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PREFACE TO THE THIRD ANNUAL SOLID STATE
TECHNOLOGY BRANCH DIGEST

The Solid State Technology branch has added personnel again
this year. Two new additions to the branch roster, Dr. Felix
Miranda and Ms. Crystal Cubbage, both majored in physics before
coming to the branch. Each has been assigned to the investigation
of some aspect of high temperature superconductivity, an indica-
tion of the branch’s (and NASA’s) continuing interest in the
topic.

This volume represents one year'’s (June 1990-June 1991)
production of research publications. Reprints are organized into
three sections: microwave circuits, both hybrid and MMIC; materi--
.als and device work; and superconductivity. In a number of cases,
comparisons with last year’s digest will indicate a transition of
some technologies - from material/device work to circuit work or
from circuit work to subsystem work. The focus in the area of
fiber optic control of RF circuits has moved almost entirely to a
system effort with research being conducted almost entirely by
our sister organization, the Antenna and RF Systems Branch.
Consequently, only one paper in this area will appear in the
journal this year. In general, this type of transition is a
reflection of the avowed NASA policy to carry out a focussed
research and technology program, and to shorten the elapsed time
from research to insertion.

The first section of the journal deals with microwave
circuits, both MMIC and hybrid. Although not yet reflected in
publications, the frequency range under investigation was expand-
ed significantly during the reporting period with the award of a
contract to TRW for the development of a monolithic W-band, low-
noise amplifier and mixer based on InGaAs/InP technology. Al-
though NASA has not yet identified a need for this frequency
range, it is clear that the antenna size and power level required
for transmission of a reasonable data rate during a manned
interplanetary mission would be too large at any lower frequency.
Other circuit work, carried out in collaboration with the Antenna
Systems Branch, continues to investigate the application of
coplanar waveguide technology to a variety of antenna feed
systems and coupling schemes. This section also includes a paper
which, although it describes work using high temperature super-
conductors, appeared to have the design of microwave circuitry as
a major thrust. The feeling of the editors is that this is
another indication of technologies "working their way up the
readiness scale."

The second section of the journal contains papers devoted to
development of new heterojunction materials and devices. During
this last period, testing focus was on InGaAs/InP materials and
devices, research was carried out in collaboration with the
University of Michigan. The evaluation of MODFET materials, both
InP- and GaAs-based, by means of ellipsometry remained a major



research area. During the reporting period, a major facility, a
cryogenic RF probe station, was designed and fabricated. Although
completed too late to be reflected in this journal, this unique
facility should have a major impact on work in the upcoming year.

Finally, high temperature superconductivity continued to
provide the focus for a significant fraction of the branch staff.
A wide range of activities, from film deposition to microwave
circuit design, were undertaken and reported. In this area too,
however, the last year has seen events which will significantly
focus research efforts. Lewis Research Center and the Jet
Propulsion Laboratory have agreed to undertake a cooperative
effort aimed at the design, fabrication, testing, and delivery of
a superconducting receiver system as a candidate for the Navy's

second High Temperature Superconducting Space Experiment (HTSSE-
2).

In addition to these articles, Kul Bhasin and Regis Leonard
were responsible for editing the proceedings of an SPIE Symposium
on Monolithic Microwave Integrated Circuits for Sensors, Radar,

and Communications Systems, which took place in Orlando in April,
1991.
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MICROWAVE INTEGRATED CIRCUITS FOR SPACE APPLICATIONS
Regis F. Leonard and Robert R. Romanofsky

NASA Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

Monolithic microwave integrated circuits (MMICs), which incorporate all the elements
of a microwave circuit on a single semiconductor substrate, offer the potential for drastic
reductions in circuit weight and volume and increased reliability, all of which make many
new concepts in electronic circuitry for space applications feasible, including phased array
antennas.

Over the last ten years, NASA has undertaken an extensive program aimed at
development of MMICs for space applications. The first such circuits targeted for
development were an extension of work begun earlier in hybrid (discrete component)
technology in support of the Advanced Communication Technology Satellite (ACTS). As
a result it focussed on power amplifiers, receivers and switches at ACTS frequencies. More
recent work, however, has focussed on frequencies appropriate for other NASA programs
and emphasizes advanced materials in an effort to enhance efficiency, power handling
capability, and frequency of operation or noise figure to meet the requirements of space
systems.

MONOLITHIC MESFET CIRCUITS

Background

This work has been carried out under contract with Texas Instruments, Rockwell, and
Minneapolis Honeywell and Hughes. It is aimed at ACTS-like applications namely,
communications satellites which feature multiple, electronically steerable beams. Such a
system would ideally be implemented using phased array antennas with lightweight, low
volume distributed transmitters and receivers and lightweight monolithic phase shifters
rather than the extensive network of ferrite phase shifters and switches used by ACTS. The
initial stages of development therefore were aimed at the development of the monolithic
circuitry required for such a system. Carried out between approximately 1983 and 1987 and
featuring transmitter frequencies of 20 GHz and receiver frequencies of 30 GHz, as required
for the satellite portion of the system, the program utilized as a basic device the GaAs
metal/semiconductor field effect transistor (MESFET). The program produced a number
of developments, each of which consisted of one or more monolithic chips. Some of these
are described here.
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Nu-Band Amphitics

The space station proximity communications system is intended to provide
communicauons within a radius of several 10’s of kilometers of the space station. Users
would include free flying experimental platforms, the orbital maneuvering vehicle (OMV),
and astronauts in EVA. The original planning for this system utilized frequencies in Ku-
band. It is not clear at this time whether that assignment will be maintained, inasmuch as
there exists possible interference with commercial, fixed satellite services. Nevertheless,
several chips have been developed at 13-15 GHz to accommodate this application. The most
challenging of these was a variable power amplifier intended primarily for use by astronauts
during EVA. The system design requires approximately 1 watt of output power. Power
variability 1s necessary because of the wide variation in range experienced by the astronaut.
Of course, high efficiency is also a prime consideration. The development of the chip was
undertaken by Texas Instruments in January 1987. Their design is a four stage monolithic
circuit using dual gate GaAs MESFET technology. The chip is shown in Figure 1.

300;m . 1500, m FET
' GATE 1 GATE 2

FIGURE 1. 15 GHZ MONOLITHIC VARIABLE POWER AMPLIFIER
The performance of the amplifier, compared to the design goals, is shown in Table 1

TABLE 1.
15 GHZ HIGH EFFICIENCY VARIABLE POWER AMPLIFIER

DESIGN GOAL

PERFORMANCE
CENTER FREQ./BANDWIDTH (GHZ) 2.0/14.0 20170
GAIN (dB) 15.0 29.6
MAX POWER OUTPUT (W) 1.0 92
EFFICIENCY AT MAX POWER (%) 35 30
FINAL STAGE GATE WIDTH (MM) 1.5




20 GHz variable power amplifier

Since, ideally, a phased-array antenna should be able to vary the phase and the amplitude
of each antenna element independently, one desireable module for such a system would be
a variable power amplifier. Because of the stringent limitations on power consumption
imposed by a space system, it is desireable to maintain insofar as possible the efficiency of
a power amplifier while adjusting output power. For this reason, the contractor (Texas
Instruments) chose a dual gate FET as the basic device for design of this chip, and adjusted
the device bias to obtain variable output. The topology of the amplifier closely resembles
the Ku-band amplifier illustrated earlier. This was one of the earliest MMICs developed
under the NASA program. A summary of its performance compared to design goals is
shown in Table 2.

TABLE 2
TEXAS INSTRUMENTS 20 GHZ VARIABLE POWER AMPLIFIER
DESIGN GOAL PERFORMANCE
BANDWIDTH  (GHZ) 2.5 2.5
MAX POWER OUTPUT (W) 0.5 0.25
EFFICIENCY AT MAX OUTPUT (%) 15 <10
GAIN (dB) 20 20
4TH STAGE GATE WIDTH (MM) 12

High power 20 GHz amplifier

A second 20 GHz chip focussed entirely on the production of the maximum possible
20 GHZ power in a monolithic chip. Once more the contractor was Texas Instruments. This
effort resulted in a three stage amplifier using single gate FETs. In order to achieve the
desired power output, each stage features multiple parallel gates (as many as 32 for the
output stage). The chip performance is summarized in Table 3.

TABLE 3.
TEXAS INSTRUMENTS 20 GHZ HIGH POWER AMPLIFIER

DESIGN GOAL PERFORMANCE
BANDWIDTH Pl 2.5

MAX POWER OUTPUT (W) 2.5 >2.0

EFFICIENCY AT MAX POWER (%) 20 16
GAIN (dB) 15 18
LAST STAGE GATE WIDTH (MM) 3.6




20 GHz integrated transmitter module

Ultimately, one desires to incorporate all the elements of a transmitter module (phase
shifter, variable power amplifier, and power amplifier) on a single chip. The advantages of
such high level integration include: improved reliability, compactness, potential performance
enhancements, and reduced cost. Such a project was pursued under contract with Rockwell.
The chip produced a 21 dBm output power with 15 dB gain. A picture of the module
developed under this effort is shown in Figure 2.

