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The automatic frequency control (AFC) circuit in conventional
electron paramagnetic resonance (EPR) spectrometers automati-
cally tunes the microwave source to the resonance frequency of the
resonator. The circuit works satisfactorily for samples stable
enough that the geometric relations in the resonance structure do
not change in a significant way. When EPR signals are measured
during in vivo experiments with small rodents, however, the dis-
tance between the signal source and the surface-coil detector can
change rapidly. When a conventional AFC circuit keeps the os-
cillator tuned to the resonator under those conditions, the result-
ant frequency change may exceed 65 MHz and markedly shift the
position of the EPR signal. Such a shift results in unacceptable
effects on the spectra, especially when the experimenter is dealing
with narrow EPR lines. The animal movement also causes a
mismatching of the resonator and the 50-ohm transmission line.
Direct results of this mismatching are increased noise; shifts in the
position of the baseline; and a high probability of overdriving the
signal preamplifier with consequent loss of the EPR signal. We
therefore designed, built, and tested a new surface-coil resonator
using varactor diodes for tuning the resonance frequency to the
fixed frequency oscillator and for capacitive matching of the res-
onator to the 50-ohm transmission line. The performance of the
automatic matching system was tested in vivo by measuring EPR
spectra of lithium phthalocyanine implanted in rats. Stability and
sensitivity of the spectrometer were evaluated by measuring EPR
spectra with and without the use of the automatic matching
system. The overall experimental performance of the spectrometer
was found to significantly improve during in vivo experiments
using the automatic matching system. Excellent matching between
the 50-ohm transmission line and the resonator was maintained
under all experimental circumstances that were tested. This
should allow us now to carry out experiments that previously were
not possible. © 2000 Academic Press
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INTRODUCTION

The automatic frequency control (AFC) widely used
continuous-wave (CW) electron paramagnetic reson
(EPR) spectrometers adjusts the frequency of microwav
the resonance frequency of a resonator (1). The change of th
microwave frequency, however, causes the position of the
spectrum to shift. If instead the resonance frequency o
resonator were tuned to a fixed microwave frequency, the
spectra would not be affected by the AFC. This would
particularly valuable for increasing the signal-to-noise rati
EPR signals in animal experiments. An electronically tun
ceramic reentrant resonator for the L-band has already
developed by Chzhanet al. (2). Its resonance frequency
adjusted to a fixed microwave frequency by a voltage-
trolled piezoelectric actuator. The relationship between
noise level of EPR spectra and the frequency deviatio
obtain the error signal for the AFC has been discussed (3). To
increase the sensitivity and the stability of the EPR ex
ments, some improved AFC systems have been rep
(4–8).

Noise resulting from movement of animals is freque
observed duringin vivo experiments. The movement can
due to both physiological factors (respiratory and cardiova
lar) and muscular activity, especially in unanesthetized
mals. This causes a mismatch between the resonator a
characteristic impedance of a transmission line (usuall
ohm). Compensating this mismatch could significantly
prove the signal-to-noise ratio inin vivo experiments. To kee
a good match for the resonator, the coupling between
resonator and the transmission line has to be adjusted.
CW-EPR spectrometer is equipped with an automatic matc
control (AMC), the noise produced by movement can be c
pensated. The AMC should have a time constant that is sh
comparison to the period of the movements.

There is no similar automatic matching system in “puls
NMR and MRI. A RF amplifier is never overdriven by t
impedance mismatching between the coil and 50-ohm t
mission line in a NMR spectrometer. This is because
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160 HIRATA, WALCZAK, AND SWARTZ
receiver of the spectrometer is not connected to the coil w
microwave pulses are transmitted to the coil.

A variety of matching structures in NMR/MRI and EP
instruments has been reported (9–20). Some papers dealin
with electronically controlled systems have suggested tha
actor diodes be used both to tune and to match a resonato19,
20). Many different surface coils have been discussed in pa
dealing with NMR/MRI and EPR experiments (21–30). A
echnique for the automatic matching control of surface-
ype resonator, however, has not yet been reported.

