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We propose a simple method based on the quasi-static approach to visualise the magnetic field created by a simple configuration coil
the calculation for coil inductance. Faraday’s law was used to calculate the inductance value and to simulate the magnetic field produce
circular-shaped and square-shaped coils. A software tool was developed to compute the coil inductance, and display the simulated mac
field. We compared the predicted measured values of inductance, and performed a comparison plot of area versus inductance for both
Three dimensional plots of simulated fields are also shown. A circular-shaped coil was built using the method reported here, and b
images were acquired. This approach proved to be useful as an aid to visualise the magnetic field generated by simple coil geometries
simultaneously, calculate their coil inductance values.

Keywords: Inductance; RF coil; simulation; magnetic field visualisation; magnetic resonance imaging; brain.

Un método simple basado en el enfoque cuaatesi se propone para visualizar el campo n&igoe creado por una antena, a &awlel
calculo de la inductancia de la antena. La ley de Faraday se emplea para calcular el valor de la inductancia y simular el campo producid
una antena circular y una antena cuadrada. Una herramienta software se @egsaraofibtener la inductancia de la antena y visualizar su
campo magatico. Comparamos los valores experimentalegyites de la inductancia, graficamosaeta de la antena versus la inductanc
para ambos geomé&hs. Se obtuvieron @ficas tridimensionales para mostrar la simdlaael campo magtico. Construimos una antena
circular basada en estegtodo para generar imgenes cerebrales. Estétmdo muestra que es posible calcular la inductancia y visualizar el
campo magatico de antenas RF con geoniasrsimples.

Descriptores: Inductancia; antena RF; simulaai; visualizacdhn campo maggtico; imagenolo@ por resonancia magtica; cerebro.

PACS: 42.30.Va; 76.60.Lz; 76.60.Pc; 87.57.-s; 87.61.-c; 87.61.Cd; 87.63.-d

1. Introduction A great deal of effort has been expended developing Mag-
netic Resonance Imaging and Spectroscopy (MRIS) coils,

Radio frequency surface coils have become a widesprea@'d much of the design technique is heuristic. Although the
commodity in both Magnetic Resonance (MR) imaging physical principles are establlshe_d and soft_vvare has been de-
and MR spectroscopy since their introduction in the early/€loped to help researchers design RF coils, these tools are
1980's [1]. A detailed description of the principles of mag- malnly used for pwd—cage_ coil. Not much attention has_ been
netic resonance imaging can be found in Ref. 2. UnderstanddiVen to developing the aids for the study of surface coils for
ably so; these devices are simple, inexpensive and very versMRIS. The International Society for Magnetic Resonance in
tile, and can be used in many different shapes such as rectaedicine has contributed to this end with some educational
gular, square, elliptical, circular and so forth. The popularitymaterial mainly focused on providing practical guidelines to
of surface receiving coils is due to their superior spatial sePuild both surface and volume coils [3]. Scientists and stu-
lectivity and signal-to-noise raticS\NR, compared to those de_nts interested in starting to_study the behaviour of surface
coils able to surround the entire sample. Because of its sinf<0ilS can be help by the graphical tools to understand some of
plicity of construction, the circular loop coil has received the the characteristics governing the performance of MR surface
widest attention and it is commonly used in a number of ap£0ils.

plications ranging from imaging the heart, brain, and joints, It is well known that the coil inductance for various con-
for example. This particular type of coil, which can producefigurations can be easily obtained, but these expressions can-
a higherSNRfor a limited region, is usually made of copper not offer information on the form of the magnetic field gen-
substrate and a network that is necessary to maximise powerated by the coil. In this paper, a method based on the quasi-
transfer from the loop to the RF amplifier. This kind of array static approach is introduced to estimate both the inductance
can be modelled as a coaxial transmission line. and the magnetic field isolines associated with the most pop-
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ular surface coils shapes: circular and square-shaped coils. A well-designed coil can be highly efficient as both a
The geometry of the magnetic field produced by a surfacéransmitter and a receiver. For MRI it is also desirable for
coil is clearly an important factor in the behaviour of the in- the excitation and reception to be spatially uniform in the
ductance and the coil performance. A software tool base@naging volume. Unfortunately spatial uniformity and high-
on computation of the magnetic field generated by a surfacefficiency can not both be optimised simultaneously. Increas-
coil and its inductance is proposed in this article. This soft-ing the spatial uniformity will augment the required power
ware programme is intended to help scholars and researcheaad decrease tH8NR In contrast an RF transmit coil needs
understand important characteristics of a surface coil. Théo store magnetic energy temporarily with minimal dissipa-
computational tool developed is able to generate 3D plots dfion and preferably no radiation. Although the sample mate-
the magnetic field as well as to compute the inductance ofial may absorb significant RF energy, only a minuscule frac-
two types of receive coil: circular and square-shaped coilstion of it is actually absorbed by the nuclear spins. Similarly,
Bringing these two aspects together in one tool allows ushe RF receive coil detects the rotating nuclear magnetisa-
to study the two important aspects of single-loop coils betion without extracting any significant energy from the nu-
haviour. This can be of particular interest to anyone startinglear spins. Such transfer of energy from the spins to the RF
to develop this kind of RF coil or trying to engage in more coil will cause a shortening of the free induction decay. View-
complicated arrays, such as array coils [4], SENSE coils [5]ing the RF coil as a magnetic storage device is a key to good
SMASH coils [6], and PERES coils [7]. choice design. Efficiency energy storage optimises both the
The article is structured as follows: a brief review of the transmit and receive performances of a coil assembly. Reso-
characteristics and functions of a conventional surface coihant circuits are a natural choice for magnetic energy storage.

