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Fig. 7. Variation of mode impedances of asymmetric coupied microstriplines
with their separation.

lines are also higher than those of Judd ef al. given in Table I,
and are on the side of the higher results given in this table.

In order to allow the design of various microstrip structures
using asymmetric coupled lines (such as filters, couplers, etc.), a
set of design curves for different geometric configurations were
calculated and are shown in Fig. 7. These curves were calculated
for the quasi-static case, and the effect of dispersion can be
accounted for by using the introduced dispersion model. In this
set of curves, the width of the first line W; was taken 0.6 mm
since it represents approximately a 50-2 line on alumina sub-
strate (e, = 9.7, H = 0.635 mm). The width of the second line ¥,
was allowed to vary from 0.2 mm up to 1.2 mm in steps of 0.2
mm. The symmetric case where W, =W, = 0.6 mm is shown by
the dotted line curves.

VI. CONCLUSION

A network analog method was chosen to calculate the mode
numbers, the effective dielectric constants, and the mode imped-
ances of two asymmetric coupled microstrip-lines. This method
has the advantage of reducing the computation time as compared
with the ordinary finite difference method. A dispersion model
was introduced which can be considered as an extension of
Getsinger’s dispersion model for two symmetric coupled lines,
The obtained numerical results taking into consideration the
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dispersion effect were found to be in a good agreement with the
only available published data. A set of design curves for different
geometric dimensions of the two lines was presented which
should prove to be useful in the design of various microstrip
structures.
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Microwave Characteristics of an Optically Controlled
GaAs MESFET

HIDEKI MIZUNO

Abstract —This paper presents the results of an experimental investiga-
tion of microwave characteristics of a GaAs MESFET under optically
direct-controlled conditions. The gain, drain current, and S-parameters
were measured under various optical conditions in the frequency region
from 3.0 GHz to 8.0 GHz, and it was found that they can be controlled by
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varying the incident light intensity in the same manner as when varying the
gate bias voltage. As applications of this phenomenon, optical /microwave
transformers and an optically switched amplifier were investigated.

1. INTRODUCTION

In recent years, considerable attention has been given to opti-
cally controlled GaAs MESFET’s [1]-[4]. By utilizing light to
control the microwave characteristics of a GaAs MESFET, many
charming applications involving optically controlled GaAs
MESFET’s become feasible. Examples are optically controlled
amplifiers and optically controlled oscillators. These amplifiers
and oscillators will be used as an optical /electrical transformer

which directly converts optical signals into microwave signals. In -

the past, the characteristics of the GaAs MESFET have been
examined under the condition where the GaAs MESFET func-
tions as a dc detector of light [2]-[4]. However, the microwave
characteristics of the GaAs MESFET under optically direct-con-
trolled conditions have not yet been clarified.

This paper describes an experimental investigation of the mi-
crowave characteristics of an optically direct-controlled GaAs
MESFET, and presents the results of a feasibility study for such
applications as optical /microwave transformers.

II. EXPERIMENTS

A. GaAs MESFET and Light Source

The GaAs MESFET used in the study is an 0.5-pm gate-length

device (NE388, NEC) in a stripline type ceramic package with the
top lid removed. The doping level and the thickness of the active
layer are 2.5% 10'7 cm™~? and 0.15 pm, respectively [5]. The GaAs
MESFET is fixed on a transistor test fixture (HP-11608A), as
shown in Fig. 1. Light is incident on the GaAs MESFET with an
optical fiber. The distance between the fiber end and the GaAs
MESFET is about 1 mm.

* The light source is a fiber-coupled semiconductor laser, with a
wavelength of 0.829 pm, and the maximum output power is
about 2 mW. The output power is varied by an optical attenua-
tor, and measured by an optical power meter. The laser can be
modulated over the frequency region from 10 kHz to 300 MHz. A
YAG laser was also used to investigate the wavelength dependent
characteristics. ’

B. Gain- Drain Current Versus Light Intensity

The gain (input versus output microwave power ratio) and
drain current (I,;;) were measured while varying the gate-source
voltage (V) or incident light intensity. The microwave input
power was set to be about — 10 dBm in order to obtain a linear
function. Fig. 2 shows the results.

