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There are many circumstances in which the probe tuning ad-
justments cannot be located near the rf NMR coil. These may
occur in high-temperature NMR, low-temperature NMR, and in
the use of magnets with small diameter access bores. We address
here circuitry for connecting a fixed-tuned probe circuit by a
transmission line to a remotely located tuning network. In partic-
ular, the bandwidth over which the probe may be remotely tuned
while keeping the losses in the transmission line acceptably low is
considered. The results show that for all resonant circuit geome-
tries (series, parallel, series—parallel), overcoupling of the line to
the tuned circuit is key to obtaining a large tuning bandwidth. At
equivalent extents of overcoupling, all resonant circuit geometries
have nearly equal remote tuning bandwidths. Particularly for the
case of low-loss transmission line, the tuning bandwidth can be
many times the tuned circuit’s bandwidth, f,/Q. © 2000 Academic Press
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I. INTRODUCTION

The NMR probe tuned-circuit serves to couple the sp

magnetization to the transmitting and receiving amplifier
Thus, the probe circuit determines the NMR performance, bq

the power required to generate a given rf figld and the

signal-to-noise available in the receiver from a given precess

ing spin magnetization. It is generally recognized that optimu

probe performance is obtained with all of the tuning an
matching components located near the NMR coil, so that t

only loss in the circuit is the unavoidable loss of the coil itse

(1, 2. We take as given that the rf coil has already bee(|1

optimized B).
However, it is often difficult to locate the tuning-matchin
components close to the coil. In particular, thdjustable

components (e.g., variable tuning capacitors) may be too bul
or may not be compatible with the sample environment (par
ticularly high or low temperatures). Fixed tuning of the prob
is generally unacceptable, because temperature excursion

%

etc., will change the resonant frequency by more than the pr

A less elegant but easily implemented approach is to a
proximately tune and match the NMR coil with fixed compo-
nents located near the coil. Remote fine-tuning and matching
required to compensate for frequency shifts of the probe circt
(e.g., due to temperature changes). Remote tuning and mat
ing is accomplished with variable reactances on the distant e
of a transmission linelQ, 11). This approach makes use of the
transmission line which is present in any event (i.e., to conne
the spectrometer to the probe). The remote components may
conveniently located at room temperature and may be phy:
cally large so as to be nearly loss-free, with high voltage ar
power ratings. However, to the extent that standing waves a
present on the line, there may be substantial power dissipati
(loss) on the line12-14, reducing the NMR performance on
both transmit and receive. We stress that the advantage
remote tuning and matching is design convenience, particulat
with NMR coils at very low or very high temperatures or where
space is not available, as in narrow bore magnets or narrc
icryostats %) or in diamond anvil cell NMR 15). There is no

erformance advantage to remote tuning and matching; at be
'Hch a design can hope only to equal the performance of
cally tuned and matched coil.

We consider here circuitry in which the probe-tuned circui
“connected by a transmission line to remote tuning elemen
A particular, we address thaning bandwidththe frequency
>e<tent over which the circuit may be remotely tuned while

aintaining acceptably low losses in the transmission line
hile transmission line probes have been described befo
6-18 and remote tuning has been analyzd®,(1) and
employed in a sophisticated multiple-frequency pral®,(the

Yssue of tuning bandwidth has not been systematically a

ressed before. The present results are expected to be of ir
evance to NMR at extreme temperatures (which result |

Substantial tuning changes), diamond anvil cell NME5)(
Wwhere distortions of the gasket will change the tuning), an
Ith very broad NMR lines (e.g., to be able to tune acros

e . .
Uadrupole-broadened resonances in solids).

bandwidth off,/Q. There are many clever solutions to this
problem, including the use of evacuated and small tuning
capacitors 4, 5), capacitors that tune by motion of a dielectric
with no sliding contacts g, 7), inductive tuning 8, 9), and
more. We note that some of these solutions require carefulWe consider a tuned circuit of any of the geometries of Fig

