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Numerical modeling and experimental results are presented for
variety of birdcages for high-field MRI microscopy. The data

nclude the first published numerical calculations and experimen-
al measurements of magnetic filling factors of birdcages or other

RI coils. Fast, 3D calculations for shielded coils are demon-
trated using the Biot–Savart law along with energy minimization.
t is shown that the near-field, higher-order inhomogeneity effects
emaining after a first-order, asymmetry correction may easily
xceed 20% in situations where it is desirable to maximize filling
actor. It is also found that an order-of-magnitude improvement in
he accuracy of predicted capacitor values may be achieved by
sing a more detailed circuit model of the birdcage resonator.
1999 Academic Press

Key Words: coils; birdcage; filling factor; inhomogeneity;
icroscopy.

INTRODUCTION

For more than a decade, the birdcage coil has usually
hosen for magnetic resonance (MR) imaging (1–4) because o
ts ability to achieve circular polarization with high homo
eity under many conditions, but there are still a numbe
ractical and theoretical issues that have not been fully
ressed, especially for applications at high fields. It has
hown that the first-order quadrature and balancing erro
he birdcage can be corrected with just two judiciously pla
apacitors (4). This has been quite effective in compensa
or manufacturing tolerances in smaller coils at low fie
here sample-dependent shifts and asymmetries are sm
At higher fields with large and variable loads, the high-o

omogeneity errors can apparently be addressed only by a
omplex tuning procedure, as the parasitics cannot be pre
ontrolled. Moreover, these homogeneity errors in the
eld of the conductor elements must be addressed in
icroscopy applications (where filling factor is more imp

ant) and in whole-body MR, where space is critical. Ot
ise, the birdcage’s homogeneity in many situations (e
ially with asymmetric samples, noncylindrical coils, short co
lose shields, and double resonance) is far from what mig
xpected from standard theoretical treatments. While our

ng point was microscopy, where resonator unloadedQ0 and
lling factor hF are often as important as inhomogeneitys, the
onideal factors in rf coil design are becoming more impor
144090-7807/99 $30.00
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or whole-body MR because of economic factors pus
oward smaller magnets. This implies, for example, th
erfectly tuned long elliptical birdcage with a small ellipti
ample inside a magnet of unlimited diameter bears
ractical relationship to most real-world applications.
The magnitude ofB1 homogeneity in the real birdcage m

ot be well appreciated by all users because most authors
alculatedB1 homogeneity only for several planes for a sy
etrical sample, with perfect tuning, no ring currents, infi

ung length, and usually no external rf shield. Various gro
ave been performing 3D finite element analysis (FEA) of c
sing subsets of Maxwell’s equations or simplifying assu

ions for the past decade—sometimes including the effec
he external rf shield on homogeneity in the absence of sa
ffects, tuning errors, and all losses (5). Recently, a mor
omplete model has been reported showing effects of sa
onductivity and permittivity (6), but this too included majo
ssumptions: no input/output coupling loops, perfect tun

ong rungs, lossless conductors and capacitors, 2D symme
nd a relatively small sample (62% of the coil diameter).
e give the impression that our treatment is intended t
omplete, we should emphasize that we will retain long-w
ength assumptions and simplified loss models, but wil
onger assume lossless circuits, perfect tuning, symme
oupling, and 2D symmetry.
We are aware of no prior calculations of magnetic fill

actor (7) for any modern coil, even though improved filli
actor is the indicated motivation for the development of m
pecialized coils, such as elliptical resonators (8) and cappe
ead coils; and loaded and unloadedQ values have also n
een previously predicted—even for a largely idealized b
age. The reason for the limited prior treatments is tha
ath for real resonators is intractable and, notwithstan
any vendors’ claims, fully suitable FEA software for rf co
as not been readily available. Two vendors (9) have recentl
eleased software for the NT platform possibly more capab
ddressing these rf coil problems, which may make it fea

or us and others to extend the work we have done to da
hese problems with rather limited software. A more accu
nderstanding of all losses (coil, sample, capacitor, sh
adiation) and filling factor is essential for further improvem
n signal-to-noise ratio (SNR).
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145PRACTICAL ASPECTS OF BIRDCAGE COILS
B1 HOMOGENEITY, FILLING FACTOR, AND Q VALUES

To simplify the data presentation and interpretation an
onserve space, we generally depart from the more com
pproach of showing contours of transverse field magnitu
everal planes in favor of calculating the average variations in
bsolute value of the transverseB1 component expressed a
ercentage of meanB1 throughout a specified sample volu
6), though alternative definitions have also been used (5, 10).
aximum deviation is often four to seven timess, but the
xtremes are confined to small regions near the conductor

ypically evaluates from over 30,000 points on a Cartes
rid within the sample in coils that are symetric with respec
eflections about thex 5 0, y 5 0, andz 5 0 planes.

