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Full-Wave Analysis of Superconducting Microstrip
Lines on Anisotropic Substrates Using Equivalent
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Abstract—A computationally efficient full-wave technique is
developed to analyze single and coupled superconducting mi-
crostrip lines on anisotropic substrates. The optic axis of the
dielectric is in the plane of the substrate at an arbitrary angle
with respect to the propagation direction. A dyadic Green’s
function for layered, anisotropic media is used to formulate an
integral equation for the current in the strips. To increase the
efficiency of the method, the superconducting strips are re-
placed by equivalent surface impedances which account for the
loss and kinetic inductance of the superconductors. The valid-
ity of this equivalent surface impedance (ESI) approach is ver-
ified by comparing the calculated complex propagation con-
stant and characteristic impedance for superconducting
microstrip lines on an isotropic substrate to measured results,
and to numerical results by the more rigorous volume-integral
equation method. The results calculated using the ESI ap-
proach for perfectly conducting coupled lines on an anisotropic
substrate agree with the results by the finite-difference time-
domain method. This efficient ESI technique is then used to
study the effects of the optic axis orientation and the strip width
on the characteristics of single and coupled superconducting
microstrip lines on M-plane sapphire. The effects of the line
separation and operating temperature on the coupled lines are
also investigated.

I. INTRODUCTION

HE performance advantages of superconducting mi-

crowave devices have been demonstrated in the form
of very high Q planar resonators, long delay lines, and
multipole narrowband filters with low insertion loss [1],
[2]. The proper choice of substrate materials is a key to
the performance of these devices. The uniform and low-
loss dielectric properties of sapphire make it attractive for
high-temperature superconducting passive microwave de-
vice applications. The performance of microwave devices
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on sapphire has been demonstrated in the form of a broad-
band, low-loss 9-ns delay line [3] and a 4-pole microstrip
filter operating at 10 GHz [4]. However, the anisotropic
dielectric property of sapphire requires special attention
in the design of these devices. Full-wave methods are es-
sential to achieve the high accuracy required for future
high-performance superconducting microwave devices.

Several authors have proposed full-wave analyses of
superconducting planar transmission lines on isotropic
substrates [5]-{9]. Kessler er al. [5] have investigated a
coplanar waveguide structure using a mode matching
technique. In [6], [7], a spectral-domain volume-integral-
equation (SDVIE) method has been proposed to analyze
superconducting microstrip lines, striplines, and coplanar
waveguides. These two methods rigorously account for
the finite volume of the superconductors, yielding accu-
rate characterization for the kinetic inductance and loss.
However, both of these methods are computationally in-
efficient. Pond et al. [8] have used a resistive boundary
condition to analyze microstrip structures with very thin
metalization. A similar method has been used by Nghiem
et al. [9] to study microstrip lines and striplines for the
cases when the superconductor is either much thinner or
much thicker than the penetration depth. Both Pond and
Nghiem have used the surface impedance derived for a
very thin, infinitely extended plate to replace a supercon-
ducting strip. Nghiem has also considered the case of us-
ing the surface impedance for a very thick, infinitely ex-
tended plate to replace a superconducting strip. Because
of the different field behaviors in a superconducting strip
compared to an infinitely extended plate, the loss and ki-
netic effect of the superconducting strip are not correctly
determined. Pond has pointed out that the singular behav-
ior of the currents at the edges of an infinitely thin strip
might increase the kinetic inductance contribution result-
ing in an enlarged propagation constant.

In this paper, an efficient full-wave method is devel-
oped to calculate the effective dielectric constant, atten-
uation, and characteristic impedance of superconducting
microstrip lines and coupled lines on anisotropic sub-
strates. The case of M-plane sapphire is considered in
which the optic axis of the substrate is in the plane of the
substrate at an arbitrary angle with respect to the propa-
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gation direction. To increase the efficiency of the method,
the superconducting strips are transformed into infinitely
thin strips using an equivalent surface impedance (ESI)
concept. These equivalent surface impedances account for
the loss and kinetic inductance of the superconductors. A
2-D dyadic Green’s function is then used to formulate an
integral equation for the surface current in the strips. Gal-
erkin’s method with entire-domain basis functions is used
to solve for the complex propagation constants. The char-
acteristic impedances are then determined using the
power—current definition. To verify the validity of the ESI
approach, numerical results for superconducting micro-
strip lines on isotropic LaAlO; are compared to previ-
ously published measured data and results calculated by
the SDVIE method. The effective dielectric constants cal-
culated for perfectly conducting coupled lines on sapphire
show good agreement with the results by the finite-differ-
ence time-domain method. This efficient ESI technique is
then used to study the effects of the optic axis orientation
and the strip width on the characteristics of single and
coupled superconducting microstrip lines on M-plane sap-
phire. The effects of the line separation and operating
temperature on the coupled lines are also investigated.

