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Microfabricated next-generation
millimeter-wave power amplifiers

A new approach to millimeter-wave power amplifiers offers significant
advantages for military systems. The results of semiconductor manufacturing
techniques are applied to Ka-band vacuum devices.

By Larry Sadwick, Jennifer Hwu and Dean Anderson

ith the need for more band and/or tri-band (C-, X-, and Ku-band) tolearning, tele-medicine and private data net-

width and security, military incorporate Ka-band into what is known asvorks) to roof-mounted antennas on t
communications systems arequad-band. In addition, a number of defenskomes of individual subscribers. It is believe

moving higher up on the spec-and military systems are in development—othat Ka-band will be the focus of efforts tp
trum scale. These systems are driving thare anticipated—at even higher frequencieslevelop high-speed satellite communications

need for higher-frequency amplifiers, espeMilitary applications for millimeter-wave sys- in a number of arenas.

cially in the Ka-band. Many Ka-band applica-tems include high data rate network-centrid herefore, there clearly exists a need for Ka-

tions require more power than current solideommunications and anti-jam and low detecband transmitters to address, among other

state power amplifiers (SSPAs) can providetjon/interception warfare communications. things, these various and varied applications

While conventional traveling wave tubeKa-band appears to be the likely choice fotexpected power ranges from approximate

(TWT) amplifiers (TWT-As) provide the fre- broadband gigabit wireless base stations prd0 W to more than 200 W). These power

quency, power and reliability needed in suchiding broadband services (such as televisiolevels at frequencies in the Ka-band and higf

ly

er

applications, they do not have the mass pr@nd high-speed Internet and intranet accesaie presently outside the range that semicon-

duction advantages of today’s solid-state dedata trunking, video conferencing, distanceluctor electronics in the form of solid-stat

power amplifiers (i.e., monolithic microwave

integrated circuits (MMICs)) can provide.

e

Vacuum electronics addresses these power

levels in the millimeter-wave frequency rang

e

[1,2]. Some of the pertinent advantages and

considerations of TWT vacuum electronid
include:
« High efficiency (with multistage depresse
collectors) [see sidebar]. DC to RF efficien
cies of 30% to 70% are possible.

vices. Novel microfabrication techniqueg S5VD Inpurt Powsar v, Cutpun Powsar {d8mi)
blend the virtues of vacuum tubes with solid| &
state technologies to deliver higher perfo
mance from a compact package at cos
effective prices with much shorter lead timesg e i W

The new fabrication method has affected th A5 -— 1 W
Ka-band power amplifier, and military appli-
cations can benefit from new power amplifie 01} Y
techniques.

— 0 W

Applications 4l
To update and upgrade the platform for th
21stcentury, U.S. government agencies, sud
as the Department of Defense, are plannir]
to build communications systems in the fre| a5
guency range well into the millimeter-wave
region, i.e., the Ka-band surrounding 30 GHz
Millimeter waves offer a number of advan-
tages over conventional C- and Ku- band 0
including broader baan|dth, sm.aller.anten o0 59 a4 a8 a8 10 1 ™ a5 . an
nas and greater security. The military is pre

ently in the process of undergoing a systen inpalt Povesr ()

wide trqnsfprmatlon and ngr,ade of ItsFigure 1. SSVD TWT amplifier prototype: a device designed to achieve, at 30.5 GHz, a power
communications systems from single-, dualoutput of 10 W. This particular SSVD device saturates at 30 W.
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fer from low yield associated with the exact-
ing machining tolerances required for milli-
meter-wave operation. The adoption of high-
power millimeter-wave technology into many
military and commercial communication sys-
tems has been relatively little because of the
cost, availability and reproducibility of these
high-power, millimeter-wave tubes. These
difficulties of producing tubes for military
(and, for that matter, commercial) use be-
come even more significant for higher fre-
quency millimeter-wave sources where the
dimensions of the devices are being pushed
to the limits of current conventional machin-
ing technology and beyond.
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A solution is on the horizon

A solution to the millimeter-wave power am-
plifier/ source situation requires innovative
approaches, methods and techniques.
Fortunately, this situation can be addressed
Figure. 2. SSVD TWTA gain. by applying the same techniques that make
« Intrinsically radiation hard. exist. possible the mass production of semiconduc-
« High-temperature operation compared withMany, if not all, of the high-frequency, high-tor electronics. In other words, this develop-
SSPAs. power requirements can be addressed byent work is based on the concept of the
« Already used in many military and satellitevacuum electronics. However, many of théabrication of vacuum electronics using semi-
applications for their efficiency, high fre- fabrication techniques employed in the manweonductor and micro-electromechanical sys-
quency, high power capability, and reliabil-facturing of vacuum electronics tubes, suckems (MEMS) microfabrication techniques
ity. as traveling wave tubes, are not amenable and other high-volume manufacturing meth-
« In many cases, no solid-state alternativeadaptable to high-volume production and sufeds to realize affordable RF vacuum elec-

