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Abstract —This paper presents experimental as well as com-

putational results ‘fo; 2.4 GHz mic;ostrip antennas which are

miniaturized (total length, 6 mm) by both a, new, “stepped
impedance” patch shape and a relatively high substrate permit-
tivity. The investigated antennas were fabricated from

YBa2Cu307 _ ~ thin films epitaxially grown on single-crystalline
LaA103 substrates by pulsed excimer laser ablation or by high-
-pressure oxygen dc sputtering and, for comparisrm, from copper

on the same substrate material. It is shown thdt the radiation

efficiency of this antenna structure @ only about 1% to 69i0

(depending on the substrate height) for copper at 77 K but is
increased to values between 35% and 65?Z0for HTS films. In the

latter case, considerable improveme&s could be obtained if a

substrate compatible with a high-temperature superconductor

with a lower 10SS tangent were available. From experimental
investigations of the power dependence of the antenna gain at

77 IL nonlinearities. es~ecially a sharp drot2 at a current density
of about 2”106 A/crn2~were observed; -

I. INTRODUCTION

~HE surface resistance of currently available epitaxial

1 HTS thin films at 77 K and for frequencies below 10

GHz is lower by at least a factor of 100 than that of

copper at the same temperature [1]. This allows mi-

crowave components for the lower frequency regime (O.1

to 10 GHz) to be miniaturized without a degradation of

their relevant electrical properties [2].

In certain RF systems one is interested in a consider-

able reduction of the geometric size of antennas, e.g. for

the case of small platforms or if several antennas have to

be incorporated into a limlted space. This requirement

for miniaturization also arises if a VHF or a UHF an-

tenna has to be part of an integrated receiver module

because a conventional nonminiaturized antenna is often

one order of magnitude larger than the remaining inte-

grated semiconductor circuit.
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An antenna is referred to as electrically small if it can

physically be bounded by a sphere of radius less than

AO/2n-, with AO the free-space wavelength [3]. The radia-
tion quality factor, Q,,~, of small antennas can be defined

via the ratio of the mean energy, W, stored in the near

field to the energy radiated during one period (power):

Q,.b = ‘iw/P,.d . (1)

Qr.~ sharply increases if the geometric size, b, of an

antenna is reduced to be “much less” than AO [4], [5]. If a

matching network is used together with the small an-

tenna, it is in the following assumed to be part of the

antenna, so thiit W in (1) also includes the mean energy

stored within the matching circuit. Owing to losses in the

conductors (F’C) and dielectric material (~di~l) the radiated

power, P,,d, k less than the total power fed into the

antenna. So the radiation efficiency becomes

q = ‘md /( ‘rad + p. + ‘d~.1)

= 1/(1+ Qrad /Q. + Qrad /Qciiel) (2)

where QC and Qdi.l are quality factors defined according

to (1) but with P,,~ replaced by PC and J’diel, respectively.

Equation (2) clearly indicates that a high value of Q,,d

originating from a considerable antenna size reduction

results in a “high sensitivity” of the radiation efficiency to

the dissipation losses. The higher Q,,d, the lower the

dissipation losses have to be in order to give a high

efficiency. The allowed size reduction is restricted to a

value b~l~ /& (according to Qr,d,~.X) if q is required to

be larger than a minimum value, q~i~. Increasing Q= by

replacing normal conductors by high-temperature super-

conductors (HTS’S) and Qdiei by using low-loss-tangent

dielectric material leads to a smaller antenna for the same

efficiency [5]–[7]. If the antenna is with respect to its

frequency response allowed to be modeled by a single

resonant circuit, one obtains, for the half-power band-

width in the case of a matched load [4],

‘.f/.fO = 2/( Qmd7) o (3)

By reducing the dissipation losses in a given antenna

structure (Q1a~ fixed) the desired increase in q is con-
nected with reduced frequency bandwidth.

The importance of the radiation ‘efficiency for a receiv-

ing antenna follows from the consideration of the system

noise tempera ture, T&t, of a configuration consisting of

an antenna (antenna noise temperature, TA (external noise
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Fig. 1. Comparison of a conventional, normally conducting (right) and miniaturized HTC antenna (left) for 2.4 GHz.
Substrate materials are RT-Duroid with e,= 2.2 and LaA1Q3 with ●,= 25.

sources), radiation efficiency, q, and physical tempera-

ture, T) and an amplifier with effective noise temperature

T“ampl.

