key coil parameters such as inductance (Lghat MR coil characteristics can be simulated via a lumped-
and capacitance (C) is critical to building coils with high per- gement network. This represents a first-approximation solu-
formance. Most MRI coil development has been done foljon [yt a more accurate analysis can be done via the method
lowing the trial-and-error approach. The simulation of anst moments which is a useful tool in the design of RF coils
equivalent circuit to calculate the key parameters of a MRk, \R) [9-12]. The Simulation Program with Integrated Cir-
coil provides us with a way to save time and effort [1-7]. The o\,its Emphasis (SPICE) is a good candidate for simulating
method is simple and also effective for RF coils operating atp,q performance of coils for MRI applications. SPICE has

low frequencies. The Kirchhoff voltage and current laws aréyeen previously used to study the electrical properties of a
then employed to establish a set of linear equations, whosg;|ume RF coil [13].

solution gives the resonant frequencies and the current dis-

tributions in the coil [8]. The exact solutions to Maxwell’s The physical principles of a new surface coil design able
equations represent a major problem for a number of coito improve the signal-to-noise ratio (SNR) over the circular-
configurations. Due to the difficulty encountered in solvingshaped coil was first introduced by Mansfield in 1988 [14]
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and experimentally developed by Raglriezet al. [15]. This  gramme. A number of circuit simulators can be found, but
coil design is called the Petal Resonator Surface (PERES) review of the state-of-the-art is beyond the scope of this
coil. Despite the fact that an SNR model is proposed bywork. Some examples of circuit simulators based on Berke-
Mansfield, the trial-and-error approach was still used to buildey’s code are: NGSPICE, TOPSPICE, WRSPICE, and other
the very first version of this type of coil design, taking a con-non-based SPICE simulators are: APLAC (general purpose
siderable amount of effort and time. This is because no infornonlinear circuit, system, and electromagnetic FDTD simula-
mation on the capacitance and inductance values were preuion and design programme) and the Applied Research Wave
ously provided in the literature. PERES coil has proven tdinear circuit simulator.

have a better performance when compared with the circular-

shaped coil for the cases of a) phased-array coils [16] and

b) SENSE coils [17]. Other PERES coil designs have also>- Method

been investigated [18]. Therefore, an analysis of its perfor- , . L S .
mance as a function of the electronic component values ca-Fhe _Sp|ceOpu_s light circuit 5|mulator_ (V.2.2 Ljubljana Uni-
be useful before any attempt to build a coil prototype is made"e"S'W, Slovenia [19]) was L.Jsed tq simulate the loss ret?””
The equivalent-circuit method was applied to simulate th pectra O.f RLC SEres cireuits, Wh'Ch were used as equiva-
coil performance of circular-shaped coils, and PERES coilslent C|rCU|t§ fqr circular-shaped coils. Equivalent CH’CL.JI'[S of
Despite the limitations of the lumped-element approach, i E_RES coil with 4, Sand 12 petals were alst_) l.Jsed to s_|mulate
can offer some useful information regarding the coil perfor_CO|I performance via the loss return coefficients. Figure 1
mance, and represents an advantage over the trial-and-error

approach. Simulated return coefficient spectra were obtainec 4 petals

via the equivalent circuit. Both circular-shaped and PERES T

coil prototypes were built, and their return-loss spectra were CIT T 1T 1T 7
experimentally calculated and compared against the simu- 8 petals

lated spectra, respectively. Electrical characteristics of an 8 H&W
petal PERES coil design were first simulated with the SPICE CZT T T TTITTTITTITT

programme to guide the coil construction. In addition, the- 12 petals
oretical and experimental quality factors were compared for ,_r: _ s

both coil prototypes. 00 Mt S S A A A A S e S TS R
LI T T T T T T T T T 1T 7

) ) _ ] _ FIGURE 1. Three equivalent circuits of PERES coil for 4, 8 and 12
2. Simulation program with integrated cir-  petal coils.

cuits emphasis
_ o a)