Power Supplies for Vacuum Electronics

P
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Unlike power supplies designed for semiconductors that have
direct current (DC) outputs of typically a few volts to dozens of
volts, vacuum electronics typically use power supplies that have
DC outputs measured in kilovolts. Vacuum electronics devices
such as traveling wave tubes (TWTSs) require negative high
voltages. The high-voltage supplies are typically constructed
using highly efficient switching power supply technology. The
high-voltage power supplies come in various flavors, ranging
from bare-bone units to extremely highly regulated supplies
with a full complement of error detection, monitor and control
circuitry (e.g., undervoltage, overvoltage, overcurrent,
overtemperature, short circuits, arcing detection and protection)
and power conditioning, including voltage sequencing. One metric
of importance is the “stored energy” that is usually measured in
units of joules. High-voltage power supplies designed for appli-
cations that require highly efficient systems and components
usually have multiple voltage “taps” for use with multistage
depressed collectors [please see other sidebar].

Efficiency of vacuum electronics

Vacuum electronics devices, such as TWTs, can be de-
signed to be extremely efficient. This efficiency usually comes at
the expense of increased complexity and cost by employing
what is known as multistage depressed collectors. The simplest
collector design scheme is to have the voltage of the collector
be at ground potential since the cathode is at high negative
potential. This simple scheme allows the collector to collect the
spent electrons after the electrons pass through the RF interac-
tion region and the electrons transfer some of their energy to the
RF circuit. The major disadvantage of the simple scheme is that
the energy of the spent electron beam can be significant. When
the beam “hits” the collector, the kinetic energy of the beam is
basically turned into wasted heat in the collector. This is detri-
mental in two ways: The first is reduced efficiency and the

second is the need for either active or passive cooling of the
collector to avoid excessive heating and temperature rise. For-
tunately, the use of a depressed collector simultaneously in-
creases the efficiency and reduces the amount of beam energy
lost to heat in the collector.

The basic idea behind the single- or multi-stage depressed
collector is to take the collector voltage from ground (zero)
potential and “depress” the collector voltage to a negative volt-
age (single depressed collector) or set of negative voltages in a
multidepressed collector. The trick is to not depress the collec-
tor voltage(s) so much that the electron beam is no longer
attracted to the collector. With this stated, the electron still sees
a relative positive potential between the cathode potential and
the collector potential(s). However, the potential energy differ-
ence between the cathode and collector is now smaller and,
hence, the electrons have less energy to be spent on heating
the cathode. This reduction in spent electron beam energy
conversion to heat is commonly referred to as recovering or
reclaiming (to the power supply) part of the kinetic energy of the
spent electron beam that would otherwise go to highly undesir-
able waste heat. Depressed collectors have led to a dramatic
improvement in the efficiency of, for example, TWTs from ap-
proximately 10% DC to RF efficiency for single-stage standard
collector to greater than 50% for a three-stage depressed col-
lector—to greater than 60% for a properly designed four stage
collector. With careful design and extensive simulation to accu-
rately account for effects such as secondary electrons, back
streaming of the primary electrons coupled with increased elec-
tron beam efficiencies has resulted in TWTs with DC to RF
efficiencies approaching or greater than 70%. TWTs employed
in on-board satellite space communications typically now have
DC to RF efficiencies of more than 70%. Figure 3 illustrates the
DC to RF efficiencies possible for the different collector schemes.
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capabilities of solid-state microfabrication
techniques.
« Use lower power SSPAs where they are
cost-effective.

E « Use vacuum devices where SSPAs legve
E 40 off to provide boost to high power.
w « Highly efficient DC to RF conversion using
& multistage depressed collectors.
Fan « The capability to incorporate gain and com
pensation, phase shifting, and linearization
- circuits into the system.
a « Simplified design provides increased relj
1] 1 2 - | 4

ability.
Mumber of Depression Siages « More compact and lower weight than con-
ventional TWTs.
Figure 3. Simplified possible DC to RF efficiencies for various levels of multistage collector « Devices can be created from S-band to \W-
potential depression schemes. band and beyond

tronics. For example, semiconducto{SSPA) to achieve a millimeter-wave power CAD, simulation and microfabrication rer
microfabrication techniques are employed te@mplifier module (MMPM) [2] that fulfills, sultin quick turnaround for new designs.
produce multiple identical copies of the RFamong other requirements, stringent poweBased on microfabrication and other high-
structure of the millimeter-wave amplifier. and gain demands of modern communicatiomolume manufacturing methods, SSVD TW[T
This has resulted in the successful develogystems. MMPMs are a major advantage inamplifier prototypes have been successfully
ment of a suitable high-power Ka-band amvast number of military applications andfabricated. An example of this is accomplisi-
plifier using microfabrication techniques.  SSVDs are designed to exploit these advamaent is a device designed to achieve, at 30.5
The technigques and methods used to mantages. Some of the pertinent advantages GfHz, a power output of 10 W. This particy-
facture these RF and MM power amplifiersSSVDs include: lar SSVD device saturates at 30 W as shown
are collectively referred to as solid-state Manufactured using established semiconin Figure 1.
vacuum device (SSVD) technology. Theductor and solid-state micromanufacturing. Some of the design goals of this SSVD de-
SSVD TWT-A is particularly suitable as a« Combine performance advantages o¥ice family were:

booster to a solid-state power amplifievacuum technology with mass production 30-31 GHz operation.
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> 50dB small signal gain.
Output power range of 5 to 80 W.
Compact size.