From this equation the following conclusions can be made:

(a) T.ff is largely increased if q becomes small. (b) Small
values of T&~ are of interest if the external noise contribu-

tions represented by T~ are sufficiently small or are to be

determined (radiometry).

In the case of a microstrip antenna the totally radiated

power is divided into a (desired) space wave (Pr.~) and an

undesired surface wave contribution, P~W, so that (2) has

to be modified:

Since P,W/P,a~ increases but (PC+ P~iel)/P~a~ decreases

with the substrate height, an optimum substrate thickness

with respect to the radiation efficiency exists. For conven-

tional rectangular patch antennas it is of the order of

0.005A0 to 0,05A0.

H. PRINCIPLE

Conventional microstrip patch antennas are usually op-

erated at resonance, which results at center frequency in

a real input impedance at the feed point without the need

for an additional matching network. As a consequence,

the linear size of the patch is determined by the reso-

nance condition. For a rectangular patch antenna the

length has to be chosen to be about half a wavelength in

material (Ag /2). If this size has to be reduced without

changing the rectangular shape of the patch, a substrate

with higher permittivity, ~r, is required. Rather than

increasing .6,, miniaturization can be obtained by employ-

ing a modified patch shape. It is well known that the total

length, b, of a Ag /2 transmission line resonator can be

considerably reduced by using a “stepped-impedance”

structure consisting of a high-characteristic-impedance

(Zl) line section of length b – 2d between two open-

ended low-impedance (Zz) line sections of length d (see

Fig. 5). For d = b/4, from basic transmission line theory

the total length, b, is determined by

tan2(~b/2Ag) = Zz \.Z1. (6)

This consideration resulted in the patch shape shown in

Fig. 1 (left side), which may be modeled very crudely as a

stepped-impedance resonator. In a first size estimation a

conventional rectangular patch antenna for 2.4 GHz would

have a length of about b =42 mm for RT-Duroid (~,= 2.2)

as substrate (Fig. 1, right) and of about b = 12.5 mm for

LaA103 with e, = 25. If additionally the rectangular shape

is replaced by an H shape (Fig. 5), one ends up with a

total length of b = 6 mm. Thus, the miniaturization shown

in Fig. 1 is due to both an increased permittivity and a

change in the patch shape, To obtain the same miniatur-

ization factor without changing the rectangular patch

shape, a permittivity of about e, = 110 would be required.

As an alternative to the “stepped-impedance patch

antenna,” the antenna may also be viewed as an end-

loaded printed microstrip dipole.

For a rigorous design of the antenna geometry a mo-

ment-method-based computer code (see the Appendix)

was employed. In this computation the extension of the

substrate and ground plane is taken to be infinite. The

result obtained for the current density distribution is

given in Fig. 2, whereas Fig. 3 shows the computed

far-field radiation pattern, indicating the fact that the



CHALOUPICA et al.: MINIATURIZED HIGH-TEMPERATURE SUPERCONDUCTOR MICROSTRIP PATCH ANTENNA 1515

IT I

.

—.-

1

—.e
—.-

Fig. 2. Computed current density distribution on miniaturized patch antenna. Components JX parallel and .fY

perpendicular to small strip conductor.
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Fig. 3. Computed far-field radiation pattern inplaneparallel(- )
and perpendicular (–––) to small strip conductor.

antenna radiates like a magnetic dipole oriented parallel

to the substrate surface and perpendicular to the small

conducting strip.

HI. HTS FILM, SUBSTRATE, AND ANTENNA

CONFIGURATION

The experimental results given in subsection IV-A are

obtained with an antenna structure which was selected

from three fabricated versions with respect to the power

dependence of the antenna properties (see also Section

V). All three versions used YBa,CuqO,_, (short: YBCO)

thin films epitaxially grown o; single-c-&talline (100)

LaA103 substrate with a thickness of 0.5 mm and a size of

10X 10 mmz. One of the films was deposited by pulsed

excimer laser ablation [8] and two by a high-pressure

oxygen dc sputtering technique [9]. Before the films were

patterned by photolithography and chemical etching, the

surface resistance, R,, was measured by using the sample

(substrate Plus thin film) as an end plate of a cylindrical

resonant copper cavity which can be operated at 86.3

GHz in the TIZ ~21 mode and at 86.9 GHz in the TE013

mode [10]. Fig,, 4 shows the measured surface resistance

as a function of temperature for the film produced by

laser ablation, which was finally used for forming the

patch of the antenna structure under investigation.