By utilizing the ESI concept rather than the more rig-
orous SDVIE method [6], [7], the computation time is
reduced by nearly two orders of magnitude.

II. METHOD OF SOLUTION

In Fig. 1, a superconducting strip is shown on an an-
isotropic substrate for which the optic axis is in the x-y
plane at an angle 6 with respect to the y-axis. The thick-
ness of the substrate is assumed to be 4. The thickness
and the width of the strip are 7 and 2w, respectively. The
structure is uniform along the propagation direction. A
perfectly conducting ground plane is assumed. The per-
mittivity tensor € for the substrate in the chosen coordi-
nate system can be written as

€, cos’ 0 + ¢;sin*f (e, — €, )sinfcos® O
(e —€,)sinfcosf e, sin’f + ¢ cos’d O

0 0 €L

€=

(D

where €, and ¢ are the permittivities perpendicular and
parallel to the optic axis, respectively.

A. Equivalent Surface Impedance

To implement an efficient method, an equivalent sur-
face impedance Z; is used to transform a superconducting
strip with a finite thickness into an infinitely thin strip.
Since the fields and currents in a superconducting strip
behave differently from those in an infinitely extended su-
perconducting plate, the surface impedance derived for an
infinite half-plane superconductor or for parallel plates
[10] is not suitable for the transformation. Instead, Z;
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Fig. 1. Superconducting microstrip line with a perfectly conducting ground
plane on an anisotropic substrate.

should preserve the power dissipated and stored in the su-
perconductor. Suppose the thickness of the superconduct-
ing strip is on the order of the penetration depth A or less,
then the power associated with the magnetic field can be
neglected. The power conservation equation can be sim-
plified to

w 1 h+t pw
| zipa=20 | opee o
—w Oy Yh —w
where J; , is the y-component of the surface current J, in
the infinitely thin strip, o, is the complex conductivity of
the superconductor, and J;O) is the y-component of the
volume current in the superconducting strip. Both J §O) and
J,,y are normalized to give a unit current. The simple two-
fluid model [11] has been used to describe the complex
conductivity o,, with o, = o, + i/(wueh?). Throughout
the analysis, the exp (—iwt) time dependence is used but
suppressed.

Because of the edge conditions, the surface current J; ,
is infinite at the edges of the strip [12]. The first-order
approximation for J; , can be taken as

1
J —_—. 3
2= /Y v

However, because the y-component of the electric field
(E, = Z,J, ) is finite at the edges, Z; should cancel the
singularity of J; , at the edges. Since E, << E|, and E_ for
quasi-TEM propagation, we can assume a uniform distri-
bution of E, across the strip without introducing signifi-
cant error. Based upon these assumptions, the equivalent
surface impedance takes the following form: '

7, = 21 — G/wy’ @

where

W h+rt pw :
z=—S S | TP dx dz. (5)
Ogc ¢h -w

The volume current J ;O) remains nearly frequency in-
dependent as long as the penetration depth A is much less
than the skin depth 6. When the strip is thin and the sub-
strate is thick, J §0) can be well approximated by the cur-
rent in an isolated thin strip. However, the exact distri-
bution of current cannot be put in a simple analytic form.
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An approximate solution is determined to be
cosh (x/N) cosh ((2z — 1)/2N)
cosh (w/\) ! cosh (z/2\)

) [C cosh (x/1,)
2 cosh w/ly)

N 1 — cosh (x/1,)/cosh (w/ lz)]

IO, 2 = G,

N (6)
where
¢, - Civw/\
cosh (£/20) V(2N /t)? — 0.083
C, = (wr/8\2)*/®
I, = V2\t

L, = 0.77t + 0.52\* /1.

The derivation of (6) will not be discussed here, but in-
stead will be reported in [13].

