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SUMMARY In this paper, we analyze high-T¢ superconduct-
ing (HTS) microstrip antenna (MSA) using modified spectral
domain moment method. Although it is assumed that the patch
and the ground plane of the MSA are perfect electric conductors
(PECs) in the conventional spectral domain method, we modify
this method to compute the conduction loss of the HTS-MSA.
In our analysis, the effect of the HTS film is introduced by the
surface impedance which we can estimate by using the three fluid
model and experimental results. This paper presents numerical
results about the HTS-MSA, for example, the relations between
the thickness of the substrate and the radiation efficiency, the
temperature and the resonant frequency, and so forth. And we
discuss the effective power range where the performance of the
HTS-MSA is superior to that of the Cu-MSA.

key words:  high-T. superconducting, microstrip antenna, spec-
tral domain moment method, three-fluid model, radiation effi-
ciency, input impedance

1. Introduction

In dc state, high-T. superconductor (HTS) is lossless
and its electrical resistance is ideally equal to zero. In
ac state, there are some losses in HTS and its resistance
is not equal to zero but smaller than good conductor’s
one at low temperature and low frequency. The surface
resistance of HTS is much lower by a factor of 10 to 100
than of Cu at the same temperature for the frequency
below 10 GHz. This small resistance allows HTS mi-
crowave passive devices to improve the efficiency and to
reduce the insertion loss.

In the antenna application, many studies of the
HTS antennas have been reported in recent years[1]—
[6]. The application of HTS to the microstrip antenna
(MSA) has been spotlighted because the efficiency is

mainly governed by the conductivity of the patch’s con- -

ductor as well as the tangent loss of the dielectric[1],
[4],[6]. When the substrate is thin or has high permit-
tivity, the dissipated power in the conductors and the
dielectric is much larger than the radiated power so that
the antenna radiation efficiency drastically falls. Using
the HTS film instead of good conductor has a possibility
of the efficiency greatly rising if circumstances around
the antenna are appropriate for bringing out HTS’s per-
formance.

Manuscript received January 22, 1994.
Manuscript revised March 15, 1994.
"The authors are with the Faculty of Engineering, Hok-
kaido University, Sapporo-shi, 060 Japan.

In this paper, we rigorously estimate the radia-
tion efficiency taking account of all loss terms: radi-
ation, conduction, dielectric and surface wave losses,
by using the spectral domain moment method[7]-[9]
for the MSA with finite conductivity and the three-fluid
model [10] for the HTS film, in the limit where mag-
netic penetration depth is much smaller than film thick-
ness and the wavelength is much larger than the film
thickness.

A numerical estimation of the relation between the
radiation efficiency and the thickness of the substrate
for an HTS-MSA by using the cavity model was pre-
sented [ 1], provided that the total loss is equal to the
sum of all loss terms. This assumption is not always
exact so that we estimate that relation again and ex-
plain the loss mechanism of the HTS-MSA. And we
will show that the resonant frequency of the HTS-MSA
is different from that of the Cu-MSA because the mag-
netic energy is stored in HTS[11],[12].

According to experimental results[13], it is impos-
sible to apply the three-fluid model to the HTS-MSA
with large current density. That is, the surface resis-
tance grows larger and the merit of HTS is diminished
as the current density is beyond a certain value. It is
thus predicted that the upper limit to the input power
exists to improve the efficiency by using the HTS film.
We will simulate the dependence of the power on both
the radiation efficiency and the input impedance and
show an existence of the limit to the input power.

2. Modified Spectral Domain Moment Method

In our analysis, a quantity A(z,y,z) in the space do-

main is related to a quantity A(k,, ky, z) in the spectral
domain via two-dimensional Fourier transform.

+oo
Ay, by 2) = // Az, y, 2)e/F== o dzgy (1)

In the spectral domain, the scattered electric field E’ by

the induced surface current distribution J on the patch
of the MSA shown in Fig. 1, is given by [7]

E} = Gyody + Gyydy, (3)
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Fig. 1 Structure of microstrip antenna.

at z = h, and the incident electric field E' by the vol-
ume current distribution J;(z) = 2J;(z) at the probe is
given by

h
E: = / Gy, (2)Ji(2)d7', @
0
-~ h ~ ~
B = / Goo() T, )
0
at z = h. CNJM, e, éyz in Egs. (2)—(5) are the elements

of the dyadic Green’s function for the microstrip struc-
ture as shown in Fig. 1. These elements can be derived
by taking the following boundary conditions into con-
sideration:

1. the impedance boundary conditions E,=—Z gf:[y,

E, = ZSgH hold at the ground plane, z = O,

where Z,, is the surface impedance for the ground
plane.

