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MAIN DEVELOPMENT DIRECTIONS OF SOLID-STATE MICROWAVE ELECTRONICS*

Adam Smolinski

R e BT

In the tradition of the National Conference on Solid-State
Microwave Electronics we need to discuss development fundamentals i
of the preceding three years in this field.

I would like to tie in facts of more than three years ago, and
say that MECS [microwave electronics] has reached a certain level
of technical development where many technological design and

Gt -0

Measurement problems have been solved, thereby making possible
production of sollid-state components and solid-state systems
suitable for use not only in an earth environment, but also in
outer space. We can safely say that MECS components have made
possible today's progress in communication satellites. We must,
however, point out that the above mentioned development concerns
mainly the declmeter and centimeter frequency bands. To cross

into the area of shorter frequencies, up to and including the sub-
millimeter band, will take yet a great amount of researéh, particu-~
larly by industry. It is known that these frequenciles permit
sending a greater amount of information for a more precise operation
of equlpment.

* Summary of an inauguration lecture at the IVth National Conference
on Solid-State Microwave Electronics. Gdansk 17 Nov. 1977.




Aside from the direction of "frequency related" development,
We also have the increasé:}ange of devices, expressed as "desidera-
tum" of greater power and lower noise. Power that has been acquired
with the help of semiconductors has approached the theoretical
limit of material utilization (Fig. 1); however, in the case of
medium-kilowatt power, we are reaching it only with the greatest
difficulty and effort.
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We will talk about specific progress in this area later. Here,
rather, I would like to deal with the matter of gyratrons. These
are tube-type generators incorporating the advantages of masers

and klystrons, utilizing a strong relativistic electronic union

to create oscillations in the centimeter and shorter, down to
millimeter frequency bands, with medium power of several score and
up to several hundred kilowatts 1n the millimeter frequency band
[1, 2]. This unquestioned achievement could find application in
radar and in plasma-type devices [3].
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Fig. 2. Frequency related effective noise
temperature of different types of semi-
conduetors.

KEY: (1) Effective noise temperature; (2)
Bipolar transistors; (3) Parametric frequency
reducer; (4) Uncooled parameteric amplifiers;
(5) Non-cryogenic parametric amplifiers; (6) 4
Cryogenic parametric amplifiers; (7) Mixers; 3
(8% Field transistors; (2) Noise coefficient.
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Such great power reaching a gigawat of impulse power can be
Created with a cloud of monoenergized electrons in a waveguide

\‘,,‘.
e

actuated by intersecting fixed fields - magnetic and electrical.

v

The electrons moving along a spiral are stopped by a screen and i
lose energy to the wave signal in the waveguide at a frequency
greater than the frequency of the cyclotron. Gyratrons create
radiation of the wave designated by the magnetic field, and not !
because of the resonant size of the magnetic cavity, thus permitting i

the attalnment of very high power with comparatively small energy
density. §

==y

Another method of achieving development in the microwave field
in the millimeter wave band 1s through low noise elements. Here
we must mention the new position of the semiconductor/superconductor
diode known as super-Schottky. Working as a heterodyne detector
at a temperature of liquid helium, it shows an effective noise
temperature of 6K at 9 GHz (Fig. 2) f4]. On the other hand, in
the millimeter wave band (200-325 GHz), we can note a different
record, namely an effective temperature of 1320K [equivalent to
the noise coefficient of 7.4 dB] and, equally, the cryogenic mixer
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in the 6.5 dB stratum and a bandwith of B = 20 MHz working in
conjunction with Josephson effect and a 9 GHz medium freguency
maser amplifier [5]. These type of clrcuits find application in
radiocastronomy, in the examination of atmospheric characteristics,
and plasma, and lately in aircraft radiometers.

Both achievements mentioned greatly exceed known values of

frequency-related effective noise temperatures of various types of

semiconductors. This graph demonstrates via the quantitive

method the achievement in the area of applied devices. Let us

turn our attention now to the data on cryogenic parametric ampli-
fiers which have replaced the maser as of a few years ago. Figure
3 shows how the noise decreased in cooled and uncooled parametric

amplifiers in recent years. This process was brought forth by

advancements in the sphere of materials and instrument technology.
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Fig. 3. Effective nolse temperature of parametric amplifiers.
KEY: (1) Effective noise temperature; (2) Uncooled; (3) Cooled;
(4) Year.
Fig. 4. Maximal unilateral amplification and |S21|2 of a typical

gallium-arsenide field transistor with 1 um gate.

