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Emperical Model of the Microwave Properties
of High-Temperature Superconductors

Orest G. VendikMember, IEEE Irina B. Vendik, Member, IEEE and Dimitri |. Kaparkov

Abstract— This paper presents simple correct models of phenomena used in electronics and electrical engineering.
high-temperature superconductor (HTS) film parameters at Such models successfully serve in the cases when there is no
microwave frequencies. The models are based on the enhancedy,qqretical model of the phenomenon or the rigid theory of it is

two-fluid model of a superconductor. The quasi-particle . .
scattering and peculiarities of the normal conductivity of the very complicated to be understand and used. The goal of this

HTS at microwaves, including residual resistance of a material, Paper is to formulate the requirements to the phenomenological
are taken into account. The difference between the known Gorter description and to select the most favorable phenomenological
and Casimir two-fluid model of low-temperature superconductor  description of the high¥. superconductors.

and the enhanced two-fluid model of HTS is proven. A simple

quasi-static model of current distribution across the microstrip

line and coplanar waveguide is used for a simulation of a Il. REQUIREMENTS TOMODEL DESCRIPTION

contribution of the superconductor transport processes into BASED ON A PHENOMENOLOGICAL THEORY

impedance per unit length of the transmission lines considered. A phenomenoloaical theor nb d basis of an em
The models developed were applied to a simulation of microstrip phenomenological theory can be used as a basis of an em-

line and coplanar waveguide resonators. Good agreement of Pirical model of the phenomenon. The following requirements
simulated results and measurements in a wide temperature range to the model can be formulated:
has been demonstrated. The model presented can be considered 1) model is founded on simple physical ideas:

as a starting point for the formation of the computer-aided 2) model is in a reasonable agreement with known exper-
design (CAD) package of HTS microwave components. ) . . II dl ¢ g wi wn exp
imental data,;

Index Terms—High-temperature superconductors, modeling, 3y model comprises simple and correct formulas;
?uper_condéjctlng films, superconducting transmission lines, sur- 4) within specified limits of the variables emplog/ed the
ace impedance. '

P model obeys the laws of the fundamental physics;
5) model can be easily inserted into CAD systems which
|. INTRODUCTION are in common use.

ODELING surface impedance of high-temperatdfg)(  As a brilliant example of a phenomenological approach to

superconductors (HTS's) is an important componetite nature of superconductivity, the Gorter and Casimir two-
of a computer-aided design (CAD) of microwave devicefuid model of a superconductor can be considered. The Gorter
which are intended for use at the liquid nitrogen temperatui@d Casimir two-fluid model was suggested in 1934 when
Many attempts to find an adequate description of the surfatte rigorous theory of superconductivity had not yet been
impedance of the higliz. superconductors as a function oftontemplated.
temperature and frequency are known [1]-[12]. The problemThe principal idea of the two-fluid model consists of the
is complicated by the absence of an accomplished theorydascription of the electron subsystem of a superconductor in
the high4. superconductivity. Engineers are faced with tha form of two noninteracting fluids: the superconducting fluid
necessity to describe a phenomenon in the situation wh@ifluid) formed by the charge carriers in the superconducting
the nature of the phenomenon has not been theoreticatgate and the normal fluid (N-fluid) formed by the charge
explained. A description that is quantitatively adequate tmarriers in the normal state. It is worth mentioning that the
the macroscopic properties of the phenomenon, but not ustltarge carriers in the normal state are often called quasi-
its microscopic nature, is referred to as a phenomenologigelrticle excitations as well.
model. There are many known phenomenological models of
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whereT is the temperaturé]. is the critical temperaturey TABLE |
is the total electron density in the superconductor, anig CHARACTERISTICS OFYBCO FLMS BASED ON EXPERIMENTAL DATA [14]-[18]
an eXponent. Ap(0), nm T, K ¥ b References

For conventional superconductors such as Pb, Sn, ang‘w8 oo 2 2 05 o os a)
Nb which were known in the time when the Gorter and
Casimir model had been suggested, a good agreement with ti5&”-° 88.5 1.68 0.06 (251
experiment was provided by = 4. The value of the exponent 2¢1.7 69 1.45 0.35 [16]
~ for the high¥,. superconductors will be discussed later.