FIGURE 2. Rockwell 20 GHz Transmit Module

30 GHz integrated receiver

Active phased arrays have been proposed for a number of NASA applications, including:
array feeds for deep space communications, multiple-beam satellite communications,
hemispherical coverage multiple access communications for space station Freedom, orbital
debris tracking for space station Freedom, and adaptive arrays for distorted reflector
compensation. To enable the practical implementation of scanning arrays, the complexities
of device and antenna integration must be solved. As a preliminary step, prototype 30 GHz
receiver modules were developed by Hughes and Honeywell. Honeywell developed an
interconnected MMIC receiver for which all functions were performed at the RF frequency.
The device consisted of a two-stage 0.25 by 100 micron gate FET low noise amplifier
(LNA), a two-stage dual-gate gain control amplifier, and a four bit switched-line /loaded-line
phase shifter. The receiver produced a noise figure of 14 dB at maximum gain (13 dB) and
achieved full 360 degree phase coverage in nominally 11.25 degree increments. Ultimately,
the LNA would require six stages of amplification, which would reduce the noise figure, in
principle, to about 5 dB. Hughes was directed to implement phase shift control at the LO
frequency and gain control at the IF. The advantage of this approach is that the array beam
forming network can be implemented at lower frequencies, albeit the benefit could be offset
by the need for a mixer at each antenna element. In fact, the mixer was perhaps the most
troublesome component in both designs, providing a best case conversion loss of 8 dB.




HIGH PERFORMANCE MONOLITHIC CIRCUITS
Background

It is clear that all of the GaAs MESFET-based modules, although they constituted
benchmark achievements at these frequencies, suffered from many of the same problems
as the earlier hybrid implementations of solid state technology. For the power devices, their
efficiencies make their use marginal for space applications, except in very limited numbers,
such as would be required if they were used as a driver for a higher efficiency final stage.
An attempt to use multiple chips with any kind of combining would lead to prohibitively
large prime power requirements. For receiver modules, the noise figures obtained using
MESFET technology are not competitive with that which can be attained using discrete
devices and custom-tuned circuits. However, recent advances in semiconductor materials,
enabled by the development of molecular beam epitaxy (MBE) techniques, have drastically
improved the performarce which basic devices can achieve. Typically, power-added
efficiencies near 50% can be obtained for a single device at frequencies near 30 GHz. While
device noise figures less than 1 dB are possible at 60 GHz.

At the present time NASA Lewis is sponsoring the development of monolithic chips
based on heterojunction devices. Two of these at 32 GHz are for possible use in the space
(transmitter) portion of the deep space communications network. The third and fourth at
60 GHz are intended for application to intersatellite communications, such as might be
required by Advanced TDRSS or lunar/Mars exploration. A fifth chip will operate at 95
GHz, with potential applications in interplanetary communications, or in earth-observation
systems.

32 GHz Amplifiers

In another application the NASA deep space communications network is considering
a conversion to Ka-band. The primary motivation for such a change is the significant
increase in antenna gain (for a fixed aperture size) and the corresponding decrease in power
requirements (for a fixed data rate). Increased antenna gain, however, implies smaller beams
and therefore more stringent pointing requirements. Such a situation, of course, is ideal for
implementation of an electronically steerable phased array, which does not disturb other
critically-pointed spacecraft instruments (experiments or sensors) in the way a mechanically
steered antenna would. To support breadboard evaluations of such a system, 32 GHz power
amplifier modules are under development. The contractors executing these efforts are Texas
Instruments and Hughes Aircraft. The TI work has been under way since May, 1985, and
is near completion, while the Hughes effort was initiated in June 1988.

TI proposed and originally designed amplifiers using GaAs MESFET technology, but
was directed, after approximately 18 months work, to concentrate on heterojunction devices.
Specifically, they have investigated AlGaAs/GaAs HEMT structures and pseudomorphic
InGaAs/GaAs structures. At this point it is clear that the pseudomorphic technology



outpertorims poth the AlGaAs HEMT and the GaAs MESFET technology by a signiticant
margin 532 P e s seific pseedomorphic strecture which T iias adopie. s shown in

Figure 5.

GaAs Cap Layer 400 A

Alg 23Gag 77As 2 x 1018 500 A
" Ing,5Gag asAS 2 % 1018 100 A
GaAs 2x101880 A

GaAs Buffer 1 um

Substrate

FIGURE 3. Texas Instruments’ Pseudomorphic Power Amplifier Structure

The performance parameters for two of the pseudomorphic chips developed under this
program are shown in Table 5.

TABLE 5.
TEXAS INSTRUMENTS 32 GHZ MONOLITHIC POWER AMPLIFIER
PERFORMANCE
3-STAGE AMP 1.STAGE AMP

BANDWIDTH (GHZ) 2.0 2.0

GAIN (dB) 23 46

GATE LENGTH (uM) 0.25 0.25

FINAL STAGE GATE WIDTH (MM) 25 25

POWER OUTPUT (mW) 190 460
EFFICIEXCY (%) 30 24

~The layout ot the w.ree-dtage 2.6 mm by 1.2 mm MMIC amplifier ix shown in figure 4.

FIGURE 4. TI's 3-STAGE MONOLITHIC 32 GHZ AMPLIFIER



In a parallel 32 GHz effort Hughes Aircraft Corporation’s Microwave Products
Division and Malibu Research Laboratories are collaborating on the development of a 32
GHz variable power amplifier. The design goals for this chip are shown in Table 6.

TABLE 6.
DESIGN GOALS FOR HUGHES 32 GHZ VARIABLE POWER AMPLIFIER
BANDWIDTH  (GHz) 2.0
MAX POWER OUTPUT (mW) 150
EFFICIENCY AT MAX POWER(%) 40
GAIN AT 1 DB COMP. (dB) 15.0

The Hughes contract, like most such developments at this time is to be carried out in
several phases. These will consist of (1) the optimization of a single gate device design, (2)
the development of a single stage amplifier, (3) the development of a dual gate device, (4)
the design, fabrication, and test of a three-stage, single gate amplifier, and finally, (5) a
three stage dual gate amplifier. In the 16 months that the Hughes team has been under
contract, they have carried out the first two phases. The epitaxy which they have selected
for the basic device is similar to that utilized by TI, except that Hughes has elected not to
dope the active layer. It does, however, utilize a single active InGaAs layer with donors on
each side. The structure and performance parameters for the basic 32 GHZ device are
shown in Figure 5.

SOURCE GATE D RAIN FREQUENCY 32.0
GAIN* 4(5)dB
+ GaAs
: jﬂ_L_ _— POWER OUTPUT* 222(123)mW
s R EFFICIENCY * 23(41)%
/_ DOPING GATE WIDTH 300 uM
------ GATE LENGTH 0.2 uM
InyBay.yAs
. I L *tuned for max power(eff)
mmmm
GaAs -S| PLANAR
DOPING
SI GaAs SUBSTRATE

Figure 5. Structure and Performance of Hughes 32 GHz Power MODFET

This device has been incorporated into a single stage amplifier which exhibited an output
power of 125 mW at 21 % efficiency with 5.5 dB gain. This amplifier is intended as the third
stage of the final monolithic module. These results represent the first iteration of this chip,
and significant improvement is expected before the program ends.




60 GHz Amplifiers

In addition, under the same contract, Hughes is developing a 60 GHz monolithic
power amplifier. The justification for this program is eventual application in intersatellite
links. Although NASA’s plans for the Advanced Tracking and Data Relay Satellite
(ATDRS) do not presently call for 60 GHz crosslinks, it seems likely that if such technology
were available it would eventually find application in that area. The performance goals for
the program, are shown below in Tabie 7.

TABLE 7. Performance Goals for Hughes’ Pseudomorphic 60 GHz
Power Amplifier

BANDWIDTH  (GHz) 2.0
MAX POWER OUTPUT (W) 0.1
GAIN (dB) 15
EFFICIENCY (%) 30.0

At 60 GHz Hughes is using the same basic pseudomorphic device structure as at 32 GHz,
although the gate lengths have been shortened somewhat (0.1 to 0.15 uM). The layout and
the performance achieved for a single stage amplifier are shown in Figure 6. The chip is
approximately 1.5 mm long. As in the 32 GHz module, the amplifier shown is intended as
the third (high power) stage of the completed monolithic amplifier.