B. Integral Equation Formulation and Method of
Moments

Figure 1 illustrates the configuration of a supercon-
ducting microstrip line. The superconducting strip with
finite thickness is transformed into an infinitely thin strip
by using the ESI concept, as described in the last section.
A 2-D dyadic Green’s function G (k,, k,) for layered, an-
isotropic media (see Appendix A) is used to formulate an
integral equation for the surface current in the strip,
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cos [nw (£ + w)/2w]

-Gy ©

for | £| < w. The Fourier transform of J,(x) is given by
(k) = 3= [#a, X, (k) + $b, Y, (k)] where

Y, () =

3 nw e—ikXW(__l)n _ elka
Xalha) = <-2—v;> ki — (nm/2w)* (10
_(=i)'wr nw
(yn(kx) - 2 I:Jo <kxw + 2 >
+ (=1, <kxw - ”—f)] (11)

and J, is the Bessel function of the zeroth order.

By applying Galerkin’s method, the integral equation
for the surface current is transformed into a set of linear
equations for the coefficients of the basis functions,

ud Kfnxn Kfr{n an

oLk, ki Lo,
form =0, 1, -+ + , N. The elements of the matrix equa-
tion are given by .

(12)

i
Kmn -

S_oo dkx (Pm (_kx) gpq(km kyO) Q-n(kx)

2
+ 8y e ZR?

13
o )

wherep = x, y; q=x, y; ®,.= Xpo Yps Q = X, Y,

_ _ lwpg * = L= i G, is the pgth element of the G; 6, is the K ker del
7 (x Js ) = S dkx kxa k kx XX 7 a pq 5 S ronecker delta
s0) 1) 27T J-o Sk kyo) + 3 koe M function; Z is defined in (5); andpq
T 2m
2—2——J1(m7r), m=n
s —H _ m -+ n

Ry, = ! Ji (m — m)m ! Ji (m + mm , m + n are even (14)
m-—n 2 m+n 2
0, m * n are odd
I\i m+nJ0<(m-|—n)1r> + ™y <(m—n)7r>} m + n are even

R, = 2 2 (15)

where k, is the complex propagation constant and 9, (k)
is the Fourier transform of J,(x).

To apply the method of moments, the surface current
is expressed in terms of a set of orthogonal basis func-
tions, J,(x) = EV_, [£a, X, (x) + $b,Y,(x)] where

X, (¢) = sin [n7 (¢ + w)/2w] ®

m + n are odd.

Here J, and J, are the Bessel functions of the zeroth and
first order, respectively.

The complex propagation constant K, is determined so
that the matrix equation has a nontrivial solution. The sur-
face current is then obtained by searching for the eigen-
vector of the coeflicient matrix corresponding to the
““zero’’ eigenvalue. The electric field & (k,, z) and mag-
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netic field 3C (k, , z) in the spectral domain are obtained in
terms of the surface current. The characteristic impedance
Z. of the line is found by calculating the propagating
power,

| S S $ - (& X 3*) dz dk,
— 00 0
Z, = . " 3 . (16)
S J,,, dx

The method of solution for the coupled microstrip lines,
shown in Fig. 2, is similar to the one for the single mi-
crostrip line. The surface current of the coupled lines is
expressed in terms of a set of basis functions,

N

Jo. )= 2 aPX,x — s — w) + aPX,(x + s + w)
’ n=0

17
N

Joy0) = 2 bPY,(x — s —w) + bPY,(x + 5 + w)
n=0

(18)

where a(” and b" are the expansion coefficients for the
microstrip line 1 centered at x = s + w, a{® and b are
the expansion coefficients for the microstrip line 2 cen-
tered at x = —(s + w), X, and Y, are expressed in (8)
and (9), and 2s is the separation of the strips. The com-
plex propagation constants for the two fundamental
modes, ¢ and 7 modes, are determined using Galerkin’s
method. The characteristic impedances, Z¢,, Z5,, Z5,, and
Z7,, of the two lines for the two modes are calculated
using the power-current definition

. S g $ - (8, X IF) dz dk,
— 0 0

|17|? — R|I5|?

m

=
“ o 2r

19

e m e,
—o J0

== T m 20)
*or |131* — |[I7]?/R

where §,, and 3C,, are the electric and magnetic fields for
the m = ¢, 7 mode in the spectral domain, /7T and 7% are
the longitudinal current in the lines for the m mode, and
R = I{IT/I515. For symmetric lines (R = —1), (19) and
(20) reduce to an equation for the m = even (¢ mode) and
m = odd (7 mode) impedances.