The ns(7T) is closely connected with the principal param-
eter of a superconductoxz(7')—the penetration depth of a
magnetic field, so-called London penetration depth [13]

2
! 5 = c“ns(D)ko (2) of minimum S. The reliability of the approximation was
A(T) ms estimated using the following sum:
wheree andm, are charge and effective mass of an electron,
and yq is the free-space magnetic permittivity. N

The London penetration depth can be measured experi- § _ 1 1 Z l)\i - — Az(0)

i=1

a VI=(G/T)

mentally. The measurement of;(7)is a way to find the AL(0)\| N
of this paper is dedicated to the London penetration depth asas a test for the proposed procedure, the algorithm described

147.7 91.4 2.08 0.30 1171

144.7 93.0 2.00 0.10 [18]

()

experimental dependence af(7’). That is why Section IV

a function of temperature. was applied to a traditional low-temperature superconduc-
tor—lead—experimental data being taken from [29]. The
V. LONDON PENETRATION DEPTH following parameters were obtaine@, = 7.198 K, A.(0) =
AS A FUNCTION OF TEMPERATURE 48.1 nm, v = 4.204, 6 = 0.06 which are in a very good

The dependence of the penetration depi{T) of a mag- agreement with the commonly used Gorter—Casimir presenta-
netic field in highZ,, superconductors has been studied expdfon for the traditional low-temperature superconductors. That
imentally in many investigations [14]-[22]. These depende@PProves the reliability of the algorithm described.

cies are generally approximated in the binomial form The results of an analysis of the experimental results on
) AL(T) for a Y-Ba—Cu—O superconductor are presented in
P (O)/AL(D) =1 = (T/1e) (3) Table I.

The data of Table | are in agreement with [20], where the
best fit of experimental data and the relation (3) based on
é?ast-square estimation yields= 1.7 and A (0) = 156 nm.

The Y-Ba—Cu-0 films studied experimentally may be clas-

where A1 (0)is the penetration depth f& — 0.
The simplest theoretical model of the hi@h-supercon-
ductors utilizing the idea of localized bosons (bipolaron

undergoing Bose-Einstein condensation [23], [24] y|eldsfied into two groups: high-quality filma (0) < 150 nm,

. . s Sl
~ = 1.5. However this model is a rough approximatio L2 .
and is best regarded as a phenomenological descriptj 2 89 K and low-quality filmsA(0) > 150 nm, T. < 89

that is convenient in some cases for quantitative estimate: I . . . .
[1]-[4]. More rigorous study of the nature of high- s1'he classification of the films according to their quality

superconductors yields a dependence \e{T) similar to agrees with the usual estimates. On the basis of the data

that given by the Bardeen—Cooper—Schrieffer (BCS) theorrgesented in Table I, it may be concluded that a phenomeno-
|

However most theoretical studies based on a concept of i

g:cal description of\1,(T) for the high-quality Y-Ba—Cu-O
features in highE. superconducting materials—two gap s may be achieved foy = 2.0. For the low-quality films,

[19], gaps with nods [25], gapless model [26]—or on the = 1.5 is more accurate. Among some experimental results,

inhomogeneity or multiphase nature of the composition ne may findy . 1'3__1'4' The smoo_ther dependence_ of
high-T.. superconductors [19], [27], [28], arrive at the idea o () for low-quality films may be attributed to broadening

description of the dependende (T) in the form (3). of the phase transition caused by inhomogeneity of the phase

It is worth discussing here the determination of the ararﬁgmpOSition of the fiIm;. . . .
etersy, A.(0), and T, i?] [5] based on the experimentalpdata Thus, the Gorter—Casimir relations (1) can be applied both

[14]-[18]. The experimental data were presented by the gtgtth:_rlg‘,’v'te_':;]pe?t;‘rge ;Lip?rrﬁont\(jvuc';?r% thhd: %.0, and |t'0d
of pairs of numbers\; andT;. The sum of the squares of thet eHTS’ S Wi rIYI:i t'h_“' .h € df’)- u|“ mz.]f d%Stappﬂle.d
differences between the values)pfmeasured atatemperatureO S IS cale € “enhanced” or “modified™ two-fiul