POWER OUT 112 mW
GAIN 6 dB
EFFICIENCY 26%

FIGURE 6. Hughes Single Stage Monolithic 60 GHz Amplifier

FUTURE ACTIVITIES
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Phased Array Development

The 32 GHz power amplifier modules developed by Texas Instruments and described here
are scheduled to be incorporated into a breadboard transmitter array antenna which will
also utilize phase shifters developed under NASA Lewis sponsorship. This work is being
carried out at NASA’s Jet Propulsion Laboratory, where a two dimensional array is expected
to be completed late in calendar year 1990.

The Hughes work at both 32 Ghz and 60 Ghz is probably at least a year away from being
used even in a breadboard system. Although the contract is scheduled for completion in
early 1991, it has yet to address what has been one of the major difficulties in the
fabrication of a multistage power amplifier - inadequate large signal device models. It has
been a common experience for a designer to develop excellent individual stage amplifiers,
which meet all the requirements of the overall power and gain budget, only to find that the
multistage module performance falls far short of the program requirements. Consequently,
it appears optimistic to expect that Hughes will complete their development by 1991. 1992
would appear to be more realistic. At that time, it is anticipated that a 60 GHz breadboard
array will be built, either at JPL or at NASA Lewis. As with the Ka-band array, it will utilize
monolithic phase shifters which are being developed in parallel at Hughes.

W-Band Receiver

The most recent MMIC developmental effort is the production of a 94 GHz receiver.
Potential applications include deep-space communications, radiometry, and orbital debris
tracking radar. Goals of the program include a noise figure of 3.5 dB and a gain of 18 dB.
It is anticipated that the ambitious goals of this program will necessitate a technology based
on InP, rather than traditional GaAs.
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COMPARATIVE STUDY OF BOLOMETRIC AND NON-BOLOMETRIC
SWITCHING ELEMENTS FOR MICROWAVE
PHASE SHIFTERS

Massood Tabib-Agar
Case Western Reserve University
Department of Electrical Engineering and Applied Physics
Cleveland, Ohio 44106

and

Kul B. Bhasin and Robert R. Romanofsky
National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

This paper compares the performance of semiconductor and high-T superconductor switches as they are
used in delay-line-type microwave and millimeter-wave phase shifters. We compare such factors as their
ratios of the off-to-on resistances, parasitic reactances, power consumption, speed, input-to-output
isolation, ease of fabrication, and physical dimensions. Owing to their almost infinite off-to-on resistance
ratio and excellent input-to-output isolation, bolometric superconducting switches appear to be quite
suitable for use in microwave phase shifters; their only drawbacks are their speed and size.

We also discuss the SUPERFET, a novel device whose operation is based on the electric field effect in
high-T, ceramic superconductors. Preliminary results indicate that the SUPERFET is fast and that it can
be scaled; therefore, it can be fabricated with dimensions comparable to semiconductor field-effect
transistors.

L. INTRODUCTION

Phase shifters are an indispensable part of phased-array microwave antenna systems. There are many
different realizations of phase shifters, which can be broadly divided into analog and digital types [1].
Here we confine ourselves to only digital and planar configurations. Specifically, we will discuss
microstrip line phase shifters [2].

13



Three parameters can be altered to cause a phase shift in an electromagnetic wave traveling on a microstrip
line. These are velocity [3], path length [1], and reactance [4] (or the load in a ransmission line that
effectively changes the group velocity). Changing the velocity or path length is straightforward. Changing
reactances is more involved and it is usually so frequency sensitive that it is rarely used except where
frequency-dependent phase shift is sought. Changing the wave velocity is relatively easy in a traditional
waveguide; so it is used extensively with rectangular waveguides, though not in microstripline-based
systems. Inducing a change in the wave velocity requires an electro-optic substrate such as GaAs, whose
permittivity or refractive index can be altered by an external electric field (only recently has attention been
given to this approach [5]). Routing the microwave through paths of different length (delay lines) is a
practical way of inducing phase shift that we will consider in more detail.

Figure 1 shows a delay line phase shifter that uses electronic switches to route the microwave through
different paths. Ideally, these switches would have an infinite off-to-on resistance ratio and would not
interfere with the propagation of the microwave; also there would be no interaction between the control
signal of the switch, and the microwave. In the following sections, we will discuss semiconductor and
superconductor switches and we will compare their performances.
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1I. SEMICONDUCTOR SWITCHE

Figure 1 Delay line Phase shifter.

PIN diodes [6] and field effect transistors [7] are used as semiconductor switches in delay-line phase
shifters. PIN diodes are also used as varactors in analog phase shifters, as are FETs in amplifier-type
phase shifters. Dual-gate FETs [8] have become popular in analog phase shifters because a single device
can both amplify and switch a signal; essentially they are dc-gain-controlled microwave amplifiers and
phase shifters.

PIN Diodes. PIN diodes are extensively discussed in the literature (for example, see reference 1). They
are minority-carrier devices and, therefore, their power consumptions are high. They have a storage delay

time of 0.2 ys and "on" resistance of 0.5-5 Q [9,10], but are reladvely lossy with an "off" resistance of 1-
4 MQ and capacitance of 0.4-0.8 pF [9,10]. The physical dimensions of a low-power PIN diode in the
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unpackaged planar form is approximately 25um x 100pum. However, since they require a biasing circuit
their overall effective dimensions are much larger.

MESFETs and MISFETs. These devices have been developed extensively in recent years, and they
are used in microwave monolithic integrated circuits (usually GaAs based) successfully. They are
majority-carrier devices and require little power. They have an "on" resistance of 0.5-5 Q [9,10], but are
lossy with an "off" resistance of 1-40 KQ and drain-to-source capacitance of 0.4-0.8 pF [9,10]. Their
switching speed is as high as 0.1 ns. Low-power FETs in the unpackaged planar form are 100pum x
100um. However, since they require a biasing circuit, their overall effective dimensions are much larger.

111. SUPERCONDUCTING SWITCHES

Superconductor switches that can be used in phase shifters are of the following types: (1) bolometric
devices heated by light [11,12] or by an overlay polysilicon or metallic heater, (2) devices photonically
controlled by laser excitation [13], (3) magnetic field effect devices controlled by the magnetic field of an
inductor loop [14], (4) transverse electric field effect devices controlled by charging a gate electrode [15-
21], and (5) longitudinal electric field effect devices controlled by current density [21].

Bolometric Devices, In Figure 2a, we show a phase shifter that uses superconducting-normal-
superconducting switches in place of FET/diode switches. The switches are fabricated from high
temperature thin films of YBapCu307._y. The switches operate in the bolometric mode with the film near
its transition temperature. Radiation from a light source raises the temperature higher than the film's Tc
and consequently causes the film to become resistive. When the light is on the microwave signal travels
past the switch; it is reflected when the light is off. To achieve the desired phase shift, the paired switches
on the same side are illuminated. Figure 2b shows the predicted behavior for a phase shifier with an Rg
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Figure2 a)A delay line phgsc shifter with bolometric switches. b) Insertion and reflection
losses of a delay line phase shifter that uses superconductng switches.
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value that is the same as gold at 77 K (0.1 Q) and having a Rg of 12 in the normal state. It has an

exceptionally narrow insertion loss envelope and excellent return loss.

Bolometric switches have an "on” resistance of nearly 0 £2 and an "off" resistance of 0.1-4 kQ. In
microwave application, their kinetic inductance and skin resistance must also be taken into account in
calculating their "on" impedance. These switches are approximately 25pum x 1000pm. Their speeds,
however, are very low-around 1s. They can be redesigned, however, to be as fast as 10us [12]

We have fabricated the above phase shifter and we now discuss the bolometric response of one of its
switches. Figure 3 shows the resistance versus temperature curve of this switch. The transition width is
somewhat large-about 1 K. This is mainly due to the very narrow channel. Figure 3 also shows the
bolometric response of this switch. We will report the microwave characteristcs of this phase shifter in
the future.
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A typical fabrication sequence starts with the growth of the HTS film, followed by its patterning, etching,
and metallization. Growth of the YBapCu307_4 films on microwave substrates is discussed in references
23-26. Patterning is discussed comprehensively in reference 235.

Bolometric devices are quite easy to fabricate. After the film is grown, it is patterned and the bolometer is
defined. Then the devices are annealed in an oxygen rich environment to increase the oxygen content in
the film and to compensate for any losses that might have occured in the previous stages. In reference 25
we discussed the side effects of the patterning of HTS YBapCu307_x films comprehensively. We
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concluded that patterning lowers the T, of the film by only a fraction of a degree-for all practical
purposes, negligible. A more significant problem is the potential non-uniformity of T, over the film. In
the case of the bolometric devices, where all the devices are thermally biased near their transition
temperature, a spatial non-uniformity in T, is not acceptable and local control over the bias temperature
may be requirec. The degree of the spatial non-uniformity of T, depends on the growth technique. In

laser ablated-films, non-uniformity of Tj; is only fraction of a degree over a 1 cm? wafer.