SPICE programme is a general-purpose circuit simulator Q4
with optimisation utilities for nonlinear dc, nonlinear tran-
sient, and linear ac analyses. This circuit analysis programme
was developed at the Department of Electrical Engineering
and Computer Sciences, University of California at Berke-
ley in the early 1970s. Circuits may contain resistors, ca-
pacitors, inductors, mutual inductors, independent voltage
and current sources, four types of dependent sources, loss
less and lossy transmission lines (two separate implementa.
tions), switches, uniform distributed RC lines, and the five b)
most common semiconductor devices. SPICE is a standarc ﬁ;f{f‘
circuit simulator, so a dedicated software is not essential. ;75557 5 smoas ™ 5 a6 ™7 so0rs ™ o s0arge
SPICE can be used as a tool to solve Maxwell's equations mmwmmw
based on a network analogue, like the lumped-elementnet o [\ | T T Jwewr [ hwer T Tuer T
work that consists of inductance, resistance and capacitance ™"
components. FIGURE 2. a) Diagram of PERES coil design with 8 petal coils with
K &= 1 cmradius ant =10 cm, b) equivalent circuit: L (500 nH) and
! C1 (100 pF) in the coil diagram are the inductance and the capaci-

dard hod | . he | d-el rlgnce, respectively. The capacitance and inductance between nodes
standard methods [8]. An alternative to the lumped-e ement 4pq 2 represent the coaxial cable. Matching (L) and capacitance-

network is the transmission line equivalent and can be als@ajancing capacitors are between nodes 3 and 6, and tuning capac-
used as a network analogue to solve Maxwell's equationsiiors (C1) are from nodes 6 to 10. The inductance value between
SPICE can be applied to solving this kind of problem. Therenodes 2 and 3 is represents (multi-turn coil) choke coil for{50

is a number of either commercial or free versions of this pro-matching purposes.

To find the solution of the lumped-element networ
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shows schematic diagrams of PERES coils for these three .-
cases. The inductance value of the petal coils was numeri-
cally calculated using a dedicated-programme developed by
Rodriguez and collaborators [20], because most inductance® 10
formulae do not consider circular-shaped coils formed with =
strip. To compare the simulated and experimental-acquiredE 20
return loss of an RLC equivalent circuit, two coils were built E
with the following characteristics: a) a PERES coil prototype &
with a total radius of 10 cm and a 1 cm strip, 8 petal coils with
2 cm radius and a 0.3 cm strip, and b) a circular-shaped coil
with a total radius of 10 cm. All coil prototypes were made 40 128 MHz
out of copper with a 1 cm strip. Figure 2 shows a photo of
the 8 petal-PERES coil design and its equivalent circuit with Frequency [ M|
the corresponding values of capacitance and inductance. FIGURE 4. Comparison of simulated and experimental spectra of
These coil prototypes were connected to a network anreturn loss coefficients at 64 MHz (1.5 T) for a circular-shaped coil.
alyzer (Model R3753AH, Advantest Co, Tokyo, Japan) via
a 50 quarter-wavelength coaxial cable to obtain their re-

turn loss coefficients. Coil designs were tuned to 64 MHz a) 0
and matched to 5Q. This frequency corresponds to the res- 4 petals
onant frequency of hydrogen atoms subjected to a magnetic g dl
field intensity of 1.5 T. The quality factor for different circuit =0
parameters was measured from the reflection coefficients ol 5
both simulated and experimental spectra, dividing the reso- E as;
nant frequency by 3 dB bandwidth as reported in Ref. 15. g 20l -
4. Results and Discussion 22l
Coil tuning and matching of the coil prototype was done and a b)
diagram of the entire spectrum and its Smith chart are shown 8 petals
in Fig. 3. These two parameters ensure that the coil proto- =
type is able to operate at the desired resonant frequency of 6¢ =
MHz and that, the energy transfer will be maximal, as indi- g
cated in the Smith chart. The tuning and matching measure- T
ments of the circular-shaped coil were calculated according @
to the method in Ref. 20. Figure 4 shows a comparison of loss =
return coefficient plots between a circular-shaped coil proto- 25l
type and its corresponding simulated spectrum. Coaxial ca-
ble electrical characteristics were included in the equivalent C)
circuit as depicted in Fig. 2 for a more realistic simulation. TN/ / S
A good agreement can be observed between the experimentz = W ’ r 12 petals
and simulated spectra for a simple coil configuration. The %
=10
) b) =
0 T .15
5 8
s S 20
=10 64 MHz
g -25
=15
EZD F 200 MH;41.76 Mllz ll 108 1l .
5l 63.75 MHz 139.77 MHz Frequency [MHZ]
‘ . . ‘ . . ‘ FIGURE 5. Loss return coefficient spectra of three equivalent cir-
40 70 100 130 160 190 220 cuits for different PERES coil configurations. A resonant frequency
Frequency [MHz] of 64 MHz was assumed.