‘ ) : .model [10], [30]-[34].
T; and those calculated using (1) was compiled as follows: The dependence of, (T) for different values of\. (0) and

N ) ) ~ is presented in Table Il, and may be used as a guide for
SAL(0), Te, 7] = D _{PL(O)/ AP =[1=(T/T.)'1}* (4)  orientation with actual values of the London penetration depth
=1 at the different temperatures.
where N is the number of experimental points. The set of The rowI" = 78 K corresponds to the liquid-nitrogen
parametersy, A1 (0), andT. is determined from the condition temperature.
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TABLE I (107 5™
LoNDON PENETRATION DEPTH FORYBax Cuz O7 (1. = 90 K)
50
}\.L(O) 150 nm 200 nm 256 nm
T,k [Y=1.5 [v=2.0 y=1.5 |[y=2.0y=1.5]y=2.0
40 [
4.2 151 150 201 200 251 250
30 167 159 223 212 278 265
30 F
60 222 201 296 268 370 335 y
78 341 301 455 401 569 501
85 523 456 698 609 872 761 207
89 1164 1009 1551 1345 1939 1682
10
V. QUASI-PARTICLE SCATTERING AND NORMAL o Les
CONDUCTIVITY OF HIGH-T,, SUPERCONDUCTOR 0 50 100 150
Quasi-particles (normal electrons) do not take part in a T(K)

response of a superconductor on theelectric field because _ N ,

he de electric field s zero insid f th rcond Fig. 1. The temperature dependence of the relaxation tinfe) in

the dc electric field equals zero Inside of the superconduGymparison with the experimental results [20]. The model parameters
ing body. The microwave electric field penetrates inward 1) = 3.57-10"1% s,y = 1.5, ande = 10 are used.

superconductor and initiates a motion of the quasi-particles.
In two-fluid approach, the qausi-particles are presented by the

i . i 1 3 -1 -1
N-state fluid. The response of the N-state fluid is characterized o1 (1074 em™)

by the normal conductivity of the material as follows: 200 T
) —0— Microwave data
gn(T) = M . T(T) (6) —8— DC data (from [20])
My

| = This model
where7(T') is the quasi-particle relaxation time, other nota-
tions were introduced before.
We suppose that the effective mass of the normal electrons 100
is constant and does not depend on temperature. The specific
feature of the HTS is that the normal conductivity of the HTS
is inversely proportional to the temperatureZat> 1.. The
simple explanation of such a dependencerf7’) on T" was
done by Mott [24]. The dependence®f(T) onT atT > T.
is supported by the experimental results. The dependence of
a,(T) onT is determined by, (T) and7(T’). An appropriate
treatment [20] of the experimental data yields the numerical

results presented in Fig. 1. The following empirical formula iBig. 2. The temperature dependence of the normal conductivityt)

suggested to fit the experimental data in comparison with the experimental results [20]. The model parameters
99 P 0n(1) =1.8-10% (2-m)~1, 4 = 1.5, anda = 6.5 are used.

<
L
<

100 150
T(K)

1 1 t, . t>1
7(t) - (1) { Thaf =7 t<1 ) [ZOF]ig. 2 shows (9) in comparison with the experimental results
wheret is the reduced temperature In a perfect superconductor, the normal electron density
must be zero at the limif” — 0 K. But in the real situation,
t= r (8) nx(0) # 0. The presence of nonpairing charge carrier® at
. 0 K results in so-called residual resistance that characterizes
and « is an empirical parameter. the properties of a superconductor at very low temperature.
Fig. 1 illustrates (7) withr(1) = 3.57 - 10~!* s, & = 10, The principal role of nonpairing charge carriersat— 0
andvy = 1.5. K in HTS was suggested by Mler et al. [35] and used in
Substitutingn,,(7°) from (1) and7(7) from (7) into (6) “three-fluid model” by Kobayashi [6]-[9]. The contribution of
yields the “third” fluid into HTS response to the microwave field

was discussed later [4]. It was suggested that the nonpairing

oa(t) = o'n(]_){ t_ivl fort>1 (@) charge carriers in HTS are situated in the O-Cu-O chains in
O +a-(1-17), fort <1 the Y-Ba—Cu—O crystal structure.