One problem related to use of varactors in EPR resonat
hat if a varactor is in a magnetic modulation field, the app
everse-bias voltage for the varactor will be modulated b
lectromotive force. This phenomenon will result in the m
lation of the matching of the resonator, and the spectrom
ill be unable to distinguish this modulation from EPR sign
his unwanted modulation cannot be avoided unless the
ctor and the elements supplying the reverse-bias voltag
ompletely shielded from the magnetic field modulation
oop–gap type of resonator is widely used in EPR mea

ents, but its varactors cannot be shielded from the modu
eld because the modulation field has to penetrate the reso
n order to modulate the dc magnetic field. The fundame
ifference between a tunable surface-coil-type resonator
ented in this article and a loop–gap resonator (LGR) is
ocation of the matching circuit for connecting the resonato
he spectrometer. For the tunable surface coil, the dis
etween the surface coil and the matching and tuning cir

s more than a half-wavelength of the electromagnetic w
mployed in the measurement. For the LGR, the matc
ircuit (usually a coupling loop) is located in the RF elec
agnetic fields. The shielding of the matching circuit for
GR will disturb the RF magnetic field and the magnetic fi
odulation applied to the sample unless the matching circ

solated from the RF magnetic field.
This article describes an electronically tunable surface-

ype resonator that can be used for both AFC and AM
W-EPR spectrometer. The principles of the resonator an
MC are described. The theoretical background for the i

mpedance of the resonator is presented. The advantages
MC with this resonator are demonstrated in EPR mea
ents in a model system.

EXPERIMENTAL

Electronically Tunable Surface-Coil-Type Resonator

Figure 1 shows the configuration of an electronically tun
surface-coil-type resonator that uses varactors in its tunin
matching systems. The tunable surface coil consists of a
face coil, a parallel coaxial line formed by 50-ohm coa
cables, and a half-wave line balun (31). The balun is a
mpedance transformer designed to couple a balanced lin
en
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an unbalanced transmission circuit (for example, a co
line). One varactor gives a capacitanceCDT for tuning the
resonance frequency of the tunable surface coil. The
varactor gives the capacitanceCDM for changing the reactiv
impedance of the input impedance of the tunable surface
Because the capacitance of a varactor varies with the rev
bias potential applied to it, we can adjust the resonance
quency and the reactive impedance of the tunable surfac
by adjusting the voltages applied to the varactors. Choke
and the ceramic capacitorsCT andCM are used for supplyin
the reverse-bias potential to the varactors. The choke
connected between the center point of the balun and the g
level decreases microphonic noise produced by the mag
modulation field. The surface coil, the parallel line, and
balun form a closed loop, and the voltage level of this loo
floated from the ground level. Since the electromotive forc
the modulation frequency affects the degree of the matc
between the tunable surface coil and the spectromete
baseline of the EPR spectrum is shifted by the modulation
only way this modulation can be avoided is by making sure
the varactor and the elements supplying the reverse-bia
tentials are completely shielded from the magnetic modul
field. We therefore contain the sensitive elements inside a
brass casing (1

4-inch thickness).

Automatic Frequency Control System

AFC is a conventional technique in CW-EPR spectrosc
and is therefore important for our tunable surface coil. If

FIG. 1. Configuration of a surface-coil-type resonator with matching
tuning circuits. The length of the parallel coaxial line was 103.7 mm, the r
of the surface coil was 5.0 mm, and the thickness of wire used for the s
coil was 1.0 mm. The values of the capacitorsC1, C2, C3, CT, andCM were,
respectively, 1.0 pF, 1.0 pF, 0.5 pF, 20 nF, and 20 nF. The value of the re
RT andRM were 12 kV. The choke coils were made by quarter-wavelength

ires, and the diameter of the choke coil was about 4.0 mm. The comme
vailable “semi-rigid” coaxial cables were used for the parallel line an
alun of the prototype resonator.
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161TUNABLE SURFACE-COIL-TYPE RESONATOR
microwave frequency is not changed by the operation o
AFC, the lineshape of the EPR signal is not affected by
action of the AFC. Almost all of the electronic circuits used
our AFC system are similar to those used in a convent
AFC system, but in our system the feedback voltage o
AFC is applied to the tunable surface coil instead of
microwave oscillator (2). The range over which the frequen
can be controlled depends on the characteristics of the tu
surface coil. In particular, the type of varactors used and
value of capacitance connected in series with the “tun
varactor govern the range over which the frequency ca
shifted. The frequency tuning range of65 MHz is necessary
obtain a good stability of the AFC forin vivoEPR experiment