FIGURE 3. Tuning and matching of the coil prototype: a) en-

tire spectrum [5 Hz - 250 MHz] showing the resonant frequency, Simulated spectrum shows a better attenuation capacity; how-
64 MHz and the harmonics, and b) 80matching to assure maxi- ever, the difference in attenuation can be explained by the coil
mum energy transfer to the MR imager. construction imperfections.
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of spurious effects originating in the coil. To avoid unwanted

TABLE |. Electrical characteristics of various PERES coil configu- Spurious signals from the coaxial cable, it is necessary to look
rations. carefully at its electrical specifications and to make sure that
the cable is properly attached to the copper strip. In this case,

Number of Frequenc ualit Attenuation . - . .
| |\:qu Y ; Qualty 4B the coaxial cable contributions did not cause evident extra
petals [MHZ] actor (Q) [dB] peaks in the spectrum.
4 63.914 3.39 1282 20.0%2 Simulated spectra of the PERES coil were obtained for
8 64.25+ 3.02 1205 271.2&¢ 2.7 different configurations and showed a very similar pattern.
12 63.85+ 3.38 1894 27.62: 2.7 Figure 5 shows spectra for various PERES coil layouts; the

resonant frequency and their harmonics can be effortlessly
TaBLE Il. Comparison of harmonics between the experimental and!den“ﬁed g_rlor tto bUIIdlntg ?t(?OH pro(tjot)%petfo_rrﬁll Ca.ses’ savil
simulation loss return coefficients. INg a significant amount of ime and €tiort. There 1S a sma
increment in the number of peaks from 8 petal to 12 petal
Resonant  Frequency [MHz]  Frequency [MHz] % Error  configuration. Simulation of the loss return coefficients is
mode (Experimental) (Simulation) able to show all the harmonics of the PERES coil. Figure 6
1 63.75 63.97 0.003 shows comparison plots of the loss return coefficients of both
5 139.77 140.8 0.007 qoﬂ designs. Thege plots can be parUcuIa@rIy helpfu_l in iden-
tifying those spurious effects caused by imperfections con-
3 200.1 198.43 0.008
4

struction, mutual inductance, quality of coaxial cable, etc.
228.2 230.4 0.009 Spurious effects usually appear in the spectrum as peaks on
either side of the resonant frequency or other harmonic peaks,
a) because small circuits are formed with different artificial fre-
guencies.

To experimentally investigate the behaviour of the coil
performance, the quality factor, attenuation, and the resonant
frequency were computed for all cases. The electrical char-
acteristics are summarised in Table 1. It can be observed that
the number of petals do not affect coil performance. There is
no strong evidence indicating that coil performance and pen-
etration capacity is affected by the number of petals. When
using too many petal coils, it is important to consider that the
3ol distance between coil centres should be at I8agb avoid
mutual inductance, since this effect can degrade the coil per-
formance [15-17]. This is simply because it is necessary to

