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ABSTRACT

A numerical solution is obtained for

a sinusoidal wave propagating along a

multilayered structure of superconduc-

tors, ferroelectric and dielectrics. An

example of a distributed coupled strip-

transmission-line phase shifter has been

investigated, and such phase shifters

may find applications in low-loss tun-

able microwave components for satellite

and ground-based communications.

INTRODUCTION

The high quality factor (Q) of superconductor-

based structures have attractions for commer-

cial, military and space-based systems, and

the quality and processing of high temper-

ature superconductor (HTS) thin films have

been improved thereby permitting the inclu-

sion of HTS-based circuits in working sys-

tems. Within these systems there is a require-

ment for phase shifters and tunable filters.

Recently, the developments of the dielectric

properties of ferroelectric thin films, such

as SrTi03 (STO) and BazSrl-zTiOs (BST),

have resulted in efforts to improve ferroelec-

tric/HTS tunable microwave components [1].

Also, it is necessary to minimise ferroelectric

losses, while maximizing the phase shift, and

to minimise the potential problems due to in-

compatibility between the ferroelectric super-

conducting materials.

A distributed coupled strip-transmission-line

phase shifter is shown in Fig. 1. Broadside-

coupled line, Fig. 1, is particularly attrac-

tive because the small spacing between lines

means that a relative small applied dc volt-

age can produce the bias field needed for full

control of the variable dielectric, and it per-

mits simplified construction, reduced size and

greater power-handling capability [2]. The

nonlinearity of ferroelectric materials with su-

perconducting surfaces provides an attractive

alternative to traditional solid-state and fer-

rite phase shifters for applications in electron-

ically scanned array antennas and other tun-

able microwave devices where cryogenic oper-

ation is required. Ferroelectric materials offer

a variation in dielectric const ant with applied

dc electric field and temperature that changes

the velocity of propagation and hence the rel-

ative phase shift through a microwave struc-

ture.

THE STRUCTURE AND ANALYSIS

Figure 1 shows the geometry of the coupled
m

parallel-plate transmission lines. The struc-

ture consists of two pairs of superconductors,

one pair consists of thin films separated by
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the central dielectric 2, the other pair consists

of thick films separated by dielectric 1 from

the thin films. The thicknesses of the thin

films, thick films, dielectrics 1 and dielectric

2 are 11, 12, dl and dz respectively. The wave

propagates in the z-direction.
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Figure 1: Configuration of tunable microwave multi-
layers structure considered.

The two-fluid model is used for the supercon-

ductors, in which the total current is the sum

of the supercurrent and the normal current.

Classical skin effect and London theory are

assumed for the normal current and the su-

percurrent respectively. With some simpli-

fying assumptions, it can be shown [3] that

the complex propagation constant (a) in the

z-direction is given by

(1)

Cgl+sl-$
z + w2po%cls1s2,

S1 ~ Al coth(~), S2 ~ A2 coth(f), and the

other symbols have their usual meanings.

The dispersion relation obtained in equation

1 is for two dominant modes of the coupled

line. Equation 1 with the positive (-F) sign

corresponds to the “sum” mode, while with

the negative (–) sign it represents the “differ-

ence” mode. The sum and difference modes

are sometimes referred to as the even and

odd or primary and secondary modes, respec-

tively. Further discussion of such modes can

be found in [3, 4]. From Figure 1 and equa-

tion 1, it can be shown that for the limiting

cases where either dl or d2 approach infinity,

the structure becomes an uncoupled line and

the results are exactly the same as in refer-

ence 5.

DISCUSSIONS AND

RESULTS

Tunable microwave components based on di-

electric nonlinearity using the microwave struc-

ture shown in Fig. 1 can be described by the

penetration depth & and the normal conduc-

tivity OT of the superconductors, the dielectric

constant e. of the dielectric, and the thick-

nesses d and /. of the dielectric and the su-

perconductors.

The Gorter and Casimir model was used to

characterise the superconductors, and the non-

linearity of the dielectric constant C2 due to

the variations of the temperature T (1{) and

the dc bias electric field E (KV/cnl) can be

1672



approximated [6] for STO using

M
62 =

(T1/2) coth(T1/T) - T.

and

(2)

q = –429J!32 + 1.3 X 104 (3)

where Al = 9 x 104K, TO = 38A’ and T1 =

84K. Equation (3) is obtained by using the

MATLAB polyfit routine which fits the data,

in a least-squares sense.

Also, equation (1) gives the expression for the

differential phase shift

[
A# = L a(E = O) – Q(E) 1 (4)

where L is the length of the line.

Different experimental combinations for a lay-

ered microwave structure have been reported

in the literature [2], and the derived expres-

sions can be used for any combination of su-

perconductors and dielectric for describing the

tunability. Figure 1 shows the operation of

the phase shifter considered in this paper.

When the even mode is impressed on the struc-

ture there is little or no electric field in the fer-

roelectric material (depending on the thick-

ness of the thin HTS films). Thus, variations

in dielectric constant of the ferroelectric will

have little or no effect on the phase veloc-

ity of the even mode. With the odd mode,

a large electric field exists in the ferroelectric

region and variations in dielectric constant of

the ferroelectric will have a significant effect

on the phase velocity.