III. NuMERICAL RESULTS AND DiIsCUSSION

In the calculations, a low-order (N) series of basis
functions is found to be sufficient for the frequency range
studied in this work. For a single line on an isotropic sub-
strate, N = 0 is sufficient. Converged solutions are ob-
tained by using N = 2 for single and coupled lines on
anisotropic substrates.

Figure 3 shows good agreement between the calculated

2w

2w 2s

G > o0

Fig. 2. Superconducting coupled microstrip lines with a perfectly con-
ducting ground plane on an anisotropic substrate.
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Fig. 3. Measured and calculated effective dielectric constant of three Nb
microstrip lines on LaAlO;. The measured results are obtained from [7].
Calculations were performed using the equivalent surface impedance (ESI)
approach (A = 0.0715 pm; o, = 128 S/um; A = 508 um; £ = 0.4 pm;
line 1, 2w = 1800 pm; line 2, 2w = 181 um; and line 3, 2w = 20 pm).

effective dielectric constants e.q = (Re {k,o/ko})* using
the ESI approach discussed here, and the measured data
[7] for three Nb microstrip lines on the isotropic substrate
LaAlO; (e = 23.5and tan 6 = 2 X 107% at 4.2 K). The
parameters used, for the calculation are those used in [7].
The measured e is extracted from the resonant frequency
and mode number of the Nb half-wavelength microstrip
resonator. Because of the capacitance of the open ends,
the resonator is effectively slightly longer than its physical
length. The effective length of the resonator is calculated
using the expression published in [14].

To demonstrate the necessity of the equivalent surface
impedance, Fig. 4 shows the calculated quality factor Q
= Retk,o} /(2 Im{k,o}) of a Nb microstrip line on
LaAlO; as a function of film thickness at 2 GHz. The
results by the ESI approach agree well with the results
calculated using the SDVIE method [6], [7]. As we have
expected, the results calculated using the surface imped-
ance derived for a superconducting parallel-plate to re-
place the superconducting strip do not agree with the re-
sults by ESI or those by SDVIE, except when the strip
thickness is thin compared to the penetration depth. The
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Fig. 4. Calculated quality factor at 2 GHz for a Nb microstrip line on
LaAlO; as a function of strip thickness normalized to the penetration depth.
Comparison is made between the ESI approach, the parallel-plate surface
impedance (PSI) approach, and the spectral domain volume-integral-equa-
tion (SDVIE) method [7] (A = 0.0715 pm, o, = 128 S /um, h = 508 um,
2w = 20 um).

expression for the superconducting parallel-plate surface
impedance used in the calculation can be found in [10],

_ —iwpg
VA /N = iwpgo,

coth (¢ V(1/22) — iwpeoy)

S

@1

which properly accounts for the superconductor in a par-
allel plate configuration. For a very thin plate 1 << \,
(21) approaches Z; = 1/(to,.). When ¢t >> X\, (21) ap-
proaches the limit for an infinite half-plane, Z, =

~iwpo/ 05 To implement the parallel-plate surface
impedance (PSI) approach, Galerkin’s method cannot be
used because the integral equation for the surface current
expressed in (7) becomes nonintegrable. Thus, the more
general method of moments is applied. However, more
basis functions (N = 8) are required for the PSI method
to obtain convergence than for the ESI method.

In Fig. 5, the quality factor Q and the characteristic
impedance Z, of a YBCO microstrip line, calculated using
the ESI approach, are shown together with the numerical
results obtained using the SDVIE method. The compari-
son again shows good agreement, thereby validating the
ESI technique. The ESI approach achieves a great saving
in the computation time, requiring nearly two orders of
magnitude less time than the SDVIE method.

This efficient full-wave method using the ESI approach
is then applied to study YBCO microstrip lines (+ = 0.4
um) on 430-pum-thick M-plane sapphire substrates (¢, =
9.34 and ¢ = 11.6). Typical-values of Ay = 0.22 um,
01(T,) = 6.56 S/pum, and the superconducting transition
temperature 7, = 90 K for YBCO are used, where A is
the penetration depth at 7 = 0 K, and o, is the real part
of a,.. The operating temperature is assumed to be 77 K.
The calculated effective dielectric constant .4, attenua-
tion constant «, and characteristic impedance Z_ at 2 and
20 GHz for various 2w /h ratios are illustrated as func-
tions of ¢ in Figs. 6-8. Because of the larger dielectric