Automatic Matching Control System

Impedance matching between the resonator and the
mission line in EPR experiments can be adjusted by man
turning a knob to move an iris or a coupling loop or a coup
capacitor. Duringin vivo measurement, however, it is diffic
to keep a good match manually and automatic matching
justment is preferable. The degree of matching affects
amplitude and phase of the microwaves reflected from

FIG. 2. An automatic matching control circuit for the tunable surface-
y the characteristics of a spectrometer.
e
e

al
e
e

ble
e
”

be

ns-
lly
g

d-
e
e

resonator. When the transmission line has an open-c
termination, the microwave is reflected in the same ph
When the line has a short-circuit termination, the phase o
reflected microwave is changed by 180°. The degree of m
ing during a measurement is obviously intermediate betw
the open and short terminations. If we can detect the chan
the phase of the reflected wave, feedback control of the m
ing is possible.

Figure 2 shows our automatic matching control circ
Phase-sensitive detection is a technique that is widely us
microwave engineering. When the phase of the reflected
is the same as that of the reference wave, the amplitude
summed microwaves increases. This means that the o
voltage of the diode detector increases. On the other
when the phase of the reflected wave is opposite that o
reference wave, the output voltage of the diode detecto
creases. Consequently, the phase of the reflected micro
can be determined from this voltage shift. The voltage sh
the diode detector is amplified by the summing operati
amplifier, and then the output voltage of the amplifier is
back to the port of the matching control of the tunable sur
coil. The matching is initially adjusted by using the resis

-type resonator. The values of the elements marked with an asterisk ared
coil
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162 HIRATA, WALCZAK, AND SWARTZ
divider to set the reference voltage in the summing operat
amplifier. When the switch SW is in “manual” setting,
optimal matching can be set by a 10-turn 10-kV variable
resistorR2. The resistorR1 serves to adjust the voltage at
test point to a value of 0 for ideal matching. The switch SW
the “auto” position provides an error signal for autom
matching, and the amplifier adds the output voltage of
diode detector to the reference voltage. The cutoff frequen
the AMC was 660 Hz, and it is mainly governed by the
circuit in the input port of the tunable surface coil. This cu
frequency is sufficient to compensate for the animal m
ments.

Testing of Automatic Matching Control

The performance of the AMC system was testedin vivo by
measuring EPR spectra of lithium phthalocyanine (LiPc)
planted in rats. Two rats were tested. The effectivenes
automated matching was evaluated in the first animal wh
was under general anesthesia and without any anesthesia
second. Stability and sensitivity of the spectrometer were
praised by measuring EPR spectra with and without the A
being active.

THEORY

Basic Design

The resonant circuit consists of the surface coil, the pa
coaxial line up to the balun, and the tuning and matc
capacitor circuits. The operating frequency of the tunable
face coil was designed to have a resonance frequency a
priate to the spectrometer. Because a resonance circ
formed by the surface coil and the parallel coaxial line,
resonance frequency of the tunable surface coil is determ
by the length of the parallel coaxial line and the inductanc
the surface coil. When one end of the parallel coaxial lin
connected to the surface coil and the other end is an o
circuit termination, the resonance condition of the tun
surface coil is given by

jvL 2 jZparallelcot bl 5 0, [1]

where j is the imaginary number unit,v is the resonanc
angular frequency,L is the inductance of the surface coil, a
b is the phase constant of the parallel coaxial line (32). Two
coaxial lines operate as a balanced transmission line w
characteristic impedanceZparallel is given by

Zparallel5

276 log10

b

a
, [2]
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wherea andb are, respectively, the inner and outer radii of
coaxial line ander is the dielectric constant of the insula
between the inner and outer conductors.

When the resonance angular frequency is specified in
vance, the line lengthl can be calculated as

l 5
1

b
tan21 SZparallel

vL D 1
l

2
, [3]

wherel is the wavelength of electromagnetic wave in the l
Since the first term on the right-hand side of Eq. [3] is v
small, the practical length of the line is obtained by addin
half-wavelength.