The filling factorhF is traditionally defined as the magne
nergy in the transverse component of the magnetic

hroughout the sample divided by the total magnetic enerT
hroughout all space (recallT 5 I 2L/ 2 for a simple coil)
owever, in order for the concept to apply properly to circ
olarization, it is better to definehF in terms of therotating
omponentB1:

hF 5

E
S

B1
2dV

2m0T
. [1]

or linear polarization, the filling factor is then one-half (
ne-fourth, as mistakenly indicated in our earlier paper (11)) of

he energy of the transverse component in the sample di
y the total energy. Some coil designers have suggeste

he filling factor is not important when sample losses domin
s loadedQ usually decreases almost as 1/hF. However, ou
xperience suggests thathF is more important than unload
0 from a design perspective, and focusing onhF is often the
est way to minimize sample losses.
A simple method for directly measuring the magnetic fill

actor which makes it much easier to quantify rf coil efficie
as recently been described (12). If a small metal sphere o
olume VM is introduced into a homogeneous circular po
zation sample region of volumeVS, the magnetic filling facto
s given simply by

hF >
4fdVS

3f0VM
, [2]

heref d is the shift in resonant frequencyf 0. The expressio
s accurate only when the test ball is in a uniform transv

agnetic field with low electric fields and negligible ax
agnetic field. (With a saddle coil, for example, it may ten
verestimateB1 near the window and underestimate it near
idebands, even where electric and axial-magnetic field
egligible.)
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We define a dimensionless coil field factorb that permits
imple calculations ofB1 when scaling coils (11):

b 5 Î20hFVC/VS. [3]

hen,

B1 5 bFhEPQL

f0VC
G 1/ 2

[mixed units], [4]

herehE is the rf circuit efficiency (the fraction of rf pow
elivered to the coil, its capacitors, and sample—nearly u

or many fixed-frequency circuits),P is the transmitter r
ower in watts,f 0 is the frequency in megahertz, andVC is coil
olume (here, it is in milliliters). For example,b equals 3.16
or the infinite solenoid, about 1.4 for the typical slot
esonator when coil volume is based on window height, a
.1 for the ideal birdcage, and about 1 to 2 for the typ
irdcage.
Loaded QL may be calculated with reasonable accur
hen electric fields from the coil are minimal (which in pr
iple is usually possible) by first estimating a limiting sam

S from inductive losses (11),

QS >
32prSjVC

m0hEb 2vVS
2 , [5]

hererS is the electrical conductivity of the sample,j is the
ux path length (mean distance along theB1 direction) through
he sample, andVS is the sample volume. Equation [5] can
hown to be in agreement with an earlier one derived
arlson (3) for a spherical sample and a more recent, gen
alculation by Macovski (13). QL is then calculated from

1

QL
5

1

Q0L
1

1

QC
1

1

QS
1

1

QR
, [6]

here Q0L is the effectiveQ of the inductors,QC is the
eighted meanQ of the capacitors, andQR is the radiation

esistanceQ limit. The resonatorQ0 is the parallel combina
ion of Q0L andQC. A leading manufacturer givesQ data for
heir highest quality UHF 1KV multilayer ceramic chip cap
tors that approximately fit the following equation for the ra
0–800 MHz for capacitors in the range of 5–100 pF,

QC < 1.7E07CP
20.75f 0

21.45, [7]

hereCP is the capacitor value (in pF). For example, a 15
apacitor at 120 MHz may haveQC 5 2200, while a 20-pF
apacitor at 300 MHz is likely to haveQC 5 460. Thus, in
igh-field MR coils (contrary to VHF radio)Q0L and QC are
sually comparable. (Of course, it is sometimes practical to
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146 DOTY ET AL.
opper-clad Teflon, quartz, or alumina capacitors and ac
wo to eight times higherQC. This has formed the basis of mo
f the progress in NMR probeS/N in the past several year
Radiation resistance (which generally increases asv4)

uickly becomes more significant than either capacitor o
uctor losses in large coils when the distance from the co

he shield is an appreciable fraction of a wavelength, bu
ill not address theQR term here.
While Q0/QL is often used as an indicator of coil qua

14), sample loading degradesQL by at least two mechanism
hat do not contribute to signal: currents induced by axi
agnetic fields and electric fields from self-inductance of

oil. Hence, we find the classic NMRS/N dependenc
hFQL)

1/2 to be the best dimensionless figure of merit w
oxel size is a constant fraction of sample size.
A number of dimensioned figures of merit are also in

ncluding (t90 =P)21 andB1/=I 2R. But I andR are seldom
ndependently determined, soB1/=P (which, from Eq. [4],
quals b(hEQL/VC)1/2 within a proportionality constant)
ore direct. Perhaps the most widely used (inverse) pe
ance figure ist90 (the p/2 pulse length with a square puls
t a specified power, which is readily shown from Eq. [4]
asic NMR principles to be

t90 5
p

2gb F f0VC

hEPQL
G 1/ 2

. [8]

THE CURRENT DENSITY PROBLEM IN RF COILS

It has been well known for at least five decades that
urrent doesnot distribute itself uniformly over the surface
ny real coil to a nominal depth given by the classical
epth of an infinite plane wave near the surface of a pl
onductor, and there were early attempts to quantify the
ace current distribution in terms of a proximity factor
ertain coils. While a general, analytical solution is proba
mpossible, software may be becoming available that is c
le of providingapproximatenumerical solutions.
An elegant and efficient partial 2D solution foraxially

rientedconductors based on inverse Hilbert transforms
ented by Crozieret al. (15) appears to give current distrib
ions across rungs roughly in agreement with our estimate
he high-Q case, though it does not appear that they consid
hickness effects at the foil edges or resistance in the con
ors (they assume thatE has noz component), which we ofte
nd to be significant. Our numerical modeling suggests
dge current densities in foil rungs are typically about a fa
f 5 above mid-rung values (rather than singularities at
dges). We find mean rf flux penetration to be about six t

he classical skin depthd at the edges of conductor foils that
d thick in typical rf coils, and this does not appear to be
rtifact of conductor defects near the edge, as it is not si