Il. RESULTS AND DISCUSSION

mechanical designs.
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1, connected to the external world through a transmission lin
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bo Here oL describes the exponential voltage attenuation alor
C, the line when matched (i.e., exp@l); « is the attenuation per
length and_ is the line length). Thus, the attenuation of the line
C.= L (when matched) in dB is 26.(0.4343). Asp grows toward

1 unity in Eq. [2], the efficiency will decrease. The decrease i
r r efficiency with increasing reflection coefficient and standing
wave ratio has been explained qualitatively)

Four geometries of tuned circuit will be addressed, as pr
sented in Fig. 1. For the series resonant circuit (Fig. 1a), tf
impedance at resonancefs, = r = w,L/Q. For practical
component values and high, this impedance is often imprac-
tically small. Thus the capacitive top-feed configuration (Fig
1b) is widely used. Here, the circulating current is dividec
betweenC, and C,. This circuit may be viewed as a series

FIG. 1. Tuned circuit geometries for NMR probe circuits: (a) seriesresonance with impedance step-up. The current division ratio

resonant, (b) capacitive top-feed, where the current division raip/iC, + Co/(Cy + Cy), S0 the (real) |mpedz_ince _at resonance s In
C.,), (c) parallel resonant, and (d) capacitive voltage divider. In all casesCreased by the inverse square of this ratio:
represents the NMR coil L’s losses, with= w,L/Q.

O—_

Rres: (woL/Q)[(Cl + CZ)/Cz] 2- [3]

Such a system could be used with 100% efficiency at ala_ér the resonance conditio, and C, are effectively in
frequency (near or far from the resonance frequency), provide ! 2

.2 — H
the line were loss-free. Here we assume that any comp%‘fi}ra"el'w"l‘(c1 + C,) = 1. We note that the above equations

. .. are extremely good approximations for this circuit, @ 1
impedance can be transformed to the spectrometer’s mpgg% 1/.C,) > R.. (meaning the current division ratio must

ance (e.g., 50 ohms real) using large, loss-free components N
the room-temperature end of the transmission line. Throughgélszilc\iglﬁés; C2)IQ > 1, as nearly always occurs for

. } A §
the present analysis, this assumption is used. We note h or the parallel-tuned circuit of Fig. 1c, the real impedanc

wide-range impedance transforming networks are widely us% resonance iR, = QuoL = (w,L)’/r. For highQ and
p

in radio to transform the impedance of an arbitrary-lengt ; . g ;
ractical component values, this resistance may be imprac

antenna to match the receiver and/or transmitter. s o i )
I . - .. cally large. Thus the capacitive voltage divider configuratiol
The crucial issue in remotely tuned probe circuits is t@:-
/

o L o ig. 1d) may be used. Here the coil voltage is divided b
dissipationon the transmission line, which is never loss-free. . ; o 1
the tuned circuit impedance is not equalRg, the character C, whereC is the series combination @, andC, (C = =

C. ' + C,Y). Thus the circuit may be regarded as a paralle

istic impedance of the line (assumed to be real), a standin o :
R . e onance with impedance step-down. The resistance at re
wave will exist on the line and decrease the efficiency for bol

- o A pance is
receiving and transmitting. For a probe circuit with compleX
impedanceZ, the reflection coefficienp at the transmission

line-tuned circuit connection is1g—14 Ries= (Qu,L)(C/Cy)2. (4]

p=|(Z-R)IZ+Ry|. [1] The resonance condition is.L.C = 1. Again, these equations
are very good approximations f@ > 1 and 1b,C, < R

Forp > 0, the line will carry both forward and reflected Waves(meamng the voltage division ratio must obe&y/€,)Q > 1,

The power efficiency; of the transmission line is defined byﬁearly always true with practical values).
the ratio of the power delivered to the load (tuned circuit) to the A key concept in understanding the tuning bandwidth is th