is presented. Special attention is given to coil inductance Many different coils have been developed and, according
since it also calculation of the magnetic field generated by thep their shape can be categorised into main groups. The first
coil possible. Mathematical expressions for calculating theyroup is called volume coils, which include Helmholtz coils,
inductance are derived from the classical theory of electrosaddle coils, and high-pass and low-pass birdcage coils. The
magnetism for the circular-shaped and square-shaped coilsecond group is called the surface coil, which includes single-
A software aid is then developed that simultaneously obtaingoop and multiple-loop coils of various shapes. These coils
the inductance, and it is able to generate a bi-dimensional plgjre usually much smaller than the volume coils and, hence,
of the magnetiC field of an RF coil with an arbitrary size for have a h|ghe|SNR because they receive noises On|y from
the geometries mentioned above. To test the Val|d|ty of th|$']earby regions_ However, they have a re|ative|y poor mag-
approach, experimental inductance values were obtained antic field uniformity and these are mainly used as receive

compared to those predicted with the theory. Finally, a circoils. Fig. 1 shows some schematics and photos of RF coils
cular coil was built with the aid of this software tool and was commonly used for MRI.
:/%Sl‘bitiezr: :rgl'sr;:ngnM$h'ir2?§:éér3r]a£r:gig§: \(/)v];t?] tr;]iatléiy _ RF coils are relatively complicated structures. It is dif-

X | . . . I?icult and time consuming to analyse them exactly based on
nical remarks concerning the \./a“d'ty of this f’:\pproach n t.hethe Maxwell’s equations. However, for RF coils whose size
study of the properties of receve s_urfac_e coils a_nd descrlbelg a small fraction of a wavelength, we can use the so-called
some prototypes that were built using this technique. equivalent circuit method to analyse them. The basic princi-
ple of this method is, first to establish an equivalent lumped-
circuit for the coil by modeling a conducting wire or strip

nance imaging as an inductor, then to analyse the equivalent circuit using

i ) i i . the well-known Kirchhoff’s laws and, finally, to calculate the
Radio frequency (RF) coils have two important functions in 5y netic field using Biot-Savart's law. This method is highly
an MR system, transmission and reception of the MR signal

; : efficient, reasonably accurate, and thus very practical for the
however, there are also coils that can operate in both modeg§egign of RF coils. Some equivalent circuits of RF coils are
the so-called transceiver coil. In the transmission case, thghown in Fig. 2.

RF coil serves as a transducer which converts RF power into a

transverse rotating RF magnetic field in the imaging volume.

High efficiency for this transmit mode of operation corre-

sponds to the maximum magnetic field in the sample volumé-1. Radiofrequency subsystem of an mr imager

for minimum RF power. For the reception mode, the RF coll

and its associated preamplifier serve as a transducer whickhe function of this part of the apparatus is to apply RF mag-
converts a precessing nuclear magnetisation into an electricaktic field pulses to the appropriate region of interest, and to
signal suitable for further signal processing. High efficiencyreceive the weak MR signal emanating from the region of
for this reception mode corresponds to a minimal degradatiomterest. The RF electronics of an MR system are designed
of the inherent signal-to-noise rati8B)IR of the sample vol- to generate the pulsed RF output required to excite magnetic
ume. In this case, coils are the component of the MR imageresonance and to prepare the signals picked up by the coil for
directly in contact with the object to be imaged. the image processor. The signal paths are illustrated in Fig. 3.

2. Radiofrequency coils for magnetic reso-
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highpass lowpass FIGURE 3. Diagram of the RF subsystem of a magnetic resonance

imager. The received and transmited paths are illustrated.
FIGURE 1. Schematics and photos of some RF coils used in vari-
ous magnetic resonance imaging applications. a) both surface and
volume coils showing their use in practice. Surface coils: b) Pla-
nar magnetron coil with 8 cavities [8], ¢c) PERES coil with circular
envelope [9], d) Folded Crossed-Ellipse Coil[10], €) phased-array.
coils [4], Ampere coils for hand and arm imaging [11]. Volume
coils: popular birdcage coils.