As growth techniques mature, highly uniform films will become a rcality and the scatter of T, of these
devices may soon be within 1/10 of a degree for a 1 cm?2 microwave circuit. Meanwhile, we may solve
this problem by locally tailoring the T, of a device by laser heating, which causes a preferential oxygen
loss in the HTS film of the device and therefore lowers its T,.. This technique can be used to lower the T,
of all the devices on a wafer accurately to 77 K so that rather inexpensive liquid nitrogen can be used
directly without a temperature control unit.

Photonic Devices, Non-equilibrium optical excitation can be used to switch the state of a
superconductor to normal conductivity [13]. In the case of ceramic superconductors, the coupling cross
section between the photons and charge carriers is not known yet. It is not clear whether this cross section
is large enough to allow the useful employment of this excitation process in superconducting switches.
The speed of such a device, however, will surpass all other devices discussed here.

Magnetic Field Effect Devices,In these devices, an inductive loop generates a magnetic field parallel
to the a-b plane of a YBayCuz0_, film as shown in Figure 4. YBayCu305_, is a type II superconductor

and vortices can be easily generated in it by relatively low magnetic fields [14]. A vortex containing a
quantum of magnetic flux in the presence of a current leads to dissipation of energy in the film, so vortices
can be generated to effectively increase the resistivity of the film or to destroy its superconductivity.
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Transverse Electric Field Effect Devices. These devices operate on a principle very similar to
that of FET devices, where the electric field effect controls the conductivity of the channel. Because LS
a function of the carrier density in superconductors[15-22], we propose to control T by electrostatically
controlling the surface charge density of a superconducting channel [21]. The feasibility of this idea has
already been demonstrated in normal superconductors [15-17]. In normal superconductors, T is a weak
function of the electric field. However, in ceramic superconductors T can be made to be a strong
function of an applied electric field because the normal carrier densities in these materials are an order of
magnitude less than in metallic superconductors. Moreover, carrier density in ceramics can be tailored by
doping [22].

Figure 5a shows a superconducting electric field-effect device [21]. This structure consists of a thin
channel a few thousand A thick and 5-50pm wide, consisting of the superconducting material with two
pads at each end to allow four point resistance measurements. Ohmic contacts were made directly to the
superconductor by attaching 2 mil gold wires with a wedge wire bonder. A Schottky contact was made
to the superconductor structure midway along the channel by depositing on the sample 10nm of titanium
followed by 200nm of gold by evaporation. It is believed that interaction of titanium with the oxygen in
the superconducting material is responsible for the Schottky behavior. Patterning of this contact was
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Figure 5  a) Schematic of an electric field-effect superconducting transistor. b) The resistance
versus temperature characteristics of the electric field-effect transistor with two
different gate biases of 0 and 2 volts. The channel current was 0.5 mA. The channel
width was 10 pm and its thickness was 2000 A. The gate width was 10 pm.

The AC resistance of the channel at 1kHz was measured as a function of temperature while different DC
voltages were applied across the Schottky contact and the ground pads (see Figure 5b). As Figure 5b
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shows, the transition temperature of the channel can be lowered considerably by this voltage. For this
device, the influence on the transition temperature is due to the critical current being exceeded by the
applied gate voltage. We are now refining our fabrication procedure to take advantage of weak links
between the superconducting grains and to modulate the current by modifying the intergranular barrier
heights using the electric field effect. This device can switch between a zero resistance and several
hundred Ohms if it is maintained just below the transition temperature at Tg (Figure 5b).

Field-effect switches have an "on" resistance of 0 Q and an "off™ resistance of 0.1-4 kQ. In microwave
application, their kinetic inductance and skin resistance must also be taken into account in calculating their
"on" impedance. These switches are about 50pum x 1000pm, and they can easily be scaled down to the
size of a typical semiconductor FET.

Fabrication of the active field-effect superconducting device is slightly more involved than that of a
bolometric device, because it requires an insulating layer between its channel and gate. However, the lift-
off technique has been conveniently used to define the insulating layer, as discussed in reference 21.
Since the gate voltage or current (in the case of magnetic field effect devices) can be used to change the
channel resistance, the requirement of spatial uniformity of T, is not as stringent for field-effect devices

as it is for the bolometric devices.

Longitudinal Electric Field Effect Devices. A pseudo-three-terminal switch is shown in Figure

6. In this device, exceeding the critical current density between the gate and the source turns off the
superconducting drain-to-source channel. This device offers very poor input-to-output isolation (almost
zero) and excellent off-to-on resistance ratio (almost infinity). It is also extremely easy to fabricate and
does not require a heat or light source. Current sources have large impedances; for this device to work,
the impedance of the switch in both the "on" and "off" states must be smaller than that of the biasing
circuit at microwave frequencies.

| +

Figure 6  Schematic of a longitudinal electric field-effect device.
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1V. DISCUSSION & CONCLUSION

To compare the performance of the above devices, we show their pertinent parameters in Table I. In this
table "speed" is the inherent switching speed of the corresponding device. The off-to-on resistance ratio
is denoted by "R¢g/R,," and is measured at dc. For bolometric devices, R ¢/R, is not infinite because
these devices are thermally biased slightly above their zero-resistance state for maximum responsivity.
The capacitance in the off state is denoted by "C¢f" and is measured at IMHz. A more relevant parameter
in analysing the superconducting microwave switch is its kinetic inductance and skin resistance. We have
not considered these here. High-frequency considerations will only result in somewhat lower off-to-on
impedance ratios. The power needed to turn on a device is denoted by “P." This power is only an
estimate and, therefore, it is discussed qualitatively. The isolation between the input (control signal) and
the output (microwave) is denoted by "in/out isolation." For bolometric and photonic devices, the input-
output isolation is very large, almost infinite. Size is denoted qualitatively, taking into account the entire
circuit. The complexity of the switching circuit and its fabrication are also described qualitatively, lightly
taking into account the fabrication steps and issues. Table I shows that the bolometric switches are very
easy to fabricate and that they offer excellent input-to-output isolation as well as a good off-to-on
resistance ratio. Their only drawback is their speed. Non-bolometric superconducting switches, on the
other hand, are very fast.

TABLEI

Device Speed R off Cott Power inJout Size Circuit

(ns) Ron (pF) isol. IRabric.
PIN 200 4x100 0.4 | high small med. high
MESFET <1 8x104 0.4 | med small | small med.
MISFET <1 10° 0.2 low large small med.
Bolometric 104 >107 | <0.1 high - med. low
Photonic 103 - <0.1 low - med. high
LEFET¥ 0.1 - <0.1 med. low med. med.
TEFET? 1 >107 0.4 bow high med. med.

# Longitudinal Electric Field-Effect Transistor.
$ Transverse Electric Field-Effect Transistor.
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1. INTRODUCTION

Phased-array antennas long have been investigated to support the agile, multibeam radiating apertures with rapid
reconfigurability needs of radar and communications. With the development of the Monolithic Microwave
Integrated Circuit (MMIC), phased array antennas having the stated characteristics are becoming realizable.
However, at K-band frequencies (20-40 GHz) and higher, the problem of controlling the MMICs using
conventional techniques either severely limits the array size or becomes insurmountable due to the close spacing
of the radiating elements necessary to achieve the desired antenna performance.

Investigations have been made that indicate using fiber optics as a transmission line for control information for
the MMICs provides a potential solution [ref. 1]. By adding an optical interface circuit to pre-existing MMIC
designs, it is possible to take advantage of the small size, lightweight, mechanical flexibility and RFI/EMI resistant
characteristics of fiber optics to distribute MMIC control signals. This paper will describe the architecture, circuit
development, testing and integration of optically controlled K-band MMIC phased-array antennas.

2. PHASED-ARRAY ANTENNA ARCHITECTURE

NASA Lewis Research Center’s Space Electronics Division has been investigating using MMICs in K-band phased-
array antennas. Due to the 0.6 lambda radiating element spacing required to eliminate grating lobes in the front
radiating hemisphere (+,- 90°), the distance between elements is Smm (200 mils) at 30 GHz. The previous
MMIC development at NASA-Lewis [ref. 2] has yielded devices at this frequency. The device of greatest
importance, the phase shifter, is approximately 250x125 mils in dimension. This size rivals that of the radiating
element and consequently forces equally close spacing of the MMICs. Spacings this close do not allow for
conventional interconnects to be used. Therefore, a decision to exploit fiber optics was made and a contract to
develop a low power, high speed OptoElectronic Interface Circuit (OEIC) was begun by Honeywell's Science
Center in 1986 [ref. 3].