2. the transverse components of E, H are continuous
at z = h.

3. the fields vanish at z — oo.

The detail of the elements of the Green’s function is
given in Appendix.

In this paper, we assume that the probe is located
at (zp,yp) as shown in Fig. 1 and the source current is
given by Ji(z,y,2) = I,6(z — z,)6(y — yp) in the space
domain, i.e. J; (ko ky, 2) = I eJ(k=2p+ky¥p) in the spec-
tral domain, where I, is a value of the probe current [ 8],
then Egs. (4) and (5) result in

EL = I,G eltkemethuue), ©)
o 9
where
~ h ~
Gpo = / Gz (2)d7, ®)
0
—~ h o~

We apply the Galerkin’s method to obtain the un-
known surface current components J,, J,. First, we
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expand J,, J, in the basis functions {Jpm}, {Jyn} re-
spectively,

—~ M i~
Te = cmdem, (10)
=1
~ N o~
Ty =Y dndyn, (11)
n=1

where ¢,,,, d, are unknown current coefficients which
we should determine. At z = h, the total electric field

Et is given by the sum of the incident and the scattered
fields,

~1t

B =-FE4+E. (12)

Multiplying the  z-component of (12) by j;‘k and the y-
component by J* . and integrating over k, and k,, we

ylb»
can write that
<E;, Jyl> = (E;, Jyz> + <E§, Jyl> (14)
where k=1,2,...,M,1=1,2,...,N and
i
(E,J) = ) //E J*dkdk, (15)

corresponds to the reaction of the field E to the source
J [14], and the asterisk * indicates complex conjugate.
Since
Bt~ 2.7, By - 2.0,
Je=Jy=0

on patch,
otherwise,

(16)

at z = h, where Z; is the surface impedance of the patch,
Eqgs. (13) and (14) can be reduced to

—‘<E':c - ZSL? j;?k> = <E;:7 j:mk>7 (17)
—(By — Z3Jy, ) = (B, Ty), (18)

using the Parseval’s theorem[7]. Substituting Egs. (2),
(3), (6), (7), (10) and (11) into Egs.(17) and (18), we
can obtain a system of (M + N) linear equations as

M N

D emZE + Y da 28N = VP, (19)
m=1 n=1

M N _

> emZitN +> daZint = v, (20)
m=1 =

where k =1,2,...,M,[l=1,2,...,N and

ZR) = —((Gaw — Zs)Tom, Juk), 1)
Z0R) = —(Gaydyn, Jon), (22)
Z{m = —(Gyadoms Jyi), (23)
Z{mh = —((Gyy — Zs)Tyn, Jy1), (24)
Vz(k) = Ip(a;xzej(kw‘”p+kyyp), ja:lc>a (25)
VD = L(G &7 *aothv) T, (26)
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In matrix form, Egs. (19) and (20) can be expressed as
[Z)[1] = [V]. (27)

This matrix equation may be solved for the unknown
matrix [I] by the inverse, and it can be written as

1] =[Z]7*V]. (28)

Once [I] is found, the input impedance at the probe can
be calculated as

Zin = 1T V] + j X1, (29)

where T indicates transpose and X is the self-induc-

tance for a coaxial probe as given in Ref. [9]. Using the
electric field components E, E, on the patch and the
stationary-phase method [ 15], the far-field in the spher-
ical coordinates (r, 0, ¢) is given as

jkoe_jkar i~

EG — oy (E:c COS ¢ + Ey sin ¢)7 (30)
jkoeﬁjko’r ~ . ~ .
E¢ = —QM‘h(_Ex Sln¢+ Ey COSd)) cos 97 (31)

where k; = kosinfcos¢, ky = k,sinfsin¢ and k, is
the wave number in free space. The radiated power is
given as

r2 27 /2
Proa = 77—/ do (1E9|2 + |E¢12) sin 0d9, (32)
0 Jo 0

where 7, is the wave impedance in free space. The input
power supplied to the antenna is given as

P, = Re{[I]T[V]} . (33)
Using the two powers, we can evaluate the radiation
efficiency 7 as the following definition,

P, rad
= e 34
=P (34)

In this paper, the shape of the patch is rectangular so
we use the entire basis for the expansion mode as given

in Ref. [16]. Numbers of the expansion mode used in

Sect.4 are M =1, N =0.
3. Surface Impedance Estimation for the HTS

The three-fluid model was proposed as the macroscopic
model which explains the loss mechanism of HTS and
is experimentally valid for the YBCO bulk plate[10].
In this paper, we estimate the surface impedance of
YBCO according to this model and published exper-
imental data[10],[13],[17]. An example of the surface
impedance of YBCO and Cu is shown in Fig. 2.

