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Abstract -- Waveform diversity in multistatic radar systems can
enhance distributed radar system performance. Dynamically changing
the electromagnetic emanations of radar and communications systems
however poses an electromagnetic compatibility (EMC) challenge.
Data are provided illustrating how waveform diversity improves mul-
tistatic radar system performance. An approach for maintaining EMC
in a dynamically changing environment is also provided.

Index Terms—Radar, Waveform Diversity, Knowledge-Aided

I. INTRODUCTION

Sensor performance may be enhanced by selecting algorithms
adaptively as the environment changes. It has been shown [1-7],
that if an airborne radar system uses prior knowledge concerning
certain features of the earth (e.g. land-sea interfaces) intelligently,
then performance in the filtering, detection and tracking stages of
aradar processing chain improves dramatically. As an example, the
performance of an intelligent radar can be increased if the charac-
teristics and location of electromagnetic interference, mountainous
terrain, and weather conditions are known. The Sensors Direc-
torate of the USAF Research Laboratory conducted and sponsored
research and development in the use of prior knowledge for
enhancing radar performance, as did the Defense Advanced
Research Project Agency (DARPA) under the Knowledge Aided
Sensor Signal Processing Expert Reasoning (KASSPER) program.

One design of an intelligent radar system that processes
information from the, filter, detector, and tracker stages of a
surveillance radar, investigated by the USAF and under the
KASSPER program, was specifically designed for an Airborne
Intelligent Radar System (AIRS). This architecture design
leveraged advancements pursued by the World Wide Web Con-
sortium (W3C) and DARPA Agent Markup Language (DAML)
program for constructing the next generation internet. Futuris-
tic advanced intelligent radar systems will cooperatively per-
form signal and data processing within and between sensors and
communications systems while utilizing waveform diversity
and performing multi-sensor processing, for reconnaissance,
surveillance, imaging and communications within the same
radar system. A high level description of AIRS is shown in Fig-
ure 1 and is described in detail, [6, 8], in the literature.

There are other efforts concerned with dynamically control-
ling the emission and reception of radio frequencies in addition
to AIRS, for example, the XG (neXt Generation Communica-
tions) program sponsored by DARPA. The XG program devel-
oped an architecture that will open up the spectrum for more
efficient use by first sensing and then using portions of the spec-
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Fig. 1. Airborne Intelligent Radar System

trum for XG radio transmissions adaptively.

The goals of the XG program are: 1. Demonstrate through
technological innovation the ability to utilize available (unused,
as opposed to unallocated) spectrum more efficiently, and 2.
Develop the underlying architecture and framework required to
enable the practical application of such technological advances.

Figure 2 is a diagram representing the operational concepts
of an XG policy-agile spectrum user which employs a comput-
er understandable spectrum policy capability [9].

Another effort related to communications, and having simi-
lar goals to the XG program, is the Cognitive Radio [10]. Its
objectives are to efficiently utilize the radio frequency (RF)
spectrum and to provide reliable communications at all times.
A basic cognitive cycle view of the radio is illustrated in Figure
3. A general overview and projections of the Cognitive Radio in
our society can be found in [11].
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The US Air Force (USAF) was one of the original investi-
gators in applying knowledge based processing to radar sig-
nal processing. A current initiative is the Sensors as Robots
(SaR) program. A sensor system’s performance can be
enhanced by adapting sensor algorithms as the environment
changes. It has been shown that an airborne radar system’s
performance can be improved by exploiting knowledge of
certain features of the earth (e.g. land/sea interfaces) and its
surroundings.