3. HYBRID OEIC DEVELOPMENT

A hybrid OEIC was delivered for verification in 1989. The circuit features an optical receiver comprised of an
interdigitated (2um finger width, Sum finger spacing) PIN photodiode and a three-stage (~10dB/stage),
capacitively-coupled, differential Low Noise Amplifier (LNA) with approximately 100mW of power consumption
[fig. 1). The hybrid OEIC design used a second circuit design under a second NASA contract [ref. 4] to provide
1:16 demultiplexing and GaAs to TTL logic level level shifting. The hybrid design requires external clocking.
synchronization and level shifting to complete the interface to the 30GHz MMIC phase shifter. As configured,

Optoelectronic Signal Processing for Phased-Array Antennas I, vol. 1217, 1990, pgs. 255-259
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the hybrid OEIC takes a serial optical input and demultiplexes it into 16 TTL level outputs. The maximum data
rate that the optical receiver can support is 1Gbps; however, the demultiplexer limits the data rate 1o only
300Mbps.

4. HYBRID OEIC TESTING AND EVALUATION

As detailed in reference 3, the hybrid OEIC performance was tested and verified. The inherent dclay between
tke optical and clectrical interface signals is accommodated for using adjustable time-delay pulsc generators. The
MMIC phase shifters require 0 and -6 volt switching levels which are provided for by external CMOS analog
multiplexers. Two different characterization/verification tests were made as described below.

The first test evaluated the hybrid OEIC characteristics and functionality [fig. 2]. A 64-bit NRZ-format word was
cvcled, and after external clock and synchronization signal timing was adjusted, the corresponding TTL level output
bit signals were measured. The optical power required to obtain repeatable performance was >200uW, and the
overall power consumption (dependant on termination impedance and demultiplexer output magnitude) was
measured to be as low as 120mW.

The second test used the hybrid OEIC together with a 30GHz MMIC phase shifter. Employing an interferometric
technique, the switching of the phase shifter by the hybrid OEIC could be measured by monitoring the constructive
and destructive interference effects at the interferometer output with a crystal detector [fig. 3]. The external level
shifter limited the test switching frequency to 2MHz; however, the use of this technique verified the hybrid
OEIC’s abilities to control the 45°, 90° and 180° bits of the phase shifter.

5. MONOLITHIC OEIC

While a fully monolithic OEIC was the anticipated deliverable from the OEIC contract, a materials processing
problem prevented the successful development of the low power demultiplexer which inevitably led to a hybrid
approach using a known, working demultiplexer (slower in speed and higher in power consumption). Further
investigation by Honeywell into the processing problem finally led to the fabrication of usable fully monolithic
devices [fig. 4]. The new devices feature the integrated optical receiver as before but require only an external
clock signal. Synchronization is generated internally on the OEIC.

Future generations of fully monolithic OEIC designs will be augmented to provide enhanced performance and
functionality. The current fully monolithic OEIC still requires a delay adjustable external clocking signal and when
used in a phased-array of an appreciable size, will require adjustable delays for each MMIC in the array to
account for the signal delay to the distributed MMIC elements. This can partly be corrected for by encoding the
clock signal into the data stream and adding the necessary decoding circuits to the OEIC. Also, the OEIC is not
a "smart” device. As it is currently configured, it relies upon the circuit sending it data to sort out its data from
the data being sent to other OEIC/MMIC modules.

Distributed intelligence architectures as mentioned above are a relatively new concept for phased-array antennas,
which heretofore relied upon single point array control. However, the OEIC circuitry is perfectly suited to
combine all of these functions together. The design techniques to allow for independent address decoding, on-
chip "look-up tables" and autonomous control are well-known and could be implemented in future OEIC/MMIC
generations. NASA plans to investigate distributed intelligence architectures in future designs.

6. PLANNED INTEGRATION AND TESTING

The critical issue to address in utilizing the OEIC in phased-array antcnnas is how to integrate the OEIC into
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the overall array architecture. NASA is designing and planning to evaluate techniques to address the integration
issucs. Leveraging off a NASA-Lewis program to develop MMIC packaging and characterization techniques above
20GHz [ref. 5], a package to house a new generation of 32GHz MMIC phase shifters will be designed and
fabricated.

Because the OEIC requires no ground plane for operation, it can be isolated from the ground plane necessary
for both the MMIC and the radiating patch antenna. A carrier has been designed to mount the fully monolithic
OEIC on, which minimizes the number of bias and external control signals [fig. 5]. The OEIC carricr is then
epoxied onto the lid of the MMIC phase shifier package. This "piggy-back" approach results in two levels of wire
bonds from the OEIC carrier [figs. 6 &8]. One set of bonds connect the OEIC carrier to the top surface
bias/clock distribution board, while a second set a bonds connect the OEIC data output lines to the MMIC
package. Although it is not desirable to have two-level wire bonding, it is believed that "flip-chip” and via hole
connection techniques could be used to eliminate these problems, and stable, reliable connections would be
realized.

In order to test the integrated OEIC, NASA will design and build (in-house) an optical transmitter/controller
suitable to control up to a 16 element optically controlled MMIC phased-array antenna. The transmitter /controller
will use LEDs as channcl signal sources and will provide for external clocking signal delays. When complete, the
phased-array will be tested by measuring the antenna beam performance as the antenna is optically/electronically
steered.

7. CONCLUSIONS

This paper has presented and discussed the use of fiber optic distribution of control signals in K,-band MMIC
phased-array antennas. Through the development of OEICs and their subsequent combination with previously
developed MMICs, it has been shown that a potential solution to distributing control information to MMICs in
closely-spaced arrays is possible. Further, a plan to integrate OEICs into MMIC phased-array antennas has been
outlined, and future modifications to the OEIC have been discussed.
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ABSTRACT

A seven element microstrip subarray of hexagonal
geometry has been designed and tested at S-band
frequencies. The microstrip patch antenna is excited at
a single feed position using a direct probe type
connection to generate a circularly polarized (CP) wave.
The RF power is coupled to these feed positions by a
novel coplanar wavequide/stripline feeding network. The
paper describes the subarray architecture and the feed
network in detail. The measured results include the feed
network characterization as well as the radiation
patterns of the subarray.

INTRODUCTION

Microstrip patch antennas have many salient
features such as low cost, light weight, thin profile,
conformability and ease of fabrication which makes them
attractive for satellite communications applications.
These antennas can be excited to radiate linearly
polarized or circularly polarized (CP) waves using only
a single feed. For linear polarization, a rectangular
patch antenna is excited with the feed located near the
center of one edge to achieve proper impedance matching.
To generate CP waves without the use of phase shifters or
hybrid couplers, a nearly square patch must be used with
the feed position determined as given in [1].

This paper describes the architecture of a seven
patch hexagonal CP planar subarray (Fig.l). The seven
patches are fed in equal amplitude and phase by a novel
probe type feed network. The feed is formed by a multi-
layer network which is realized using a combination of
coplanar waveguide (CPW) and balanced stripline.

*Summer Student Intern at NASA Lewis Research Center.
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FEED SYSTEM DESIGN AND PERFORMANCE

The feed system consists of a 7-way radial CPW
power divider network [2], a balanced stripline line
stretcher and a CPW to stripline coupler. The RF power to
the radial CPW power divider network (Fig.2) is fed by a
coaxial line. The axis of the coaxial line and the plane
of the CPW circuit are orthogonal. Thus the inner
conductor of the coaxial line meets the junction formed
by the intersecting center strip conductors of the CPW.
The outer conductor of the coaxial line is slotted and
meets the ground planes of the CPW. In this manner, the
seven radial CPW lines are excited in equal amplitude and
phase [2]. The measured return loss at the coaxial input
port, the power coupled to any one of the seven output
ports and the isolation between any two output ports are
shown in Figures 3(a) thru 3(c). At the design frequency
of 2.2875 GHz, the measured insertion loss is only 0.15
dB more than the 8.45 dB theoretically expected for a
seven way divider. The return loss and the isolation are
better than 10 dB and 15 dB respectively.

The output signal from the power divider is
coupled to a balanced stripline line stretcher by a post
coupler. The line stretcher equalizes the path length to
each of the seven patch antennas. Finally, the signal
from the line stretcher is coupled to the patch antennas
by a second post coupler which also works as a probe
feed. Figure 4(a) shows a CPW to a balanced stripline
post coupler. In this coupler, the center strip conductor
of the CPW and the strip conductor of the stripline are
electrically connected by a metal post. The metal post
enters the stripline through an aperture in the ground
plane. The ground plane of the CPW and the stripline are
connected together by bond wires and shorting pins. The
preliminary measured characteristics of the coupler are
presented in Figure 4(b). The insertion loss and return
loss of the coupler are about 0.4 dB and 12 dB at 2.2875
GHz.