. ) . extent of overcoupling€EOC) of the transmission line to the
input power (from the spectrometer’s transmitter). We assume Lo e . o
rI?L_med circuit. For a transmission line of characteristic (real

the transmission line is either an integer number of ha|mpedanceRo, we define theOC asEOC = R/R.. for the

wavelengths long or much longer thaf2. In either case, the series resonant geometries of Figs. 1a and 1b. For the para

cross-terms between forward and reflected waves are zerg Or . _
T . S . resonant arrangements of Figs. 1¢c and E@QC = R./R..
negligible in calculating the power dissipated by the line. Th'eh

efficiency n becomes 12—19 us, for the circuits of Figs. 1a, 1b, 1c, and 1d, respectivel

e2h(1 — p?) EOC= R//r, [5a]

M= gml 2 (2] EOC = RJ/[r(C, + C,)?%C2], [5b]
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EOC= Qu,L/R,, [5c] 210 —

EOC= (Qu,LC?/CHIR.. [5d] [ E0C=1 al =005 ]
0.8

Calculations were performed on a computer, giving the
impedance of the tuned circuits of Fig. 1 as a function of 0.6
frequency. The reflection coefficiept and the efficiencyn n
were computed using Egs. [1] and [2]. The tuned circuit 4L
parameters were = 0.5 uH, w, = 100 X 10° rad/s,Q =
100, andr, = 50 ohms, unless stated otherwise. Compared to
calculations with dimensionless variables, use of the values 92
given allows one to more readily identify physically unrealistic
parameters. 0.0 !

The importance of the matched losk of the transmission 60 80 10 120 140
line is demonstrated in Fig. 2. There the efficiengys pre- ® (10°s)
sented foraL = 0.05 (top) andaL = 0.005 (bottom), for b 1.0
parallel tuned circuits (Fig. 1c) with several values of the
extent of overcoupling of the line to the circuit, as in Eq. [5c]. | alL =0.005
The upper case corresponds to a 1.5 m length of ordinary 98 I
RG-58A/U at 250 MHz, while the lower case corresponds to
very low-loss line made from large copper tubing (about2 cm g
diameter of outer conductor).

From Fig. 2, it is evident that the bandwidth over which
acceptable performance (e.g,> 0.5) may be obtained is
much larger than the 1% bandwidth of theC circuit itself
(Q = 100). This is particularly true for the low-loss line, 0.2
where an efficiencyy > 0.8 can be obtained acrossta 0%
frequency range, with an overcoupling BOC = 16. The
“coil-only” case uses a coil d) = 100 withw,L chosen equal '050 ' 8'0 ' 1(')0
to R, (the optimum value, as shown in Re2)). The efficien ® (10°s7)
cies at the center frequency are only 0.1 and 0.5 for the two o n o

. A . . FIG. 2. Transmission line power efficienayfor R, = 50 ohm line with
choices of transmission line, though the performance is virty; —; s (0.43 dB matched loss) at top and wiiit — 0.005(0.043 dB
ally flat as a function of frequency. We note that one successfilliched loss) at bottom. The probe circuit is a parallel tuned circuit wit
multiple-resonance design uses no tuning of the rf coil, witlhloadedQ = 100 and center frequenay, = 100 X 10° s™*. Results are
extremely low-loss lineX7). shown for differentL/C ratios, corresponding to various extents of overcou-

Ultimately, the design goal for a probe circuit is good pOWGﬁ“ng (EOC) of the line to the tuned circuit, as shown. Shown for comparisor
’ is_an untuned coil, withw,L chosen to equaR,. The tuning bandwidths

. . . s
effICIenCy‘ But because eff|C|ency depends upon the matCh%gc'ome larger with greatétOC and with smaller matched line loss. Espe-

line |05_50‘|- as well as t_he circuit parameters_, all furth_e'f resuligally for low-loss line (bottom), the tuning bandwidth may greatly exceed th
here will be presented in terms of the reflection coefficijeat natural bandwidth of the—C circuit, f,/Q.

Eq. [1]. The efficiency may then be computed by means of
Eq. [2].