Portions of SaR to date have been applied to an airborne
radar surveillance system flying a repetitive route accumu-
lating data and knowledge to be used during the next sortie.
However, today’s adversaries are not traveling in truck con-
voys, flying aircraft in formation, or traveling the desert in
tanks. They cannot easily be detected and tracked with
stand-off airborne sensors such as AWACS or JSTARS.
Today’s adversaries are embedded in urban environments
traveling in ordinary vehicles, dressed as civilians, and carry-
ing small weapons and bombs. Large surveillance platforms
cannot easily detect weapon carrying individuals driving
vehicles that are kilometers away. Nor can they detect
remotely located weapon caches housed in dense urban areas.
To meet these requirements, numerous organizations are
investigating unmanned air vehicles (UAVs) with different
sensors which can be deployed in urban and rural regions to
detect and track various targets. These UAVS may operate
either on their own, in conjunction with surveillance plat-
forms, or with minimum human intervention. One of many
scenarios may be to deploy numerous UAVs with smart
receivers in conjunction with a controllable strong radiator
to illuminate the area of interest and have the UAVSs jointly
process their received signals. For multistatic radar it has
been shown [12] that performance is dependent on both
waveform and geometry, i.e. the position of the target test
cell and the positions of the transmitters and receivers. We
will provide an overview of the multistatic ambiguity func-
tion (MAF) and demonstrate how multistatic performance
measures can be improved through waveform diversity e.g.
changing the pulse repetition frequency (PRF). In so doing
we are beginning to develop a rule set for intelligent pre-
detection multistatic data fusion.

Waveform diversity for radar and communication systems

however may cause EM fratricide and new techniques are
required if SaR, XG and Cognitive Radios are to be deployed
successively. In Section Il an overview of Multistatic Ambigui-
ty Function (MAF) is presented and results provided showing
how waveform diversity can improve radar performance. Section
111 provides an approach of how to build the next generation
weapon systems that include waveform diversity radios and
radar systems. Section 1V describes a preliminary architecture
design for managing a platform with multiple waveform diver-
sity equipments. Section V describes the paradigm shift that
will be required to accommodate waveform diversity equip-
ments in our military systems. Section VI provides our summa-
ry and conclusions.

1. MULTISTATIC AMBIGUITY FUNCTION
The ambiguity function is a commonly used measure for the
analysis of radar systems. In the case of monostatic radar sys-
tems, the ambiguity function was shown to play an important
role in quantifying different system performances. Recently,
the concept of the ambiguity function was extended to the case
of multistatic radar systems [12-14] where the multistatic
ambiguity function was used for assessing waveform selection
[12-13] and radar fusion strategies [14].

In particular, in [12] the authors studied the bistatic
ambiguity function and demonstrated how system geometry
and waveform selection determine the shape features of the
ambiguity function such as the area under the main lobe
and location of the sidelobes. In [13] the authors considered
the 2-D system geometries with single transmitter and
multiple receivers and studied the system performances for
different waveforms. It was demonstrated that the system
resolution is directly affected by the waveform. To illustrate
this observation let us consider the system geometry with a
single receiver and four receivers. Figures 4 and 5 show the
multistatic ambiguity function for two different waveforms
(Barker 5 and Barker 13, respectively) with all other
assumptions and system parameters (such as system geome-
try, weighting coefficients, pulse width, number of pulses
and total waveform duration) being the same (see [13] for
more details).
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Figure 4. Multistatic ambiguity function (Barker 5 wave-
form)
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Figure 5. Multistatic ambiguity function (Barker 13
waveform)

To illustrate the differences in resolution, the multistatic
ambiguity functions for both waveforms (3-dB main lobe con-
tours) are shown in Figures 6 and 7.
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Figure 6. Barker 5 ambiguity function (contour 3dB plot -
main lobe)
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Figure 7. Barker 13 ambiguity function (contour 3dB plot
— main lobe)

As can be seen, the Barker 13 waveform has significantly
better range resolution: the 3dB width for the Barker 5 is
approximately 1040m, while in the case of Barker 13 waveform
the width is approximately 480m, a reduction of 54%.