The effective surface resistance at 86.9 GHz and 77 K

is approximate~,y Re~~’= 60 m Q. This value is with respect

to the film thickness of about 250 nm enhanced in com-

parison with the surface resistance for the (theoretical)

case of infinite film thickness [11]. The latter can be

estimated to be of the order of 30 mfl, which is compara-

ble to the best values presently available [1]. The quadrat-
ically scaled R ~ff value at 2.4 GHz is 4.5. 10–5 Q. This is

about 130 times lower than the corresponding value

(6” 10-3 ~) of high-purity copper at 77 K. The geometry

of the complete antenna structure is shown in Fig. 5. In

order to allow for variations of the coupling during the

experiments, aperture coupling to an open-ended coaxial
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Fig. 4. Surface resistance R, at 86.9 GHz as a function of temperature for the epitaxially grown YBCO thin film (laser
ablation) which was used to build the miniaturized antenna.

feed line was utilized. The position of the inner conductor

of the coaxiaI line can be changed to provide distances

between O and 1 mm from the open end of the coaxial

line to the lower plane of the substrate.

Three different configurations were used: The first has

a total substrate height h = 1 mm, achieved by placing a

0.5-mm-thick substrate with an H-shaped YBCO conduct-

ing structure on top of a second 0.5-mm-thick substrate

with a YBCO ground plane having a hole for coupling to

the coaxial line. The second is the same as the first, but

without a YBCO ground plane on the second substrate.

The configuration therefore presents a total substrate

height h = 1 mm with superconducting patch structure,

but normal conducting ground plane. The third configura-
tion has a total substrate height h = 0.5 mm with a

superconducting patch structure and a normal conducting

ground plane, achieved by using only one substrate.

IV. EFFICIENCY

A. Experimental Results

In order to investigate the microwave properties of the

miniaturized patch antennas in the temperature range

between 70 K and 300 K they were mounted on top of a

cold finger (Fig. 6) located in an evacuated glass Dewar

(Fig. 7). The miniaturized antenna was used as a transmit-

Fig. 6. Miniaturized HTS antenna mounted on top of a cold finger.

ting antenna in a link about 1 m long with a wide-band

ridged waveguide horn as the receiving antenna. All mea-

surements have been made with an HP 8752A vector

network analyzer. The result of a transmission experiment

with respect to the temperature dependence is shown in

Fig. 8. The coupling to the HTS antenna (YBCO patch,

ground plane made from copper, substrate height h =

1 mm) was adjusted to provide zero reflection (ISIII = O)

at T = 70 K. It is found that the quantity P,JT)\

,a~>m= = ls,112/’IMLP decreases slightly if the antenna

is warmed up to 80 K but drops very sharply for T >83 K.

Note that this sharp drop is due to both a decreasing
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Fig. 7. Cryostat for measuring the properties of HTS antennas from

T =70 to 300 K.

60 70 80 90

Fig. 8. Measured temperature dependence of theradiated power (HTS
patch, Cu ground plane, h = 1 mm).

radiation efficiency (increasing conductor losses) and an

increasing reflection coefficient ISIII at the antenna port.
The half-power bandwidth at 77 K was about 3 MHz at a

center frequency of 2.45 GHz.

