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Microwave Measurements of Surface Impedance
of High- Superconductors Using Two
Modes in a Dielectric Rod Resonator

Yoshio Kobayashi,Senior Member, IEEE, and Hiromichi Yoshikawa

Abstract—A novel technique using two resonant modes in a
dielectric rod resonator, theTE021 andTE012 modes, is proposed
to measure the surface impedanceZs = Rs + jXs, whereRs is
the surface resistance andXs is the surface reactance of high-
Tc superconductors at microwave frequency. The temperature
dependence ofZs can be obtained from only one time measure-
ment as a function of temperature, although the conventional
two-resonator method needs to repeat the measurement for tem-
perature twice. The high precision in the Rs measurement is
comparable to the conventional two-resonator method using two
ceramic rod resonators. The excellent repeatability in theXs

measurement is superior to that of the two-resonator method.

Index Terms—Dielectric resonators, high-temperature super-
conductors, microwave measurements, surface impedance.

I. INTRODUCTION

M EASUREMENT of the surface impedance
, where is the surface resistance and is the

surface reactance, of high- superconductors at microwave
frequency is essential for the material development and the
research of superconductor physics. For themeasurements,
many papers have been presented [1]–[7]. For themeasure-
ments, however, there are few papers; one is the perturbation
technique using a Pb cavity [1], [2] and the other is so-called
two-resonator method; one is a mode dielectric rod
resonator having length and the other is a mode
dielectric rod resonator having length , usually

[3]. However, the measurement accuracies of are
not sufficiently high for these methods.

In this paper another method is proposed to measure the
temperature dependences of as well as simultaneously.
In this method, we use two resonant modes in a dielectric rod
resonator, the and modes, which will be called
the one-resonator method [8]–[10]. For the measurements,
it has been verified that the high accuracy is realized because
the measurements for these two modes can be performed
alternately and almost simultaneously at a given temperature
[9]. In the same reason, we can expect a high accuracy also
for the measurements.

II. M EASUREMENT PRINCIPLE

In this measurement, the and modes are used
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Fig. 1. Field plots of theTE021 and TE012 modes in a dielectric rod
resonator placed between two parallel conducting plates.

Fig. 2. A mode chart calculated for"r = 24:

in a dielectric rod resonator having relative permittivity,
loss tangent , diameter , and length , which is placed
between two parallel conducting plates havingand diameter

The field plots of these modes are shown in Fig. 1. A mode
chart calculated for is shown in Fig. 2 [11]. The
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values of and are designed so that the resonant frequency
for the mode is in proximity to for the

mode, as indicated by the broken lines in Fig. 2.
The values of , where is the mode and

the mode, are obtained from the measured values
of by the following formula [12]:

(1)

where is the light velocity and

(2)

(3)

In the above, is the Bessel function of the first kind, and
is the modified Bessel function of the second kind. It is

noted that for the mode is the second solution of
the transcendental equation (3) andfor the mode is
the first solution of (3).

The values of are obtained from the unloaded
measured at by the following formula [12]:

(4)

where is given by (8) described below, and constants
and are given by

(5)

(6)

We define and by the values of
and at respectively, which is given

arbitrarily near and , taking their frequency dependences
into account. In particular, for ion crystallized material such
as polycrystalline ceramics and sapphire used in this measure-
ment, we assume that the following relations are kept in the
frequency region including and :

(7)

Similarly, for conducting plates we assume that the following
relations are kept:

(8)

where for a normal conductor and and
for a superconductor, according to the two-fluid model

[13]. The substitution of (7) and (8) into (4) yields

(9)

Fig. 3. Equivalent circuit ofTE0ml mode dielectric resonator.

Eliminating from two equations derived from (9) for
and , we obtain

(10)

Similarly, eliminating from these two equations, we obtain

(11)

Then, a measurement principle of will be described
below. Fig. 3 shows an equivalent circuit used in this analysis
on the assumption of and The values
and measured by (1), which is derived under the condition

, have values different from each other because
of different effects of depending on the modes. Therefore,
an intrinsic relative permittivity of the dielectric rod can be
calculated by

(12)

where and are correction terms due to for the
mode and due to for the mode, respectively,

which will be calculated by the perturbation technique [3] (see
the Appendix); that is,

(13)

where

(14)

The relationships among (8), (12), and (13) yields

(15)

where

(16)

As a result, the value of can be obtained from the
measured values and by using (15).
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Fig. 4. Automatic measurements system.

Furthermore, on the basis of the two-fluid model [12], the
complex conductivity can be obtained from measured
value by

(17)

and the skin depth and the penetration lengthare given by

(18)

Finally, it is assumed that the temperature dependences of
and are given by

(19)

where and are the values at the reference temperature
, and is the linear thermal expansion coefficient of the

dielectric rod.

III. M EASURED RESULTS

Based on the formulas derived in the above section, a
program was developed to realize an automatic measurement
system for the one-resonator method. The block diagram is
shown in Fig. 4. Two resonance curves observed on a network
analyzer are shown in Fig. 5. Channel 1 is set for the
mode, and channel 2 is for the mode. The and

for these modes are measured at a given, alternately
with a high speed switching between these two channels. The
dielectric resonator is set up in the cryostat and is cooled from
the room temperature to the lowest temperature. We take data
of and for the and modes with the natural
increase of each 1 K after turning off the electric power of the
cryostat. The values of and are calculated
as a function of from these data.

Fig. 5. Two resonance curves observed on network analyzer.

Fig. 6. The frequency response for a dielectric resonator placed between two
copper plates and the resonance modes calculated from the mode chart.