In Fig. 2(a), gain and I,; are varied as a function of Vs with
the GaAs MESFET not exposed to light. At the maximum gain
(point A), the GaAs MESFET functions as an amplifier with a
gain of 7.5 dB. The bias conditions are: V,,=—27V, I,,=13.6
mA. At point B, where the GaAs MESFET is biased so as to be
pinched off, the bias conditions are V,;=—3.6 V and [,,=0.2
mA. i

‘Fig. 2(b) shows gain and I, versus incident light intensity
when the GaAs MESFET is biased so as to be pinched off
(Vs = —3.6 V). The gain and I, increase with increasing incident
light intensity. At point C, where I, is equal to the value at point
A (13.6 mA), the incident light intensity is 0.14 mW.

Fig. 3 summarizes gain versus frequency with varying I,.. In
Fig. 3, a solid line shows the gain when ,, is controlled by V.. A
broken line shows the gain when 7, is controlled by the incident
light intensity, with a constant dc bias. Each set of a solid and a
broken line shows the gain when the GaAs MESFET has the
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Fig. 1. GaAs MESFET installed in transistor test fixture.
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Vds =3.0V
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Fig. 2. *Gain and drain current I;. (a) Gain and drain current versus gate
bias voltage V. (b) Gain and drain current versus incident light intensity.

same I,; denoted at the left of the lines. The incident light power
exposed for control of I, is similarly shown at the right of the
lines.

From these experiments, it is found that the gain and 7, of a
GaAs MESFET can be controlled by the incident light intensity
in the same manner as when varying the V.
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gain controlled by V,; broken line shows gain controlled optically.)

S” «——— measured at point A (electrically controlied)
——a—— measured at point B {pinched off)
—-—m

measured at point C (optically controlled)

Fig 4. Sy, of optically/electrically controlled GaAs MESFET.

322 ——¢— measured at point A (electrically controlled)
——0— measured at point B (pinched off)
- — - ~- measured at point C (optically controlied)

Fig. 5. S,, of optically /electrically controlled GaAs MESFET.
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521 — %~ measured at point A (electrically controlled)

—mmp—— Measured at point B {pinched off)

.- —e—~ measured at point C {optically controlled)
Fig. 6 S, of optically/electrically controlled GaAs MESFET.
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S]2 ———— measured at point A (electrically controlled)
——0—— measured at point B (pinched off)
——-o~—- measured at point C (optically controlled)

Fig. 7. S, of optically /electrically controlled GaAs MESFET.

C. Measurement of S- Parameters

S-parameter measurements are carried out in the frequency
region from 3.0 GHz to 8.0 GHz for bias conditions as shown at
points A, B, and C in Fig. 2. Figs. 4 and 5 show the input and
output reflection coefficients S|, and S,,, respectively. At points
A and C, Sy, and S,, show the same characteristics.

Fig. 6 shows the transverse gain §,,. At points 4 and C, S, is
greater than unity and the GaAs MESFET functions as a small
signal amplifier.

Fig. 7 shows the reverse gain S;,. S|, at point C shows the
same characteristics as at point 4 in the frequency region from
3.0 GHz to 8.0 GHz.

Although S-parameters at points A, B, and C are shown in
Figs. 4-7, S-parameters at intermediate drain current levels
change continuously from values at point 4 or C to those at point
B. S-parameters of the optically controlled GaAs MESFET are
shown to behave in the same manner as the electrically controlled
one. This fact suggests that an optically controlled GaAs MESFET
circuit can be designed in a similar manner to an electrically
controlled circuit if I, is the same for both designs.

III. APPLICATIONS OF THE OPTICALLY CONTROLLED
GaAs MESFET

As a result of carrying out S-parameter measurements, it was
found that the incident light changes the gain and drain current
in the same manner as when the gate bias voltage is varied.
Therefore, the optically controlled GaAs MESFET can be re-
garded as a dual-gate FET: the first gate is electrical and the
second gate is optical. The feasibility of such devices as
optical /microwave transformers and an optically switched
amplifier is examined.