The experimental determination of the radiation effi-

ciency was performed by using the method proposed by

Wheeler [12]. It is based on the idea of removing experi-

mentally the radiated power by enclosing the antenna by

a “radiation shield” (closed metallic box) with a size of

the order of AO/2T. It should be mentioned that the

shape and size of the box turned out experimentally not

to be critical. By measuring the reflection coefficient SI ~

at the center frequency with and without the radiation

shield and determining the corresponding values of the

input resistance R w and R ‘0, the efficiency is obtained

via

~ := ~ – Rw/RWO,

In order to avoid large errors, the coupling coefficient to

the antennas s!h.ould not be too far from its critical value

(1Sll I = O). The ‘Wheeler method was utilized to determine

q for HTS antennas (ground plane alternatively made

from copper or HTS) with substrate thicknesses h =

0.5 mm and 1.0 mm. Since the radiation coupling shown

in Fig. 5 does not make it possible to realize strong

coupling to the antenna, the method turned out to be not

practicable in the case of a miniaturized antenna with a

copper patch (“low” quality factor and therefore strong

coupling required for ISll I = O). Furthermore because of

the low efficiency, and therefore R w = R ‘0, large errors

in q would result from the Wheeler method. The effi-

ciency of the copper antennas was therefore evaluated

from the ratio of the received power for the copper

antenna (~rc”) to the power for the HTS antenna (~,HTs).

Since replacing Y13C0 with copper does not signifi-

cantly change the spatial distribution of the current den-

sity (except for the magnitude) at the patch, the directivity

of the HTS and copper antennas can be assumed to be

identical at all iingles. Since furthermore the same receiv-

ing antenna and measurement configuration (distances

between antennas, etc.) is used for both measurements,

the directivity of the antenna under test, the properties of

the receiving antenna, and the antenna distance cancel if

the Friis transmission formula is used to derive the ratio

‘Ts. The resulting equation,of Prc” / P,

Prc. ls~l’ ?f”(l–lsyl’)
—. —p~r - ,s~,~ = q“Ts(l–ls:Ts12)

can be rewritten to solve for the efficiency, qc”, of the

copper antenna as a function of the efficiency, q ‘Ts, of

the YBCO antenna which was determined by Wheeler’s

method (see above).

Table I shows the experimentally obtained results. In

the case of the HTS antennas the input power was de-

creased to a level where no power dependence of IS’ll I
could be observed. The results in the table are therefore

“low-power” results. The power dependence for a higher

power level is discussed separately in Section V. The

given range of results in Table I corresponds to measure-

ments which have been repeated several times and with

different levels of strong coupling to the antennas.

The measured far-field radiation pattern showed good

agreement with the computed results from Fig. 3, except

for some deviations (oscillating with angle) of less than 0.5

dB for @ = m-/2 (see Fig. 3) which are due to the influ-

ence of the surrounding cryostat (see Fig. 7).
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TABLE I
EXPERIMENTAL RESULTSFORTHE RADIATION EFFICIENCY(IN PERCENT)

Patch: YBCO Patch: YBCO Patch: Cu Patch: Cu
Substrate Ground Plane: YBCO Ground Plane: Cu Ground Plane: Cu Ground Plane: Cu

Height (77 IO (77 W (77 K) (300 @

h = 0.5 mm 35-48 35-45 1.5-3 0.8-1.5

h=lmm 55-65 55-65 4-6 1-3

/
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/
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~ / —-— z~=Zcu
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0.0 0.5 1.0 1.5 2.0

h (mm) ~

Fig. 9. Computed efficiency as a function of substrate height h for

ideal conductors, copper at 77 K, and YBCO at 77 K (tan 8 = 10-5).

B. Numerical Results

The miniaturized antenna structure of Fig. 5 was also

investigated theoretically. This was done by solving the

electromagnetic boundary value problem (patch structure

at a transverse infinite substrate and ground plane, direct

excitement by a voltage gap generator in the small con-

ductor strip instead of the coaxial coupling shown in Fig.

5) by means of the moment method (see the Appendix).

From the solution (current density distribution, Fig. 2,

and the radiated field, Fig. 3) numerical values for the

efficiency have been derived for a large variety of material

parameters. In Fig. 9 the results for the efficiency as a

function of the substrate height, h, are shown for an ideal

conductor (2, = O), YBCO at 77 K with Z,= (4.5+ j500).

10-5 Q, and Cu at 77 K with Z,= 6.10-3 (l+j) Q. The

substrate is in this case modeled by e. = 25 and tan d =

10-5. TO demonstrate the effect of dielectric losses on the

radiation efficiency, Fig. 10 compares substrates with e, =

25 but different loss tangents. The conductors are taken

to be YBCO at 77 K (see above).