Let us consider an example in which super-

conductors 1 and 2 are taken to be thin and

thick films of YBCO, and dielectric 1 and 2

are taken to be MgO and STO respectively.

The parameters for these materials are taken

from the reference 5. The values for the pene-

tration depths for high quality thin and thick

films of YBCO are taken to be 140 nm and

2 pm, respectively. The normal conductivity

for both thin and thick films is taken to be

same and is assumed to be 1.7 x 106 (Qm)-l.
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Figure 2: Phase shift per cm versus dc bias electric
field E (KV/cm for even (solid line) and odd (dotted

d
kline modes at IT. = 0.3 by using two-fluid model

of orter and Casimir. Other parameters are given
in the text.

Using equations (3) and (4) the behaviour of

a wave when there are no losses (losses have

been considered elsewhere [3] and an estimate

is given in the conclusions) in the microwave

structure is shown in Figure 2 as a function

of the dc bias electric field E (KV/cm). It
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is assumed that the two dielectrics 1 (MgO)

and ferroelectric (STO) have the thickness

dl = 0.3 mm and d2 = 250 nm, relative per-

mittivities Cl = 9.1 and e2 = 1.3 x 104 (unless

otherwise mentioned) wit h the loss tangent

tan& = O and tan62 = O. The operating

temperature and frequency are T/ TC = 0.3

and 10 GHz, respectively. The thick films of

YBCO (superconductors 2) have thicknesses

12 = 50pm, i.e approximately 25 penetration

depths. The thin films of YBCO (supercon-

ductors 1) have thicknesses 11 = 300nm, i.e

approximately 2.5 penetration depths.

Fig. 2 shows that the odd mode exhibits

strong variation of differential phase shift with

increasing clc bias electric field E (KV/cm),

e.g. approx. 100 degs/cm with E = 1.5 KV/cm,

whereas the even mode is almost indepen-

dent of E and shows only 6.3 degs/cm with

the same bias field. With low values of bias

field, e.g. E = 0.1 KV/cm, the differential

phase shift exhibited by both modes is ap-

proximately the same, and (although not clearly

visible on this scale) both modes exhibit zero

differential phase shift when E = O, as ex-

pected. The attenuation of the odd mode is

estimated to be of the order of 10–2 – 10-3

dB/cm at 10 GHz.

CONCLUSIONS

A numerical solution is obtained for a sinu-

soidal wave propagating along a multilayered

structure of ferroelectric and superconducting

films deposited on dielectric substrates for use

in low-loss tunable microwave components for

satellite and ground-based communications.

The displacement vector, the dipole moment,

polarization, polarizability, susceptibility and

relative permittivity concepts are used for fer-

roelectrics; and for superconductors Bose statis-

tics and the Gorter and the Casimir model for

a two-fluid model, London’s equations, and

the classical skin effect for the normal com-

ponent of the current are used. A sinusoidal

wave solution is found for a planar supercon-

ducting transmission line. This solution gives

expressions for the phase velocity and attenu-

ation coefficient which are used to character-

ize the tunability of microwave components.

The measured materials data in the litera-

ture have been used to compute the relative

phase velocities and phase shift per cm ver-

sus temperature and the dc bias electric field

E (KV/cm). It is shown that with a fer-

roelectric film of thickness of 140 nm, with

e2 = 1.3 x 104 and tan 6 = 10–3 phase shifts

and attenuation of the order of tens of degrees

per cm and 10-2 – 10-3 dB/cm, respectively

at 10 GHz can be obtained with tens of mil-

livolts at 27 K.

REFERENCES

[1] F A Miranda, C H Mueller, G A Koepf and R M

Yandrofsk, “Electrical response of ferroelectric/ su-

perconducting/ dielectric BaCSr1_ZTi03/

YBa2Cu307-6/ LaA103 thin-film multilayer struc-

tures”, $h$percond. Sci. Technol. 87551995, and

references therein.
[2] R I Wolfson and D R Rohweller, IEEE MTT-S

workshop WFHI Microwave Application of Ferroelec-
t Tic Ceramics, 1995, and references therein.

[3] Farhat Abbas,’’Parallel-Plate Resonators High-TC

Superconducting Resonators”, PhD Thesis, Univer-

sity of Manchester Institute of Science and TechnoL

ogy, UK (1993), and references therein.

[4] J M Pond, P F Weaver and I Kaufman, “Propaga-

tion and Circuit Characteristics of Inductively CoU-

pled Superconducting Microstrip”, IEEE Trans. &fTT

38, 1635, 1990.
[5] Farhat Abbas, L E Davis and J C Gallop ‘>Field

solution for a thin-film superconducting parallel-plate

transmission line”, Ph~sica C 215 132–144 1993.

[6] E Sawaguchi, A Kikuchi and Y Kodera, “ Dielec-

tric constant of Strontium Titanate at Low Temper-

atures”, J. Phys. Sot. Japan, 17, 1666, 1962.

1674