cantly affected by electropolishing or annealing. These
ve
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ffects are less significant with very thick conductors, but t
onductors (especially if the birdcage is segmented by ca
tors anywhere except in the end rings) often are the sour
xcessiveB0 inhomogeneities (16), and thick guard rings ma
ontribute to gradient eddy current problems (17).
Certain aspects of the detailed current distribution ca

nderstood in general terms. While the DC distribution m
izes power dissipation, the rf current distributes itself so
inimize stored energy—i.e., minimum inductance—when

oil Q is infinitely high. The typical rf solution lies somewhe
n between. The computational difficulty of this problem m
e appreciated by noting that the element size for a con

ional FEA approach must be about a micrometer (a fractio
he classical skin depth) near critical surfaces in portions o
onductors, but the rf fields often extend over tens or hund
f millimeters. Even for a small coil (10 mm diameter) wit
ighly sophisticated meshing algorithm, the complete 3D F
olution requires a minimum of several million eleme
hich is an order of magnitude beyond practical computati

imits. However, not having a complete software solution d
ot prevent us from determining with reasonable accurac
acroscopic current distributions for any high-Q coil—it sim-
ly means that we cannot accurately predictQ0L.
An augmented Biot–Savart approach has the capabili

uickly solving most rf coil problems with arbitrarily orient
onductors in the absence of dielectrics for long wavelen
he current distributions are not initially known and mus
etermined in an iterative fashion that can be extremely
onsuming with commercial software. For this reason,
eveloped our own software (in C11 for Windows 95)
ubbedCOILS,to be particularly well suited to manipulatio
f typical surface current distributions. Our recalculations
00-MHz Pentium-II typically take a few seconds to a
inutes, depending on the extent of the changes and the

izes. A major part of the problem has been automated
xample, a simplex algorithm determines the external s
urrents such that the external field is minimized, but cur
istributions across coil conductor elements in the coil
ften determined in a semimanual method by requiring
endicular components ofB1 to vanish near the surface of wi
onductors or by minimizing inductance while holding to
urrent constant. A high level of confidence in this appro
as been established from 5 years of experience in succes
pplyingCOILS to numerous gradient, susceptibility, and c
roblems, as described in more detail elsewhere (16, 17).
Filling factors and inductance can easily be calculated

ctly for several infinitely long geometries—for example,
olenoid, coaxial resonator, and the immersed, shielded, s
esonator (in all these cases,hF 5 0.5). Analytical approxima
ions for very long versions of these resonators agreed
alues obtained fromCOILSwithin ;2%.
The main reasons for wanting to know detailed cur

istributions are (a) to develop novel coil geometries
chieve highB1 homogeneity without relying on precisi
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147PRACTICAL ASPECTS OF BIRDCAGE COILS
uning and balancing and (b) to optimize sensitivity—
FQL. At present, macroscopically accurate current distr

ions for us means reasonable accuracy in current grad
ver distances of about 2% of the coil diameter, which app
dequate for optimization of coil geometries for frequen
iameter (fd) products greater than 10 MHz-m, whereQ0L is
ften larger thanQC, andQS normally dominates.
The obvious dimensional proportions of the birdcage sh

n Fig. 1 may explain why the effects of the ring currents h
ften been ignored—the ring segments are normally very
ompared to the rungs. What is not obvious without a m
etailed approach is the extent to which these current

FIG. 1. 3D rendering of a typical birdcage.

TAB
Well-Tuned Balanced-High-Pass

Expt No.

O.A.
length
(mm)

Rung
length
(mm)

Sample ROI
diam (3 length)

mm (3 mm)

Shield
diam
(mm)

No. o
rung

1 173 150 Sphere, 70 200 1
2 131 109 Sphere, 70 200 1
3 131 109 803 80 200 16
4 136 105 803 80 200 12
5 136 105 803 80 140 12
6 146 99 803 80 140 8
7 140 110 783 78 140 8a

8 131 109 803 80 120 16
9 146 99 803 80 120 8

10 147 69 803 60 120 8a

11 107 75 Sphere, 70 140 1
12 107 75 803 50 140 12
13 39 22 Sphere, 30 100
14 39 22 323 16 50 8

a Relative rung width is;0.3 except as follows: it is 0.2 in experiment 7
re 100 mm. Sample effects ons are ignored.
,
-
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oncentrated on the inside edges of the rings. These co
rations are more detrimental tohF andQL than has general
een appreciated.

EXPERIMENTAL AND NUMERICAL RESULTS FOR
PRECISELY TUNED CYLINDRICAL BIRDCAGES

Table 1 shows measured and calculated data (Q0, QL, hF,
ndB1 inhomogeneitys) for a number of birdcages. We l
oth overall coil length and rung length for more direct co
arisons to novel coils which will be presented in a subseq
aper. The frequency is 200 MHz; the coils are fabricated
.06-mm copper foil (;10 skin depths) on kapton and moun
n the outside of a polycarbonate coilform; guard rings, e

n width to the ring width, are mounted inside the coilfo
hich is 3 mm thick; the sample is an asymmetric, saline
omparable to the largest live animal that will fit in the coil
M, or 0.4 S/m); the rf shield is a long, continuous, cylindr

opper shell; relative rung width is also equal to the ce
urface coverage ratio (fraction of surface covered by f
ing width is approximately twice rung width, and two or th
ell-spaced paralleled chip capacitors (of sumCi) are used a
ach node to reduce parasitic effects. The coils typify mic
opy andin vivo coils whereQ0L andhF are still quite impor
ant. The effects of the sample (in a thin plastic container
hown by QL and fDT—the percentage change in reson
requency when the sample is inserted.