C. Discussion

The numerical results (Figs. 9 and 10, and a number of

results not shown here) are in fairly good agreement with

the experimental results (Table I) for YBCO at 77 K if

the loss tangent of the substrate is chosen to be about

0.5”10’4 (Fig. 10). Also for copper at 77 K, good agree-

ment between numerical and experimental data is ob-

tained. In the latter case variations of tan 8 in the regime
<5.10’4 have no relevant influence on q.

t

100

I 80 .?3,L ‘-, :.——-~.
,0 -----

/
/

,/”

/ ‘ ,/”

tan(d) =lol~~
———

//’/
tan(d) =50 10

>, —-— tan(6) =l”104
Wo I

.,
I

0.0 0.5 1.0 1.5 2.()

h (mm) ~

Fig. 10. Computed efficiency as a function of substrate height h for

YBCO structure at 77 K for different loss tangents of the substrate.

In order to allow a basic discussion of the influence of

the substrate height, h, as well as the surface resistance,

R,, and the loss tangent, tan 8, on the radiation effi-

ciency, q, an approximation formula was derived by as-

suming PC/Pr,~ N R, /h2 and P~iel /P,~~ N tan 8/h and

determining the numerical coefficients by a least-squares

fit to the numerical results obtained with the moment

method:
.
1

q=q(h, tan8, R~)* 0.8 tan S 4.5
l+— ~ ~ + ~Ri+ F,W(h)

(7)

In this formula h is the substrate height in mm and R,

the surface resistance in m Cl. F,W(h) is a function which

accounts for the surface wave contribution. For a sub-

strate height of less than 1.25 mm and R, p 10-2 mfl, the

numerical data for q obtained with the moment method

are well approximated by (7) if the surface wave contribu-

tion is neglected (F,W = O). lt can be concluded from (7)

that the conductor losses exceed the dielectric losses if

R,/mO >0.18 h/mm. tanti/10-4.

In the case of a normal conducting patch structure,

h <1.25 mm, and tan S <2.10”, conductor losses are at

least one order of magnitude higher than the dielectric

losses. In the case of an HTS with R,= 4.5” 10-2 m~ the

substrate losses exceed the conductor losses if tan 8>

0.25. 10-4/(h \mm).

As discussed above, both the higher permittivity of the

substrate and the stepped impedance design (H shape)

made it possible to reduce the linear size as well as the
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Fig. 11. Computed efficiency as a function of substrate height h for a
printed microstrip dipole (copper and YBCO at 77 K and ideal conduc-

tor, ●, = 25, tan 8 = 10 ‘5). The conducting surface area (length 12 mm,

width 1.5 mm) is chosen to be equal to the surface area of the H-shaped

antenna under consideration (see Figs. 5 and 9).

surface area occupied by the plane conductor. In order to

demonstrate the effect of the H shape separately from the

increase in ET, a comparison is made with a printed

microstrip dipole.

This dipole is assumed to have the same e, value for

the substrate and to occupy the same conducting area, but

for the given frequency of operation, as a consequence of

its rectangular patch shape, is twice as long as the

H-shaped antenna. Fig. 11 shows the computed efficiency

for this printed microstrip dipole (length b =12 mm,

width w = 1.5 mm) as a function of the substrate height,

h, for copper at 77 K, YBCO at 77 K, and (theoretically)

ideal conductors. The values of C, and tan 8 are taken to

be the same as in Fig. 9. By comparing Fig. 11 with Fig. 9,

the following conclusions can be drawn:

a)

b)

c)

In the normal conducting case the reduced length

(factor 0.5) of the H-shaped antenna is achieved at

the cost of an efficiency reduction of the order of 0.5

to 0.7.

However, the efficiency of the approximately 12 mm

long printed microstrip dipole in the normal con-

ducting case even at 77 K is rather low (7% to 20%

for h between 1 and 2 mm).

BY replacing the normal conducting printed dipole

by an HTS dipole, its efficiency is also highly im-

proved, but not to a considerably higher amount

than in the case of the much shorter H-shaped

antenna.