Results are presented in Fig. 3 for capacitively top-fed tunefiFig. 1b withQ = 100, with the current division ratio varied
circuits of Fig. 1b. We note the logarithmic scale at left, witto yield EOC values from 0.25 (undercoupled) to 32 (severel
corresponding values pfat right. Several values of (unloaded)overcoupled to the line). Clearly, the undercoupled circuit’
Q are used, with the circuit adjusted to exactly match the lipgerformance is inferior (largep) to the optimally coupled
at the center frequency (i.e., the current division rafig circuit (EOC = 1), at all frequencies. At the center frequency
(C, + C,) is selected so thaR, of Eq. [3] is equal to the the EOC = 1 case has the best performance, of course. But
characteristic impedance of the liri,). In Fig. 3 it is evident one desires a broader frequency range, the overcoupled circt
that the bandwidth for a given maximum valuegois propor- (EOC > 1) are superior, at the expense of somewhat poor
tional to 1Q. Thus, obtaining a sufficient tuning band-performance at the center frequency (higher reflection coef
width will generally be an issue only for high values of theient and resultingly decreased power efficiency). Thus, it |
unloadedQ. important to design for only theequiredtuning bandwidth.

The effect of the extent of overcoupling on the tuning The circuit of Fig. 1b may be conveniently regarded as a
bandwidth is presented in Fig. 4. All circuits are the geometignpedance stepped-up series resonance, but it is more com,

coil only
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FIG. 3. Reflection coefficientp versus operating frequency for tuned
circuits of capacitive top-feed geometry of Fig. 1b, for several values

unloadedQ. In each case, the coupling capacitor is adjusted to yield a perfect

match to the transmission line at the center frequency. The tuning bandwi
for a given maximum allowable reflection coefficient varies a3,13howing
that the tuning bandwidth scales with the circuit’s natural widfhQ. The
logarithmic scale at left corresponds to the valuep at right.

cated. For example, in addition to the series resonance (imped: [

ance minimum) atw?’L(C, + C,) = 1, there is a parallel
resonance (maximum impedance}dt.C, = 1. Similarly for

the capacitive voltage divider of Fig. 1d, the parallel resonance

atw LC = 1 (with C the series combination &, andC,) is

accompanied by a series resonance at a lower frequency,gq

w’LC, = 1.
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FIG. 5. (a) Comparison of reflection coefficients of tuned circuits of
capacitive top-feed geometry of Fig. 1b. All circuits &= 100 and are
adjusted t&EOC = 2 (25 ohm real ab,,). Five values oL are shown (0.125,
0.25, 0.5, 1, and ZH), with 5 corresponding values of the current division
fraction, C,/(C, + C,). (b) Comparison of the four tuned circuit geometries
of Figs. 1a, 1b, 1c, and 1d. Each circuit FB®C = 8 with Q = 100. The
results demonstrate that the tuning bandwidth is essentially the same for

tuned circuit geometries for a given extent of overcoupliB®C).

Thus one is led to ask whether any of the geometries in Fig
la, 1b, 1c, or 1d has a broader tuning bandwidth than t
others. Results for reflection coefficigmare displayed in Fig.
5a for 5 tuned circuits, all of the capacitive top-feed arrange
ment of Fig. 1b. All have the san@ = 100 and are adjusted
to give R = 25 ohms, corresponding to an overcoupling o
EOC = 2. Five different values of. are used, so that five
different values of the current division fracti@y/(C, + C,)

FIG. 4. Reflection coefficienp as a function of operating frequency. The@l€® required. We note that while all five have the same

L—C circuits are all capacitive top-feed geometry of Fig. 1b with= 100,
and with the coupling adjusted to yield the several value€6fC listed

describing the series resonance, the parallel resonances ar
five different frequencies. The results in Fig. 5a indicate that a

(extends of overcoupling of the line to the-C circuit). The cases shown span five circuits have essentially the same performance

from undercoupledBOC < 1) to very overcoupledEOC > 1); a simple

series resonant coil(,L = R, andQ = 100) ispresented for comparison. For _

The four different geometries of Figs. 1la—1d are compare

a desired bandwidth across which the reflection coefficient must be maintaindFig. 5b. Each circuit ha® = 100,L = 0.5 uH, R, = 50

below some maximum value, there is an optimum valu& ofC.

ohms, and overcouplinBOC = 8. ThusR,is 6.25 ohms for
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