472 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 5, MAY 1998

At the temperature range57. < T < T, the contribution ~ Substituting (14) into the Maxwell equations yields the
of the “third” fluid in the high-temperature superconductofollowing equations with the effective dielectric constant:
chain response to the microwave field is covered numerically o
by peculiarities of the temperature dependence of the quasi- 0 for T"> T.
particle relaxation time. One can see that the empirical formula &€= .Op 1 (15)

(9) introduced in this section gives e T oy for ' < Ze.
LHO
for ' =1Tc, on(Te) =on(1) Here, the inequalitg, < o, /w is taken into account.
for T — OK, 7(0) = - op(1). The wavenumbet: and the wave impedanck, for the
wave propagating in the superconducting medium can be

This enables one to say that the parametés responsible found. Doing this, we may replace, by ¢ in the known

for the residual resistance of a superconductor. expressions: = w,/eofio, Zo = 4/ fto/€0- Thus
4
VI. ELECTRODYNAMICS OF HIGH-T¢x SUPERCONDUCTOR 1-4) wu;an7 for T > 7.
The Maxwell equations are the foundation of consideration k= T (16)
throughout this section: \/ TWWHOTn = g for T <T.
\ L
IE = —iwpo H ( ,
rmE TR s (1+4), /2E0, for T > T
curlH =iweg £ + js + jn (10) _ 20m,
Zo = iwpto a7)
Wherefs and]‘n are super- and normal-current densities. 1+ iwpioon N2 for T < T.
. . n
Let us use the well-known kinetic formulas for the super- ¥ L
and normal-current densities VII. SURFACE IMPEDANCE OF BULK OR
js = ensTs THIN-FILM SUPERCONDUCTING SAMPLE
Jn =Ny (12) For a plane electromagnetic wave incident normally on the

. . . . _ sample surface, the ratio oF| to |[H| taken on the surface of
where; andv, are the drift velocities of the charge carrierghe sample is called the surface impedance. If the thickness of
in the S- and N-states, respectively. the sample in the direction of the wave propagation is com-

It is necessary to stress that the kinetic formulas (11) 5graple with the London penetration depth, the interference
correct in the case when of the waves reflected from both sides of the sample should
Ins ) be taken into account. If the back side of the sample is open
=0, grad ns =0 : ; : .
ot and the wave impedance of the superconducting medium is
on,, X ) | .
n —0, erad ny, = 0 (12) extremely small in comparison with the wave |mpgdance of
ot the vacuum, the surface impedance of the sample is

otherwise the current arising from the change in time of ) Zo
the accumulated charge and the current associated with the Zsur = By + 1 Xsur = tanh(ikd)

diffusion of the charge carriers should be included in (&.1). . .
The following Newton equation of motion is used: where Z, and & are determined by the expressions (16) and

. 7).
mg% — ¢FE The surface resistandg,,; and surface reactancg,,; can
. Cf? be found using (16)—(18), dealing with the complex variables
mndﬁ + mn“_" — ¢FE (13) considering as functions of temperature. In order to simplify
dt T the calculation and to clarify the results, the series expansion
where is the guasi-particle relaxation time. can be used. After some transformations, one obtains for
Taking into account that the period of microwave oscillat” < T
tions is much higher than the quasi-particle relaxation time in
the temperature rang@e57, < 7' < T, (see Fig. 1), the termRS“r(T)
with d#, /dt may be cancelled. Hw uo)Qi\%(T)an(T), for d > 2);, (bulk sample)
Thus, combining (11) arlld (131), one obtains 1\ w NO)Q)\LC(lT) on(T), for d < 2, (thin film)
Js 2 iwuoE ; (19)
Fo=onE. 4 2"

