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DISCLAIMER

These proceedings are a best effort to summarize information presented and articulated at the
conference. Speakers were given the opportunity to review the write-ups. Questions and requests
for clarification should be forwarded to individual speakers. Certain products, technologies and
corporations are identified in this report to adequately specify aspects of subjects discussed
during this conference. In no case does such identification imply recommendation or
endorsement by the National Telecommunications and Information Administration, nor does it
imply that they are in any way superior to or more noteworthy than similar entities that were not
mentioned.
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EXECUTIVE SUMMARY

The International Symposium on Advanced Radio Technologies (ISART) is a U.S. government-
sponsored conference hosted by the National Telecommunications and Information
Administration’s Institute for Telecommunication Sciences (NTIA/ITS). ISART is a discussion-
based conference that brings together government, academia, and industry leaders for the
purpose of forecasting the development and application of advanced radio technologies within
the context of spectrum management and regulation. Starting in 2010, the principle-based goal of
ISART has been to develop forward-thinking rules and processes to fully exploit spectrum
resources.

The emphasis of ISART 2011 was radar spectrum usage and management. The symposium
included radar tutorials, inventory briefings, and moderated discussions about radar policy,
spectrum management, research, technology, and regulatory issues related to sharing radar
spectrum. Overall, ISART 2011 successfully brought the radar and communications
communities together to identify the issues and discuss ways to make radar systems and
spectrum use more efficient. The conference was organized into five broad categories: policy,
spectrum management, technology, business, and regulation.

Policy: Keynote Speakers and High-Level Overview Discussions

Thomas Power and Phil Weiser addressed the conference with some guiding questions and
directives. Power highlighted six questions to facilitate discussion. The six questions were: (1)
can any of the missions be accomplished in higher bands; (2) is there maritime or aviation radar
functionality that could be provided by radionavigation satellite service (RNSS); (3) can we be
more efficient in packing radars together; (4) if we can cut out a portion of these bands, and
implement wireless broadband, can these services live with each other as close neighbors; (5)
can new systems share with radar; and (6) is the commercial wireless industry interested in or
able to share radar spectrum?

Phil Weiser also provided context for the discussion by asking the participants to organize their
thoughts into three broad ideas: (1) sharing and cooperative uses of spectrum; (2) the role of the
institutional side of managing spectrum; and (3) the importance of incentives and data. He
encouraged the participants to build communities among themselves and stay engaged, to
develop shared and broadly held viewpoints, and to cultivate compelling narratives around those
viewpoints to get policymakers engaged in the issues.

The goal of the Overview panel was to provide an overview of the topics to be discussed in the
conference and to establish context related to the political pressure to find 500 MHz for fixed and
mobile broadband and the implications for radar. The panel discussed NTIA’s plan to contribute
to the 500 MHz goal, budgetary constraints, institutional obstacles, incentives, collaboration
between the private and public sector, and sharing radar bands with the commercial sector. Some
pervasive themes in the Overview Panel were funding, incentives, rules, trust, and lack of
information.
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Spectrum Management: Inventory Briefings and Compatibility Discussions

The goal of the Inventory Briefings was to give some technical background on where radars are
currently located in the spectrum and general characteristics of radar. Some of the important
characteristics highlighted included: radars have high-power transmitters and noise-limited
receivers; no two radar models are alike and systems continue to evolve; many air- and ship-
based radar systems operate in coastal regions; and radars have long lifecycles, are expensive,
and alternatives are limited.

The International Compatibility panel provided an understanding of the regulatory regimes and
current interference issues facing the radar community. The current radar spectrum management
and interference issues discussed included:

e Adjacent-band broadband compatibility around 3 GHz

e Fast-track wireless broadband service issues at 3550-3650 MHz

e Compatibility between RNSS and ground-based airport surveillance radar systems in the
1215-1300 MHz band

e (Co-channel dynamic frequency selection (DFS) radio frequency interference to terminal
Doppler weather radar (TDWR) at 5 GHz

e HF oceanographic radar and 5 GHZ band radar interference issues in Korea.