An important point is that, for the cylindrical samples,QL

nd fDT are measured with along, asymmetrically placed
ylindrical sample extending from one end of the homo
eous region to at least a full coil radius beyond the other
f the homogeneous region, as this more closely approxim

1
adrature Birdcages at 200 MHz

Ci

(pF)
Meas.

Q0

Meas.
QL

Meas.

hF

(%)
Calc.

hF

(%)
Meas.

fDT

(%)
Meas.

s
(%)

Calc.

16 319 87 5.5 4.8 0.98
20 224 82 6.9 6.1 1.54

19 224 11 14.0 13.6 4.89 4
14 268 13 14.6 13.2 4.63 5
18.6 237 17 9.4 8.7 5.58 6
12 296 26 9.6 7.9 2.30 9

10 182 30 8.1 6.8 5.75 8.
44 327 52 5.6 5.3 1.74 5
19 165 29 5.4 4.4 2.89 13

28.5 349 51 6.0 5.5 3.21 12
27 355 97 5.5 5.2 0.75

26 355 26 7.4 5.8 3.36 8
49 249 187 11.4 8.7 0.3

86 200 156 4.7 4.2 0.25 15

nd 0.5 in experiment 10. The last two coils are 40 mm in diameter, while
LE
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f
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6
6

2

8
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148 DOTY ET AL.
ost applications and is more difficult to deal with than,
xample, a sample of half the volume and four times
alinity. TheQ data are averages of several measurements
ifferent coupling loops using a calibrated reflectance me
s previously described (18) and normally agree within 10
ith various other methods.
We limit this evaluation to midsized, balanced-high-p

irdcages (BHP-BC), although similar conclusions appl
thers of comparablefd product (8 to 20 MHz-m, typical fo
ice at 500 MHz, rats at 300 MHz, human head at 80 M
tc.), whether high-pass or bandpass (hybrid), although

atter would probably not be chosen for these applicat
Note that the BHP-BC is often simply called the “high-pa
irdcage, but this also often refers to the unbalanced or si
nded design.) We emphasize that while rung errors may
mall as several percent in the laboratory, rung errors to
hould be expected in many real-world situations. For exam
oving the sample near one side may produce a large c

tive error on one or two rungs, or placing the coil off cen
nside the rf shield may cause an inductive error of this m
itude in several rungs.
Tropp considered small rung errors (,4%) in his elegan

rst-order theoretical analysis and concluded that they c
asily be corrected without knowing their actual location
alue with two properly positioned corrections (19), and he
ecently extended the theory to include mutual inductanc
nbalanced birdcages (20). A more complete solution, ma
ossible only with standard, linear-circuit-analysis softw
21), permits a more detailed near-field picture and one
grees with our experience.
The rf circuit model we used for the BHP birdcage is sho

chematically in Fig. 2 for the four-rung case for brevity (so
f the nodes are numbered), with obvious extension to h
rders. Note that the major parasitics are shown. These in

FIG. 2. RF circuit model of the four-rung balanced-high-pass birdc
ith major parasitics.
r
e
ith
d

s
o

,
he
s.
”
le-
as
%
le,
ac-
r
-

ld
d

in

e
at

n
e
er
de

roughly in typical order of importance) (a) sample lossesRS

200–2000V); (b) input coupling balance (CM, CM2, CCS, and
CS2); (c) stray capacitanceCS to the guard rings (3–5 pF
hield, and sample (1–3 pF); (d) reactance from the guard
o ground (CG, LG); (e) mutual inductanceM to adjacent rungs
f) series resistanceRC (from QC) of the tuning capacitors; (g
eries inductanceLE of the ring and capacitor leads; and
eries resistanceRR of the rungs. The values ofCS andRS were
omewhat larger at one end than at the other end because
symmetrically placed sample. It should be pointed out
hile CG andLG have no effect when the birdcage is perfe
ymmetrical, small asymmetries (in stray capacitancesCCS and
S, for example) often make them responsible for extrem

roublesome parasitic resonances. Representing stray c
ance at each node as two parallelCS’s, one of low loss (to th
uard ring) and one in series withRS, simplifies some of th
arameter fitting.
The quadrature inputs are inductively coupled into two

hogonal locations as usual, and their effects on symmetr
ound to be substantial for loaded coils. Asymmetric s
apacitive coupling (CCS, CCS2) to the inductive coupling loop
s often one of the most significant perturbations. It may
artially addressed with ganged match/balance variable c

tors (CM, CM2), but this is seldom satisfactory from an op
tions perspective.
Even more severe problems may arise from balanced t
ission lines between the ring nodes and fine-tuning capa
hen it is not possible to place them directly on the ring
arallel with Ci . The rung inductorsLR were later replace
ith sections of transmission lines to more accurately inc

he effects of distributed capacitance and propagation de
ut the lumped model was quite adequate forfd products a

east up to 25 MHz-m. One difficulty with the model is its ne
or empirically determined reductions inLR (from flux exclu-
ion by the sample) and decreases inRS as sample salinit
ncreases.

