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Fast Frequency-Sweep Analysis of RF Coils for MRI

15

Dan Jiao and Jian-Ming Jin*

Abstract—A fast frequency-sweep technique is developed for the anal- 5-
ysis of radio-frequency coils for magnetic resonance imaging. This tech-
nigue applies the method of asymptotic waveform evaluation to the
moment method solution of the integral equation for the original physical
problem. Numerical examples show that the proposed technique can speed
up the analysis by more than an order of magnitude. 5]
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Index Terms—Asymptotic waveform evaluation (AWE), magnetic reso-
nance imaging (MRI), method of moments (MoM), radio-frequency (RF)
coils.
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|. INTRODUCTION -5

The radio-frequency (RF) coil is an important device in a magnetic
resonance imaging (MRI) system. The primary method used for its ¥ (em) ¥ (em)
analysis and design is based on the equivalent lumped-circuit model
[1]-[5]. In this method, whose details are described in a recent boblg- 1. Subdivision of a birdcage RF coil into small triangular elements
[6], the conductors used to construct an RF coil are modeled &&Pacitors are not shown).
inductors and the RF coil is then modeled asiani network. The

Kirchhoff voltage and current laws are then employed to establishfiegral equation for the RF coil analysis. Numerical examples show

set of linear equations, whose solution gives the resonant frequengjgs the proposed technique can speed up the analysis by more than
and the current distributions in the coil. The method is simple angh order of magnitude.

also effective for RF coils operating at a low frequency. However,
by modeling a conductor as an inductor, one neglects the current
variation in the conductor and also the radiation loss of the conductor. II. - FORMULATION
This introduces a significant error in the analysis of RF coils operatingConsider an RF coil made of conducting sttipend lumped
at higher frequencies. As a result, the equivalent lumped-circaiapacitors and possibly enclosed in an RF shield. A voltage source
method becomes inaccurate and often predicts the current distributig@plied to the coil will induce an electric current in the coil and the
that disagrees with measured data. shield. The electric field intensity produced by this current can be
A more accurate analysis of RF coils is to employ the methaekpressed as
of moments (MoM) [7], which is based on the exact solution of .
Maxwell's equations. This analysis is valid at both low and high E(r) = —jk;,//@(r,r') .J(T')dr' (1)
frequencies and it is also applicable to complex RF coils having E
structures such as RF shields and end-caps. Recently, the MoM has
been used for the analysis and design of RF coils for MRI [8]-[11lvhere k is the free-space wavenumber,is the free-space wave
With the MoM, the analysis is performed at a specified frequencynpedance,S denotes the conducting surface of the coil and the
Since RF coils are highly resonant devices, the analysis must sigeld, J denotes the unknown surface current density. Srand
repeated at many frequencies with a very small frequency incremér, ') is the well-known free-space dyadic Green’s function given
in order to obtain the frequency response of an RF coil. This resultshig
an excessively long computing time, especially when many designs
have tQ be evaluated. . _ a('r,rl) _ <T+ VY)Q(T,T'). g('r,r')
In this paper, we describe a fast frequency-sweep technique to al- k2
leviate this problem. This technique applies the method of asymptotic
waveform evaluation (AWE) [12], [13] to the MoM solution of thewith I being the unit dyad.
To determine the unknown surface current densltywe first
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Fig. 2. (a) lllustration of two joint triangular elements. (b) Vector plot ofFig. 3. (a) A capacitor applied &t.,. (b) A voltage source applied &, .
the RWG functionf,,.

(RWG) basis functionf, (r) [14] Vm (k) == / / B} fmlr)dr (©)
L
N
J(r) = Z I.f,(r) (2) whereT,, andT,, denote the support of,, and f,,, respectively.
n=1 If there is neither a capacitor nor a voltage source appli€f,at

where N is the number of unknowns, which is the number of edgégen ‘%-(k) - 0_ b?cause the b(_)undary condition require_s that the
shared by two triangular elements, afig denotes the unknown tangential electric field must vanish on a perfectly conducting surface

expansion coefficient. The RWG basis functip(r), also known (see Appe_ndix fora more genera! c_ase). Ifa cgpaﬁtgris applied
as the triangular roof-top function, is defined over two trianguleiart Tm, as illustrated in Fig. 3(a), it is easy to find that

elements joined at a common edge 2
oo Vi k) = =321, 1) ™
o pn, rvinT)
f.(r)= an” B o ©) wherew denotes the angular frequency. Clearly, this can be moved to
' EP" » rinT, the left-hand side of (4), which is equivalent to add{ig,)?/jwCi,
0, otherwise to Z,.m,,. If a voltage sourcd’,;,” is applied atl;,, as illustrated in

. . . . Fig. 3(b), then
where T denote the two triangles associated with thth edge,

AT are the areas of trianglég, (,, is the length of thexth edge, Vi (k) = £,, V5" (8)
and p are the vectors defined in Fig. 2(a). The vector plot of

£, (r) is illustrated in Fig. 2(b). The most important feature of thigvhich provides the right-hand side of (4) for a solution/o).

basis function is that its normal component to edges a constant ~ To obtain the solution of (4) over a wide frequency band, we
(normalized to one) whereas the normal components to other edgggand/(k) into a Taylor series

are zero. This feature guarantees the continuity of current flow over 0
all edges and make§, the current density passing throu_gh edge I(k) = Zmn(k — ko) 9)