Technology: Radar Tutorials and R&D Discussions

To provide technical background for the broad range of engineers in attendance, the conference
was preceded by a series of tutorials on radar technology chaired by William Melvin of Georgia
Tech Research Institute. The topics covered basic radar fundamentals, adaptive interference
mitigation in the receiver, and an overview of transmitter technologies.

The Radar R&D panel addressed the technological roadmap to next generation radar that
achieves greater spectrum utilization by leveraging emerging radio technologies. Session chair
Joe Guerci established the challenges and constraints (in addition to the points made previously
by Frank Sanders in the inventory briefings) that currently exist for radar as: (1) airborne radars
have a panoramic view and long line-of-sight range, (2) radars require relatively long periods of
useable spectrum, (3) current radars are highly restricted with regard to waveforms, (4) security
constraints associated with government radars, (5) radar systems have long development times,
and (6) changing radar bands can degrade capabilities.

Business: Broadband Industry Making a Case to Share Radar Bands

The goal of the Sharing Radar Bands with Commercial Systems panel was to explore sharing
possibilities and make the case for sharing radar bands with commercial systems. Topics covered
by the panelists included:

e Costs and benefits in Sharing Radar Bands

e WISPA’s perspective on Radar Band-sharing at SGHz and 3.4 GHz
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e Operation of wireless broadband services in the 3550-3650 MHz band identified under the
NTIA Fast-Track Evaluation

e Opportunistic primary-secondary sharing with rotating radar
e Medical devices coexisting with radar in the 420-450 MHz band

e Incumbent spectrum users’ DSA requirements.

Regulation: Reform to Facilitate Spectrum Sharing

The goal of the Regulatory panel was to describe a roadmap for DSA deployment with radar,
with practical first steps to advance both the development of new technology and new regulatory
approaches. Time limited leases, software assurance and conformity assessment, improved
monitoring of new technology rollouts, robust enforcement capability, more resilient systems,
and model-based spectrum management were all discussed as possible sharing models for radars.

Conclusion

There were a number of significant findings. The problem of encouraging more efficient use in
the radar bands is a multi-faceted problem spanning economic, regulatory, and technological
issues. A number of technical solutions for improving radar spectrum utilization were identified
including cognitive radar, adaptive antennas, modern radar transmitter front-ends with improved
out-of-band emission characteristics, advanced waveforms, signal processing, and multifunction
systems. However, the most significant obstacles were found to be not technical but rather
institutional, e.g. incomplete information, lack of incentives for incumbent to change, and lack of
resources.

The path forward will require incremental changes in technology and regulatory reform. Some
regulatory reforms that could be helpful first steps include commitments to developing strategic
agendas and transparency in the regulatory process. The most significant lingering questions
involved funding models, structuring incentives, building trust among stakeholders, security, and
protecting radars’ critical safety-of-life missions.
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1 INTRODUCTION BY CONFERENCE CHAIR MICHAEL COTTON

The International Symposium on Advanced Radio Technologies (ISART) is a U.S. government-
sponsored conference hosted by the National Telecommunication and Information
Administration’s Institute for Telecommunications Sciences (NTIA/ITS). ISART brings together
government, academia, and industry leaders for the purpose of forecasting the development and
application of advanced radio technologies. In the first 10 years, ISART was primarily a science
conference based on presentations of technical papers. There were a few policy papers and round
table discussions, but the format suited the focus of science and engineering (which matches
ITS’s role within NTIA). In the last couple of years, ISART has changed in format and focus to
address the current spectrum policy environment and its challenges.

1.1 Current Spectrum Policy Landscape

The political spectrum landscape in the U.S. has changed in recent years. In March 2010, the
Federal Communications Commission (FCC) released the National Broadband Plan (NBP) [1]
calling for 500 megahertz (MHz) of Federal and non-Federal spectrum to be repurposed in order
to free up that spectrum for new mobile, fixed, and unlicensed broadband use over the next ten
years, with 300 MHz of that to come from the 225 MHz to 3.7 GHz range in the next five years.
In June 2010, President Obama issued a Memorandum entitled “Unleashing the Wireless
Broadband Revolution” [2], which was in line with the NBP. The Presidential Memo, in
particular, is important because in it, President Obama says that finding 500 MHz for broadband
is important and commands it to happen, which has really set things in motion. Subsequently,
NTIA’s “Plan and Timetable to Make Available 500 MHz for Wireless Broadband™ [3] was
released in October 2010. It identified 2200 MHz of Federal and non-Federal spectrum that
NTIA and FCC consider prospects for repurposing and set an aggressive timetable for
repurposing the 500 MHz. Also released in October 2010 was an assessment commonly referred
to as “NTIA’s Fast Track Recommendations” [4], which made recommendations and gave
conditions on repurposing 115 MHz in four Federal bands over the next five years. There have
been a number of bills working through the legislative process; notable bills include Hutchinson
and Rockefeller’s Public Safety Spectrum and Wireless Innovation Bill [5] as well as Snowe and
Kerry’s Radios Bill [6].

