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Abstract—Microwaves will play a vital role in future defense
systems. They will enable the integration and interdependent op-
eration of military ground, surface, air, missile, and space-based
radar and communication systems for enhanced overall defense
effectiveness. Microwave component, subsystem, and systems en-
gineers will find new challenges in meeting the requirements for
extremely high data rates and very low cost that are critical to the
development of these systems of systems. The need for multidisci-
plined microwave engineers will provide new opportunities in the
future.

Index Terms—Communication systems, MEMS, military
systems, Milstar, MMICs, radar systems, UCAV.

I N DESCRIBING the role of microwaves in the development
of radar, Skolnik emphasized that microwaves and radar

were a great match [1]. Microwaves, radar, and communication
systems will continue to be great matches in future defense
systems. Microwaves and millimeter waves will enable the
operation of military ground, surface, munitions, air, missile,
and space-based radar and communication systems to become
more integrated and interdependent as depicted in the Fig. 1.
Instead of autonomous platforms, future collector systems,
processors, and users will share information via networks.
During operations, the engagement systems will have the
ability to reach back for information that will enable them to
provide more adaptable quick-reaction forward “footprints”
(presence). Ground forces will also contribute to the total
situation awareness with improved communications and sensor
systems. Solders’ positions will be known accurately via
global positioning system (GPS) satellite receivers, and they
will be able to access secure spread-spectrum cellular-like
systems with voice and data links. Data from night-vision,
spectrum-scanning, and video sensors will be linked back to
headquarters over cellular systems or directly to satellites.
Throughout the entire system configuration, many images per
second will be collected, processed, and the information shared
in real time. In addition to improved radar and communica-
tion capabilities, this environment will demand significantly
increased signal and information processing capabilities.
Processing speeds in excess of ten tera-operations per second
will provide new frontiers for microwave engineers.
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Fig. 1. Battlefield scenario of the future shows a highly integrated and
interdependent system of systems. (courtesy of Tim Kemerley, Air Force
Research Laboratory, Wright-Patterson AFB, OH).

Performance has been the overriding design criterion for
military systems. Since development times (15 years), costs
and system complexity have increased dramatically, and the
emphasis of the Department of Defense (DoD) is shifting to
low cost. Acquisition strategies are changing to take advantage
of commercial technologies wherever possible. However, there
will still be some unique military requirements like perfor-
mance to counter stealth, form-fit-and-function, and severe
operating environments.

The military has relied on RF vacuum electronics (VE) for
high-power amplifiers (PAs) for radar, electronic warfare (EW),
and communications systems. As a result, the capability of VE
to generate and amplify high-power coherent radiation at high
frequency ( ), as measured in terms of average output power
density ( ), has doubled every two years for the past six
decades [2]. Due to constant technology advances, modern elec-
tronic amplifiers and oscillators provide reliable long-life oper-
ation. Rapid advances in VE will continue with emphasis on
small size, light weight, and low cost without sacrificing per-
formance. For example, the low-gain high-power VE approach
implemented in microwave power modules (MPMs) with helix
traveling-wave tubes (TWTs) will be extended across a range
of VE device types for the final amplifier stage of improved
radar, EW, and communication systems. The increasing demand
for high data rates and bandwidth will drive the development of
VE high-PAs to high microwave and millimeter-wave frequen-
cies. Microfabrication techniques like microelectromechanical

0018–9480/02$17.00 © 2002 IEEE



1040 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 3, MARCH 2002

systems (MEMS) may be used to develop new high-frequency
high-efficiency VE tile architectures.

It is likely that monolithic microwave integrated circuits
(MMICs) will be a dominant technology, but military require-
ments will demand the development of new materials and
microwave devices (like GaN and SiC) capable of providing
lower noise and increased power, efficiency, bandwidth, and
reliability in stressing thermal environments. Small ultra-
stable oscillators will be required to enable detection of small
slow moving targets. Very low-loss low-cost components for
switching and phase shifting like MEMS will be required, es-
pecially for extremely large space-based arrays and lightweight
uninhabited combat air vehicles (UCAVs).