Formulas for Input Impedance

The half-wave line balun plays the role of a 1:2 turns-r
transformer (31). The input impedanceZ in of the tunable su
face coil is given by

Zin 5

C1Z1 2 j
1

v

C1 1 C2 1 jvC1C2Z1
2 j

1

vCDM
, [4]

whereZ1 is the load impedance at the input of the balun
load impedance at the primary port of the transformer).
impedance at the secondary port is a combination of that d
the lumped capacitorsC3 and CDT and the input impedan
Ztrans of the parallel coaxial line. Since the voltage applie
the capacitors is half that applied to the parallel coaxial
the load impedanceZ1 is given by

Z1 5
1

4

1

jvC3CTD

2~C3 1 CTD!
1

1

Ztrans

, [5]

Ztrans5 Zc

ZL 1 Zc tanhgl

Zc 1 ZL tanhgl
, [6]

whereg is the propagation constant of the parallel coaxial
(33). Since the parallel coaxial line is a lossy line, the pro

ation constant should be treated as a complex numbera 1
jb. The real parta is the attenuation constant, in nepers
meter. The load impedanceZL of the surface coil is firs
transformed into the input impedanceZtrans by the paralle
coaxial line, and the impedanceZtrans is then transformed in
the impedanceZ1 by the balun.

The load impedance of the parallel coaxial line,ZL, is given
by

Z 5 R 1 R 1 R 1 jvL, [7]
L s r e
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163TUNABLE SURFACE-COIL-TYPE RESONATOR
whereRs is the ohmic resistance,Rr is the radiation resistan
of the surface coil, andRe is the equivalent resistance of
dielectric loss in the sample. These resistances can be ob
from simple assumptions (see the Appendix in Ref. [19]).

umerical Calculations of Input Impedance Characteristi

The tuning and matching characteristics of a tunable su
oil whose specifications are listed in Table 1 were calcu
sing the formulae described in the previous section. F
urface coil 10 mm in diameter the frequency which show
inimum reflection at the input port of the tunable surface

s about 1.2 GHz, and the minimum reflection frequency ca
alculated as a function of the tuning capacitanceCDT. The

1SV186 varactor diode (Toshiba, Japan) can provide a c
itance of 0.7 to 4.0 pF, and curves showing the reson
frequency over this range are shown in Fig. 3 for var
values ofC3. The range of the frequency shift depends on
fixed capacitanceC3, and a frequency shift of 36 MHz shou

e obtained whenC3 5 1.0 pF. If a wide range of frequen
shift is not needed, the capacitanceC3 can be small.

The matching circuit consists of two fixed capacitors a
varactor, and the degree of matching for the tunable su
coil is adjusted by changing the reverse-bias potential o
varactor. Figure 4 shows the degree of matching as a fun
of the capacitanceCDM. For a one-port junction, a scatterin
matrix parameterS11 is defined by

S11 5 10 log10

Pref

Pin
, [8]

whereP in is the incident power andPref is the reflected powe
hus, the scattering-matrix parameterS11 indicates the degre

of matching. It was assumed in this calculation that the su

TABLE 1
Specifications of an Electronically Tunable

Surface-Coil-Type Resonator

Radiusr of surface coil 5.0 mm
Thicknesst of wire used for surface coil 1.0 mm
Length l of parallel coaxial line 103.7 mm
Inner radiusa of coaxial line 0.5 mm
Outer radiusb of coaxial line 1.68 mm
Dielectric constanter of the insulator between the

inner and outer conductors 2.1
Attenuation constanta of coaxial line (at 1.2

GHz) 4.463 1022 neper/m
hase constantb of coaxial line (at 1.2 GHz) 36.4 rad/m

Conductivity of surface coil 5.73 107 S/m

For the prototype resonator used in the measurements

CapacitanceC1 1.0 pF
CapacitanceC2 1.0 pF
CapacitanceC3 0.5 pF
ned
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coil is in a vacuum. The capacitanceCDM which results in
good matching depends on the capacitances of the fixe
pacitors. If the capacitances chosen for the matching circu
appropriate for the samples in EPR measurement, the ma
between the tunable surface coil and the transmission li
good.