If the surface current density on the HTS patch J; is
much larger, we can no longer describe the loss mech-
anism using the three-fluid model, that is, the surface
impedance Z; = R + j X, becomes a function of J, as
shown in Fig. 3. This experimental result was measured
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Fig. 2 Temperature vs. surface impedance of YBCO, Cu for
f=104GHz, T, = 92K.
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Fig.3  Surface current density vs. surface impedance of YBCO
for f = 10.4 GHz.

at 10.4 GHz by Kobayashi et al[13]. From this figure,
we can see that although the surface resistance R, is
constant at the temperature below Js = 3.0 x 102 A/m
where we can adopt the three-fluid model, R, becomes
larger as J; increases if J; is beyond that value. On the
contrary, the change of the surface reactance X is very
small so that we use a constant value of X, obtained for
Js £3.0x10% A/m as the value for J, > 3.0x 102 A/m.

For J, > 3.0 x 102 A/m, we determine Z, and J,
as the following procedure. We assume that J, is flat
on the patch. If Z, is given, we can determine J, by
using the spectral domain moment method as discussed
in Sect.2. We describe this relation as Js = f(Z,). On
the other hand, if J, is given, we can determine Z, by
the relation Z, = g(J,) shown in Fig.3. By repeat-
ing the two evaluations by turns as a flow chart shown
in Fig.4, we can obtain the surface impedance and the
surface current density on the patch. In the following
section, we assume that the surface impedance of the
ground plane is equal to that of the patch.
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Fig. 4  Algorithm for determining the surface impedance Z,
and the surface current density J,.
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Fig. 5  Temperature vs. efficiency of the PEC-, the YBCO-
and the Cu-MSAs for ¢, ~ 25, tand = 0.5 ~ 3.0 x 10753,
f = 104GHz. (I = 3.37Tmm, w = 0.337mm, A = 0.25mm,
zp = 0.7mm, yp, = 0.0 mm)

4. Numerical Results
4.1 Temperature versus Efficiency

In Fig.5, we show the relation between the tempera-
ture (') and the radiation efficiency at 10.4 GHz for
three types of MSAs; their patches and ground planes
are made of YBCO, Cu and perfect conductor (PEC).
The length of the patch is I = 3.370 mm, the width of the
patch is w = 0.337 mm and the thickness of the substrate
is h = 0.25 mm. We assume that the relative dielectric
constant of the substrate is almost €, = 25 and the loss
tangent of the dielectric medium tané is a function of
the temperature as shown in Fig.2 of Ref. [17].

From Fig. §, the efficiency of the Cu-MSA decreases
gently and almost linearly with 7', and that of YBCO-
MSA is almost constant for the temperature below 30K,
then begins to fall and eventually goes to less than 10%
at 90K. Thus the radiation efficiency can be improved
by using the YBCO film at the temperature not close
to the critical temperature T (=90K), instead of using
the Cu film, because the surface resistance of YBCO is
much smaller than Cu. For example, we can achieve 1.9
times improvement of the efficiency of the YBCO-MSA
at T =50K respectively.
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Fig. 6 Substrate thickness h vs. efficiency of the PEC-, the

YBCO- and the Cu-MSAs for e, = 5, tané = 1.75 x 10793,
f = 104GHz, T = 50K. (I = 7.06mm, w = 0.706 mm,
h = 0.25 mm, z, = 0.7 mm, y, = 0.0 mm)
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Fig. 7  Substrate thickness h vs. efficiency of the PEC-, the
YBCO- and the Cu-MSAs for ¢, = 25, tand = 1.75 x 1075,
f = 104GHz, T = 50K. (I = 3.37mm, w = 0.337 mm,
h =0.25 mm, z, = 0.7 mm, y, = 0.0 mm)

4.2 Thickness of Substrate versus Efficiency

In Figs.6 and 7, we show the relation between the
thickness of the substrate and the radiation efficiency
for three types of MSAs: the Cu-, the YBCO-MSAs at
50K and the PEC-MSA. The patch dimensions [, w are
found in order that the resonant frequency of the MSA
is about 10.4 GHz under the aspect ratio [/w = 10 and
h = 0.25mm. The relative dielectric constant of the
substrate is €, = 5,25 for Figs. 6 and 7 respectively, and
the loss tangent is tan§ = 1.75 x 1075,

The efficiency falls off owing to the conduction and
the dielectric losses for h/\, < 0.005, where ), is the
wavelength in free space. In this case, therefore we can
achieve a significant increase in efficiency by using the
YBCO film with small surface resistance.