The topic of our latest research efforts is how waveform para-
meters such as pulse width and number of pulses affect the
shape of the ambiguity function in 3-D geometries with a sin-
gle transmitter and multiple receivers. Some preliminary results
are shown in Figures 8 and 9 that show multistatic ambiguity
function for 5-pulse and 3-pulse LFM waveform, respectively,
and for the same system geometry, weighing of the receivers,
pulse width and total waveform duration.
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Figure 8. Multistatic ambiguity function for 5-pulse LFM
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Figure 9. Multistatic ambiguity function for 3-pulse LFM

As can be seen, in this case the position and height of the
sidelobes is significantly affected. For example in the case of 5-
pulse LFM the height of the maximal sidelobe is 0.4312 (see
Figure 8) in the region of interest. This result can be improved
by switching to a 3-pulse LFM where this height is 0.2618
(39.3% reduction).

I11. NEXT GENERATION WEAPON SYSTEMS
If we are going to deploy waveform diversity communications
and radar systems, then we need a new approach in building
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our next generation weapon systems. We need to think of our
sensors not just as stand-alone devices, but as a system of sen-
sors, whether mounted on one platform or on multiple plat-
forms. Waveform diversity technology allows one or more sen-
sors to change operating parameters automatically, e.g. fre-
quency, gain pattern, pulse repetition frequency (PRF). A sys-
tem of sensors can then adapt operations to meet the stressing
and changing environments that military systems must face.
This will meet the goal of moving sensors any place in the
world to defend against different missile systems and their
potential deployments, even those systems that do not current-
ly exist. The concept of waveform diversity is growing in pop-
ularity within the signal processing community. The First
Annual Waveform Diversity Workshop was held February
2003 in Washington DC. The second workshop was held in
April 2004 in Verona, New York, and the first international
conference on waveform diversity will be held in Scotland in
November 2004, http://conferences.iee.org/waveform/.

In the not too distant future sensor and communication
devices will have the capability to receive information from
multiple sources and to decide which signal modulation and
antenna parameters need to change in order to perform their
functions most effectively. They will also seamlessly coordinate
changes with an intelligent coordinator that approves requested
changes and/or negotiates another change that allows better per-
formance, and yet maintains EM compatibility within and
between nearby platforms.

How can this be done in the near future? The answer lies in
leveraging the newest and most promising advances in software
research and development, especially those technologies being
pursued in the development of the next generation Internet,
sometimes called the Semantic Web. The Semantic Web is a
technology effort from the W3C (World Wide Web Consor-
tium) and is defined as:

“The Semantic Web is the representation of data on the
World Wide Web. It is a collaborative effort led by W3C with
participation from a large number of researchers and industrial
partners. It is based on the Resource Description Framework
(RDF), which integrates a variety of applications using XML for
syntax and URIs for naming.”

(http:/iww.w3.0rg/2001/sw/)

Shown in Figure 10 is a design of a system where a plat-
form has a collection of multiple sensors, and each sensor
could be a radar system, a communication system, naviga-
tion system, or any other sensor that emits or receives RF
energy. Currently very few sensors on an individual platform
communicate with each other. It is our belief that in the near
future these systems will be able to change operational para-
meters as they run. However, none of the current research
considers the EM fratricide that may occur either on the
platform or between nearby platforms. We need to investi-
gate building a system that can provide communications
between all these sensors and have the intelligence to coor-
dinate the management of the RF spectrum such that each
sensor can achieve its goals, reduce the probability of EM
fratricide, and meet the overall goals of the platform and its
mission. There is technology being pursued by some of the
brightest computer scientists in the world that can assist us
in meeting these goals via the development of the next gen-
eration Internet.

An Intelligent Sensor Svstem
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Figure 10. A Notional Design

Semantic Web technologies will allow building software to
understand the content of Web pages and other Internet
resources. This same technology can allow us to build software
that will understand the data and information from multiple
heterogeneous sensors such that it can control and grant
requests for portions of the frequency spectrum and yet main-
tain EM compatibility. These data will be defined in an inde-
pendent set of standards-based documents called ontologies,
which will specify the syntax, semantics and inference rules for
particular domains. Sensor and communication systems can
publish a document describing that individual resource in a
standard syntax (the W3C Resource Description Framework,
RDF), that will tell software how its data are presented, what
the data mean and how to inference over the data. Platforms
can then add or change these sensors without additional devel-
opment or modification of current software because their out-
put will be standardized to a specification. Software, too can be
changed and ported to other platforms, because the software
can understand the data structures of the individual sensor. For
example, the RDF of a sensor would define whether that sensor
measures distance in meters or Kilometers, and inference rules
in the ontology would tell the software how to convert one
measurement to another. The analysis software is then stan-
dardized to understand a sensor’s output regardless of scale.
The software understands the meaning of the data, rather than
just receiving the data.