A. Oprtical / Microwave Transformer

Fig. 8 shows schematic diagrams for two optical /microwave
transformers. Fig. 8(a) shows a transformer consisting of an
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Fig. 8. Schematics for optical /microwave transformers. (a) Optical/FM mi-
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optically controlled oscﬂlator This transformer converts optical
signals into frequency modulated microwave signals. Fig. 8(b)
also shows a transformer converting optical signals into ampli-
tude modulated microwave signals. These two types of optical /
microwave -transformers were fabricated in order to examine
electrical characteristics. ‘

Fig. 9(a) shows the frequency variation of the GaAs MESFET
oscillator when the incident light intensity was varied. The free-
running oscillation frequency is 21.4 GHz. The GaAs MESFET is
mounted in a waveguide housing [6]. In Fig. 9(a), the wavelength
of the light is also varied. When the wavelength of the light
decreases, the frequency variation increases. It can thus be seen
that the GaAs MESFET is sensitive to the frequency of the
incident light. This kind of oscillator can be used as an
optical /FM microwave transformer. )

Fig. 9(b) shows the microwave output power of the GaAs
MESFET amplifier detected by a crystal detector when the
incident light amplitude is modulated at 1 MHz and 100 MHz.
As shown in Fig. 9(b), the microwave output power has been
modulated at 1 MHz and 100 MHz. The GaAs MESFET has a
response speed of 10 ns at 100 MHz. This kind of amplifier can
be used as an optical/AM microwave transformer.

B. Optically Switched FET Amplifier

Another application of the optically controlled GaAs MESFET
is as an optically switched amplifier. In the ‘on’ condition, the
GaAs MESFET is exposed to incident light with a power of 0.14
mW. Gain characteristics have been presented in Fig. 3. The
amplifier works only when the GaAs MESFET is exposed to the
light. In the ‘off’ condition, the light is turned off. Isolation
between the ‘on” condition and ‘off’ conditions is more than 22
dB at 4 GHz as shown in Fig. 3. Furthermore, the switched
amplifier is of the normally-off type, and the ratio of the power
consumption at ‘or’ and ‘off’ conditions is 40.8 mW to 0.7 mW
(1.7 percent). This kind of amplifier can be used as an SPST
switch, and is suitable for use as a large-scale switch because
interference between microwave signals and control-line signals is
very small,

IV. CONCLUSION

The fundamental microwave characteristics of the optically
direct-controlled GaAs MESFET were examined. It- was found
that incident light intensity changes the gain, drain current and
S-parameters in the same manner as when the gate bias voltage is
varied. In other words, the GaAs MESFET works as a dual-gate
FET: the incident light is equivalent to the second gate. Further,
the optical /microwave transformer and optically switched amp-
lifier were examined. The results obtained in this paper show the
feasibility of using optically direct-controlled GaAs MESFET for
high-speed and high-sensitivity applications.
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Measured Temperature-Dependence of Attenuation
Constant and Phase Velocity of a Superconducting
PbAu/SiO/Pb Microstripline at 10 GHz and 30
GHz

RALF POPEL

Abstract —Measured results for the temperature dependence of the
attenuation constant and phase velocity of a superconducting microstripline
at 10 GHz and 30 GHz are presented here for the first time. At 9.1 GHz
the attenuation constant of a PbAu/SiO/Pb microstripline with a dielec-
tric height of 880 nm decreases from 1.6 dB/m to 0.04 dB/m going from
4.2 K to 2.0 K, while at 27.3 GHz a decrease from 2.6 dB/m to 0.09 dB/m
going from 3.0 K to 1.7 K was measured.

The calculated and measured temperature dependence of the phase
velocity are in good agreement. The measured values for the attenuation
constant together with the estimate of conductor losses from the
Mattis—Bardeen theory, taking radiation losses and surface roughness into
account, lead to an upper limit estimate for the loss factors of SiO.