TWT-A advantages:

High output power levels.

Proven field robust performance.
Efficient operation.

Instantaneous broadband capability.

« Longlife.

« Compared to SSPAs, SSVDs dramatically

« Improved linearity with an optional reduce the cooling requirement and enable

linearizer.

As also mentioned above, SSVDs combin8&SPA advantages:
TWT-A and SSPA advantages and more: « Reduced manufacturing costs.
« Cost-effective at low power levels.

Furthermore:

smaller, less expensive, and more reliable per-
formance than any single RF power transis-
tor technology.

As can be seen from Figure 2, this prototype
power amplifier provides 11 to12 dB of lin-

« Compared to that for conventional TWTAsear gain. By incorporating its solid-state
SSVD fabrication is simplified for improved driver, the Ka-band MMPM can provide

reliability.
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higher than 50 dB linear gain. The total SSVD
prototype amplifier size is less than 4 inches x
2 inches x 1.75 inches and weighs less than
800 grams with further reduction in size and
weight currently under way. The device
mounts easily with its solid-state driver and
associated bias protection circuit on a 6-inch
x 8-inch base plate. Application-specific com-
puter-aided design capability and tools were
developed and used in the development of
this SSVD TWT amplifier work. A close
match between the simulation and experi-
mental results was successfully achieved. This
effort allows good theoretical guidance to
the actual manufacturing and testing of the
device and enables us to have fast device
development turn around. Better gain (from
the SSVD power amplifier alone), smaller
size, and lighter weight are all being planned
in the development of the next-generation
device.

In addition to achieving high-power, high-
frequency high-performance power sources,
another goal of this work is to provide cost-
effective and affordable microwave tubes with
high reliability, employing microfabrication
and other high-volume manufacturing tech-
niques that are suitable for military and com-
mercial communications systems. This devel-
opment work also demonstrates the dramatic
reduction in the parts and procedure steps for
the manufacturing of the millimeter-wave
source, taking advantage of, among other
things, the precision and automation features
offered by microfabrication techniques. In
addition, there are significant issues that need
to be taken into account, including the ma-
chining difficulty one faces with a millimeter-
wave device due to its stringent dimension
and tolerance requirements. As a result, cost
analysis and reliability studies show a consid-
erable cost reduction and an increase in reli-
ability. Additional optimization of manufac-
turing procedures is ongoing, which will
further enable these millimeter-wave devices
to be produced in large quantities and at
lower cost.

Reliability and lifetime

Contrary to the perception held by many—
possibly based on historical data and hear-
say—vacuum electronics’ reliability can be
high and lifetime long. Lifetime in conven-
tional vacuum tubes such as TWTs is a strong
function of the load and design of the tube.

Continued on page 23
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Continued from page 14 this work enables a new era in microwaveatructures are also currently under develg
The reliability depends on the constructiorglectronics: one in which automated fabricament for applications ranging from Ku-ban
and manufacture of, in this case, the TWTtion and assembly techniques developed fao W-band.DE

For example, properly designed, the lifetimesolid-state devices are used to build vacuum

of the thermionic cathodes used in converglectronics capable of meeting future needReferences

tional vacuum electronics can be hundreds éf millimeter and submillimeter transmitter[1]. Modern Microwave Power Sources
thousands of hours. In many cases, for higtgystems. Because the dimensional accura®obert S. Symons, IEEE AESS Systen
frequency applications, the conventional tub@f the microfabrication processes is on thé&lagazine, pp. 1-8, January 2002.

lifetime exceeds that of the SSPA. The Ssv©rder of one mm or less, devices based dnh [2]. Vacuum Electronics for the 2Cen-
approach to TWT design leads to improvedhis technology should reach multi-THz optury, R.H. Abrams, B. Levush, A.A.
reliability by employing highly repeatable erating frequencies. Other RF interactiotMondelli,, and R.K. Parker, IEEE Micro-

manufacturing processes and by reducing the wave Magazine, pp. 61-72, September 20

parts count.
If implemented correctly, SSVDs offer an
important advantage: the ability to shorten
the turnaround time for custom design and
manufacturing. While efforts are in progregs
to push the design to Ku and W bands, the
technology has the potential to achieyve
TeraHertz frequencies.

Conclusion
In conclusion, a high-power Ka-band TWT:
A has been successfully developed emplpy-
ing new manufacturing methods including
using state-of-the-art semiconductpr
microfabrication to produce in parallel mul-
tiple identical copies of the RF structure pf
the millimeter-wave amplifier. The result of
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