2.2. RF coils and the signal-to-noise ratio

While coils are, to a degree, frequency discriminating, they
do not discriminate between currents induced by the trans-
verse magnetisation representing tissue MR behaviour (sig-
nal), and the portion of black-body radiation generated by
the motion of molecules (thermal noise) that happens to be

@“d"““ b) aligned in the transverse plane at the MR frequency. This

R - noise degrades image quality in all situations. The slice se-

inductance L o c0il) L lective [2] approach to MRI causes signal to be generated
f=zn11f_c

only by part of the tissue in the sensitive volume of the coil
_ but noise comes from all of the coil volume. Therefore, it
C s (CapaCitor) is best to select a coil with a sensitive volume that matches
. o . . the target volume (useful field of view in 3 dimensions) as
F|GUR.E 2. Equ|Va|ent C.|rCU|tS of Con\-/entlona|- SUIrface CO-"S: a) Closely as poss|b|e AS |0ng as the target Volume |S |ncluded
generic equivalent circuit, and b) ?q”“’a'e”t circuit of a circular- iy the coil sensitive volume, the smaller the coil the higher
shaped COI.|. The |r1(3uct|ve reactanir f L cancels the capacitive the SNR Typical MRI imagers are available with body, head,
reactance ;27 fC)~ ", and hence the resonant frequency becomes . . o
Eq. (4). and extremity coils and a range of anatomy specific surface
coils, although the range and quality of coils varies between
manufacturers and MR systems (see Fig. 1). The MR radiog-
RF coils are a very important part of the RF subsystem sinceaphers must choose the most appropriate coils for examina-
they are responsible for receiving and transmitting the magtion to ensure optimum results. In day-to-day operation, the
netic resonance signals. selection of an appropriately sized coil is the primary means
g pprop y p y

R
resistance
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of assuring the best image quality. A widely accepted form In particular, the quasi-statiENRof a circular-shaped
to measure the performance of an RF coil is8NR coil as a function of a given depth is [14]:

An MRI experiment involves the combination of two im-
portant parameters, signal and noise. This can be referred as

MV/a 3
: . SN Reircle = (2)
theSNR This parameter is an accepted standard for measure- (a2 + 22)3 16kTAfo
ment of quality in MRI studies. The MR signal is determined b

by the magnetic field generated by the coil. Noise alwaysyhereM is the magnetisation density,is the voxelk is the
accompanies a signal that is not solely due to the coil itselfgoltzmann constantA f is the receiver low-pass filteT, is

but the human body too. The biological sample (patient) prothe temperature of the loss resistanesds the conductivity
duces a resistance that is comparatively large, since it is gf the half-spacea is the coil radius, and,, is the depth of

poor conductor, and contributes significantly in the noise figthe observation point. Similarly, the squared-shaped3dR
ure induced to the coil. To include the biological sample re-is [14],

sistance, th&NRexpression is [12-13]:

Peak signal
SNR = RMS noise (1)
|
MV
SN quuare: (3)

\/(52 +22) (47 +22) \/IGWkTAfU (352 + (1 +v2))

wherel is the length of one side of the square-shaped coll

Egs. (2) and (3) are based on the model of a lossy half—spaéaaconsiderable amount of time and effort. Fig. 2 shows some

in the quasi static case. The coils are assumed to have no cosgquivalent circuits for RF coils.

ductive loss and the noise is dominated by the sample. It is

worth mentioning that the model of a conductive half-space?.4. Quality factor of an RF coil

used here is adequate for cases in which the coils are small . o )

compared to the sample. Equivalent expressions can be fourl@ Provide a quantitative way to measure the quality of the

for volume coils like the traditional birdcage coil. circuit, a quality factorQ can be defined as the energy stored
divided by the energy dissipated per period. Thef a res-
onator can be expressed as [15]:

fL

Surface coils are generally operated as resonant circuits. Q Reoit ®)
Therfore an equivalent circuit can be formulated to study the  EFrom Eq. (5), it can be said that a highshould have
parameters affecting the design of an RF coil [15]. In a resog small resistance. The higher t@ethe higher the ratio of
nant circuit, equal amounts of energy are stored in the electrifyx density produced to power dissipated in the coil. Typical
and magpnetic fields, with the energy exchanging repeatedlya|yes for loaded coils range from the order of magnitude of
between the electric and magnetic fields. Electric fields withi g to that of 100. The relative values &f.,; and Reampie
lossy dielectrics (patients) lead to increased resistance in theyn be determined by measuring @®hen the coil is empty
coil, the electric fields should be associated with the capacand when it is loaded by a patient or a phantom (water-filled

itors used for tuning and matching the coil rather than theyottle). The best indicator of the coil sensitivity is the ratio:

stray electric field of the coil. Surface coils can be regarded

as a resonant circuit, being composed of a resist&ead Qempty _ Reoit + Rsample ©6)

inductancel, and a capacitand@. These circuits are com- Qioaded Reoit

monly calledRLC circuits. The design of MRI surface coils provided the dielectric losses do not contributeRQ, e

strongly depends on these parameters. Consequently, usiigatient). This ratio can be 5 times or more for a magnetic