KEY:

(1) Frequancy.
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These advancements were most evident in field-effect transistors 5
made of gallium-arsenide, which today have become reliable devices
that can be mass produced for use in many applications [6]. First
essential application of these transistors i1s in the area of low

— e T L,

noise amplification. Transistors with a 0.5 um and even a 0.25 um
gate are beginning to come into universal use. 1In the laboratories
gates even with 0.15 pmduration have been created permitting the

broadening of the wide-band area above 20 GHz (for example up to 4
26 GHz with a 6.6 dB noise coefficient and 5.6 dB amplification). ?
Essential characteristics of mass-produced transistors are given !

by way of an example in Fig. 4. Highest values of noise coeffi- |
cient have been attained today from 1 dB at 3 GHz to 5.6 dB at %
24 GHz. ]

On the basis of this, a study was made of several amplifiers ﬁ
in hybrid scaled circuits of fregquently used frequency bands; h

their noise coefficients are given 1n Fig. 5. Of great help in
the design of amplifiers are the detailed scientific analytical
methods of synthesis and optimalization pertaining to these objec- i
tives [7]. The use of cooling by liquid nitrogen [77] permits i
further noise reduction of the field-effect GaAs transistor, since ‘
it's dominated by thermal noise [8]. Highest values of effective '
noise temperature in the 4 GHz band come up to only 30K [9]. This L
point is also shown in Fig. 2. ?

The possibility of various applications for gallium-arsenide
field-effect transistors was mentioned earlier. To this we should
also add the latest experiments with microwave mixers showing
above-normal amplification and better linearity than conventional
diode mixers. Some of them come equipped with dual gates which
permits instantaneous attainment of great amplification of change
(G = 11 dB), and low noises (F2 = 6.5 dB) in the X-band [10].
Circuit connections of such a mixer are given in Fig. 6. We must
add here that these types of mixers are designed at this time
using experimental data, since there is a lack of accurate values

for parameter S for field-effect transistors excited by a local
osceillator.
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Fig. 5. ©Noise coefficlents in typical
gallium-arsenide field transistor ampli-
fiers.

KEY: (1) Noise coefficients; (2) Fre-
quency.
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Fig. 6. Dual-gate gallium-arsenide
field transistor used as microwave
mixer.

KEY: (1) Scaled circuit; (2) Low-
pass filter; (3) 50 ohm line; (4)
Local oscillator; (5) Signal; (6)
Tuned medium-frequency network; (7)
Medium-frequency output 30 MHz; (8)
Load; (9) Phantom ground 10 GHz.

Polar-arsenic-gallium transistors have lately found applica-
tion also as microwave limiters taking advantage of suitable

current-voltage shape characteristics for signal limiting [11].

o eg—— e

ST




;m—T_A‘~

i cat e

These transistors owe their success to their use in low signal

and low noise amplification. It has also been said that they

adapt themselves very well for use as power amplifiers, having

very low distortion. A special transistor design has been developed

incorporating several parallel source-gate-drain sets in one unit r

or holder. The frequency characteristics of various types of

these transistors are shown in Fig. 7 [12], where it can ve seen

that their output power exceeds 1 W at 8 GHz.
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"0 H Fig. 7. Growth of output power )
Q3 ) of gallium-arsenide field trans- '
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In the catalogs of various companies technical data is tl

supplied for such transistors. We must, however, stress that there

is yet a lack of data for high signal parameter S, though high

input-~output impedance signal values are included.

Counting the advantages and applicability of gallium-arsenide

rransistors, we cannot forget about their possibility for use as

generators. We know already that they put out oscillations even &

around 100 GHz [13], though their main generating application lies

{
in the area of the centimeter wave band, where we get an increment k

of a watt with 25% efficiency using experimental data in the design

of such generators since
parameters. A bad fault
produce near the carrier

gallium-arsenide. It is

there is a lack of data in high signal S
of these generators is the nolse they

wave, which is dependent on the quality of

20 dB greater than for bipolar silicon




transistors [14]. Intensive work in generators is going on. It

is expected to be able to attain 4 watts of power at 10 GHz shortly,
and in the near future at 20 GHz [15]. High generator efficiency

of above mentioned transistors will make them highly competetive
with travelling wave tubes. The possibility of application of

these transistors in wave (Beverage) antennas, even mounted on an

aircraft, 1s seen.