IV. AN INTELLIGENT SENSOR SYSTEM

If a radar/communication sensor is going to share and receive
information from multiple sources, it must be able to commu-
nicate and to understand the information. A solution for the
exchange of information between heterogeneous sensors is for
each sensor to publish information based upon an agreed upon
and understood format (i.e. an ontology). Sharing information
between sensors on the same platform and between platforms
is required, especially if one or more sensors are adaptively
changing waveform parameters to meet the demands of a
changing environment. Figure 11 depicts a preliminary archi-
tecture design of an intelligent sensor system. Each sensor has
its own signal and data processing capability. In addition to
this capability, we have added an intelligent processor to man-
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age sensor fusion, communication and control. The goal is to
build this processor to interface with any sensor and communi-
cations equipment and to communicate with the other sensors
using ontology-defined data via an intelligent platform net-
work. The intelligent network will coordinate the communica-
tions between the sensor and communication equipments
onboard and offboard. The network will determine if there is
an EM interference (EMI) potential when a sensor varies its
antenna’s main beam pointing vector, or changes its PRF and
causes interference to a receiver. Rather than have each piece of
RF equipment on a platform operate as an independent device,
we need to design our platform as a system of cooperating RF
devices with individual and global goals managed by an intel-
ligent platform network. This is one of the major issues being
pursued under the sensors as robots (SaR) initiative with the
USAF. This initiative is addressing attended and un-attended
sensor platforms.

An Intelligent Sensor Svstem
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Figure 11 Preliminary Architecture Design

One of the main objectives of waveform diversity is to con-
trol the emission spectra of a radar to increase its performance
and to perform multiple functions, such as imaging and track-
ing targets. However, if we place one or more radar and/or com-
munication systems on an aircraft platform, we need to consid-
er how to retrofit an aircraft and to control the diversity of these
systems to avoid EM fratricide. The degree of communications
implicitly shown in Figure 11 does not exist today. An aircraft’s
communication and radar systems, for the most part, do not
communicate with each other. However, a radar system may
have access to data from the onboard navigation system. There
are approaches we can exploit to build this system by using fiber
optic or wire links onboard the platform. RF links using Blue-
tooth or 802.11 technologies can be exploited for linking these
sensors onboard the platform. The communications issues for
sharing information and for minimizing the potential of EM
fratricide need to be addressed.

The design presented in Figure 11 has three levels of artifi-
cial intelligence (Al) algorithms to share information. The first
set of algorithms is contained within the knowledge based (KB)
Signal and Data Processing (KBSADP) and represents the work
being performed on the KASSPER program and by the USAF
Sensors Directorate [2—8]. For communications equipment, this
work is being pursued under DARPA's XG program. The next

level of Al algorithms interfaces KBSADP with the intelligent
platform network.

The Intelligent Fusion Communication Control, Plug &
Play (IFC2P2) software module will share information with the
KBSADP and XG modules and the Intelligent Platform Net-
work (IPN) based on the ontologies. This sharing will allow
each sensor and communication system to request/provide
information from/to other sensor and communication systems
for intelligent processing. The IFC2P2 could reside on a sepa-
rate processor with a network connection to the IPN and a con-
nection to KBSADP, or it could reside on the KBSADP (or XG)
processor. For existing sensor and communication systems, soft-
ware will be created to translate data to/from their own specific
data formats to the formats defined by a common ontology. The
IFC2P2 processor may have a graphical user front end, depend-
ing upon the sensor and communication system, to view infor-
mation, control the KBSADP processor, and assess the results of
the sensor fusion. Sharing information is valuable for new sen-
sor systems in order to exercise waveform diversity functions, as
well as for older systems lacking waveform diversity functions.
For those non-adaptable equipment, the IPN will be preloaded
with the appropriate ontology-based data.