1We must note that in [11] and [12] where the authors use supposition, that
the derivative ofns with respect to time is not zero. The results obtained iXsur(T)

[11] and [12] seem quite reasonable as a pnenomenological description of a { w poAr(T), for d > 22X, (bulk sample)

(18)

superconductor at microwaves. But from the science—logic point of view, we __ A2 (T)
must say that they disobey the principles of the solid-state physics and cannot™ Y , 1o L , for d < 2Xp, (thin ﬁ|m)_
be accepted. d

(20)
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Reur 10! Ry (Ohm)
h
(Ohm) 10° .
107
10"
10°
[
102 ::;;
10° ) “mg;ada’
s
t 10° /ﬁﬁ‘“’“ﬁﬁiﬁﬂfﬂ
on n:;_._.= i 5.=g
@ el
2
Xsur 10 1 r ; .
(Ohm) 10
~ 0
| 115 20 40 60 80 Tl(l)é)
1 2 -2 ®)
Fig. 4. Modeling surface resistance of HTS filmsfat= 19 GHz in accor-
01fF /| dance with the experimental data [37]. CurveTl: = 90 K, d = 0.3 pum,
. ’ on(1) = 4.3-10% (Q-m)~1, AL (0) = 0.17 um,y = 2, anda = 3.5. Curve
1 2T, =90K,d = 0.3 um, o, (1) = 4.3-10° (2-m)~1, A1, (0) = 0.17 pum,
v = 1.5, anda = 2.5.
0.01F 7
TABLE I
0.001 1 1 | 1 TYPICAL PHENOMENOLOGICAL PARAMETERS OF YBCO HLMs
0 0.2 0.4 0.6 0.8 1
t No Parameter Notation Range of values
() 1 Critical temperature T, 88 - 92 K

Fig. 3. The temperature dependence of the (a) real and (b) imaginary parts of

the surface impedance for different model parametessid~ calculated for Exponent Y 3 -2.3
— 6 -1 — [rd _ —
on(1) = 10° (2-m)7%, AL(0) = 0.17um, d = 0.3 pm, andf = 10 GHz. 3 Penetration depth at 0 K A, (0) 120 - 260 nm
4 Conductivity at T = T, o, (1) (1 - 3)10° 1/Qm
Given formulas yield the correct numerical results fox 5 | Residual resistance rate o 1 -20

Ag, or for d > 3A;. The maximum error takes place at the
point d = 2); and reaches there 9%.

Formulas (19) and (20) cannot be used in the pinrt 1.
where the binomial (3) gived;, — cc. For crossing the point A set of experimental data for the surface resistance of the
T =T, (21) and (22), shown at the bottom of the page, couldTS films was processed, with the results demonstrating a
be suggested (in the cage< 2Ar). good agreement between measured and simulated data [36].

Fig. 3 illustrates the dependencies given by (21) and (22klere, we use the experimental data for surface resistance of the

Thus, the empirical (phenomenological) model of the mHTS films obtained by Kleiret al. [37]. Fig. 4 demonstrates
crowave properties of an HTS sample is developed. In ordergood agreement between measured and simulated data; the
provide a correct description of the microwave properties of ditting parameters are given in the legend to the picture.
HTS sample, five fitting parameters are used. The parametErgve 1 corresponds to the measurement of the sample which
and their reasonable values for Yf&zu;O; are presented in was kept after growing for a period of four days at room

Table IlI. temperature in dry air. The set of model parameters for this
1
—(T)d’ for T > T, (N-state)
On
RouelT) = (@ po)*on(T) ALT) for T < T, (S-state) ey
14w poon (T)AZ(T))? d ’ -c
0, , for T > T, (N-state)
Xow(T) = v Ko AL(T) for T < T, (S-state) (22)

Lt wmoonMN(DP d
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characteristics is usedf, = 90 K, d = 0.3 pum, on(1) = w M icrostrin line
43-108(Q - m)~L, AL(0) = 0.17 ym, v = 2, a = 3.5. hj_M%L P
Curve 2 was measured for the same sample postannealed at
20C°C in molecular oxygen and then slowly cooled down. |
After annealing, the residual resistance decreased, though the J(%) _
surface resistance nedt. became higher. This behavior is Srip
described by corresponding change of the model parameters
v=15anda = 2.5.