A. Copper Plates

At first, a BMT ceramic rod ppm/K,
Murata Mfg. Co.) having mm and

mm [9] was placed between two copper plates
of mm, which is greater than the 20-mm diameter
required to satisfy 10% in precision for the measured value

m under the condition of 1% in precision in the
measurements [14]. The measured frequency response is

shown in Fig. 6, together with the resonance modes calculated
from the mode chart in Fig. 2. The resonant frequencies
measured for the TM, EH, and HE modes are about 2% higher
than the calculated ones because of air-gap effects between the
dielectric rod and the plates. The values of and

measured as a function of are shown in Fig. 7(a)–(c),
respectively. The reason why the values of and have
minimum around K is due to a characteristic of BMT
ceramics itself. The values of and calculated
from these measured values are shown in Fig. 7(d)–(f). In
these calculations, mm at 293 K was used
so that two values of and take the same values.
Furthermore, the actual length of the rod was decided to be

mm by taking the skin depth of two copper
plates m into account. In this case,
the measurements of Cu plates are not sufficiently precise
because the values of Cu are ten times less than those of
YBCO bulk plates.
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(a) (b)

(c) (d)

(e) (f)

Fig. 7. Measured results for"r and tan � of a BMT ceramic rod andRs of Cu plates by one-resonator method. (a)f2 � T for TE012 mode. (b)
f1 � T for TE021 mode. (c)Qu � T: (d) "r � T: (e) tan � � T: (f) Rs;Xs � T:

B. YBCO Bulk Plates

Second, the two copper plates were changed into two melt-
textured YBCO bulk plates (Imura Material R&D Co.) of

mm [9]. The measurements were repeated two times.
The and for the Cu and YBCO plates are shown in
Fig. 8(a) and (b) where the Nos. 1 and 2 indicated in the curves
are for the first and second measurements, respectively. The
measured values of and are shown in Fig. 8(c). The

and values calculated from these and values are
shown in Fig. 8(d), together with the values calculated from
these values using (12), (13), and (15), and similar results for
Cu to be compared with these values. The and
values calculated from the and values are shown

in Fig. 8(e) and (f), respectively. The values calculated
from the and values are shown in Fig. 8(f). The
reproducibility of these measured results is excellent. Fig. 9
shows the error of calculated from a small change of the
length of dielectric rod. Particularly, the measurements by
the one-resonator method were 53% superior in precision to
95% in precision for the conventional two-resonator method
[3].

C. and

The and values were calculated from the measured
values. These results are shown in Fig. 10(a). Furthermore,

and values calculated from the and values are
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(a) (b)

(c) (d)

(e) (f)

Fig. 8. Measured results for"r andtan � of a BMT ceramic rod andZs of melt-textured YBCO bulk plates by one-resonator method. (Nos. 1 and 2 are for the
first and second measurements, respectively.) (a)f2�T for TE012 mode. (b)f1�T for TE021 mode. (c)Qu�T: (d) "r�T: (e) tan ��T: (f) Rs;Xs�T:

Fig. 9. The error ofXs calculated from a small change of the length of
dielectric rod.

shown in Fig. 10(b). Considerably good reproducibility also
was obtained for these measured results. The measured value
of the melt-textured YBCO bulk plates is m which
is between m for YBCO film [3] and m
for YBCO bulk [2].

D. Comparison with the Two Resonator-Method

Finally, similar measurements of for the same YBCO
bulk plates were performed by using the two-resonator method,
to be compared with one for the one-resonator method. For
four sapphire rods ppm/K, Kyocera
Co.), which are two mode resonators having

mm and mm and two
mode resonators having mm and
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(a)

(b)

Fig. 10. Measured results for�; �; and � of melt-textured YBCO bulk
plates by one-resonator method. (Nos. 1 and 2 are for the first and second
measurements, respectively.) (a)� � T: (b) �; � � T:

Fig. 11. Measured results ofRs of melt-textured YBCO bulk plates by
one-resonator method using BMT ceramic rod and by two-resonator method
using four sapphire rods.

mm, the measurements were performed
separately four times. The values of for four sets of
the and mode resonators were calculated from
these measured values by using formulas for the two-resonator
method [3]. These results are shown in Fig. 11, together with
the measured results taken from Fig. 7(f). The amount of

scatter of these values is due to the different values
of the each sapphire rods. As a result, for the one-resonator
method using the BMT ceramic rod, the measurements
obtained are 4.7% in precision, which is comparable to 5.7%
in precision by the conventional two-resonator method.

IV. CONCLUSION

It was verified that the one-resonator method is useful to
measure the dependence of , because they can be obtained
from only one measurement for these two modes. For the

measurements, excellent reproducibility can be obtained,
which is comparable to the conventional two-resonator method
using sapphire rods. For the measurements, one can be
obtained, which is superior to the conventional two-resonator
method.

APPENDIX

THE DERIVATION OF (13)

1) The relation between small changes and is
derived from (1) and (2) and is given by [12]

(A1)

where is given in (6).
2) The characteristic equation for the equivalent circuit

shown in Fig. 3 is given by

(A2)

where is impedance seen to left side and is impedance
seen to right side. From the resonance condition
and (A2) the following relation is obtained:

(A3)

Putting , (A3) is rewritten as

(A4)

when we define for due to
the finite value is expressed by

(A5)

Substitution of (A5) into (A4) yields

(A6)
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3) From the equations

(A7)

(A8)

given by (1) and (2), we derive

(A9)

(A10)

respectively [3], where a perturbational quantity of complex
angular frequency [3] is given by

(A11)

where is the resonant frequency when , and and
are the resonant frequency anddue to ohmic loss in the

superconductor when , respectively.
From (A9) and (A10), we obtain

(A12)

4) Substitution of (A12) into (A6) yields

(A13)

(A14)

Finally, eliminating from (A1) and (A14), we obtain
(13).
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