SUBARRAY DESIGN AND PERFORMANCE
The patches (4.45 X 4.39 cms) are arranged in a
triangular lattice to form a hexagonal geometry with an
edge to edge spacing of 0.43 inches. The assembled
subarray and the feed and power divider network are shown
in Figs. 5(a) and 5(b) respectively. The measured radia-
tion patterns of the array at 2.325 GHz for the ¢ = 0°
and ¢ = 90° planes are shown in Figs. 6(a) and 6(b)
respectively. The measured on axis axial ratio for the
LHCP is 1.5 dB and the 3dB beam widths are 36° in both
planes. The gain of the antenna as determined from the
beam widths is 13 dB. The measured return loss at the
coaxial input port of the array is better than 15 dB at

the design frequency and is shown in Fig.7.
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CONCLUSIONS
The design and performance characteristics of a

CPW/Stripline feed network have been presented. A seven
patch hexagonal CP subarray fed with this feed network
has demonstrated excellent CP patterns.

1.
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(b) Feed and power divider network.

Figure 5.
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COPLANAR-WAVEGUIDE/MICROSTRIP
PROBE COUPLER AND APPLICATIONS TO
ANTENNAS

Indexing terms: Microstrip, Antennas

A method to couple microwave power from a coplanar wave-
guide to a microstrip line on opposite sides of a ground plane
1s demonstrated. The coupler uses a metallic post which
passes through an aperture on the ground plane connecting
the strip conductor of the coplanar waveguide to the micro~
strip line. The measured insertion loss and return loss are
about 1dB and 10dB, respectively, across the frequency
range of 0-045-6:5GHz. To demonstrate potential applica-
tions of the coupler as a feeding network for a microstrip
patch array, measured radiation patterns of two rectangular
patch antennas with a direct coplanar-waveguide /microstrip
feed and with a proximity coupled coplanar-waveguide/
microstrip feed are presented.

Introduction: The coplanar waveguide (CPW) has several
advantages over conventional planar transmission lines which
makes the CPW ideally suited for microwave integrated
circuit components.'* At the same time, there is a growing
interest in microstrip antennas because of their advantages
over conventional antennas.® In phased arrays for satellite
communications systems, some of the requirements that have
to be met are small size, light weight, thin profile, and high
efliciency. To satisfy these requirements, it is important that
the components for various circuit functions, the feed network
and the radiators are fully integrated. In addition, it is equally
important to completely shield the circuits and the feed system
from electromagnetic interference (EMI) and electromagnetic
pulse (EMP). A simple solution to this problem is to build the
system using mixed transmission media such as a combination
of CPW and microstrip line.

In this paper, a novel integration technique by which micro-
wave power is coupled from a CPW to a microstrip line
located on the opposite sides of a ground plane is demon-
strated. 'Also, the radiation pattern of two rectangular patch
antennas integrated with a direct CPW/microstrip feed and
with a proximity or electromagnetically coupled CPW/
microstrip feed are presented.

In a phased array, the coupler has the advantage of inte-
grating a CPW feed network with active and passive circuit
components to a microstrip-based radiating system. In addi-
tion, the microstrip ground plane in the coupler serves several
useful functions. Firstly, it acts as a natural shield for the feed
network against EMI and EMP. Secondly, it acts as an addi-

¢ corlanar waveguide rput/output {port )

tional heatsink for active devices and provides mechanical
strength to the thin structure.

Coupler and patch antenna integration: A CPW to microstrip
line coupler is shown in Fig. 1. The CPW and the microstrip
line share a common ground plane that has an aperture. The
coupler is formed by a metal post which passes through the

“CPw port a

“CcPw port b

Fig. 2 Schematic diagram illusirating integration of a rectanqular patch
antenna

a_Direct coplanar-waveguide 'microstrip feed

x = 52-58mm y=44-32mm

b Proximity coupled coplanar-waveguide/microstrip feed

X =5258mm y=4432mm T,=025mm ¢,=22

aperture and contacts the strip conductors of the CPW and
the microstrip line, respectively. A pair of wire bonds located
adjacent to the post tie the CPW ground planes and the
microstrip ground planes to a common potential. The thick-
ness and dielectric constant of the substrate are typical of
those used in CPW circuits and microstrip patch radiators.
The characteristic impedance of the CPW is 70Q which is

— microstrio ground plane
-
(common ground pkane)

7 f g ameter

Fig. I Schemaric diagram illustrating coplanar-waveguide to microstrip probe coupler

S=1Mdmm W =025mm W, =076mm
D, =102mm D, =254mm T, =318mm
Gy = 222 T,=025mm ¢, =22
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chosen to provide a good match to the characteristic imped-
ance of the 50Q microstrip line.* The diameters of the aper-
ture and the metal post were experimentally optimised to
obtain the best insertion loss characteristics. It is worth noting
that the post diameter turns out to be greater than the micro-
strip line width; however, this is essential for obtaining a low
insertion loss characteristic.

The integration of a rectangular patch antenna with a direct
CPW/microstrip feed and proximity coupled CPW/microstrip
feed is schematically illustrated in Fig. 2. The dimensions of
the patches are chosen to resonate at about 2-2 GHz and each
has a linear polarisation which is parallel to the plane of the
antenna. The substrate parameters for Fig. 2 are same as those
in Fig. 1.
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Fig. 3 Measured insertion loss and return loss of coupler

Experimental results: The measured insertion loss of the
coupler over a wide frequency band extending from 0-045 to
6-5GHz is shown in Fig. 3. The measured insertion loss which
is less than 1dB includes the losses occurring in the junction,
the attenuation of the short length of CPW and microstrip
line on either sides of the junction and that of the two coaxial
connectors used at the input and output ports. Also superim-
posed on Fig. 3 is the return loss which is better than 10dB
across the band and is independent of the measurement port.

The measured radiation patterns of the microstrip patch
antennas are presented in Fig. 4. It is observed that the two
methods of excitation result in essentially identical radiation
patterns.

Conclusion and discussions: A novel technique to couple
microwave power from a CPW to a microstrip line located on
the opposite sides of a ground plane and its application to
patch antennas has been demonstrated. Because of its low loss
and wide bandwidth, the coupler has potential applications in
feed systems of wideband antennas such as spirals and log
periodic arrays. As a concluding remark it may be mentioned
that monolithic implementation of the coupler using semicon-
ductor via hole technology would result in much smaller size
with reduced parasitics and therefore have potential applica-
tions at millimetre-wave frequencies.
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Feed network and subarray design: Fig. 1 illustrates the multi-
layer construction of the seven patch hexagonal CP subarray.
The [eed network for this array consists of a coax-to-CPW

NEW COPLANAR WAVEGUIDE/STRIPLINE
FEED NETWORK FOR SEVEN PATCH
HEXAGONAL CP SUBARRAY

Indexing terms: Waregquides, Striplines and  stripline com-

ponents. Antennas

A novel CPW-to-stripline post coupler is demonstrated. This
device couples the output power from a coax-to-CPW
inphase seven-way radial power divider to a balanced stri-
pline line stretcher and together forms a multilayer probe-
type feed network. The feed network excites a seven patch
hexagonal circularly polarised (CP) subarray. The measured
return loss and insertion loss of the coupler are better than
17dB and 0-25dB at the design frequency of 2:875 GHz. The
measured on-axis axial ratio for the left hand circular polari-
sation (LHCP) is 1-5dB and the 3dB beam widths are 36 in
the principal planes of the subarray. The gain of the subarray
is 13dB. The input return loss of the subarray is better than
10dB.

Introduction: In satellite communications beam-to-beam iso-
lation and frequency reuse are important requirements which
can be achieved with orthogonal polarisation. For reflector
antenna systems, polarisation diversity has been achieved by
the use of complex beamforming networks. Although, the
reflector type antennas are efficient they suffer from several
disadvantages. Microstrip patch antenna arrays on the other
hand have many salient features such as low cost, light weight,
thin profile, conformability and ease of fabrication' and are
therefore actively pursued.