At this point we should end our consideration of gallium-
arsenide field transistors, though it must be said that there has
appeared a new type of field transistor made of silicon. Silicon
is a well known and technologically mastered substance; consequently
there should be no surprise at the attempt to make use of it in
microwave applications. This new silicon field transistor named
SIT (Static Induction Transistor), is made like the junction field-
effect transistor (JFET), but with a short vertical channel. Its
effect depends on the injection of majority carriers into the
regicn depleted of charge, framed with the area of the gate, and
directed by the gate voltage and drain [16]. This is actually a
transistor of the decimeter band since it generates 100 W at 20C

MHz or delivers 13 W of power amplifier output at 1 GHz.

In this general modernization effort, bipolar transistors
are not left behind either, though they are inferior in nocise
compared to field transistors from the frequency aspect (Fig. 8).
However, in the 5-6 GHz band they are extremely competitive
economically, since their cost in quantity is at the very least
less. This applies not only to the afore-mentioned low noise
transistors, but especially to power transistors. These transis-
tors attain a power of several watts at the above-mentioned
frequencies thanks to the internal input-output circuit matching
in the range of 1-2 GHz. Special construction of these transistors
can give up to 40 W of output power (Fig. 9). To these bolongs,
for example, the new structure called SET (Stepped Electrode

Transistor) leading to lowering of base-collector capacitance and

base resistance through an apparent realizaticn of zero gap between

g vl -
" Gaci
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the emitter junction and the metal-impregnated tase (iig. 10) [17].

Wle can also obtain greater power, for example 400 W, from a dozen
such tansistors joinec in parallel [18]; thus the poesibility of
obteining a kilowatt of continuous power in this way in the next

few years is foreseen.
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Fig. 8. Noise coefficient of bipolar and
fileld transistors.

KEY: (1) Optimal noise coefficient; (2)
Bipolar; (3) Field; (4) Frequercy.
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Fig. 10. New construction of bipolar SET
(Stepped Electrode Transistor) transistor.

KEY: (1) Metal-impregnated base; (2) Metal-
impregnated emitter; (3) Gold; (4) Platinum;
(5) Titanium; (6) Silicide of platinum; (7)
Doped polycrystalline silicon; (8) Diffused
junction base; (9) Emitter; (10) Base; (11)
Collector; (12) Buffer zonej; (13) Foundation.

Comparison of power obtained from gallium-arsenide polar

transistors and from the bipolar silicon-type relative to frequency

is shown in Fig. 11. From the given data it can be seen how far

the so called microwave transistorization has advanced.
clusion, some additional information.

In con-

Fig. 11. Power comparison of
gallium-arsenide field transistors
with silicon bipolar transistors.

—
~
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KEY: (1) Continuous power; (2)
Bipolar silicon transistors; (3)
Gallium~-arsenide field transistors;
(4) Frequency.
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Higher power of bilpolar transistors can be obtained by
including two additional duplicate avalanche and convection zones
between the base and collector, thus creating a new varilation of
the transistor known as CATT (Controlled Avalanche Transit Time
Triode) [19]. This has not found wide application thus far.

We will now discuss developments in the area of diode
oscillators and amplifiers. Known for a long time and widely used,
the avalanche-transit time diode is still an important element in
microwave circults, and the sole one that can supply high power
and efficiency above 12 GHz (Fig. 12). Gallium-arsenide diodes in
continuous power applications, and silicon diodes in impulse work,
show efficiency up to 35% in the X-band. At higher frequencies
reaching 100 GHz, an output of over 1 W 1s obtained by using
double drift zones and a diamond base [20].