Kirchhoff’s law for circuits in Fig. 2b, it can be obtained that field strength of 1.5 Tesla; thus coil losses contribute less

the resonant frequendyijs: than 11% of the observed noise value. Therefore, a good
) coil design should have B,qmpie > Reoir. A much simpler

f=— (4) approach is to calculat@ according to the following expres-
2V LC sion [16]:

The simulation of an equivalent circuit to calculate the Q f )
key parameters of a MRI coil provides us with a way to save Af

2.3. Equivalent circuit of a conventional surface coil
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where A f denotes the bandwidth, which can be measuredurement ofinductance and capacitance of an RF coil is an
easily with the aid of a network analyzer. The measu@ed important aspect when constructing coils dedicated to MRIS.
factor includes the contribution of the capacitor’s resistanceln the case of simple geometries such as the circular and
and one must be aware that many capacitor manufacturesgjuared-shaped coils, several equations to estimate the induc-
specify theQ of their products. High quality chip capacitors tance of the coils have been proposed. Bueno and cowork-
are thus recommended to be used in the design of an MRidrs [17] have shown that all these mathematical expressions
coil, to avoid unwanted resistance contributions coming fronof inductance are equivalent. In additon other methods have
these electronic components which can drastically affect thbeen introduced that are both analytical [18-19] and numer-
quality factor. ical [20] to compute the inductance of a surface coil. The
inductance of circular and square coils was obtained using
Eq. (8), where the corresponding magnetic field was first cal-
culated using the Biot-Savart law.

The resistance and inductance depend on the shape of the A position-dependent function is required to map, point
coil. Of particular interest is the inductance, because it allowdy point, the magnetic field generated by a surface coil. This
us to study the energy stored in a coil and its relation to thepproach can give a spatial resolution to the magnetic field
magnetic field. The physical inductance can be studied usinfpr a particular shape of surface coil. Eq. (8) together with
the magnetic flux model as in classical electromagnetism. Ithe calculation of the magnetic field of a circular-shaped coil

3. Inductance calculation of a surface coil

is well known that inductanck is defined as (see Appendix), an inductance formula can be derived:
1
L:f,/B~dS7 (8) . R 2m (R )
¢ 10 / — zrcos(w
s Leir = — dwdx (9)
2 R?+ 22 —-2R 3/2
whereB is the magnetic field in the cross-section of aia 0 0 (B +e @ eos(w)

andi is current. Eq. (8) shows that the magnetic field in this

areaSis proportional to the current and inductance. It canwhereR s the coil radiusx is the distance between the coil
also be proved that, for a constant current, there is a direct réentre and an arbitrary poing,is the angle formed by the ra-
lationship between the magnetic field of the surface coil andliusRand the distance, andy is the permeability. Eq. (9)

its inductance. This is an important aspect to be considered ighows that coil inductance can be obtained via the calcula-
deve|oping surface coils for MR |mag|ng and Spectroscopytion of the caill magnetic field, which is a function of the caoll
This inductance formula (Eq. (8) provides a way to actuallyradius and positiom.

map the pattern of the dependence of spatial coordinates on The analytical expression to compute the inductance of a
the magnetic field generated by the surface coil. The measquare-shaped coil can similarly be found as in Eq. (9). The
| inductance formula is:

Ty
o é l—y Y A l—=x n T dudy
x

+
Jewire VPre | T | e a gy Ve

0 0

o A Yy l—y A z l—x
+— / / + + - + drdy (10)
Am l—= \/(l—x)2+m2 VIi—y)?2+ (1 —2)? Yy L/x2+y2 y> + (Il —x)*

0 0

wherel is the square size. The magnetic field expression

[Eq. (10)] on a square coil is dependent of the coil SizelHence, a possible solution can be found by using a numerical
(length of a side) and the positior,Y). Unlike the majority approach such as Simpson’s rule.
of textbooks on electromagnetic theory (21-26), these induc-

tance formulae above depend on the magnetic fields which

are functions depending on the spatial coordinatgd and 4. Magnetic field simulation and inductance

the actual size of the coil. This approach provides a scheme calculation

to point-to-point map the magnetic field generated by the sur-

face coil and calculate the inductance value for that particulafo compute the inductance of a surface coil with the formu-
configuration. It is necessary to find primitive functions for lae above [Egs. (9) and (10)], it is necessary to first calculate
Eqgs. (9) and (10). This can be a very complicated task, sincthe point-by-point magnetic field inside the RF coil. The
no primitive functions exist to compute these integrals.magnetic field of the circular and square-shaped coils were
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numerically computed. To obtain the point-by-point mag-sheet MS Excel (Microsoft Office 2000) for plotting and files
netic field within a circle as shown in Fig. 4a, the coil waswere created. A software tool was then developed to put
centered at the origin of a coordinate system, and then coregether the output of the inductance calculation process and
centric circles were then formed by increasingntil the en-  the visualisation of the magnetic field.