There will be higher levels of integration of microwave
devices with mixed-signal components for more compact and
adaptable sensor front-ends. Innovative packaging technology
and integration techniques will be required to meet perfor-
mance, volume, weight and cost constraints. For example,
UCAVs require conformal antennas. Microwave components
mounted on flexible substrates could satisfy these needs, as
well as those of satellite systems that must be stowed for
launch and deployed in space. Due to array size or quantities of
arrays, devices on flexible RF substrates may be assembled on
“roll-like” machines at high rates to achieve cost goals.

In future multifunction arrays and ubiquitous radar, the
signal-processing functions will be moved forward to the
high-PA and low-noise amplifier at each element of the array
and beamforming performed digitally [1], [3]. Such systems
will require development of advanced adaptable direct digital
synthesizers (DDSs) and analog-to-digital converters (ADCs)
that work at gigasamples per second with 12-bit resolution and
low-power dissipation.

For missile seekers, millimeter-wave frequencies will be pre-
ferred because apertures are small. For example, at 35 GHz,
the aperture in a 7-in missile would have about 700 elements.
To meet cost goals, the cost per element would be between
$20–$30—a tremendous challenge for electronically scanned
arrays. MMICs and packaging costs would have to be drastically
reduced. MEMS or reflect arrays offer some potential solutions.

The need for wide-band communications will lead to the
use of millimeter-wave frequencies in future satellite systems.
Milstar is the newest fielded military satellite system and oper-
ates with a downlink in the 20-GHz band and an uplink in the
44-GHz band. The next-generation communication systems,
i.e., Advanced EHF and Advanced Polar, will operate in these
same frequency bands with crosslinks between satellites in
the 60-GHz band. These future satellite systems will utilize
multicarrier signals and multibeam antennas for both transmit
and receive. For satellite terminals, PAs at 45 GHz with output
powers of 100 W with very good linearity will process multiple
carriers and low noise amplifiers (LNAs) with noise figures less
than 1.5 dB at 20 GHz will be required. Low-power integrated
phase shifters that operate from 18 to 45 GHz will be needed.
High-speed (sample rates over 1 GHz) and high-resolution
(10–14 bit) A/D and D/A devices as well as a wide range of
DDS devices (over 1 GHz) must be developed. Some special-
ized communications applications will require PAs, oscillators,
mixers, and LNAs that operate at 60 and 94 GHz.

Platforms for satellite terminals continue to decrease in size,
UCAVs being an example; yet performance comparable to
larger terminals will be required, leading to the development of
low-profile steerable antennas, high-efficiency PAs, and very
LNAs in the 18–50-GHz frequency range.

In the future, microwave engineers with multidisciplined
experience in RF, mixed-signal devices, photonics, and pack-
aging technologies will be highly valued. Broad-band signal
processing will also require engineers who are skilled in
both RF and digital signal processing. Experts in advanced
modulation techniques, spread-spectrum techniques, error-cor-
rection coding, and digital signal-processing techniques will be
needed. Increasingly, microwave engineers will use improved
computer-aided design (CAD), modeling, and simulation
tools. By creating accurate and reproducible models with
user-friendly design tools, design cycle times and costs will be
significantly reduced.

Recently, rapidly expanding commercial markets have lured
away microwave engineers from defense. This fact, coupled
with the design challenges generated by large complex systems,
may dictate that virtual teams of engineers from both defense
and commercial companies in various geographical locations be
organized in order to adequately address the design, fabrication,
and testing of microwave components and subsystems. Military
security requirements will pose interesting problems for the im-
plementation of virtual teams. In this new business environment,
there is an opportunity for industry, universities, and the govern-
ment to rethink all aspects of recruiting, training, and retention
of microwave engineers. Perhaps the technical challenges that
are offered by future microwave and millimeter-wave defense
systems will entice many engineers to address the unique de-
sign and manufacturing problems.
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