The rf software only allows calculation of currents, voltag
hases, impedances, and couplings throughout the circu

unction of frequency from assumed values for the var
ircuit elements. To determine the field throughout space
alculated loop currents are then fed intoCOILS.In the circuit
odeling, inductors and capacitors are given appropriateQ’s

300 to 1500), and propagation effects are ignored in
agnetic field calculations. Jin and Chen have recently sh

hat (ignoring the electric field effects of capacitive segme
ion and the self-inductance of the coil) dielectric and con
ivity effects within the human head perturbB1 homogeneity in
he central plane in a perfectly tuned coil by about 4% fofd

16 MHz-m with the sample diameter 62% ofd, and the
erturbation increases approximately linearly withfd (6).
hile not directly reported, it appears from their work thas

ver a typical biological sample volume at thisfd may be abou
0% for a large, perfectly tuned, 16-rung birdcage.
Ring currents have usually been omitted in the calculatio

e
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1 inhomogeneity for circular polarization, but their transve
elds are coherent with those of the rungs and thus do
verage to zero over a complete cycle for a rotating field
erformed the calculations both with and without the
urrents and were surprised to find that the presence of th
urrents generally improvess, both for spherical and fo
ylindrical samples. Like prior works, the inhomogeneity
ulations in Table 1 ignore the effects of input couplin
ample permittivity and conductivity effects are also igno

n the calculation ofs. The filling factor calculation integrate
he square of the field and thus must also include the
urrents. ThehF listed in Table 1 is for circular polarizatio
or linear polarization, divide by 2. Measurement accuracy

F was typically limited to;60.006 (i.e.,;10% accuracy fo
filling factor of 6%), as the volume of the metal test pr
as;7% of the sample volume andQ0 ; 250. Coil volume

s defined using overall coil length.
Experiment 1, Table 1, establishes a reference poin

heoretical treatments based on 16 long rungs and a mid
pherical sample. While homogeneity is very high as expe
s 5 0.5%), the filling factor is only;5%, even though th
hield/coil diameter ratio is 2. In row 2, we see the somew
mproved filling factor from a shorter coil (hF ; 7%), buts has
ncreased to 2.5%.

Experiment 3 shows the degradation ins but improvedhF

hat occurs for a large cylindrical sample, which often m
losely approximates the ROI (region of interest, or at leas
cceptance test phantom and the sensitive region of the

han does the sphere. Note thathF is still only 14% and samp
etuningfDT (nearly 5%) has become a serious problem, as

uning shift is three times the tuning range of the coil befor
1 homogeneity is severely spoiled (i.e.,s is increased b
bout a factor of 5). (Further segmentation, as in the balan
andpass birdcage, could reduce the detuning, but the t
ange is reduced even more and it also increases tuning
lexity.)
Next, in experiment 4, we show that reducing the numbe

ungs to 12 (which makes tune-up more practical and helpQ0

n smaller coils by improvingQC) has no significant effect o
F or s when the shield diameter is large but sometimes h
oth Q0 and QL. In line 5, we reduce the shield diameter
.4d, which still has little effect ons, but hurtshF as expected

n experiment 6 we reduce the number of rungs to eigh
hich point the difference between rung-feeding and in

ung feeding becomes significant (15). We show results for th
etter case—inter-rung feeding—but still finds 5 9.5% for
erfect tuning and no loading. In line 7, the rung widths
ample dimensions are reduced to establish a reference p
previously published coil design of similarfd product and

imilar dimensional ratios for validation—coil 1 by Crozieret
l. (15), with inter-rung feed, for which they calculated relat
ms deviation of 8.9% without including ring and exter
hield currents (we calculate 11.5% relative rms devia
ncluding these effects).
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In experiment 8 the shield diameter is further reduce
.2d and the number of rungs increased to 16—typical

arger,in vivo coils, where the magnetic filling factor is und
% even though the volumetric filling factor is near 50%.
In experiment 9, we return to the more typical high-fi
icroscopy coil in a vertical bore magnet, where 8 rung
sually the practical limit. The closely spaced shield seve
egradesB1 homogeneity (s 5 13%) and this also tends
egradeQL, though the degradation in dropping from 16 t
ungs may be negligible when the sample diameter is u
5% of the coil diameter (6). However, relative SNR is dow
y only ;25% compared to experiment 4, as the factor
rop inhF is partially offset by an increase inQL, as expected
educing the coil length helps SNR for short samples, e
ially if relative rung width is increased, as this helps botQ
nd hF, as shown in experiment 10. However, the ac
erformance of small, low-inductance resonators, as in e

ments 8 and 10–14, depends strongly on capacitorQ’s, as
heir losses are comparable to the inductor losses, whic
lains prior observations ofQ0 decreasing with increasin
umber of rungs in small, high-pass resonators. In experim
1 and 12, very short birdcages are tested, and in 13 and
educe the coil diameter to 40 mm to showQ dependencies

The first quadrant of theB1 field vector projection in thex 5
plane forB1 phase at 90° for simulation 10 is illustrat

raphically in Fig. 3 to provide some insight into both
ntensity and the direction ofB1 in regions that contribut
trongly to reducing the filling factor. The coil (foil) conduc
ections are represented by the closely spaced small circ
radius of 50 mm. Note that a much greater end ring w

from z 5 40 to 70) than normal was used to minim
nusable magnetic energy in this region, and a portion o
oupling loop is visible atz 5 50, r 5 53 mm. Current
nduced in the external shield (atr 5 60 mm) are als
epresented by small circles. The field vectors are repres
y directed segments of length proportional to the proje
agnitude. (Energy density is proportional to the square o

egment lengths. A coarse grid is used here for impr
raphic clarity.)
The significance of the parasitics and standard mode

roximations even in symmetrical, cylindrical birdcages
oderate difficulty may be partially appreciated by noting