RESULTS AND DISCUSSION

Tuning and Matching Characteristics

Before evaluating the performances of the AFC and A
systems, we measured the resonance-frequency and sca
parameter characteristics of a 1.2-GHz prototype tunable

FIG. 3. Calculated resonance frequency of the surface-coil-type reso
as a function of the capacitanceCDT. The capacitancesC1 and C2 were,
espectively, assumed to be 0.7 and 1.0 pF.

FIG. 4. Calculated results showing, for various values ofC1, the degree o
matching between the surface-coil-type resonator and the transmission
a function of the capacitanceCDM. The capacitancesC2, C3, andCDT were,
respectively, assumed to be 1.0, 0.56, and 2.0 pF.
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164 HIRATA, WALCZAK, AND SWARTZ
face coil, the specifications of which are listed in Table 1.
values of the capacitors for tuning and matching were sel
to obtain a wide matching range. The scattering-matrix pa
eter S11 for the prototype tunable surface coil was meas
with a vector network analyzer (Anritsu, MS620J) and a S
bridge (Wiltron, 60NF50, directivity 46 dB).

The measured resonance frequency is shown in Fig. 5
function of the applied voltageVT. When the resonance fr
quency was measured, the applied voltage for matchingVM)
was 18.5 V. A shift in resonance frequency of about 10 M
was obtained. The range of the frequency shift can, as s
in Fig. 3, be adjusted by choosing a different capacitanceC3.
The resonance frequency increases linearly with applied
ages up to 20 V, above which the shift in the resona
frequency shows saturation because the change of the c
tance of the varactor decreases. The low-voltage region in
5 corresponds to the large-capacitance region in Fig. 3 be
the capacitance of the varactor is inversely proportional to
applied reverse-bias potential (34). Good matching,S11 more
than230 dB, was obtained throughout the wide range of
frequency shift. This decoupling between the resonance
quency and the matching is very important for the AFC sys
Without it, the operation of the AFC would affect the match
during the measurement.

Figure 6 shows the matching characteristics of the proto
tunable surface coil. The resonance frequency is little i
enced by differences in voltageVM between 18 and 20 V
When the applied voltage was changed from 18 to 20 V
frequency shift was only 320 kHz. If this frequency shift can
decreased, the AMC operation will be independent of
readjustment of the frequency. The frequency shift due to
change of matching is a fundamental limit of the pre
tunable surface coil. However, this shift is not a problem
practice, because the AFC simultaneously adjusts the
nance frequency of the tunable surface coil.

FIG. 5. Measured resonance frequency of the prototype tunable s
coil as a function of the applied reverse-bias potentialVT. The reverse-bia

otential for the matching (VM) was 18.5 V.
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Compensation for Impedance Mismatching Due
to Perturbation

A tunable surface coil working in a spectrometer equip
with the AFC and AMC systems was evaluated experim
tally. The AFC and AMC were simultaneously working in
following experiments. Crystals of LiPc implanted in rats w
used as the EPR signal source and a 1.2-GHz spectromet
used for CW-EPR measurements. Estimates from the i
preliminary theoretical analysis are that the generated RF
netic flux density in the surface coil is 17mT when the applie
microwave power is 25 mW. The energy dissipation in
parallel coaxial line, the balun, and the coil is, respectiv
approximately1

2,
1
4, and1

4 of the total energy dissipation in t
tunable surface coil when the sample is not present.

Figure 7 shows typical baselines of EPR spectra colle
with and without the use of AMC. This experiment was
tended only to test the noise levels introduced by the auto
matching. Because the electric load of the tunable surfac
was time-invariant, even without the AMC operating the g
matching of the tunable surface coil was maintained durin
measurement. The root-mean-square values of the basel
0.090 for the top trace and 0.092 for the bottom trac
arbitrary units. These results indicate that no additional n
was added by the AMC circuit and there is no difference in
resultant baselines.