2363

10000 4— —+—t ] 94
[+ ]
r ES| 1-93
75001
: + SDVIE Lgo
G 5000+ T 91 j;
r i N
i —+90
2500 1
-89
-
r 1
0 +— 88
0 5 10 15 20 25

Frequency (GHz)

Fig. 5. Calculated quality factor and characteristic impedance of a YBCO
microstrip line on LaAlO; as a function of frequency. Comparison is made
between the ESI and the SDVIE approaches [7] (A = 0.323 um, 0, = 3.5
S/pum, h = 508 um, ¢ = 0.4 um, and 2w = 20 pm).
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Fig. 6. Calculated effective dielectric constant at 2 and 20 GHz for YBCO
microstrip lines on M-plane sapphire as a function of the rotation angle 6
of the optic axis. The normalized strip width is used as a parameter (A =
0.323 um, oy = 3.5 S/um, h = 430 pm, and ¢ = 0.4 um).
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Fig. 7. Calculated attenuation constant at 2 and 20 GHz for YBCO mi-
crostrip lines on M-plane sapphire as a function of the rotation angle 6 of
the optic axis. The normalized strip width is used as a parameter (A =
0.323 um, ¢; = 3.5 S/pum, h = 430 pm, and ¢ = 0.4 um).
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Fig. 8. Calculated (a) real and (b) imaginary parts of the characteristic
impedance at 2 and 20 GHz for YBCO microstrip lines on M-plane sap-
phire as a function of the rotation angle 8 of the optic axis. The normalized
strip width is used as a parameter (A = 0.323 um, ¢; = 3.5 S/um, h =
430 pum, and ¢t = 0.4 ym).

constant along the optic axis and the fact that the trans-
verse electric field is much larger than the longitudinal
field E,, the inductance L and capacitance C of the lines
increase as 6 increases from 0° to 90°. The effective di-
electric constant, which is a function of the product of L
and C, shows a greater dependence on 6§ compared to the
attenuation constant and the characteristic impedance,
which depend on the ratio of L and C. Since the capaci-
tance increases more rapidly with 6 than the inductance,
the « increases with 6 while the Z_ decreases. The rotation
of the optic axis about the z-axis changes the effective
diclectric constant ‘‘seen’” by the x-component of the
fringing electric field. As the signal strip becomes nar-
rower, the fringing field becomes more significant. Con-
sequently, the effects of the rotation of the optic axis on
the characteristics of the lines are greater for smaller
2w/h. The e, o, and Z_ become less dependent on 6 as
the frequency increases from 2 to 20 GHz. This occurs
because the fields for microstrip lines are more confined
under the signal strips at higher frequencies.

For symmetric coupled lines, the fundamental modes
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are called even mode where the longitudinal currents in
the lines are in the same direction, and odd mode where
the currents are in the opposite direction. In the case of
coupled symmetric lines on anisotropic substrates, the
field symmetry of the coupled lines no longer exists when
the optic axis is not aligned with one of the coordinate
axes (i.e., the permittivity tensor has off-diagonal ele-
ments). The fundamental modes for coupled lines on an-
isotropic substrate are generally labeled ¢ and = corre-
sponding to the typical lack of perfect field symmetry. In
principle, the impedances of the two coupled microstrip
lines are different because of the distortion in the field
symmetry. However, in the case of M-plane sapphire the
optic axis is in the plane of the substrate. Since the lon-
gitudinal component of the electric field is much smaller
than the other components, the field symmetry is only
slightly distorted when the optic axis is rotated about the
z-axis. As a result, the difference in the impedances for
the two lines (line 1 and line 2) on M-plane sapphire is
negligible. The distortion of field symmetry is much
greater in the case where the optic axis of the substrate is
in the plane normal to the propagation direction. Al-
though this case is not studied here, the ESI approach can
analyze such a structure using the appropriate Green’s
function.

Figure 9 shows the effective dielectric constant for per-
fectly conducting coupled microstrip lines on M-plane
sapphire. The results calculated using the ESI method
compate well with those generated by the finite-difference
time-domain method [15]. In applying the ESI method,
the equivalent surface impedance Z; is set to zero for the
perfectly conducting strips. The effect of the rotation of
the optic axis on the characteristics of YBCO coupled mi-
crostrip lines on M-plane sapphire are then studied using
the ESI method. The parameters for YBCO and sapphire
used in the calculations are those used for the single mi-
crostrip lines. The calculated €., o, and Re{Z_.} at 2 GHz
for the two fundamental modes are illustrated in Figs.
10-12. The results show that the effects of the orientation
of the optic axis on the characteristics of coupled lines are
similar to the effects on the single lines.