£n. Triangular elements are chosen here because of their excellent fapurd

modeling capability of arbitrary geometries, which is not shared by

rectangular elements. whereko is the expansion point. Substituting this into (4), expanding

Applying Galerkin’s method to (1) results in a matrix equation the impedance matrix(k) and the excitation vectoV’(k) into a
Taylor series, and finally matching the coefficients of the equal powers

Z(k)I(k) =V (k) (4)  of k — ko on both sides yield the recursive relation for the moment
vectors
in which the impedance matri¥ and vector” have the elements
given by mo =2 (ko) V (ko) (10)
i (k) I 2 (koY
Zontir =it [ [ [ [ 1) 1.6 - o =77 ) |F Ry | )
T T ‘ ) = )

(DY f. () |g(r.7")dr' dr (5) Where Z® denotes theth derivative of Z(k) and I_ikewiseV("‘)
denotes thenth derivative of V(k). These derivatives are found
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TABLE |
CPU TIMINGS FOR CALCULATIONS ON DIGITAL PERSONAL WORKSTATION

Number of Number of AWE method Direct method

Problem Speed-up
elements  unknowns Freq. pts.  CPU time Freq. pts. CPU time

Fig. 4 336 348 25000 35.6s 250 1352 s 38.0

Fig. 5 818 1043 20000 7195 s 400 36192 s 50.3

analytically in this work using the following derivative formula. o

Given a function AWE
R 0091 . Direct 1
. 0. €

fk) = (1= k™) r go,osf 1
wherec is a constant, its:th derivative is given by gom» J

[0
FO k) =[in(n — 1) + 2nkrlee ™ (—jr)" P £ oosl ]

p —Jjkr s \n—2 £
- (1 - ckz)re sk (—jr) 2, E’ovosf |

The Taylor expansion has a limited bandwidth. To obtain a wideg |

o
o
i
I

bandwidth, we represerft(k) with a better behaved rational Rad
function

Magnitude of
(=}
8

o .
o
]
T
I

Za,;(k — ko)’

I(k) = i:UM (12) 0.01 —Jk/ﬂ_’J | \
14> bk — ko)’ ‘ ‘ 1

0
: 100 150 200 250 300 350
Jj=1 Frequency (MHz)

where L + M = . The unknown coefficients; andb; can be Fig. 4. Magnitude of the input admittance of a nonshielded low-pass bird-
calculated by substituting (9) into (12), multiplying (12) with thecage coil as a function of frequency.
denominator of the P&dexpansion, and matching the coefficients of

the equal powers of — k. This leads to the matrix equation . .
the measured value with a relative error less than 2.3%. We then

mE ML ML—2 0 ML-MH1 applied the method to a dipole antenna made of a conducting strip,
e L M=t MIL=MA2 the calculated input impedance as a function of frequency agrees
Lt ML e T LM very well with other solutions [7, p. 72] with the largest relative
: : : - : error less than 5%.
MM —1 MI4M—2 MLEM—3 *°* mr, Having verified the method, we applied it to a low-pass birdcage

coil whose diameter and length are 26 cm. The coil is made of

b m . . . .

bl Z;i“ 2.54-cm-wide conducting strips and the number of rungs is 12. The
b2 , +e capacitors have a value of 1.7 pF to place the dominant mode at
3 — —_ | ML+3 (13)

128 MHz and the voltage is applied across one of the capacitors.
: Fig. 4 shows the magnitude of the input admittance as a function
bt ML+M of frequency. The number of triangular elements used to model the
coil is 336 and the number of unknowns is 348. With a frequency
increment of 1 MHz, it takes the direct method, which solves (4)
repeatedly for each frequency, 1352 s to obtain the solution on a
digital personal workstation (500-MHz Alpha 21164 processor). With
a sixth-order Taylor expansio)(= 6, L = 3, M = 3), the AWE
method produces an accurate solution with 0.01-MHz increments over
Clearly, in the procedure described above the impedance matfix entire band in 35.6 s, which is a speed-up of 38. A higher-
Z(k) is inverted only once, which is the main reason for the efficienaytder Taylor expansion would result in an even larger speed-up at
of the AWE method. In the case that one expansion point is ngle expense of an increased computer memory requirement.
sufficient to cover the desired frequency band, one can use multipolerhe above calculations are repeated for the birdcage coil placed
expansion points, which can be selected automatically using a simplean RF shield having a diameter of 32 cm and a length of 30 cm.

which can be solved fob;. Onceb; are obtained, the unknown
coefficientsa; can then be calculated as

ai=» bimi; 0<i<L (14)
Jj=0

binary search algorithm [15]. The capacitors have a value of 2.95 pF to place the dominant mode
at 128 MHz. Fig. 5 gives the magnitude of the input admittance as a
III. NUMERICAL EXAMPLES function of frequency. The discretization and CPU time information

To demonstrate the efficiency and accuracy of the proposgdsummanzed in Table 1, which shows a similar speed-up.

method, a number of numerical examples are considered. We first

applied the method to a 2.25 cx2.25 cm square loop made of IV. ConcLUSION

a 0.143-cm-wide strip and connected to a capacitor of 90 pF [6,In this paper, we described a fast frequency-sweep technique for
p. 145]. The calculated resonant frequency agrees very well withe analysis of RF coils for MRI. This technique applies the AWE
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equivalent to adding [ [, f,.(r)- f,(r)dr into Z..,. Note that
this integral vanishes whefy,, andT;, do not overlap each other.
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