As h grows larger, the radiation loss increases so
that the radiation efficiency is improved; there is no
possibility of the great improvement of the efficiency by
using the YBCO film. Furthermore, slight decrease due
the surface wave loss in efficiency for A/A, > 0.01 is
observed.
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Fig. 8 Input impedance of the PEC-, the YBCO- and the Cu-
MSAs for e, = 25,tané = 0.775x10~%, f =10.4GHz, T =11 K.
(@ =33Tmm, w = 0.337mm, h = 0.25mm, z, = 0.7mm,
yp = 0.0 mm)
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Fig. 9  Input impedance of the PEC-, the YBCO- and the Cu-

MSAs for e, = 25, tan § = 2.425x 1075, f = 10.4GHz, T = 77 K.
(! = 337mm, w = 0.337mm, h = 0.25mm, z, = 0.7mm,
yp = 0.0 mm)

As the dielectric constant of the substrate is lower,
the radiated power is larger than the dissipated power
so that using the YBCO film may not be effective to im-
prove the efficiency. For example, the efficiency of the
YBCO-MSA for h/A, = 0.004 is 2.2 and 2.6 times as
large as that of Cu for €, =5 and 25 respectively.

4.3 Input Impedance and Resonant Frequency

The input impedance for the PEC-, the Cu- and the
YBCO-MSAs at T' = 11,77 K is shown in Figs.8 and 9
respectively. The dimensions of the MSA are the same
as the model in Sect.4.1. These MSAs are driven at
z, = 0.7mm, y, = 0.0mm by the probe. Because
of the conduction loss, the Cu- and the YBCO-MSAs
have lower quality factors, wider bandwidths, and lower
peaks of the input impedance than the PEC-MSA. How-
ever, the quality factor of the YBCO-MSA is rather
smaller than the PEC-MSA, although the Cu-MSA has
a small quality factor.

Comparing Fig. 8 with Fig.9, we can see that the
resonant frequency of both the YBCO- and the Cu-

10 102 10° 10°
Input Power [W]
Fig. 10  Input power vs. efficiency of the YBCO-MSA for
€ =5, tand =0, f = 10.4GHz, T = 11,50, 77K. (I = 7.06 mm,
w = 0.706 mm, ~ = 0.25 mm, z, = 0.7 mm, y, = 0.0 mm)
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YBOO(50K)
YBCO(77K)

Efficiency[%)]
3

gl

0 NETTT EAR T EEPETTIT S PP 14
1072 10° 10
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Fig. 11 Input power vs. efficiency of the YBCO-MSA for
er = 25,tané =0, f = 104 GHz, T = 11,50, 77 K. (I = 3.37 mm,
w = 0.337 mm, A = 0.25 mm, z, = 0.7 mm, y, = 0.0 mm)

MSAs becomes lower as the temperature increases from
11K to 77K. The resonant frequency of the YBCO-
and the Cu-MSAs at 77K is 0.39%, 0.05% lower than
that at 11 K. The difference of the shifts is because
the dependence of the temperature on the surface re-
actance X, of YBCO is much larger than Cu as shown
in Fig.2. In other words, the magnetic energy stored
in YBCO is larger than Cu so that a large shift of
the resonant frequency is observed in the YBCO-MSA.
This is because the kinetic energy stored in the supercur-
rent which is proportional to the magnetic penetration
depth, disturbs the reactive energy balance in the vicin-
ity of YBCO, so that the magnetic energy dominates
there.