These diodes can work in a wide freqguency spectrum from 3 to
300 GHz. The lower limit mentioned here has been reached by new
types of diodes using junction metal semiconductors with the help
of implanted ions, giving continuous power levels of over 10 W
with about 20% efficiency [21, 22].
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In the technical literature we find several design solutions

for avalanche-transit diode power amplifiers up to 10 W made of
gallium-arsenide and silicon used in the centimeter wave band [23,
24]. The latest development, however, is a 35 GHz amplifier
attaining amplification of 33 dB and width of the one dB band
greater than 700 MHz, constructed with gallium diodes (Fig. 13).

A 5 W output power is attained via connection of 8 diodes in a
resonant circuit with the help of magnetic fields of individual
coaxial resonators (Fig. 14) [25].

E6-‘—12d0 —+— 6=8d8 -+5;34f”d 6=708 62308

rq 08k 8M +37d8M
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Fig. 13. 5 W continuous power amplifier
at 35 GHz with avalanche-transit diodes.
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Fig. 14. Resonating coupler con-
sisting of 8 avalanche diode oscil-
lators.

KEY: (1) Magnetic field; (2) Coaxial
lines; (3) Supply; (4) Connecting
resonator; (5) Transformer; (6) Diodes;
(7) Waveguide output.
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In impulse applications of avalanche-transit diodes, a
speclial type of diode can be used, the co called TRAPATT, which
takes advantage of the oscillatious of electron-hole plasma created
as a reflection of a travelling wave through the avalanche diocde
from a wideband network [12]. Impulse power of 10 W is produced
with a generator in the X-band, with efficiency greater than 2%,
although the main area of its application lies in the lower fre-
quencies up to 400 MHz. To these outstanding achievements we
should add the attainment of peak power levels up to 120 W,
with 44% efficiency at 2.3 GHz for .5-microsecond impulses at 1%

utilization of the available cycle. These diodes, used in the mode !

discussed above, can be connected in series attaining power above
a kilowatt at around 2 GHz. Putting several diodes in series on
One diamond cooler permits construction of semiconductor elements
with several dozen watts of power [26].

Diodes working in the TRAPATT mode correct the optical
release of charged energy, as for example with the help of a semi-
conductor laser [27]. Maln interest lies, however, in TRAPATT
amplifiers regarding their application in phased antennas. At a
frequency of ca. 3 GHz, 100 W of peak power are attained with 30%
efficiency and amplification of 6 dB. A three-decibel band width
transcends a little over 15% [28].

BARRIT diodes, in which the load is placed across the p-n
Junction also belong to the transit diodes. These diodes are less
noisy than avalanche, and can be'used effectively as local oscil-
lators [20, 29]. However their smaller generating output power
limits their use. They are manufactured by some companies, but

not to any great extent. Instead, these diodes are used differently;

specifically to create oscillations in a volume of semiconductors
which are usually gallium-arsenide, but lately have been more

often of phosphide-indium. These find wide application, and are
known as GUNN diodes, though the name 1s connected mostly with

thelr basic applications. From Fig. 12 it 1is seen that Gunn diodes
do not reach very high in the frequency range compared to avalanche-
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transit diodes, but they are less nolsy than the latter, more or
less by an order of magnitude. Highest generating values for
salllum-arsenide diodes are up to 70 mW at €0 GHz, but only with
2% efficiency [30].

The Gunn effect was discovered in a different semiconductor
material, namely phosphide-indium, though for a long time in the
above-mentioned application galllium-arsenide was king, since 1t was
better known. Lately it has been shown that phosphide-indium can
give better efficiency with lower nolse, especially in the millim-
eter wave band [31]. Continuous output with high efficiency 1is
limited, however, to a dozen or so mlilliwatts, though in impulse
work a power level of 5-10 W 1s achleved at this frequency with
15% efficliency [12]. Generating effects of phosphide-indium can
be observel even at 80 GHz [31]. Today, intensive work is belng
carried out with this material and diocdes are made from it, and
we can expect that these types of dlodes will be generally included
in the manufacturer's catalogs.

Gunn diodes find wide application in power amplifiers for
example, (dlodes from gallium-arsenide give 100 mW at 1 dB com-
pression is equal to 28 dB amplification at 14 GHz [30]). On the
other hand phosphide-indium diodes are used in higher frequency
applications (for example: 26-40 GHz) with 11 to 14 dB of noise.
Equivalent gallium-arsenide diodes have noise up to 23 dB [31, 32].
The above-mentioned amplifiers still compete effectively with field
transistor amplifiers. Comparison of power gains of various types
of diode generators for continuous and impulse power is shown in
Fig. 15. The greatest power gains are expected to be gotten from
Gunn diodes working in the LSA (Limited Space Accumulation) mode,
though these gains are as yet unrealized and are backed up only
with a few experimental results achieved in laboratories.