1. INTRODUCTION

In contrast to waveguide technology, with the aid of stripline
technology, circuits requiring a much smaller space and weighing
considerably less can be constructed. Stripline circuits also have a
lower heat conductivity and heat capacity. This is particularly
advantageous for cryogenic microwave circuits. Moreover, cryo-
genic circuits with many planar and small Josephson elements
can be placed on one substrate. Complex circuits can be built up
in this way, e.g., logic circuits of Josephson computer technology
[1], circuits with many dc series-connected Josephson elements
for voltage standards [2], or Josephson arrays for microwave
devices [3].

For low-temperature operation, stripline cross sections can be
made consjderably smaller than for use at room temperature [4].
Although with decreasing dielectric heights 4 the conductor losses
for microstriplines increase considerably, the use of supercon-
ducting material for groundplane and strip can keep these losses
down.

An advantage is that radiation losses which are important at
frequencies > 10 GHz for dielectric heights of the order of 0.5
mm decrease strongly with smaller dielectric heights.

For microstriplines with strip width w > h the parallel plate
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line equation is valid in good approximation

z, =1
\/; w
with n =120 #$ — wave impedance in free space, ¢, is the dielec-
tric constant, & is the dielectric height, and w is the strip width.
From (1) we see that to obtain a definite wave impedance Z;
(e.g., for matching purposes), with smaller dielectric heights the
strip width must also become smaller. Indeed, two strips can be
placed closer together without any considerable coupling between
them. These two effects allow a higher packing density to be
achieved. Superconducting microstriplines of this kind have been
examined both theoretically [5] and experimentally.

Kautz [6] has measured the attenuation constant «, of
Nb/Nb,0; /PbAu microstriplines below 500 MHz and found a
frequency independent Nb,O; loss factor of about 2-10~ % at 4 K.
The temperature dependence of phase velocity has also been
measured by Mason and Gould [7] on Ta/Ta-oxide/In micro-
striplines below 500 MHz. Because the superconducting micro-
striplines are for use at microwave frequencies or for picosecond
pulse transmission, 10-GHz attenuation measurements of Nb/
Nb,O; /PbInAu lines were performed at 4.2 K [8]. The dielectric
loss factor of Nb,Os at 4.2 K was confirmed to be rather high,
ie., tand = 2.1-1073, Because of an expected lower tan & of $iO
and because the use of SiO is widespread in circuits with Joseph-
son junctions [1], lines with SiO dielectric were examined. Mea-
suring results are presented here for the temperature dependence
of the attenuation constant a, and phase velocity v, for a
superconducting PbAu/SiO/Pb microstripline with a dielectric
height of # =880 nm at frequencies of about 10 GHz and 30
GHz. These results are discussed in conjunction with current
theories.

M

II. THEORETICAL BACKGROUND

An investigation of superconductors with the help of resonant
cavities is possible at microwave frequencies. The measured val-
ues of the surface resistance R, can be approximated quite well
by equations from the BCS theory if the energy gap 24, or the
mean free path 1 (of normal electrons), are used as approxima-
tion factors [9). It is possible to measure the loss factors of
dielectrics, inserted in a superconducting resonant cavity. In this
way, Meyer [10] measured the loss factors of synthetic materials,
such as quartz glasses and natural quartz, in the frequency range
from 0.2 GHz to 7 GHz at temperatures between 2.0 K and 4.2
K. However, there are no measuring results of the surface resis-
tance of PbAu and of the loss factor of SiO at microwave
frequencies and low temperatures.

When we investigate a superconducting microstripline, accord-
ing to the equation
(2)
conductor losses, dielectric losses, and radiation losses must be
taken into account, where a,, a,, and «, are the attenuation
constants due to conductor losses, dielectric losses, and radiation
losses, respectively. In addition, the factor 4 accounts for the
influence of surface roughness.

In 1960, Swihart [5] derived formulas for calculating «,, a,,
and the phase velocity v, of superconducting microstriplines with
w > h. These equations are the solutions of the classical model of
superconduction, namely of the two London equations, the two-
fluid model, Maxwell’s equations, isotropic material distribution,

ay=A-a,+ta;+a,
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