tire area is covered (Fig. 48 was fully coveredx=R). The

magnetic field generated by the square-shaped coil was car-

ried out by selecting dxdyto form a differential of areain- 5. Software tool

side the square depicted in Fig. 5a. This procedure was again

repeated until the whole of the area was covered (Fig. 5b)TO facilitate the study of the behaviour of the magnetic field
In both cases, each different contribution represents the magnd the inductance of these two surface coils, a software tool
netic field at each point within the area formed by the coilwas developed. This programme can be used to calculate
geometry; therefore, the summation of all of them gives théhe inductance value of both circular and square-shaped coils
total magnetic field inside the coil. Since the numerical soWhich can be used as a guideline to built a coil prototype, and
lutions for the magnetic fields [Eqs. (A.7) and (A.20)] are to illustrate the pattern generated by the magnetic field of the
highly-computationally demanding, all the numerical calcu-surface coil. Similarly, computer programme were specially
lations of the magnetic field were done in Visual Basic (V.6,Written in Visual Basic to compute the integrals in Eq. (9)
Microsoft Co., USA) with a 500 MHz Intel Pentium PC. A and (10) using Simpson's rule. The Excel application was
numerical simulation of the field can be easily displayed us2lso used to display the magnetic field in the form of three-
ing these spatial data. To easily visualise the simulations ofimensional plots. In Fig. 6, some plots produced by the pro-
the magnetic fields, the data were imported into the spreafiramme are shown.

FIGURE 4. Calculation of the magnetic field of a circular coil. a) A vector diagram for an arbitrary point P which is selected inside the
area of circle, then the distance from the point to a current element is measured. In order to obtain the contribution of this point, the
distance to the centre)and the circle radiusR) are obtained too. The sine and cosine rules can be used to yield an expression to calculate r.
b) Magnetic fieldB.;-(z, y) in a differential area oflxdywithin the surfaces (circle). All the contributions in the circle inside the ar& (
should be considered until the entire area is scanned.

a) b) c)

|
|
l
0 |
|
|
|
|

L-y

.B( x,y)
* Pixy) dy _(%B(x,‘w

dx x L-x
FIGURE 5. Calculation of the magnetic field of square-shaped coil. a) a side view of the square showing the vector diagram of the magnetic

field applied on the poinP. b) Schematic showing the integration limits for the four sides of the square-shaped coil. ¢) Magnetic field
Bsgrt(z,y) in a differential area ofixdywithin the surfaceS (square).

Rev. Mex. Fs. E52(1) (2006) 1-12



MAGNETIC FIELD VISUALISATION AND INDUCTANCE CALCULATION OF A SIMPLE CONFIGURATION SURFACE COIL AT... 7

Casa ahierta al tiempo
UNIVERSIDAD AUTONDMA METROPOUITANA)

Calcnlator of surface coil inductance

03134950678

T,

‘I'Ilmmmmnn|.'.u.f-.l"‘r:_j risdss e i ‘ll|f|m”"l'l'ﬁﬂ I

N
BIESIBES
D2SESJIES
WIESQSES
01 5ES2ES
01 ES1 665
BSESIES
wi E+05E-&

i

FIGURE 6. Some windows of the software tool to calculate the inductance of the surface coil are shown. a) starting page, b) coil select
page, c) mapping of magnetic field generated by a circular-shaped coil, and d) magnetic-field isolines of square-shaped coil.

6. Experimental inductance and 7b. The inductance plots show very good agreement be-
tween the inductance values obtained with the simulation and

In order to compare these theoretical results of both circulage experimentally-obtained inductance values. To compare

and square-shaped coils against experimental inductance Ve inductance of both coils, a plot of area versus inductance

ues, coil prototypes of different sizes were built. Hence, resiy each case was computed and shown in Fig. 8.