he capacitor values predicted by a publicly available prog
ased on published methods of calculating self- and m

nductances for shielded (balanced) high-pass birdcages22)
iffer from the experimental values by amounts ranging f
20 to150% for the first 12 birdcages listed in Table 1, wh

n all casesfd 5 20 MHz-m. On the other hand, once
ajor parasitics have been determined by fitting them to
eriments at both a low and a high test frequency for a g
oil geometry, the circuit model of Fig. 2 predicts tun
apacitor values within 3% over the frequency range
0 to 250 MHz. However, the severely limited tuning rang

he birdcage makes even this accuracy insufficient to c
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150 DOTY ET AL.
letely eliminate trial and error in many cases. Semiempi
ethods of estimating the major parasitics based on va
etails of the coil and sample geometry could be develop
educe the amount of trial and error in building high-fi
irdcages.
It appears that less than 25% of the mean discrep

;14%) between our calculated and measured filling fac
an be explained by inductance of the chip capacitors (w
as ignored in theCOILSmodel) and electric field interactio
ith the measurement test ball. The approximations used
iot–Savart equation very near the current elements and

ent path approximations are probably more significant.

FIG. 3. Field magnitude and direc

FIG. 4. Field intensity for thez 5 0 plane for the asymmetric birdcag
FIG. 5. Field intensity for thez 5 0 plane for the asymmetric birdcag
al
us
to

cy
rs
h

he
r-
t

ore important, in the first 14 simulations, all effects of
nput coupling loops were ignored; and, to simplify descrip
etail, their effects on filling factor were also omitted in
symmetric simulations of the following section. Also,
easured value ofhF is based on a single measurement oB1

ear the center, but the ratio of the calculated central val
he calculated mean value throughout the sample (w
anged from 0.98 to 1.02) was used to improve the accura
q. [2]. Considering the simple Cartesian meshing method
greement is quite close in most cases, and it suggest
ough estimates ofhF (23) that are not based on detai
alculations may be off by an order of magnitude.

for thex 5 0 plane for experiment 10.

f experiment 18.
f experiment 19.
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e o
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EXPERIMENTAL AND NUMERICAL RESULTS
FOR ASYMMETRIC BIRDCAGES

Several of the precisely tuned coils from Table 1 w
etuned by increasing the capacitance (discrete plus str
ne node by 2 to 5% and decreasing that at another node
omparable amount. (While the BHP birdcage is less sen
o sample dielectric loading than is the balanced-low-
irdcage, an asymmetric sample can easily induce rung e
reater than this, especially as thefd product increases.) Th
rthogonal modes were both retuned to 200 MHz with isola
reater than 16 dB by corresponding changes in two capa
5° apart at fixed locations. The linear circuit model confirm
ur expectations: especially as the stray capacitance bec
n appreciable fraction of the lumped capacitance, the cu
rrors are often large compared to the capacitance error
annot be corrected without the ability to properly position
orrections. The calculated currents were entered intoCOILS
o determine numerically the effects of these residual
urrent errors ons.
We were more surprised to discover the magnitude o

ffect of symmetric resistive losses in an otherwise lar
deal birdcage. It has previously been suggested that symm
osses (whether sample, coil, capacitors, shield) cannot a

1 homogeneity (6), but those arguments ignored the in
oupling problem. The more complete rf model shows tha
QL of 25 with perfectly symmetric loading and typical inp
oupling methods, peak rung current errors of67% are in-
uced. Moreover, these errors, being dipolar, have a gr
ffect ons than the higher-order field of comparable, rand
ung errors. The calculated values fors in Table 1 ignored th
ample loading and input coupling effects. The practical ef
re seen by comparings in Table 1 for a precisely tuned co

o s in Table 2 for a similar coil which includes minim
ffects of the quadrature input matching circuit (with la
oupling loops) and two small rung errors of the listed m
itude. We still ignore sample rf penetration effects, wh
ay add 5 to 10 percentage points tos (6). If the sample
iameter were reduced by 5% or shortened by 15%, ts
alues would typically be 15% smaller than shown. Howe

TAB
Loaded, Matched, BHP 1

Expt No.

Expt No.
from

Table 1

Shield
diam
(mm)

No. of
rungs

Sample
length
(mm)

15 5 140 12 80
16 7 140 8 80
17 8 120 16 80
18 10 120 8 60
19 12 140 12 50

Note.Data are for circular polarization.
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here are many possibilities for the coupling method and l
ions of the tuning errors that result in much more degrada
han listed for the large sample.

Figure 4 shows a color scale representation of the trans
agnitude ofB1 for the z 5 0 plane for simulation 18 und

inear polarization, and similar results for experiment 19
hown in Fig. 5. In both cases, the homogeneity at the cen
ot seriously affected by either the coupling field or the e
urrents, but the increased inhomogeneities near the cou
oops (top of figures) are quite obvious. Circular polariza
oes relatively little to improve homogeneity, as the hot s
emain near the coupling loops.