The model useg? dependence aR,,. on frequency, which w2 0 Lwi2
is in a good agreement with the experiment and the theory b
[13], [38], [39] and can be actually observed in the case of "
good quality samples. If the samples contain some normally J2(%) Ground plene
conducting inclusions or intergranular Josephson-like weak _/_/f\
links, the frequency dependence®f,, becomes weaker than 0 X

f? and should be specially described by suitable models (e.g.,
[11], [12]). This problem lays out of the scope of this paper.

@

Coplanar waveguide
VIIl. PROPAGATION PARAMETERS OF MICROSTRIP
AND COPLANAR LINES BASED ON THEHTS HLMS

Propagation parameters of a transmission line are the phase
velocity and the attenuation coefficient. The phase velocity
is determined by the inductance and the capacitance per unit
length of the line

1
= — 23
Upl .0, (23)
and is often presented in the form
= (24)

wherec is the light velocity in the free space, aag; is the

effective dielectric constant of the _I'ne- o ) Fig. 5. Surface current density distribution in the conductors of (a) HTS
In the case of a superconducting transmission line, thecrostrip line and (b) HTS coplanar waveguide.

total inductance per unit length is the sum of the geometric
inductanceL{ and the kinetic inductancé: where R; is the resistance per unit length and

Ly =19+ L} 25
1 1+ 4 (25) L, ITENT, 2o
The geometric inductance related to the external magnetic 0= C (29)

field is determined by the geometry of the line. The kinetic i i

inductance is determined by the transport properties of tifeth® wave impedance of the line. o

charge carriers in the superconducting parts of the line andN® real and imaginary parts of the line impedance per
depends sufficiently on a nonhomogeneity of a surface curréiit length depend on the surface current density distribution

density distribution across the conductor. across t_he c;onductor of the line. Fig. 5_i||ustrgte§ the current
Comparing (23)=(25), one can find the effective dielectrﬂ'smbu“‘)” in thg conductors of the mlcrostrlp'lme_an.d the
constant of the superconducting transmission line as coplanar waveguide. The surface current density distribution
N in superconducting transmission lines was widely investigated

ot = % <1 + L_é) (26) and modeled [40]-[42]. We use the magnetostatic approach in

17 order to obtain simple analytical formulas describing current

The effective dielectric constanf,; for a microstrip line or distributﬁon across.the microstrip line [43] and the c_oplanar
a coplanar waveguide can be calculated with essential accur4@yeguide [44]. Itis suggested that the current density at the
using known expressions published elsewhere. The surf&49€s is homogeneous on the dlstancgy\_gf as illustrated
kinetic inductance can be found from (22) while presentingPy Fig. 5. The edge penetration depih® is related to the

London penetration depth; as

Xow(T) = wL¥(T). (27) )
_ 2250
= L

AL (30)

The attenuation in a transmission line caused by loss in
conductors is determined by the known expression

Ry 2In more general consideratioh, was introduced as a penetration depth in
o= 27 (28) a thin film around the magnetic vortex and is known as the Pearl’s penetration
0 depth [45].
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This approach allows one to obtain simple and correctAEk
formulas for propagation parameters of the lines. eff

Taking into account the surface current dengityz) [43], 015
[44], one obtains the real and imaginary parts of the line
impedance per unit length

AL(0)/d=0.3 !
010 A(0yd=0.75 !
w/h=0.1 i
1 « Whe0. !
Ry = |_[|2Rsur/ JZQ(-T) dx (31) h=0.1 e e
1 °o
X, = —|I|2Xsur J2(x) dz. (32) 0.05

Here, I is the total current which flows along the line. e
0.1 02 04 0.6 0.8 1

Fig. 6. The contribution of the kinetic inductance into the effective dielectric
constant versus temperaturkr(0) = 0.15um, v = 1.5).