14
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Fig. 15 Comparisons of power
gains of various types of dilode
oscillators.

KEY: (1) Power output; (2)
Silicon avalanche-transit diodes
working as TRAPATT Impulse
diodes; (3) Silicon avalanche-
transit dlodes working as im-
pulse dlodes; (4) Gallium-
arsenide avalanche-transit
diodes workling as impulse
diodes; (5) Silicon avalanche-
transit diodecs in continuous
power application working as
TRAPATT; (6) Silicon avalanche-
transit diodes in contilnuous
power application; (7) Continu-

-przelotowe w pracy ciggly
AR ous power output of volumetric
(8) Volumetric diodes

(9)

1 9/ 7 diodes;

diwdy objetosciows  CZESTOHUWOSC GHI in impulse LSA application;

praca cuagla Gallium-arsenide avalanche-
transit diodes in continuous
power application; (10) Fre-
quency.

Advances 1n microwave semleonductor devices are tied in with
the design of new types of holders. Habitually, microwave device
manufacturers fit avallable holders and those made for other uses
even though the great variety of these semiconductors necessitates
using special type of holders, especlally when there is a need to
include with them ancillary assemblies [33]. The use of new in-
sulation materlals in holder construction such as oxide of
beryllium or quartz should improve significantly the properties

of microwave devices.

Passive microwave devices are presently not being intensely
developed, and progress in this area will depend on the development
cf semitconductor devices, although here also there are possibil-
itles 1in taking advantage of the echo of spln waves in ytterium
garnets in the design of delayed microwave lines. Circulators,
ferrous insulators have become widely used in milcrowave systems,
not to speak.of the adaptation of ytterium garnets as spherilcal

resonator filters [14].
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There 1s a resurgence in use of elements concentrated in the
X-band about which we talked in former conferences, equally 1in i<
generators and filters (Fig. 16) [34, 35]. Progress 1s also noted %,
in microlines, specifically in the millimeter wave band [18].

Fig. 16. Induction element in
conjunction with microline.

[
'y

A greater portion of microwave devices noted earlier are
manufactured by a hybrid process which is especially well adapted
to small assembly-line production [36]. The reason for its appli-

. g+ ——

cation is a decrease cf production wasts and supervision and
inspection time, resulting in lesser cost. Great need for this :
method of production will be 1in the area of satellite television k
recelvers. Work is going on mainly in the direction of field i
transistor integration in mlcrowave amplifiers, mixers, and medium-
frequency amplifiers [18, 38].

S

Further development of monolithic microwave technology depends {
on the speed up of work in logic circuits [39], especially since ;
gallium-arsenide replaced silicon as thelir basic material. 1In
the beginning, the Gunn effect was used to achleve a fast change
of transistor state obtaining a delay of 60 ps; later, the excellent
characteristics of gallium-arsenide field transistors began to be
taken advantage of from direct current to 4 GHz with prospects of
application above 5 GHz [39, 40]. Low power consumption of logic
elements of this type, permits the deslign of complicated circults
whose work 1s only limited by power lost as heat. Monolithic inte-
gration is one practical solution for subnanosecond logic circuits.
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In ending the review of technical and scientific developments
regarding solid state microwave electronics, we should direct our
attentlon to the development of technology in the submillimeter
wave band or light waves. Though these problems are beyond the F
Mainstream of this conference, it is important to know that their
development 1s tled with utilization of the methods of microwave
technology.

In the same way, the technology of mechanical waves in solid
state elements (microwave acoustics) utilized in microwave appli- M
catlions is tied with these proceedings [42, 43].

In ending this article we need to remember that in the five

% years 1976-1980, a U40% growth of semiconductors is expected on
the world markets [44], as well as a 50% increase of passive sub-

! assemblies and cables together with contacts. Our national econocmy [
will naturally demand greater growth dynamics. f
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