The model and experimental results suggest that ted
ample-dependent, fine tuning of the birdcage is need
btain highB1 homogeneity for large samples with a clos
paced external shield. We were somewhat surprised b
agnitude of the local effect of tuning errors. Indeed,

rimmer capacitors at 45° spacing are sufficient to return
wo modes to the same frequency, and the voltage/cu
istribution around the birdcage is roughly sinusoidal in b
odes. However, our experiments and modeling show tha

uning errors in just 2 of the 16 capacitorsCi in an eight-rung
HP-BC produce rung current errors of612 to 625% even
hen both modes are precisely tuned and matched to the

requency! (The effect ons is less than might be expect
ecauses is an average deviation over the full sample volu
nd the errors from one or two rungs are rather short ran
he sensitive tuning behavior indicated by our model doe
ppear to be exacerbated from the presence of axially a
etric parasitics or inclusion of the input couplings.
When the mean frequency shift was small, four additio

rimmer capacitors were often found to be sufficient to ach
mpedance matching and precise orthogonality at the de
requency, as indicated by.25 dB of isolation between th
wo ports, which is generally effective in reducing rung cur
rrors to 67%. However, at least four more trimmers
eeded for these objectives when the sample detuning
xceeds about 1.5% in the 8-rung microscopy birdcage, a
djustments are often required to accurately correct and m
3% mean shift in a 12-rung birdcage. The magnitude o

2
mm 200-MHz Birdcages

Rung
errors
6%

Current
errors
6%

s (%)
Calc.

Rel. SNR,
(hFQL)

1/2

Meas.
t90, ms at

1 kW

2 10 9.1 12.2 97
4 20 10.3 14.4 79
5 25 12 16.5 71
4 20 14.1 16.8 61
2 10 11.6 12.3 76
LE
00-
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153PRACTICAL ASPECTS OF BIRDCAGE COILS
symmetry may be reduced by typically a factor of 4 thro
he use of baluns and twice as many coupling loops (two
hase, one on each side of the birdcage), but this some

eads to more false modes near the homogeneous reso
he problem worsens as the number of rungs increases,
ially with noncircular birdcages.
Our detailed modeling of the cylindrical birdcage leads u

elieve that it will be essential to develop accurate metho
redicting parasitics for each rung in noncylindrical birdc
esonators before such coils are likely to be practical for m
urposes. The initial mode splitting of 15% recently repo

or a 16-rung elliptical birdcage using capacitors of 2% to
nce (8) appears consistent with expectations based on
ylindrical circuit model adapted to the elliptical case with
orrecting the parasitics. While inclusion of the end ring
ual inductances greatly improves accuracy (24), only the cy-
indrical geometry permits a simple, empirical determinatio
he stray rung capacitances, which have a huge effec
omogeneity. Some published results for elliptical birdca
how good homogeneity only for 25% of the central cr
ectional area, which suggests perhaps a factor of 2 redu
n filling factor compared to the cylindrical birdcage (even
omewhat elliptical samples), where high homogeneity ma
chieved over at least 65% of the cross-sectional area. We
hown that further improvements in (hFQL)

1/2 are possible wit
more optimally chosen rung width.
Double-resonance birdcage resonators (25), where rung er

ors and stray capacitances can easily be four times great
lso not practical in most settings at high fields, and effic
ultinuclear tuning of birdcages appears out of the ques
owever, inhomogeneities three to five times larger than

ained for large samples in birdcages are generally unavoi
n phased arrays, and effective methods have been deve
or dealing with them under many conditions (26).

CONCLUDING REMARKS

In the highly loaded birdcage, the effects of the input c
ling loops on homogeneity are substantial, especially if
re not carefully balanced and if one is relying on just
ariable capacitors for asymmetry correction. Tuning
uency shifts from variable, symmetric loads often exceed
ractical tuning range of a birdcage by a factor of 3. Moreo
erturbations from asymmetric loads or hardware in high-
irdcages may exceed the effective range of a first-order
ection by an order of magnitude.

The experimental and numerical results suggest that
um relative rung width, both for best SNR and best ho
eneity, is considerably greater than what is commonly se

he literature and in general practice. In fact, it appears
ncreasing relative rung width from 0.2 to;0.4 (or larger, fo
losely spaced shields) and optimizing diameter and lengt
he region of interest would often offer greater potential
mproved performance than changing from a cylindrical to
h
er
es

nce.
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lliptical birdcage, especially since detailed methods of
ating rung-dependent stray capacitance have not bee
orted for the elliptical resonator.
A recent calculation of ultimate achievable SNR conclu

hat a commercial 1.5-T MR body birdcage coil (meanfd ; 30
Hz-m) obtained only 36% of theoretical limits near the v

enter and less than 10% of ultimate intrinsic SNR over m
f the central region (27). Moreover, SNR relative to theore

cal limits for smaller birdcages is often worse. We believe
etailed numerical optimizations of novel rf coil designs

ocus on maximizing (hFQL)
1/2 while minimizing s are the

ost effective route to improved MRI coil performance. No
oils that address some of the practical problems assoc
ith the conventional, high-field birdcage are described e
here (28) and will be discussed in more detail in a subseq
aper.

ACKNOWLEDGMENTS

The authors thank numerous technicians and engineers at (or forme
oty Scientific, especially Xunming Chen, Andy Yang, Eugene Deyn
lenn Doty, David McCree, Jiong Shao, Art Boman, and Mark Moore

heir assistance in programming, experiments, calculations, analysis, an
otyping. The authors also thank the referees for a number of helpful
ents. This work was supported by Doty Scientific, Inc.

REFERENCES

1. C. E. Hayes, W. A. Edelstein, J. F. Schenck, O. M. Mueller, and M.
Eash, An efficient highly homogeneous radiofrequency coil for whole-
body NMR imaging at 1.5 T, J. Magn. Reson. 63, 622–628 (1985).

2. W. A. Edelstein, J. F. Schenck, O. M. Mueller, and C. E. Hayes,
Radio frequency field coil for NMR, U.S. Patent 4,680,548 (1987).