This Letter describes the architecture of a seven patch hex-
agonal CP planar subarray. The seven patches are fed in
equal amplitude and phase by a novel probe type feed
network. The probe feed avoids the use of phase shifters or
hybrid couplers to generate a circularly polansed wave and
hence is simple to fabricate. The feed is formed by « multilayer
network which is realised using a combination of coplanar

waveguide (CPW). balanced stripline and coaxial line. y(¢ =907)

via hole

probe
feed __ —1

7N

CP patch 7
antenna

z
feed point -

; ’
subarray circuit board —

inphase seven-way radial power divider? and a balanced stri-
pline line stretcher on separate dielectric substrates coupled by
a post coupler. Fig. 2 illustrates the CPW-to-balanced strip-
line post coupler. In this coupler, the centre strip conductor
of the CPW and the stripline are electrically connected by a
metal post through an aperture in the ground plane. The
diameters of the aperture and the metal post were experimen-
tally optimised to obtain the best insertion loss characteristics.
The thickness and relative permittivity of the dielectric sub-
strate are typical of those used in CPW and stripline circuits.
The ground plane of the CPW and the stripline are connected
together by bond wires and shorting pins to ensure equipo-
tential of both surfaces. The line stretcher is a 50Q line whose
length is chosen so as to equalise the distance of separation
between the radial CPW output ports and the feed points of
the hexagonal subarray. The patches are nearly square
(44-5 x 43-9mm) and are arranged in a triangular lattice to
form a hexagonal geometry with an edge-to-edge spacing of
10-899 mm along the ¢ = 0° plane and 10-991 mm along the
¢ = 90° plane. The feed position is determined as explained in
Reference 3. The patch array is fabricated on a dielectric sub-
strate of thickness and relative permittivity of 0-508 mm and
2-1, respectively.

Feed network and subarray performance: The measured return
loss (S,,) and insertion loss (S,,;) of the post coupler are better
than 17dB and 0-25dB, respectively, at the design frequency
of 2-2875GHz and are illustrated over a wide band of fre-

coaxial line with
slotted outer
conductor

— line stretcher

radial power
divider output

RF input

~— seven -way
divider

~— via hole A :
junction

,7 coplaner
waveguide to
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coupler

,— coplaner waveguide
power divider
circuit board
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\Jl\(“ il

35
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U stripline line
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Fig. 1 Schematic diagram illustrating multilayer construction of seven patch hexagonal CP subarray
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from the beam widths is 13dB. As shown in Fig. 6, the mea-

Fig. 3 Measured ansertion Noss (83,0 and return loss (8,,) of post sured return loss (8,) at the coaxial input port of the sub-

coupler array 1s found to be better than 10dB at 22325 GH..
qucncief "3 Fig. a';l_;he measrure:ihfar-hfl:l) rfldl‘;m’i%‘:‘"erl’}s of Discusstons and  conclisions: A novel technique to couple
the subarray at 2325 GHz for the 6 =0 and ¢ = punes microwave power from an inphase seven-way radial power

are shown in Figs. 4 and 5, respectively. The measured on-axis
axial ratio for the LHCP is 1-5dB and the 3dB beam widths
are 36 in both planes. The gain of the antenna as determined

m
©
3 o frequency oz a6
2 Y
bt
g 30-- Fig. 6 Moeasured return loss (8 ) at eoaxial input port
| | -40 ] | divider to a seven patch hexagonal CP subarray has been
angle, degrees ) demonstrated. The post coupler which is crucial to this design
has low loss and wide bandwidth. The subarray which
exhibits CP patterns has thin profile and light weight, and is
Vig. 3 Measured fur freld radiation pattern of suburray, ¢ = 0 plane therefore suitable as a building block for larger arrays.
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NEW CHANNELISED COPLANAR
WAVEGUIDE TO RECTANGULAR
WAVEGUIDE POST AND SLOT COUPLERS

Indexing terms: Waveguides, Waveguide components, W ave-
guide couplers

Two new coplanar waveguide to rectangular waveguide cou-
plers with coupling through a post and a slot are experimen-
tally demonstrated. The couplers operate over the K, -band
transmission and X-band reception frequencies that are
designated for satellite communications. The measured inser-
tion loss and return loss are about 1dB and 10dB, respec-
tively, for both couplers.

Introduction: Coplanar waveguide (CPW) is a very useful
transmission line for microwave integrated circuits and has
several advantages over conventional microstrip line.! The
channelised coplanar waveguide (CCPW)? is a new variant of
the conventional CPW. This Letter presents the design and
experimental characterisation of new CCPW-to-rectangular
waveguide post and slot couplers. In the post coupler, coup-
ling is through a metal post that enters the waveguide through
a circular aperture in the centre of the top broad wall. In the
slot coupler, coupling is through a printed longitudinal radi-
ative slot in the centre of the narrow wall. These couplers can
inject signals directly from a circuit such as a monolithic
IMPATT/Gunn diode oscillator into a waveguide. Hence
these couplers have potential applications in satellite commu-
nication systems such as Very Small Aperture Terminals
(VSATS).

Coupler design and fabrication: Post coupler: A CCPW-to-
rectangular waveguide post coupler and a CCPW circuit
board with a probe are schematically illustrated in Figs. 1 and
2, respectively. The channel width C, centre strip conductor
width §, and slot width W of the CCPW for a given substrate
thickness d are determined as explained in Reference 2. The
waveguide height, width and wall thickness are denoted as a, b
and T, respectively, and are standard for a given frequency

channelised

coplanar-

wavequide

metal port of input /output
diameter d; -~ (port 1)

\
aperture of  \
dlometer dyin— \\
waveguide wall \ '\

standard back
rectanagular short

waveguide
(WR-62)

output/input
(port 2)

Fig. 1 Cutaway drawing of CCPW-to-rectangular waveguide post
coupler

a = 7-8994mm

b= 157988 mm
C =508 mm
d=3-175mm
d, = 1-3208 mm
d, = 508 mm
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band. The axis of the two transmission lines are parallel;
however, they can be oriented at any arbitrary angle. A metal
post of diameter d, enters the waveguide through an aperture
of diameter d, to form an electric probe. The length of the
probe extending into the waveguide is L,. The opposite end of
the post is attached through the dielectric substrate to the
centre strip conductor of the CCPW. The waveguide and the
CCPW are terminated in a fixed short circuit which are
placed at a distance L,, and L, from the centre of the post,
respectively.

Coupler design and fabrication: Slot coupler: A CCPW-to-rec-
tangular waveguide slot coupler and a CCPW circuit board
with a coupling slot are schematically illustrated in Figs. 3
and 4, respectively. The coupling slot is flush with the inner
surface of the waveguide narrow wall and consequently inter-
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Fig. 3 Cutaway drawing of CCPW-to-rectangular waveguide slot
coupler
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rupts the transverse surface currents. Thus power from the
TE,, mode is coupled to the CCPW. The slot width is chosen
as 0-254 mm for ease of fabrication. The slot length is equal to
the channel width C. The waveguide and the CCPW are ter-
minated in a short circuit placed at a distance Ly and Lg from
the centre of the coupling slot, respectively. The length of the
impedance matching taper L, is equal to 4 ccpwy/2-
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Experimental coupler performance: For the post coupler, Ly
and Lg are approximately 4 aoepuiaey/6 and Ayccpwy/6, TESPEC-
tively, at the centre frequency. The radii of curvature R; and
R, in the CCPW centre strip conductor and the ground plane
at the location of the post are approximately 0-7d, and 0-7d,
+ W, respectively. Further, d,/b and L,/a are equal to 0-084
and 0-723, respectively. The above parameters, obtained
through experimentation, resulted in satisfactory insertion and
return loss characteristics. The measured return loss (S,,) at
the CCPW port and the insertion loss (S,,) between the

CCPW ard the waveguide ports of the post coupler are pre-
sented in Fig. 5. The post coupler operates over the entire K,
band which includes VSAT transmission frequencies (14-0 to
14-5GHz) and has an insertion loss of less than 1dB and a
return loss of greater than 10dB.

For the slot coupler, Ly and Lg are approximately
Ayowaveguizeyd a0d Ayccppn/2, respectively, at the centre fre-
quency. The measured return loss (S,,) at the CCPW port and
the insertion loss (S, ,) between the CCPW and the waveguide
ports of the slot coupler are presented in Fig. 6. The slot
coupler has an insertion loss of about 1-5dB and a return loss
of greater than 10dB at VSAT reception frequencies that
extend from 10-95 to 12-2 GHz.
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Fig. 5 Measured return loss (S,,) at CCPW port and insertion loss
(S,,) between CCPW and rectangular waveguide ports of post coupler
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Fig. 6 Measured return loss (S,,) at CCPW port and insertion loss
(S,) between CCPW and rectangular waveguide ports of slot coupler




Conclusions and discussions: Two new CCPW-to-rectangular
waveguide couplers with coupling through a post and a slot
are experimentally demonstrated. The measurements show
that the couplers have excellent insertion loss and return loss
characteristics. These couplers are very compact, efficient and
inexpensive to fabricate.