onant circuits were constructed by attaching a non-magnetic

capacitor (American Technical Ceramics: series ATC 100B,

non-magnetic) in series to each coil: the capacitor valued. Development of a surface coil prototype

were the same for all cases. A 3D coaxial cable was ) o o
also attached to the coil to conduct the signal. The inducT0 Use an RF coil for MRI applications, it is necessary to tune

tance of a coil can be calculated by measuring its resonarit t0 the specific resonant frequency and match it t6250
frequency with a network analyzer (Advantest R3753 AH, The resonant frequency is determined by the species to be
Tokyo, Japan) provided the capacitor value is known. Sincé!Sed, for example, 1H, 13C, 19F, 23N and 31P, which have a
all measurements were done with a network analyzer, losgPecific resonant frequency depending on the magnetic field
return plots were generated and the resonant frequency wa§ength [2]:

measured for each coil. To finally obtain the coil inductance, v

the following formula was used: f=5_-Bo (12)

exp = % (11)  where the gyromagnetic ratio ig By is the uniform mag-
Am2f2C netic field applied, andl is the Larmor frequency of the nu-
whereC is the capacitance arfdthe resonant frequency of cleus. In our case, we take the proton gyromagnetic ratio,
the coil. Finally, to test the validity of this method, com- 42.58 MHz/T. The 1H species is the most significant nucleus
parison plots of calculated and experimentally measured dafar most MRI studies because of this natural concentration in
for the two geometries were computed and shown in Fig. 7éhe human body as part of the water molecule and its high
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NMR sensitivity. The high sensitivity of the 1H species can

be intuitively understood by considering the fact that there
is typically only one electron shielding the magnetic moment
8 that the nucleus produces. This lack of shielding is even more
pronounced for the hydrogen in water, where the nature of
the O-H bond is covalent. This tends to remove the shielding
| electron from the 1H. The effect of this is to make the nu-

L cleus’ state more easily permutable from external influences.
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il ] 7.1. Resonant frequency tuning

&
Experimental iductance [WH] —

A circular-shaped coil was then built with the aid of this

=l

400 500 600

0 200 300 P
. A software to resonate at 64 MHz. This is the resonant fre-
Theoretical mductance [mH] quency of single protons when a 1.5 Tesla magnetic field is
b) w0 - T - T - applied. Hence, the theoretical inductance of a 1 cm-wide
E strip coil with coil radius of 15 cm is 408 nH. From this re-
= 500 » 1 sult and Eqg. (11), a chip capacitor (American Technical Ce-
ramics: series ATC 100B non-magnetic) with a capacitance
i ] value 15.21 pF was attached in series to the coil to produce
the desired resonant frequency. The circular-shaped coil was
2 Ll mounted and fixed on a rigid surface to facilitate tuning and
’ matching of the coil prototype. Resonant frequency was mea-
* sured with a network analyzer as indicated in Sec. 6. Fig. 9a
r shows the resonant frequency of the coil prototype.
1001
. . . . . a)
" 100 200 , 3 400 500 600 74.76 MHz
Theoretical inductance [mH] =) f
~
FIGURE 7. Comparison of the theoretical and experimental values g 58.04 MHz.
of inductance (&) circular coil for radii: 4.5, 5, 6.5, 7.5and 8.5cm. &
(b) square-shaped coil for sides: 4, 6, 10, and 16 cm. g
§
g
= 64.65 MHz
400 T T T T T .
s
3501 k
b
3001 )
=)
= 2s0f o
: [+
g 200
© o
=
S 150
= [+]
100f 0o
[+]
[+]
50
o i
a
0 1(')0 260 3;)0 4:)0 st'm 600 R +_]'X =51.84 Q-2.26
Area [cm?|

FIGURE 9. Coil characterisation: a) resonant frequency tuning and
FIGURE 8. Comparison plot of inductance values of both coils as its bandwidth measured at 3 dB, and b) Smith chart showin@ 50
a function of the area. It can be appreciated that inductance for thematching. Quality factor of coil prototype was computed using
tow coils is approximately the same. Eq. (7), soQ = 31.4.
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cal inductance expressions for both coils were derived and
their solutions were found via numerical solutions. These so-
lutions offered not only a way to compute their corresponding

inductance values as a function of the coil size, but also a way
to map the magnetic field generated by each coil configura-
tion. Because of the highly computational nature of the solu-

tion, a software tool to automatically compute the inductance
of both configurations was developed using widely available

software.