Figure 8 shows the EPR spectrum of LiPc implanted in
brain of a rat. The rat was unanesthetized in this measure
The rat was constrained by a plastic tube and was ab
sometimes move its head. The surface coil was touchin
head of the rat. In the top trace measured without the AMC
rat moved significantly when the scan reached the mag
field of 412.8 G. The measured signal contains a spike d
the significant movement of the rat. The perturbation by

FIG. 6. Scattering-matrix parameterS11 (for the matching between th
rototype tunable surface coil and a 50-ohm transmission line) as a func

he applied reverse-bias potentialVM when the reverse-bias potential for tun
V ) was 10 V.
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165TUNABLE SURFACE-COIL-TYPE RESONATOR
movement exceeded the dynamic range of a RF amplifier
as a result, an EPR signal could not be discerned du
saturation of the RF amplifier. The bottom trace was meas
with the AMC on. In this case, the measured spectrum doe
show spikes such as those evident in the top trace. Even
the experimental animal moved significantly, the good im
ance matching between the tunable surface coil and the
mission line was maintained by the AMC. Therefore meas
ment could be continued over a long period of time with
readjusting the matching, even though the rat often mov
that time span.

Figure 9 shows the EPR spectrum of LiPc implanted u
the skin on the neck of a rat. The rat was anesthetized in
measurement; however, the movement due to the respirat
the rat could not be avoided. The movement of the rat ca
impedance mismatching between the tunable surface co
the impedance mismatching due to the respiration was w
the dynamic range of the RF amplifier and therefore the s
was not lost entirely (compare with Fig. 8). When the A
was turned on, the noise level visible in the baseline decre
While in fMRI it has been found that some of the “noi
actually reflected resolvable physiological processes
therefore with proper analysis could add important infor
tion), this is unlikely to be the case for the noise attribute
physiological motions of animals in ourin vivo measurement
The effects of the motion predictably lead to most or all of
noise that is observed. It does seem possible that whe
effects of motions in the animal are sufficiently minimized
the AMC and other means, we then will be able to res
some true physiological fluctuations of pO2 that are currentl
obscured by the noise. The root-mean-square value of the
in the top trace without the AMC is 0.325 in arbitrary un
while the value for the bottom trace with the AMC is 0.2

FIG. 7. Typical baselines of EPR spectra collected with and withou
use of AMC. The bottle containing physiological saline solution was
moving and the EPR signal source was absent. The measurement con
are as follows: microwave power 25 mW, sweep time 10.0 s, scan rang
G, magnetic field modulation 0.2 G, and time constant 20 ms.
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The 300 measured points from 408 to 411 G were used fo
computation. We conclude that the noise level in the bas
of the bottom trace was reduced about 30% in comparison
the top trace. The decrease of 30% for the noise level mea
improvement of about 40% for the signal-to-noise ratio in
measurement (S/(1.0 2 0.3)N ' 1.4 S/N, whereS is the
signal amplitude, andN is the noise amplitude). Although t
absolute sensitivity of the spectrometer did not improve
practical sensitivity inin vivo measurements did. This is b
cause the AMC was able to maintain good impedance m
ing during the measurement. Both measurements were
within an interval of a few minutes. There was no differenc
the animal physiology for both measurements. Since th
flected microwaves were reduced by maintaining a good
pedance matching, the noise level of the baseline was
proved.

Although these studies were done with a specific typ
resonator, the AMC is expected to be a useful technique f
in vivo EPR measurements. The resonator used in this
has no exceptional sensitivity to physiological movemen
animals; we are not aware of other types of resonators th

FIG. 8. EPR spectra of an unanesthetized rat with lithium phthalocya
(LiPc) implanted in the brain. The rat was constrained by a plastic tube
measurement conditions were as follows: microwave power 25 mW, s
time 5.0 s, scan range 1.0 G, magnetic field modulation 0.1 G, and
constant 20 ms.
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significantly less susceptible to effects of motion of anim
An important potential advantage of the automatic matc
system is that it can facilitate EPR studies of unanesthe
animals. Typically, experimental animals are anesthetize
fore EPR measurements in order to reduce motion, bu
anesthetics are likely to affect the biological phenomena b
tested. The AMC therefore could significantly extend the ty
of useful experiments that could be done within vivo EPR.
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