Finding new spectrum is difficult because there are many layers of complexity to the spectrum
management process. Change is difficult because there is an established legacy built from large
investments on which stakeholders want to continue realizing returns. There is a lack of
incentive for incumbents to share or become more efficient because they have working business
models based largely on current uses of the spectrum. Budgetary constraints make it difficult to
upgrade, repurpose, or re-engineer systems and increases pressure for exclusive rights. Modern
radio technologies use wider bandwidths, causing more spectrum scarcity. Advanced technical
knowledge in many areas of expertise is needed to forecast success or failure of repurposing,
e.g., electronics, communications, and network engineering; physics, economics, mathematics,
and computer science; political science and telecommunications and Internet policy; and
business management (to ensure that systems make good sense fiscally). The variety of systems
and usage models, each with unique characteristics, must be understood to identify available



whitespace and good possibilities for sharing. There is also a diverse array of stakeholders, roles,
and relationships, which leads to competing influences and self-interests.

Examples of the groups of stakeholders and roles include: government; international
communities; spectrum managers and regulators; Federal and licensed incumbents; big business
and lobbyists; think tanks and academia; unlicensed users and small business; acquisition offices
and investors; technologists, innovators, and R&D communities; standards bodies; and
application users. Examples of competing influences and self-interests include: Federal vs.
commercial; licensed vs. unlicensed; science vs. politics; regulator vs. regulated; profit vs. social
benefit; long-term vs. short-term; business X vs. business Y; agency X vs. agency Y; business X
vs. agency Y; and service X vs. service Y. These can make negotiation of a scarce resource like
spectrum all the more difficult. One noteworthy case of competing self-interests is between the
“have’s” and “have-not’s”, which naturally falls into a conservative vs. liberal political debate.
And we all have experience, from our national political debates, on how political debates can
drag on without any real progress.

1.2 ISART 2010—Spectrum Sharing Technologies

Since 2010, the principle-based goal of ISART has been to develop forward-thinking rules and
processes to fully exploit spectrum resources. We transformed ISART from a science format to a
multi-stakeholder/multi-disciplinary open discussion approach in an effort to address challenges
identified previously, promote transparency, and seek consensus amongst stakeholders [7]. The
emphasis of ISART 2010 was spectrum sharing technologies as a means of improving overall
spectrum utilization. Under the assumption that reallocation alone cannot achieve our long-term
spectrum goals, spectrum sharing was discussed as an alternative means of making better use of
the spectrum and taking advantage of modern radio technologies. We held sessions on the
critical spectrum sharing topics, i.e., Dynamic Spectrum Access (DSA) technology and rules;
measuring spectrum occupancy; interference protection criteria; spectrum management; sharing
land-mobile radio bands; sharing radar bands; business; context awareness; and research. The
following high-level conclusions were drawn from last year’s discussions:

e There are spectrum-sharing successes: disparate government and Department of Defense
(DOD) systems, carriers offloading data onto Wi-Fi networks.
e There are other DSA solutions beyond sensing, e.g., database, beaconing.

e Primary obstacles are lack of trust and complexity of the problem—the regulatory and
operational challenges of implementing DSA far outweigh the technological barriers.

e DSA technology is somewhat captured in R&D until regulatory reform provides a big/good
enough sandbox to justify private investment.

e Conlflicting self-interests and goals cause trust and information-sharing asymmetries that
need to be resolved before spectrum sharing can evolve.

e There is a need for more flexible funding structures, incentives, and continued administration
and legislative support.