3. J. W. Carlson, Radiofrequency field propagation in conductive
NMR samples, J. Magn. Reson. 78, 563–573 (1988).

4. J. Tropp, The theory of an arbitrarily perturbed bird-cage resonator,
and a simple method for restoring it to full symmetry, J. Magn.
Reson. 95, 235–243 (1991).

5. C. M. Collins, S. Li, Q. X. Yang, and M. B. Smith, A method for
accurate calculation of B1 fields in three dimensions. Effects of
shield geometry on field strength and homogeneity in the birdcage
coil, J. Magn. Reson. 125, 233–241 (1997).

6. J. M. Jin and J. Chen, On the SAR and field inhomogeneity of
birdcage coils loaded with the human head, Magn. Reson. Med. 38,
953–963 (1997).

7. C. P. Poole, “Electron Spin Resonance, a Comprehensive Treatise
on Experimental Techniques,” Interscience, New York (1967).

8. M. C. Leifer, Theory of the quadrature elliptic birdcage coil, Magn.
Reson. Med. 38, 767–732 (1997).

9. “EMAS 4,” Ansoft, Pittsburgh, PA; “Opera,” Vector Fields, Aurora,
IL, or Oxford, UK.

0. W. U. Roffmann, S. Crozier, K. Luescher, and D. M. Doddrell, Small
birdcage resonators for high-field NMR microscopy, J. Magn.
Reson. B 111, 174–177 (1996).

1. F. D. Doty, Probe design and construction, in “Encyclopedia of
NMR,” Vol. 6, Wiley, New York (1996).

2. L. F. Fuks and W. A. Anderson, Perturbation method for finding the
RF field on an NMR probe, poster presented at Experimental NMR
Conference, Orlando (1997).



1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

154 DOTY ET AL.
3. A. Macovski, Noise in MRI, Magn. Reson. Med. 36, 494–497 (1996).

4. J. T. Vaughan, H. P. Hetherington, J. O. Otu, J. W. Pan, and G. M.
Pohost, High frequency volume coils for clinical NMR imaging and
spectroscopy, Magn. Reson. Med. 32, 206–218 (1994).

5. S. Crozier, K. Luescher, L. K. Forbes, and D. M. Doddrell, Opti-
mized small-bore, high-pass resonator designs, J. Magn. Reson. B
109, 1–11 (1995).

6. F. D. Doty, G. Entzminger, and Y. A. Yang, Magnetism in HR NMR
probe design. I. General methods, Concepts Magn. Reson. 10,
133–156 (1998).

7. F. D. Doty, Optimization of MRI gradient coils in “Spatially Resolved
Magnetic Resonance” (P. Blumler, B. Blumich, R. E. Botto, and E.
Fukushima, Eds.), Wiley–VCH, Weinheim (1998).

8. F. D. Doty, T. J. Connick, X. Z. Ni, and M. N. Clingan, Noise in high
power, high frequency double tuned probes, J. Magn. Reson. 77,
536–549 (1988).

9. J. S. Tropp, Method of correcting an asymmetry in an NMR radio
frequency coil and an improved radio frequency coil having N-fold
symmetry and reduced eddy current, U.S. Patent 5,196,797 (1993).

0. J. S. Tropp, Mutual inductance in the birdcage resonator, J. Magn.
Reson. 126, 9–17 (1997).
1. ARRL Radio Designer 1.5, formerly Compact Software Inc., Patter-
son NJ, recently acquired by Ansoft, Pittsburgh, PA.

2. C. L. Chin, C. M. Collins, S. Li, B. J. Dardzinski, M. B. Smith,
BirdcagBuilder V1.0, Copyright Center for NMR Research, Depart-
ment of Radiology, Penn State Univ. College of Medicine, Hershey,
PA (1998).

3. C. E. Hayes, Birdcage and other high homogeneity RF coils for MR,
in “Encyclopedia of NMR,” Vol. 6, Wiley, New York (1996).

4. C. L. Chin, S. Li, C. M. Collins, and M. B. Smith, Mutual inductance
calculations between end-ring segments for elliptical birdcage
coils, Magn. Reson. Med. 37, 600–608 (1997).

5. J. R. Fitzsimmons, B. L. Beck, and H. R. Brooker, Double resonant
quadrature birdcage, Magn. Reson. Med. 30, 107–114 (1993).

6. L. L. Wald, L. Carvajal, S. E. Moyher, S. J. Nelso , P. E. Gran , A. J.
Barkovich, and D. B. Vigneron, Phased array detectors and an
automated intensity-correction algorithm for high-resolution MRI of
the human brain, Magn. Reson. Med. 34, 433–439 (1995).

7. O. Ocali and E. Atalar, Ultimate intrinsic signal-to-noise ratio in
MRI, Magn. Reson. Med. 39, 462–473 (1998).

8. F. D. Doty, Low inductance transverse Litz foil coils, patents pend-
ing, PCT No. WO 97/26560 (1997).


	INTRODUCTION
	B1 HOMOGENEITY, FILLING FACTOR, AND Q VALUES
	THE CURRENT DENSITY PROBLEM IN RF COILS
	FIG. 1

	EXPERIMENTAL AND NUMERICAL RESULTS FOR PRECISELY TUNED CYLINDRICAL BIRDCAGES
	TABLE 1
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5

	EXPERIMENTAL AND NUMERICAL RESULTS FOR ASYMMETRIC BIRDCAGES
	TABLE 2

	CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	REFERENCES