Figures 13-15 show the variation of ¢- and 7-mode e,
o, and Re{Z_} with strip width 2w /4 and separation 2s /h
for superconducting YBCO coupled microstrip lines on
M-plane sapphire at 77 K. The optic axis of the sapphire
is again assumed to be aligned with the propagation di-
rection. The characteristics of the = mode behave simi-
larly to coplanar strips. The ez and Re{Z,} for the = mode
increase with the separation, while the o decreases be-
cause of the more uniform current distribution as the sep-
aration increases. For the ¢ mode, the calculated results
approach the values for two single lines as the separation
increases. When the strips are close to each other, the
characteristics for the ¢ mode show interesting coupling
effects. The interaction of the fields causes the current at
the inner edges to peak less, which slightly reduces the
attenuation as shown in Fig. 14. As the separation of the
lines becomes small, the pattern of the electric and mag-
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Fig. 9. Effective dielectric constant of a perfectly conducting coupled mi-
crostrip line on M-plane sapphire. Comparison is made between the ESI
approach and the finite difference time domain (FDTD) method [15] (6 =
45°,2s/h =1,2w/h = 1, and h = 430 pm).
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Fig. 10. Calculated ¢- and w-mode effective dielectric constants of YBCO
coupled microstrip lines on M-plane sapphire as functions of the rotation
angle § of the optic axis at 2 GHz (A = 0.323 um, ¢, = 3.5 S/um, h =
430 um, 2s/h = 1, and ¢ = 0.4 pm).
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Fig. 11. Calculated c- and w-mode attenuation constants of YBCO cou-
pled microstrip lines on M-plane sapphire as functions of the rotation angle
8 of the optic axis at 2 GHz (A = 0.323 pm, ¢, = 3.5 S/um, h = 430
pm, 2s/h =1, and r = 0.4 pm).
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Fig. 12. Calculated ¢- and w-mode characteristic impedances (real part) of

YBCO coupled microstrip lines on M-plane sapphire as functions of the

rotation angle  of the optic axis at 2 GHz (A = 0.323 um, o, = 3.55/pm,
= 430 um, 2s/h = 1, and ¢ = 0.4 pm).
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Fig. 13. Calculated c- and 7-mode effective dielectric constants of YBCO
coupled microstrip lines on M-plane sapphire as functions of the normal-
ized line separation at 2 GHz (A = 0.323 um, o, = 3.5 S/um, & = 430
um, ¢t = 0.4 pm, and § = 0°).
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Fig. 14. Calculated c- and w-mode attenuation constants of YBCO cou-
pled microstrip lines on M-plane sapphire as functions of the normalized
line separation at 2 GHz (A = 0.323 um, 0, = 3.5 S/um, kA = 430 pm,
t = 0.4 um, and § = 0°).
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netic fields approaches the pattern for a single line, and
the fringing fields between the strips are reduced. Con-
sequently, the e.; and Re {Z_,}, shown in Figs. 13 and 15,
are larger for smaller 25 /4. As shown in Fig. 13, when
the enhancement of the fringing fields at the outer edges
becomes greater than the reduction of the fringing fields
at the inner edges, the e of the coupled line starts to
decrease as the separation is further reduced.

The reliability of superconducting microwave devices
depends on their sensitivity to temperature fluctuation.
Fig. 16 shows the effects of temperature on the ¢- and 7-
mode impedances of YBCO coupled microstrip lines on
M-plane sapphire. In the calculations, the simple two-fluid
model is used to describe the temperature dependences
of the penetration depth, N(T) = N\/~1 — (T/T,)*, and
the real part of o,,, 0,(T) = 0,(T.) (T/T,)*. By assuming
the critical temperature T, is 90 K, operating at 77 K gives
T/T, = 0.86. The impedances of the lines are very sen-
sitive to temperature fluctuation as shown in Fig. 16. As
we have quantified in our calculations, decreasing the op-
erating temperature from 77 to 60 K would dramatically
reduce the sensitivity of the YBCO devices to temperature
fluctuation. Furthermore, increasing the thickness of the
strips would also reduce the temperature dependence be-
cause the kinetic effect of superconductors becomes less
for thicker strips.