4.4 TInput Power versus Radiation Efficiency

Figures 10 and 11 indicate the radiation efficiency of
the YBCO-MSA at 10.4GHz as a function of the in-
put power P;, at T = 11,50,77 K. The dimensions of
the patch [, w are determined in order that the resonant
frequency of the MSA with the aspect ratio [/w = 10
and h = 0.25mm is about 10.4 GHz. We assume that
the dielectric constant of the substrate is €, = 5,25 for
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Fig. 12 Probe current I, vs. input impedance of the YBCO-
MSA for ¢, = 25, tané = 0, T = 11K. (I = 3.37mm,
w = 0.337 mm, h = 0.25 mm, =, = 0.7 mm, yp = 0.0 mm)

Figs. 10 and 11 respectively.

In the YBCO-MSA, as the input power increases,
the surface resistance and the surface current density on
the patch are larger so that the radiation efficiency falls
down. The efficiency begins to drop at P;, = 3 x 1072,
3 x 1073 Watts for €, = 5, 25 respectively. The YBCO-
MSA is thus effective for less than a certain power.
Furthermore, the permitted limit to the input power is
smaller as the dielectric constant €, is larger. This may
be one of factors of preventing the YBCO-MSA from
being miniaturized with high €, substrate.

4.5 Probe Current versus Input Impedance

The relation between the input impedance and the in-
put power at 11K for the YBCO-MSA with the same
dimensions as Sect.4.4 but ¢, = 25 and tand = 0, is
shown in Fig. 12. This MSA is driven at z, = 0.7 mm,
y, = 0.0mm by the probe with I, = 0.0,1.0 x 1073,
5.0 x 1072, 1.0 x 1072 and 5.0 x 1072 A. From this fig-
ure, we can see that the quality factor is lower and the
peak of the input impedance is smaller but a shift of the
resonant frequency is not observed, as the probe current
I, is larger. The latter reason is that the surface reac-
tance is constant for the change of the input power as
shown in Fig. 3.

5. Conclusion

We analyze the YBCO-MSA by using the modified spec-
tral domain moment method which can treat of the con-
duction loss on the patch and the ground plane and
the three-fluid model based on the experimental results.
From our analysis, we obtain the following results.

e The efficiency of the YBCO-MSA is a few times as
large as the Cu-MSA. And using the YBCO film
is effective for the microstrip structure with high
permittivity and thin substrate which is hard to ra-
diate.
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e The peak of the input impedance and the quality
factor for the YBCO-MSA are much larger than
those for the MSA of good conductor and are
slightly smaller than the PEC-MSA. And the res-
onant frequency of the YBCO-MSA shifts to the
lower frequency as the temperature increases owing
to the magnetic stored energy in the YBCO film.

e The radiation efficiency decreases as the input
power increases, so the application of YBCO to
the MSA is effective for less than a certain input
power.
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Appendix: Detail of the Elements of the Green’s
Function

In the appendix, we give concrete expressions for the el-
ements of the Green’s function in the spectral domain,
which can explain the relation between the electric field
at z = h and the electric current density for the mi-
crostrip structure as shown in Fig. 1. In the following,
the subscripts ‘1’ and ‘2’ (generally denoted by ‘7’ later)
indicate the dielectric and the air regions, respectively.

~ k2Ge + K2G),

Tz — _—2‘:—7 Al
“ Rk A1)
~ ~ koky (Ge — Gi)

Gy = Gy = ”‘"—‘yw, (A-2)
_ k2G, + k2G,
_ y z
Gyy = — Bk (A-3)
=~ w,ulkzzkac 1
z = T 35m Jm s A4
o =~ () (A4)
~ W'Ullkz2ky ’
— Ly A-5
G?JZ k%Tm fm(z )7 ( )
~ Jwpikz1k.o

Ge = ————9gm(h), (A-6)

k3T,

~ 1)

G = 2. (h), (A7)

€

T = ka2 fm(R) +g;’szlgm(h), (A8)

T. = kafe(h) +j§§kz2ge(h), (A9)

fm(2) = coskyiz — ‘%ng sink,1 2, (A-10)
z1
gm(2) = sink,1z + jlzﬂzsg cosk,, 2, (A-11)
z1
fe(2) = cosk,1z + ,king sin k.1 2, (A-12)
Jwhi
k.,
9e(2) = sink, 2z — _—lZSg cos k12, (A-13)
Jwi

where 2/ (0 < 2’ < h) is the z-coordinate of the
source, ki = wy/li€;, kui = kI +kZ—k2, u; and €
are permeability and permittivity in each region i, re-
spectively. In this paper, we set 1 = ps = p, and
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€1 = €6o(1 — jtané), e = €,, where u, and €, are
permeability and permittivity in free space, respectively.
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