0 L : .
230,04 MHz accommodate more petal coils in the same coil and the mini-
mum coil centre distance decreases.

From the 8 petal PERES coil design, a loss return coef-
ficient plot was computed to evaluate the coil performance
and compare the coil harmonics against those obtained via
the simulation approach. Fig. 7 shows the simulated spec-
tra of an equivalent circuit of 8-petal PERES coil and the
63.97 MHz experimentally-acquired spectra of a coil prototype with the
same dimensions and parameters. Spectra show a relatively

14080 MHz 19843 Mz good agreement between experimental and simulated loss re-
0 % 130 180 . - tum coefficients. Penetration cgpacﬂy is practically the same.
Frequency [MHz]| While the resonant frequency is the same for all cases, the

FIGURE 6. Whole spectra of 8 petal PERES coil using: a) simu- harmonics are §h|fted by a small ffequ”Cy value. It is im-
lation of the equivalent circuit, and b) experimental prototype coil. Portant to mention that perfect capacitors were assumed to
perform this simulation, so a difference is expected since no

perfect chip capacitors can be manufactured. Tuning and

The coaxial cable can be an important source of noisenatching ceramic capacitors used in all coil designs have a
mainly when it is not properly attached to the coil prototype,10% uncertainty. To fine-tune a coil, trimmer capacitors are
and this effect can be observed in a loss return coefficiemiormally used to add that small capacitance to improve the
plot. Coaxial cable was included in the equivalent circuit andresonant frequency figure. Trimmer capacitors were not in-
simulated together with the coil to identify possible sourcescluded in this simulation to simplify calculations, because the
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TaBLE Ill. Comparison of electrical parameters of the coil prototype and the equivalent circuit simulation.

Resonant frequency [MHz] Impedanise] Quality factor Attenuation [dB]
Equivalent circuit simulation 63.84+ 3.3 544 5.40 613.26 32.0& 3.2
PERES coil prototype 63.90+ 3.4 57.24+5.72 (57.22 - 1.72) 661.34 27.642.7

petal coils when the separation of the coil centres is less
than 2a. Other types of RF coils with complex configura-
tions can also be studied with the aid of an equivalent RLC
circuit simulation, before any attempt to build a coil proto-
type is made. The SpiceOpus light circuit simulator only of-
fers a first approximation to the solution because it is based
on a linear equation system. However, the information is still
63.90 MHz relevant for the development of complex coil geometries of
(27.64 dB) PERES coil designs. This is mainly due to the fact that a) the
main resonant mode and spurious peaks can be easily iden-
tified, b) performance (quality factor) can be assessed pre-
viously to build a coil prototype, and c) different configura-
tions of petal coils (square, rectangular, and elliptical) can
also be studied. A further investigation to study coil per-
formance with equivalent-circuit simulate coil may include
a transmission-network analogue.

Simulated

Experimental

i
=]
T

Loss return [dB]
=
T

=

d
(=]
T

63.84 MHz
(32.00 dB) ,
Frequency [MHz]

FIGURE 7. Comparison of simulated and experimental spectra at
64 MHz (1.5 T). The PERES coil as shown in Fig. 3 was used and
its return loss coefficients were computed.

contribution is usually small compared with the total capaci-
tance in the coil.
Table Il summarises the resonant mode values of PERE

coil for both the experimental and simulated spectra and theif has been demonstrated that it is possible to simulate the
corresponding percentage error. From Fig. 7, quality factor§pecira of return loss coefficients of PERES coils via an
were calculated and summarised in Table Ill. There is goodqyivalent circuit. These idealised equivalent circuits can
agreement between simulation-acquired quality factors angpy offer approximate solutions to the coil performance un-
experimental factors according to the data in Tables | and llger test. It has been proved that the simulation of PERES coil
This implies that using an equivalent circuit of an RF coil 10 o formance via an equivalent circuit is a good alternative to

simulate its performance is a reliable method, despite the faghg {rajl-and-error approach widely used to develop dedicated
that is based on a linear-equation system. The impedance dify;s for MRI applications.

ference of around(2 did not affect the quality factor of the

PERES coil. As arule, it is very unlikely in practice to obtain

an impedance value lower thad(). However, the attenua- Acknowledgments
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