Figure 6 shows the magnetic field associated to the cor-
responding coil configuration and the inductance value for a
particular sizer radius ol , square size). The encouraging
results in Fig. 6 indicate that this software tool might be of
some aid in obtain a preliminary value of the inductance of
the coil, as well as in providing an idea as to how the proto-
type performs by plotting the magnetic field. The visualisa-
tion of the magnetic field can also facilitate the understand-
ing of the uniformity patterns of the coils. These magnetic
field plots are in very good agreement with those reported by
FIGURE 10. Coronal brain images obtained with a circular coil Sobol in 1986 [26]. The magnetic field of a square-shaped
prototype designed with the aid of the software tool. Images werecoj| generates high peaks of the magnetic field at the cor-
acquired with th.e follpwing parameter_s: TE/TR =171/3700 ms, ners, see Fig. 6d. From Fig 6¢ & 6d, it can be seen that the
FOV =75 cnf, slice thickness = 4 mm, image size512 x 512. magnetic field patterns of the circular coil and squared-coil
) show important differences. These contribute negatively to
7.2. 508 matching the image quality in the form of undesired artefacts. This can
The frequencies employed in MRI are in the same range agsually appear as image hyperintensities that mask out the
those used for radio transmission, so to shield the signalkelevant information. However, these defects can be easily
coming from a region of interest, a coaxial cable is normallydiminished by chopping the corners off to get a more rounded
used. The type of cable imposes a constraint, the so-calleghape.
characteristic impedancégéand only if, at the end of the ca- Figure 7 shows that numerically-acquired inductance
ble, there is a termination of resistanReZ,. If R differs  shows a very good agreement with the experimental induc-
from the valueZ,, the power is reflected. Similary, in gen- tance obtained with a network analyzer. It can be observed
eral, if we measure the impedance between the conductofeom Fig. 7 that calculation of coil inductance with the soft-
of a cable terminated with an impedancdi.e. Zis at the ware tool developed here can serve as a guideline to calculate
opposite end from our measurement), we will not record ahe coil size too. Coil size is an important issue in MRI, since
valueZ. Only if Z=R=Z, will that value be recorded, the ca- coils having big radii tend to capture higher noise levels com-
ble otherwise acts as an impedance transformer. Thereforg from bigger regions of interest; this effect degrades the
coils are usually matched to SDto assure maximum energy image quality. It is then suggested small coils to be able to
transfer from the sample to the MR imager. The coil is con-generate higlSNRimages. This approach is mainly used in
nected to a network analyzer via a(3@oaxial cable to form phased-array coils, an example of this type of coil is shown
a coaxial transmission line and to measure the resonant fréa Fig. 1e. Knowing the inductance of a coil before building
quency and the 3@ matching. Fig. 9b shows the resonant a coil prototype can save a considerable amount of time and
frequency of the coil prototype. The %0-coaxial transmis- effort. Figure 8 shows that the coil inductance for a similar
sion line (quarter wavelength) was also used to carry the MRrea is approximately the same. This implies that both coil
signal to the preamplifier of the RF subsystem (see Fig. 3)configurations can be used indistinctly. However, an advan-
The coil prototype was tested on a 1.5 Tesla Signa LX imagetage of the square coil over the circular coil is that the field
(General Electric Medical System, Milwaukee, WI, USA) to- uniformity of the former is slightly better than the latter one.
gether with standard clinical sequences, and brain images dfuning, matching, and quality factor of coil prototype com-
a healthy volunteer were acquired. Fig. 10 shows brain coropare very well with those reported in the literature [27].
nal images obtained with a circular-shaped coil designed and Since Microsoft products have been used to develop this
built with this method. software tool, a number of restrictions are applied by the
company. Potential users must purchase the corresponding
8. Di . licenses to use Visual Basics and Excell programmes. The

) ISCUSSIon access to a wide number of potential users is drastically re-
A simple approach was used to calculate the inductance afuced due to license restrictions. Java language can be a gooc
circular-shaped and squared-shaped coils for MRI. Analyti-alternative in order to avoid these restrictions, because it can
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be freely obtained and it is compatible with almost any com-  Also, if | = Rw thendl = R dw and taking
puter platform available on the market. In addition, a number ;
of potential users can gain access to this software tool on the A= Z—O (A.4)
Internet. T

We have proved that a method to simultaneously calcuand sing) = cos(c) (# = 90° +a) and replacing Eq.A.3) in
late the inductance of a surface coil and simulate its magneti€d. (A.1), the rate of magnetic field is:
field can be elaborated for simple coil configurations. The dl cos (@)
combination of these physical parameters can serve as a tool dBeir = A
in designing coil with complex geometry. Itis also possible to o _ )
visualise the behaviour of the coil magnetic fields via the cal-  Substituting Egs. (A.2.a and b) in Eq. (A.6) and consid-
culation of the coil inductance. These coils designed with thi€ring thatdl = Rdw, the magnetic fielddB can be rewritten,
method did not require any further adjustments before oper- R — x cos(w)
ating on a clinical imager. This computational programme dBeir = RA-———— 3
proved to be useful in building a coil prototype with a sim- (R? + 22 = 2Rr cos(w))?
ple geometry for a commercial MR imager. It is also com-Integrating Eq. (A.5), the magnetic fiel&(x) of a circular
patible with standard imaging sequences to generate qualioil as shown in Fig. 1a is
brain images as shown in Fig. 10.