A. Microstrip Line
The resistance per unit length; for an HTS microstrip

N . . , : where
line is determined by the strip surface resistadti&* and

the ground plane surface resistangg?l- Ak = _60r AL . (40)
ZO Egﬂ Weft
Ry = 1 ip /w/2 2o (@) de Influence of the kinetic inductance is noticeable at temper-
[7]27 = —w)2 %, strip atureT > 0.8, and it is more pronounced for narrow lines,
1o < which is illustrated in Fig. 6.
+WRsﬁr./_oojz,g.p.($) dz (33)

B. Coplanar Waveguide

where j. .uip(x) and j. ., (z) are the surface current dis- The resistance per unit length for the HTS coplanar wave-
tributions in the strip and the ground plane correspondinglguide can be presented as a sum of the resistances of the central

After integration’ (33) can be presented as COﬂdUCtOI’RLl and of the ground pIanRLQ as follows:
1
Rl — szlrrip/weﬂ + nguli/heﬂ (34) Rl — Rl, 1+ R1,2 — Rsur ' w_eﬂ (41)
where
where 1 1
=—(C1 +Cy) (42)
Weff w
1/weg = (1/w) - (8/7%) - [1 + 0.25 In(w/AL —1)]  (35) o __ 2 1 ol
1/heg = (1/h) - tanh(3h/2w). (36) L [K(g)r’ 1 _)2 1 \0
a a
The reactance per unit length for the HTS microstrip line L <a+ w= 2)‘i)}
in accordance with (27) and (32) is 4a a—w+2A
(43)
w
X1 = wL¥ Jweg. (37) 9 — a
2 = 2 a 2|:1+—1n<_+1>
(3 1- () .
Here, we neglect the contribution from the ground plane. [ a a
Expression (37) is followed by the kinetic reactance per a a+w-—2X]
unit length 4w a—w+2\
(44)
‘ A(T) 1
Lk = Ho L . . 38 . o . .
LT T o oo (T2 (D)2 R (38) K(w/a) is the complete elliptic integral of the first kind.

The kinetic inductance per unit length and the effective
) . ) dielectric constant of the HTS coplanar waveguide are de-
US|_ng (2_6) anc_i (38), one can obtain the expression for thenined by (38) and (39) with.g taken from (42).
effective dielectric constant The suggested model for propagation parameters of the
HTS microstrip line and the HTS coplanar waveguide is valid
et = e25(1 4 Acky) (39) while Ar is much less than the skin penetration depth, i.e.,
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Fig. 7. E i tally obtained and simulated d denci . . . .
fr(gquencyxgr?éln;t%nI(a)la)élgcp-?lar::?oragn Zml;:r:turee?grnﬂ?: C;iissoms:)rgitsr?pnﬁ%t. 8. Experimentally obtained and simulated dependencies of (a) resonant
frequency and (b) insertion loss on temperature for the HTS coplanar wave-
r?f‘“”atf’i' T/\he gnode(IJ ggrameté@:l %8 K'dd - 0.220um, 0"(3 =3-10° gui?lle Th)e/ mode(el)parametéi‘s =89.5K r(Jl =0.35 um, o, (1) = 2% -106
(@)™, AL(0) = 0.16 um, ¥ = 1.5, ander = 20 are used. (2-m)~1, AL(0)=0.15 um, v = 1.3, anda = 8 are used. The dielectric
constant of MgO afl’ = 300 K, &, = 9.77.