V, OBSERVATION OF NONLINEARITIES

The power dependence of the microwave properties

can be studied in, e.g., a transmission experiment with the

HTS antenna as transmitting antenna and the coupling

chosen to give zero reflection for low input power, P~OUrC..

If this power is increased a nonlinear behavior resulting

in a decreasing transmission coefficient, ISzl 1, can be

‘n h=05fml
f.const.

w

%

+ ; Laser ~lated film

o : DC Sputtered Elm

-3 -23 -lo 0 10 20
P&JdBll)

Fig. 12. Measured transmission factor (relatlve) as a function of input

power level for constant frequency (YBCO) patch, CU ground Plane,
h = 0.5 mm) at 77 K.

observed (see Fig. 12). A very crude estimate of the

current density in the small strip conductor of the an-

tenna can be derived if one assumes the conductor losses

to be concentrated within a small strip conductor of width

w = 0.15 mm and length (b – 2d) = 3mm (see Fig. 5):

IL= 0.51J12w(b –2d)R,A. (8)

Here A = 250 nm is the penetration depth and 1.7I is taken

to be constant on the surface of the strip conductor. The

conductor losses can from (5) with P,W = O and (7) be

related to P,OU,C,by

PC= (1– lS’~~12)pS..r..
l–q

1+2000 h”tan 8/R~ “.
(9)

This crude estimation of the relationship between current

density, J, in the small strip conductor and P,OUrC.given

by (8) and (9) is in good agreement with the correspond-

ing data obtained by the numerical method described in

the Appendix.

The antenna built from a laser ablated film behaves

according to Fig. 12 in nearly linear fashion up to P,OUrCe

= – 15 dBm (J= 0.5.106 A/cm2) but shows a first rela-

tively slowly decreasing behavior of the transmission coef-
ficient in the range between – 15 to O dBm. At about O

dBm (J= 2‘ 106 A/cm.z) ,a remarkably sharp falloff can be

observed. For higher power level again a relatively slow

decrease can be seen. The antenna built from a dc sput-

tered film has a lower IIow-power efficiency (surface resis-

tance, 7.5”10’5 Q) and the falloff of 1S21I starts at a lower

power level than for the laser ablated film. Furthermore,

the sharp falloff observed for the laser ablated film is not

seen for the dc sputtered film.

VI. CONCLUSIONS

The geometric size of resonant planar antennas in the

VHF or UHF regime can be considerably reduced by
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TABLE II

MODIFICATION OF GREEN’S FUNCTION

I a) modding of the im~~dancc? ground-plane: I

b) modeling of the impedance surface of the structure:

#m’) ~ ~y;’) – z. anfl
c,P

means of a modified “patch shape” including small-width

transmission line sections. Owing to both the increased

radiation quality factor and increased losses in the small

strip conductors, this miniaturization results in a very low

(a few percent) value of the radiation efficiency in the

case of normal conducting antenna structures. The uti-

lization of HTS thin films together with low-loss sub-

strates allows the radiation efficiency to be increased to

values which are typical for the much larger normal

conducting conventional patch antennas. This improve-

ment is obtained by the cost of a reduced frequency

bandwidth. Furthermore, high-power nonlinearities in

high-Q structures may limit their applicability to receiving

antennas.

As a generalization of the obtained results, it can be

concluded that more complex antenna structures (e.g.

with matching network) including small-width transmis-

sion line sections can be realized without a reduction in

radiation efficiency if the normal conducting structures

are replaced by epitaxial HTS films at 77 K.

APPENDIX

In the numerical calculation of the current distribution

(Fig. 2), the radiation pattern (Fig. 3), and the efficiency

(Figs. 9, 10, and 11), the computer code described in [13]
and [14] has been used. For taking into account both the

surface impedance of the ground plane and the antenna

structure (“patch”), the following modifications of the

Green’s function became necessary. The surface

impedance of the ground plane is incorporated by replac-

ing the short cut in the matrix model of the dielectric

layer [13] by a corresponding impedance Z,g (Table II).

Modeling of the superconducting antenna structure is

done by formulating the impedance boundary condition

(E= Z,J) [15] -[17] instead of the boundary condition for
an ideal electrical conductor (Ef = O). This procedure

results in a very simple modification of the Green’s func-

tion [16].
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