V. EMC PARADIGM SHIFT
EM fratricide is that situation where we degrade the perfor-
mance of our own system(s) with our own system(s), e.g. an
onboard radar’s energy is received by an onboard communica-
tion receiver and that degrades the receiver's performance. This
is a problem since there are multiple sensor and communica-
tion systems onboard platforms. Military weapon systems are
engineered to prevent such phenomena between hardware
located in close proximity. The military has standards for
describing how to build and test hardware for EMC, and how
to test weapon system platforms for EMC, e.g. Military Stan-
dards 461E and 464. The Department of Defense has also
developed EMC prediction tools to assess the EMC of its
weapon systems. These tools were developed during the 1970s
and 1980s and have been enhanced and used since then. They
were developed according to military standards to assure prop-
er systems testing was performed, because most of the systems
developed then were deployed in space where fixing EMI prob-
lems is not practical. Using software tools to perform EM mea-
surements in the 1970s was a major paradigm shift for the
EMC community.

Just as we needed a change by using software tools to assess
a system’s EMC in the 1970s, we now need to rethink how to
build complex systems that employ waveform diversity and
some of the proposed XG and Cognitive Radio spectrum man-
agement concepts. Whereas in the 1970s we required software
tools to predict where to hone our measurements, we now need
to use software to help determine when EMI may occur in real-
time, and manage the EM spectrum while the platform increas-
es its EM performance. This performance gain is not related to
just one system onboard the platform, but to a system perfor-
mance measure of the total platform, where the platform may
contain communications, navigation, radar sensors, etc. The
EMC tools used today assess the performance of an individual
stovepipe system, e.g. the increase in bit error rate of commu-
nications equipment and the decrease in probability of detection
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of a radar. The predictions made by these performance measures
are usually related to the signal to noise plus interference ratios
computed for each transmitter coupled to each receiver. The
tools also compute the sum or integration of all transmitters’
coupling into a receiver(s) along with a hypothesized EM spec-
trum, to represent the environment, and to predict an integrat-
ed or total EM ratio which can be related to a receiver’s perfor-
mance. This method identifies the performance of each receiver,
but it does not alert us to the degradation of the total weapon
system’s performance. In addition, each computation is per-
formed for a fixed set of operating conditions for each transmit-
ter and receiver of EM energy. This approach is acceptable when
analyzing a weapon system with conventional equipment,
where each system’s performance is assessed independent of all
others. However, this is not acceptable for a weapon system or
platform with a global performance requirement(s) or when the
waveform parameters of one or more of its systems are changing
in real-time.

VI. SUMMARY AND CONCLUSIONS

We have provided an overview of waveform diversity and how
they are being studied for communications and radar systems.
The deployment of these systems within military platforms has
a great potential of causing EM fratricide. There are Semantic
Web technologies that can help us manage the EM spectrum
within military platforms. However, we will need a paradigm
shift in how we develop these intelligent platform systems that
can manage waveform diversity equipments when deployed with
current EM equipments on the same or nearby platforms. The
EMC area has a new challenge in the integration of waveform
diversity equipments for the military and commercial worlds.

REFERENCES

[1] W. Baldygo, M. Wicks, R. Brown, P. Antonik, G. Capraro, and
L. Hennington, “Artificial intelligence applications to constant
false alarm rate (CFAR) processing”, Proceedings of the IEEE
1993 National Radar Conference, Boston, MA, April 1993.

[2] R. Senn, “Knowledge Base Applications To Adaptive Space-Time
Processing”, AFRL-SN-TR-146, Final Report, July 2001.