for high-T. superconductors, the approximation is suitable

up to 100 GHz. The validity of the model was checked byiscrepancy with experimental data, though mathematically
comparison with the results of numerical calculations of tnﬁey would seem to be correct.
resistance per unit length for HTS microstrip line [41], [42] For a simulation of characteristics of microstrip and copla-
and coplanar waveguide [44], [46]. High accuracy of the modghy resonators, we used the considered above model of the
was exhibited in spite of the simplifications assumed. propagation parameters of the HTS transmission lines. The
simulation makes use df-parameters additionally taking into
account the temperature dependence of copper conductivity,
IX. EXAMPLES OF APPLICATIONS OF THEMODEL DEVELOPED  gjglectric permittivity, and tangent of dielectric losses of
In practice, it is important to take into account specifisubstrate, and change of linear sizes of substrate due to cooling
microwave properties of HTS materials such as temperatd#&]. The results of simulation have been verified by measure-
behavior of penetration depth and a value of the residuakents of the resonant characteristics in a wide temperature
resistance. A good illustration of this point is given by theange. The experimental setup includes the Wiltron 360 B
temperature-dependent frequency response of resonators ldativork Analyzer and a closed-cycle cryocooler.
filters. Resonator measurements are widely used for determina¥he microstrip resonator with YBCO film strip and copper
tion of the temperature dependence of the London penetratgnound plane was manufactured on a sapphire substrate. The
depth. In the majority of experiments, it was shown thaesonator has 5.78-mm length, 0.5-mm width, and 0.352-mm
this dependence differs from the two-fluid model suitableoupling gaps. Fig. 7 shows the temperature dependence of
for low-temperature superconductors. Nevertheless, regardthg resonant frequency and the loadgdactor.
full-wave analysis, the classical two-fluid model £ 4) can The simulation of the resonator takes into account
still be found in literature. Therefore, rigorous calculationanisotropic dielectric permittivity of sapphire [48], [49]. The
based on physically incorrect models may give a significaatcurate model of the coupling gap [50] is used.



VENDIK et al: EMPIRICAL MODEL OF MICROWAVE PROPERTIES OF HIGH-TEMPERATURE SUPERCONDUCTORS

477

The coplanar waveguide YBCO resonator on an MgQ@o] D. S. Linden, T. P. Orlando, and W. G. Lyons, “Modified two-fluid
substrate have been also simulated and measured [51]. The model for superconductor surface impedance calculati®EE Trans.
resonator is 5>-mm long, the width of the central conductg{y;
is 110 xm, the gaps are 50m wide. The coupling gaps are

0.5-mm long. We used an accurate model for the coupling g
[52]. The measured and simulated temperature dependencie

i)

Appl. Superconductyol. 4, pp. 136-141, Sept. 1994.

J.-G. Ma and |. Wolf, “Modeling the microwave properties of supercon-
ductors,”IEEE Trans. Microwave Theory Techkgl. 43, pp. 1053-1059,
May 1995.

, “Electromagnetic in higl¥. superconductors,IEEE Trans.
Microwave Theory Techyol. 44, pp. 537-542, Apr. 1996.

the resonant frequency and insertion loss of the HTS coplari&#] T. Van Duzer and C. W. TernePrinciples of Superconductive Devices

resonator are shown in Fig. 8.

14]

and Circuits. Amsterdam, The Netherlands: Elsevier, 1981.
J. M. Pond, K. R. Carrol, J. S. Horwitz, D. B. Chirsey, M. S. Osofsky,

. [
As seen from Figs. 7(a) and 8(a), the use of the exponents and V. S. Cestone, “Penetration depth and microwave loss measurement
~ = 1.5 (microstrip resonator) andy = 1.3 (coplanar-

waveguide resonator) in the model of the surface resistar[g
of the HTS film allows one to obtain a precise dependence of  vBa,cu30._; films determined from the kinetic inductanceXppl.
the resonant frequency on temperature. A high accuracy of the Phys. Lett.vol. 62, pp. 2419-2421, May 10, 1993.

model of the attenuation coefficient is collaborated by a goéjoe]
agreement between measured and simulated characteristics Trans. Appl. Superconductpl. 3, pp. 2961-2964, Mar. 1993.

of the loaded( factor [Fig. 7(b)] and insertion loss at thell7] S. D. Brorson, R. Buhleier, J. O. White, L. E. Trofimov, H.-U.
resonant frequency [Fig. 8(b)] versus temperature.

[18]
X. CONCLUSION

The simple and correct formulas have been developed 8!
the surface impedance of HTS films at microwaves and the
propagation characteristics of the HTS microstrip line and

coplanar waveguide. The formulas can be considered ad?¥

starting point for a formation of a CAD package of HTS
microwave components and devices. The first results in a
development of the CAD of passive HTS microwave devicdé!]
are already obtained [36], [53] and could be widely used.
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