R. N. SIMONS 12th March 1991
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Abstract —A full-wave analysis of shielded coplanar waveguide
mo-port discontinuities based on the solution of an appropriate
surface integral equation in the space domain is presented.
Using this method. frequency-dependent scattering parameters
for open-end and short-end CPW stubs are computed. The
numerically derived results are compared with measurements
performed in the frequency range 3—25 GHz and show very good
agreement. Equivalent circuit models and closed-form expres-
sions to compute the circuit element values for these discontinu-
ities are also presented.

I. INTRODUCTION

ECENTLY. coplanar waveguide (CPW) technology

has attracted a great deal of interest for RF circuit
design owing to several advantages over the conventional
microstrip line. among them the capability to wafer probe
at millimeter-wave frequencies [1]-[6]. Thus. several in-
vestigators have undertaken the study of the propagation
characteristics of uniform CPW, and extensive data are
available in the literature [7]. However, very few models
are available on CPW discontinuities, which are useful in
the design of circuits such as filters [8]-[12].

Filters are important blocks in microwave circuits and
are among the first few circuit elements studied in any
new technology. Microstrip or stripline filters have been
extensively studied and very accurate design techniques
have been presented in the literature [13]. However. CPW
filter elements [1]. [14] have been investigated only experi-
mentally and lack accurate equivalent circuits. Two such
filter elements are the short-end and open-end series
stubs, which are shown in Fig. 1(a) and (b) respectively. In
this figure PP’ refers to the reference planes, which are
coincident with the input and output ports of the disconti-
nuity. The short-end CPW stub was modeled by Houdart
[1] as a series inductor. This model cannot predict the
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resonant nature of the stub as it approaches A, /4 or the
asymmetry of the discontinuity; therefore. it is valid oni
in the limit as the stub length approaches zero. The
model used by Ponchak and Simons [13]. an ideal short-
end series stub. predicts the resonant nature of the stub
but not the asymmetry. The open-end CPW stub was
modeled by Houdart [1] as a series capacitor, which is
also too simple to predict the resonant nature of the stub
or its asvymmetry and is valid only for stubs with very small
lengths. Williams [14] expanded this model to a capacitive
IT network and selected a reference plane which removed
the element asvmmetry. This improved model is difficult
to incorporate into CAD programs since the reference
planes are not at the plane of the discontinuity. as shown
in Fig. 1. The model by Ponchak and Simons [13]. an ideal
open-end series stub. again cannot predict the element
asymmetry.

This paper attempts. for the first time. to study theoret-
ically and experimentally the two CPW filter elements
shown in Fig. 1. The theoretical method used to study
these CPW discontinuities is based on a space-domain
integral equation (SDIE), which is solved using the method
of moments [16]. The main difference between this ap-
proach and the one used in [3] and [10]-[12] is that the
boundary conditions are applied in the space domain
instead of the spectral domain. Thus, in the SDIE method
the Fourier transforms of the basis functions, which are
used in the method of moments, are not required, which
makes it simpler to handle complicated geometries. The
SDIE approach has previously been applied to study
several CPW discontinuities and has shown very good
accuracy. efficiency, and versatility in terms of the geome-
tries it can solve [17], [18]. Using this method, theoretical
results for the scattering parameters of the two CPW
discontinuities shown in Fig: 1 are computed. Extensive
experiments have been performed in the frequency range
5 to 25 GHz to validate the theoretically derived scatter-
ing parameters, and a very good agreement has been
found. From the scattering parameters, lumped element
equivalent circuits have been derived to model the discon-
tinuities. The inductors and capacitors of these models
have been represented by closed-form equations, as func-
tions of the stub length, which have potential applications

© 1991 IEEE. Reprinted, with permission, from IEEE Transactions on Microwave Theory and Techniques, Vol. 39, No. 5, May 1991, pp. 873-882
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(b)

Fig. 1. Coplanar waveguide filter elements. (a) Short-end CPW series
stub. (b) Open-end CPW series stub.

(0)
0]
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<

Fig. 2. A cross section of a shielded CPW.

in the design of CPW circuits. In addition, these circuits
are capable of modeling the ox and ofF states of CPW
p-i-n diode switches [15].

II. THEORY
A. Derivation of the Scartering Parameters

Fig. 2 shows a shielded coplanar waveguide with the
cavity dimensions chosen such that the CPW fundamental
mode is not affected by higher order cavity resonances.
The original boundary problem is divided into two sim-
pler ones by introducing an equivalent magnetic current.
./V_f(, on the slot aperture (see the Appendix). This surface

magnetic current radiates an electromagnetic field in the
two waveguide regions (above and below the slots) so that
the continuity of the electric field on the surface of the
slots is satistied. The remaining boundary condition to be

applied is the continuity of the tangential components of

the magnetic field on the surface of the slot aperture.
X(H,]—H,)=J( (1)
where J vanishes everywhere on the plane of the slot
apertures except at the position of the electric current
sources exciting the CPW. H, | are the magnetic fields in
the regions directly above and below the siot aperture.
respectively (see Fig. 12). and can be expressed in terms

of the equivalent magnetic current density. V/ . as shown
below:

Ho=[ [GiF. &) M (7)ds =

H|=—[‘ [G P M) ds . =i
“Scew
In (2) and (3). Scpy is the surface of the siot aperture.
and G|, is the dvadic Green’s function in the two wave-
guide regions (see the Appendix).
In view of (2) and (3). (1) takes the form

ax | [lGh+G-d(ryas=T. (4
IS o
_To obtain the unknown magnetic current distribution.
M., (4) is solved by applying the method of moments [16].
First. the slot aperture is subdivided into rectangles. Then.
the unknown magnetic current density is expressed as a
finite double summation:

i ,Z‘ ; S8
N,

Ta Z Z -uf(zl)gi(.".) (
i=1j)=1

where {f(y)g(z);i=1,--- N,, j=1,---,N.} is a family
of rooftop functions [19] and V 4 and V _i; are the un-
known coefficients for the y and z components of the
magnetic current density. The subdomain basis functions
(rooftop functions) for each current component have
piecewise-sinusoidal variation along the longitudinal di-
rection and constant variation along the transverse direc-
tion. Using (5), (4) can be written in the form

n

)

ST = Z Zv,,ff[c" G|

i=1j=

A )g,-(z')ds'

+ Z Z V”ff[G"+G”]

i=1j

"a.fi(2)e(y)as' (6)

where AJ—: represents the error introduced from the ap-




proximations made in the magnetic current distribution
(eq. (3)).

Finally. Galerkin's procedure is used to minimize the
error AJ_\' resulting in the following inner products:

]/(” X AL) d, Fo((¥)8,(2) ds =0 (7)

”.(ﬁ\-x—\JT)'(?_.f,,(:)g,”( v)ds=0 (8)

where f, and g, are weighting tunctions identical to the
basis functions, m=1.---.\, and n=1.---.N_. In this
manner. (6) reduces into a matrix equation of the form

” Y. 1 )- "I . !r “ l» A
‘[.‘.‘J [Jl‘ "z‘-) (9)
[v..] [..]1'h l/
where [Y..] ({. € =1v.2) represent blocks of the admit-

tance matrix whose elements are expressed in terms of
multiple space integrals. involving triconometric func-
tions. and are given by

= [[[[d.t.(x)

~¢3_\_f,(_\-')g/(:')d)"d:'dyd: (10)

fo/_/’é\fm( .“)g,,(:)~[af; _C_'ll}

e 2)-[Gy - G|

“d_f(z")g(y')ay'dz'dvdz (11)
=HﬂEMJ%urﬁh5ﬂ
“a.f,(v") )dv'dz'dvdz (12)
. =[/f/é__f,,.<:)\gm<.v)-[5:; +G!]
a.fi(z)g(y')dv'dz'dydz (13)
where i, m=1.---,N_ and j. n=1.--- ,N.. V, and V. are

the subvectors of the unknown coefficients for the v and
z components of the magnetic current distribution respec-
tively and /, and I, are the known excitation subvectors,
which are dependent on the impressed feed model.

In order to solve (9), the excitation is modeled by ideal

y-directed current sources located at specific node points,

as shown in Fig. 3(a), resulting in an excitation vector
which has zeros everywhere except at the positions of
these current sources (delta gap current generators). Al-
though only a mathematical model, this feeding mecha-
nism has proved to be efficient, accurate, and reliable
[17], [20]. In addition, it does not introduce any unwanted
numerical complications, as is the case with other excita-
tion techniques [3], [12]. The CPW may be excited in two
different ways: with the fields on the two slot apertures in
phase (slotline mode) or out of phase (coplanar mode),
exhibiting very different characteristics when operating in
each mode. The CPW mode is excited by choosing I=
=i rand il == Igz, while the slotline mode is excited
by choosing Iy, = I, and I;,=1,, (see Fig. 3(a)). How-
ever, only the CPW mode wrll be considered here since it
tends to concentrate the fields around the slot aperture
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