- (A.5)

dw (A.6)

2m

- dBoy = T [ e @4 @A
9. Conclusions dm ) (R? + 2% — 2Rr cos(w))

o

A software tool to compute the inductance of an RF coil as  An expression for the magnetic flux can be calculated

well as the visualisation of its magnetic field has been develfrom Eq. (2)

oped for simple RF coil configurations. The computational o

method proposed in this work offers an alternative approach / Ryui / R—x cos(w)
5 (

cdw | dS (A8)

ial- - i i ¢ci7‘:
to the trial-and-error method widely used in the development A R244?—2Rr cos(w))

of RF coils for MRI. It has been proved that widely-available s
commercial software together with a first principle approaci‘wheredSz re?- 7t = w(e+1) (e-1) dr and
can be used to build a computational tool to assist researchers

and scholars in the development of RF coils for MRI. de =r(e—1), zx 7”6_; 1’ dS — 21 (A.9)
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The inductance of a square-shaped coil can be calculated in a
similar way to the case of a circular loop. Itis only necessary
to obtain an expression for the magnetic fidBgenerated

by a square loop, Fig 5a shows a square-shaped coil carrying
a current and where

A Appendix: Calculation of surface-coil mag-
netic field

Al. Circular coil

According to the Biot-Savart law in Fig. 1a, the magnetic sin(6) = cos(6) (A.11)
field dB produced aP per current element time the change  Hence, the magnetic fielB of a square-shaped coil for
in magnetic field in lengttdl for a circular loop can be ex- points inside the coil is:

pressed as:

o Acos? (0)
idl sin (0 dBgjy = —————~ A.12
dBcir = %T() (Al) cir I2 ( )
wherer goes from current elemerit]l to the pointP, andg ~ additionally,
is the angle betweencurrent element directions. If we take 2
= Al
R = R, and apply the cosine rule, we obtain: dl = sec”(B)dp (A.13)
r2 = R+ 1% — 2Rz cos(w) (A.2) replacing Eq. (A.13) in (A.12), we obtained:
3 2 .,
I2:R+T’272RICOS(W) (A3) dBSqT: Z COS (/6)2866 (6) — )\COb(ﬁ)dﬂ (A14)
X X
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(A.14) Integrating Eq. (A.13), an expression for the magnetic field of a square coil can be found:

Y
B(@,y)sqr = / Acos () df _

T

A -y

—sin(B)

T

l—y A

1
vVaz+12|_

= (15)

Equation (A.15) represents the magnetic field at a pB{mty) due to a current | along a segment of lengthin this
particular geometry, it is necessary to consider all four sides of the square (Fig. 5b). The superposition theorem is use
calculate the total magnetic field at a particular point.

Equation (A.15) can be rewritten to include the four sides:

l—y —x Yy T
B(a.y) A 1 n A ’ 1 A 1 n A ‘ 1 (A.16)
x, = - N hy—— ] .
Y)sar x| Vz2 + 12| l—y |vVz2 + 12 I l—z |22 +12 vt Y Vz2 £ 12 ol
(A.16) Developing Eq. (A.16), it can be
A l—y y A l—x x
B Zz, = - + + —+
( y)sqr x [\/(l—y)Q-l-lQ \/x2—|—y2 l—y [\/(l—x)Q—l—(l—y)Q \/x2—|—(l—y)2]

A Y l—y A x l—x

+ + = + (A.17)
I~z | @+ -2 JI-22+0-y?| ¥ lwuyz ViRt (- 2)?

Prior to obtaining an expression for the inductance of square-shaped coil, a formula for the magnetic flux should be fou
then from Eqg. (2) the magnetic flux is:

(] v
B(m’y)sqr_s/<x [\/(Z—y)2+l2 - V2 +y?

+/<Zj\m

S

A

l—2x x
+l—y[wl—x)uu—y)”¢m2+a—y>2D'dS
Yy I—vy A x l—x
— edS (A.18
¢y2+<zx>2+¢<lx>2+<zy>21+y ¢z2+y2+¢y2+<Zx>2D M

To solve Eqg. (B.8) it is necessary to obtain the integral limits for each side of the square in Fig. 5b and 5c, so tha
becomes,

i [ (] 1—y y A - z i
Psar = 47‘r//<$ _\/(l— )2+ 12 \/x2+y Jrl—y[\/(l—x)2+(l—y)2+\/x2+(l—y)21>dyd

0
z Y _
Hot A Y l—y A x l—=x
+ ﬂ0/0/<l—x_\/y2+(l—z)2+\/(l—x)2+(z_y)2]+yl\/x2+y 7 Ddydx (A.19)

Finally, the inductance formula is

Ho Y A l—x T
Lsgr = //( [ +lz+\/x2+y2 Jrl—y[\/(l—x)Q—&-(l—y)QJr\/x2+(l—y)2‘|>dydx

lfy é T | —x .
//<l—x[ (l—$)2+\/(l—m)2+(l—y)2]+y[\/xz—f—y NS (EToE Ddyd (A.20)
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