[3] P. Antonik, H. Shuman, P. Li, W. Melvin, and M. Wicks,
“Knowledge-Based Space-Time Adaptive Processing”, Proceed-

ings of the IEEE 1997 National Radar Conference, Syracuse, NY,
May 1997.

[4] C. Capraro, G. Capraro, D. Weiner, M. Wicks, and W. Baldygo
“Improved STAP Performance Using Knowledge-aided Sec-
ondary Data Selection, Proceedings 2004 IEEE Radar Confer-
ence, Philadelphia, PA, April 2004, pp. 361 - 365.

[5] C. T. Capraro, G. T. Capraro, D. D. Weiner, and M. Wicks,
“Knowledge Based Map Space Time Adaptive Processing
(KBMapSTAP),” Proceedings of the 2001 International Confer-
ence on Imaging Science, Systems, and Technology, June 2001,
Las Vegas, Nevada.

[6] A.Farina, H. Griffiths, G. Capraro, and M. Wicks, “Knowledge-
Based Radar Signal & Data Processing”, NATO RTO Lecture
Series 233, November 2003.

[7] G.T. Capraro, A. Farina, H. Griffiths, and M. C. Wicks, “Knowl-
edge-Based Radar Signal and Data Processing”, IEEE Signal Pro-
cessing Magazine, vol. 23, no. 1, pp. 18-29, January 2006.

[8] G. Capraro and M. Wicks, “An Airborne Intelligent Radar Sys-
tem (AIRS)”, Proceedings of the Radar 2004 — International
Conference on Radar Systems, Paris, France.

[9] G. T. Capraro, P. J. Baskinger, M. C. Chruscicki, and D. Hague,
“Communications and Sensor Management A Net-Centric
Semantic Web Approach”, Proceedings of the 2006 Internation-
al Conference on Artificial Intelligence, June 2006, Las Vegas,
Nevada.

[10] S. Haykin, “Cognitive Radio: Brain-Empowered Wireless Com-
munications”, IEEE Journal on Selected Areas in Communica-
tions, vol. 23, no. 2, pp. 201 — 220, February 2005

[11] Ashley, S. “Cognitive Radio”, Scientific American,
http://www.sciam.com/article.cfm?chanlD=sa006&colID=1&art
icleID=000C7B72-2374-13F6-A37483414B7F0000, February
20, 2006.

[12] D.D. Weiner, M.C. Wicks, and G.T. Capraro, “Waveform Diver-
sity and Sensors as Robots in Advanced Military Systems,” 1st
International Waveform Diversity and Design Conference, Edin-
burgh, UK, November 2004.

[13] G.T. Capraro, I. Bradaric, D.D. Weiner, R. Day, J. Parretta, and
M.C. Wicks, “Waveform Diversity in Multistatic Radar,” Inter-
national Waveform Diversity and Design Conference, Lihue, HI,
January 2006.

[14] 1. Bradaric, G.T. Capraro, D. D. Weiner, and M. C. Wicks, “Mul-
tistatic Radar Systems Signal Processing,” IEEE Conference on
Radar, Verona, New York, USA, April, 2006.

Author Biography

Gerard T. Capraro received his BA in Math-
ematics in 1966 from Utica College of Syracuse
University (SU) and his MS and Ph.D. in
Operations Research in 1973 and 1978, respec-
tively, from SU. He founded Capraro Technolo-
gies, Inc. in July 1993. He has more than 40
years of experience in Electromagnetic Compati-
bility (EMC), Operations Research, Database

Management, Computer Architectures, Signal Processing, and Artifi-
cial Intelligence. His employment includes nine years as project engi-
neer, division chief engineer, and division manager at Kaman Sciences,
18 years as a research engineer for the USAF and an adjunct faculty
member at SU for over 20 years. He is a Fellow of the IEEE, member
of the ACM, member of NATO/AGARD Lecture Series (116) on
EMC and NATO RTI Lecture Series (233) on Knowledge-Based
Radar Signal & Data.

©2007 IEEE

71