IV. CoNcLUSIONS

A computationally efficient full-wave method utilizing
the ESI concept is developed for characterization of single
and coupled superconducting microstrip lines on aniso-
tropic substrates. The case of M-plane sapphire is consid-
ered in which the optic axis of the substrate is in the plane
of the substrate at an arbitrary angle with respect to the
propagation direction. The calculated results for micro-
strip lines on isotropic LaAlO; show good agreement with
previously published measured data and with the more
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Fig. 16. Calculated c- and 7-mode characteristic impedances of YBCO
coupled microstrip lines on M-plane sapphire as functions of reduced tem-
perature T/T, at 2 GHz (\, = 0.22 um, 0,(7,) = 6.56 S/um, T, = 90
K,2s/h=1,2w/h = 1, h = 430 pm, and § = 0°).

rigorous volume-integral-equation method. The calcu-
lated c- and w-mode effective dielectric constants for per-
fectly conducting coupled lines on M-plane sapphire com-
pare well with the results generated by the finite-difference
time-domain method. The effects of the rotated optic axis
of M-plane sapphire on the characteristics of supercon-
ducting microstrip lines and coupled lines are presented
for various strip widths. The effects of the line separation
and operating temperature on the coupled lines are also
reported.
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APPENDIX A
Dyabic GREEN’S FUNCTION

The dyadic Green’s function §(kx » ky) is derived using
the method proposed in [16]. Let k; be the k-vector in the
free space. Define k,z, = k2 + ki, K% = k% — k} and K?

=ki

- = fi 0
kY = -1, .
Gy, ky) {Q <0 fz>

where

— €, k3. The explicit form of G (k,, k,) is given by
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1
r= )\ _ )\2 [)\2 coth ()\2 ) - )\1 coth ()\ h)]
AN
$ = o 2 [>\1 coth (\ph) — N, coth (A )]
and A3 and A2 are the eigenvalues of
) A
- S k270 0 _
B= €L , . p + Q . Ep . Q~1
0 -k 0\N0 -1
(A2)
REFERENCES

[1] W. G. Lyons and R. S. Withers, ‘‘Passive microwave device appli-
cations of high-T, superconducting thin films,”” Microwave J., vol.
33, pp. 85-102, Nov. 1990.

[2] R. S. Withers and R. W. Ralston, ‘‘Superconductive analog signal
processing devices,”” Proc. IEEE vol. 77, pp. 1247-1263, Aug.
1989.

[3] G.-C. Liang, R. S. Withers, B. F. Cole, and N. Newman, ‘‘High-~

. - temperature superconducting devices on sapphire,’’ presented at IEEE
MTT-S Int. Microwave Symp., Albuquerque, June 1992:

{4] G.-C. Liang, R. S. Withers, B. F. Cole, S. M. Garrison, M. E. Jo-

hansson, W. Ruby, and W. G. Lyons, ‘‘High-temperature supercon-

ducting delay lines and filters on sapphire and thinned LaAlO; sub-

strates,”” IEEE Trans. Appl. Superconduct., vol. 3, pp. 3037-3042,

-Sept. 1993.

J.. Kessler, R. Dill, and P. Russer, ‘‘Field theory investigation of

high-T, superconducting coplanar waveguide transmission lines and

resonators,”’ IEEE Trans. Microwave Theory Tech., vol. 39, pp.

© 1566-1574, Sept. 1991.

[6] L. H. Lee, S. M. Ali, and W. G. Lyons, ‘‘Full-wave characterization
of high-T, superconducting transmission lines,”” IEEE Trans. Appl.
Superconduct., vol. 2, pp. 49-57, June 1992.

[71 L. H. Lee, S. M. Ali, W. G. Lyons, D. E. Oates, and J. D. Goettee,
‘‘Analysis of superconducting transmission line structures for passive’
microwave device applications,”” IEEE Trans. Appl. Superconduct.,
vol. 3, pp. 2782-2787, Mar. 1993.

[8] J. M. Pond, C. M. Krowne, and W. L. Carter, ‘‘On the application

of complex resistive boundary conditions to model transmission lines

consisting of very thin superconductors,”” IEEE Trans. Microwave

Theory Tech., vol. 37, pp. 181-190, Jan. 1989.

D. Nghiem, J. T. Williams, and D. R. Jackson, ‘‘A general analysis

of propagation along multiple-layer superconducting stripline and mi-

crostrip transmission lines,”” IEEE Trans. Microwave Theory Tech.,

vol. 39, pp. 1553-1565, Sept. 1991.

[10} R. E. Matick, Transmission Lines for Digital and Communication
Networks. New York: McGraw-Hill, 1969.

[5

—

9

Rt

[11] T. P. Orlando and K. A. Delin, Foundations of Applied Supercon- v

ductivity. Reading, MA: Addison-Wesley, 1991.

[12] J. Meixner, ‘‘The behavior of electromagnetic fields at edges,”” IEEE
Trans. Antennas Propagat., vol. AP-20, pp. 442-446, July 1972.

[13] L. H. Lee, T. P. Orlando, and W. G. Lyons, ‘‘Current distribution
in superconducting thin-film strips,”’ submltted to IEEE Trans. Appl.
Superconduct.

[14] K. C. Gupta, R. Garg, anid L. J. Bahl, Microstrip Lines and Slotlmes
Norwood, MA: Artech House, 1979.

[15] C.-W. Lam, S. M. Ali, and T. P. Orlando, ‘‘Full-wave analysis of
microstrip lines on anisotropic substrates using the finite-difference
time-domain method,’’ submitted to IEEE Trans. Microwave Theory
Tech.

[16] R. Marques and M. Horno, *‘Dyadic Green’s function for microstrip- .

like transmission lines on a large class of anisotropic substrates,”” IEE
Proc. H, vol. 133, pp. 450-454, Dec. 1986.

2367

Laurence H. Lee (S'90) received the B.S. degree
summa cum laude in electrical engineering from
the State University of New York, Buffalo, in
1989, and the S.M. degree in electrical engineer-
ing from the Massachusetts Institute of Technol-
ogy, Cambridge, in 1990. He is currently working
toward the Ph.D. degree in the Department of
Electrical Engineering and Computer Science at
MIT.

His research interests are in the areas of micro-
wave integrated circuits, numerical methods for
electromagnetic wave problems, and applied superconductivity.

Mr. Lee is a member of Tau Beta Pi.

W. Gregory Lyons (S’81-M’82) received the
B.S. (1982);, M.S. (1983), and Ph.D. (1989) de-
grees in electrical engineering from the University
of Illinois, Urbana.

Since 1989 he has been a Staff Member in the
Analog Device Technology Group at Lincoln
Laboratory, Massachusetts Institute of Technol-
ogy. His graduate work involved the development
of microwave and optoelectronic devices based on
GaAs and related - III-V semiconductor ' com-
pounds, and the study of collective quantum-me-
chanical effects in low-dimensional metallic conductors. His recent work
includes the development of superconducting microwave devices and the
high-performance, high-frequency signal-processing systems that can be

“built using these devices. This work has been focused mainly on high-

temperature superconducting materials.

Terry P. Orlando (M’81) received the B.S. de-
gree in physics summa cum laude from Louisiana
State University in 1974, and the M.S. and Ph.D.
in physics from Stanford University in 1976 and
1981, respectively.

- Since. 1981 he has been at the Massachusetts In-
stitute of Technology where he is a Professor in
the Department of Electrical Engineering and
Computer Science. His research interests include
superconductivity and quantum-effect semicon-
ducting devices. He has also coauthored the text-
book, Foundations of Applied Superconductivity, and is presently Program
Chairman for the 1994 Applied Superconductivity Conference. ‘

Sami M. Ali (M’79-SM’86) received the Ph.D: degree in electrical engi-
neering from the Technical University of Prague, Czechoslovakia, in 1975.

From 1965 to 1985, he was with the Electrical Engineering Department,
Military Technical College, Cairo, Egypt. From 1981 to 1982, he spent a
sabbatical leave as a visiting scientist at the Massachusetts Institute of
Technology, Cambridge. In 1985 he became a Professor and Head of the
Basic Electrical Engineering Department at the Military Technical College.
From 1987 to 1989, he was a visiting scientist at the Massachusetts Insti-
tute of Technology where he joined the Research Staff in 1989. In 1993,
he joined the Telecom College, Jeddah, Saudi Arabia. His current research
interests deal with microwave integrated circuits, microstrip antennas, and
modeling of superconducting microwave devices.

Richard S. Withers, for a photograph and biography, see this iscue,
p. 2375.