1.3 Orthogonal Approaches to Spectrum Discussions

Questions remained unanswered last year because of how the discussions were framed. Consider
Figure 1, which describes the spectrum discussion space. As described earlier, spectrum
discussions have many layers and dimensions, but for our purposes let’s pick two primary
dimensions: (1) Along the vertical axis, we have means to further exploit spectrum resources,
e.g., reallocation; relocation; spectrum sharing; technology upgrade, re-engineering, and R&D;
and regulatory reform. (2) On the horizontal axis, we have individual radio services, e.g.,
radiodetermination (satellite); fixed (satellite); broadcast (satellite); mobile (satellite); and
science services.

There are orthogonal approaches in discussing spectrum issues where one can choose a
horizontal approach, like we did last year when we covered spectrum sharing technologies across
all radio services. This approach, however, caters to a more high-level discussion that doesn’t
address technical problems with much depth and is not tailored enough to really develop
solutions. It’s difficult for technical people to contribute in this style of discussion, and technical
complexities are amplified when details are glossed over. Starting this year, we took a vertical
approach that limits the scope on the x-axis, and focuses on a single radio service. By focusing
on an individual radio service, we can take the following systematic approach to answering the
questions left over from the high-level discussions:

1. Inventory allocations, usage models, operational parameter, and propagation effects to
identify underutilized spectrum and whitespace.
2. Evaluate compatibility with other like and unlike systems.

3. Re-engineer to achieve optimal spectrum efficiency, e.g., reduce out-of-band emission,
reduce susceptibility to interference, and enable information sharing/cooperation.

4. Assess viability of sharing business models and markets.
5. Develop rules and a regulatory framework for improving compatibility between systems.
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1.4 ISART 2011—Evaluation of Radar Spectrum Management and Usage

This year, the emphasis is on radar. An important point to be highlighted is that there is little or
no overlap in the radar and communications (comm) communities. This is understandable, given
that radar stakeholders are primarily in the Federal domain, while communications stakeholders
are largely in the private sector. As different as radar and comm systems are in some ways,
however, there are a lot of commonalities: the math is similar and antenna theory, propagation
effects, and a lot of the RF equipment are all the same. Also, there is a huge benefit in bringing
these two communities together to discuss the current spectrum management problem. Hence,
our format goal for this year was to bring together the radar and comm communities in an open
dialogue to promote idea sharing, cooperation, and collaboration in an effort to engineer the
radar spectrum for maximum benefit to all stakeholders.

1.4.1 Rationale for This Year’s Topic
There are many important reasons to emphasize radar, e.g.,

e Critical safety-of-life missions: Examples of radar functions include air traffic control
(ATC), weather forecasting and monitoring, and national security. Performance degradation
is undesirable.

e Uses a lot of spectrum: Of the spectrum between 300 MHz and 3700 MHz, 45% is used by
radar.

e Old technology: There is some likelihood of inefficient use of radar spectrum given that
most allocations and initial deployments were made decades ago, when the technology was
far less advanced.

e Potential for quality whitespace: Some radar systems are stationary, have co-located
transmitters/receivers, and/or are constrained geographically (all conditions lending to
whitespace opportunities).

e Highly advanced R&D: Most radar research projects are about improving performance. It
begs the question—what could the radar R&D community achieve if they applied themselves
to the spectrum efficiency problem?

e Isolation from the comm community: To a large extent, the radar and comm disciplines
have developed along two independent paths, and the communities interact infrequently.
Hence, there is potential benefit in bringing the two disparate communities together for
information exchanges and collaboration.

1.4.2 Organization of the Conference

The ISART 2011 agenda included lectures, inventory briefings, keynote presentations, and panel
discussions. To provide a technical basis for discussions, a lecture series (Section 2) was given
on basic radar fundamentals, adaptive interference mitigation in the receiver, and an overview of
transmitter technologies. Next, in order to demonstrate the breadth and importance of current
radar applications, we dove deeper into specific radar applications and usage models in a band-



by-band radar spectrum inventory (Section 3). Two outstanding keynote presentations (Sections
4 and 5) and an Overview Panel (Section 6) provided the political context and high-level
perspectives on the topics to be covered over the remainder of the conference.

With radar first principles and political perspectives established, the rest of the agenda was
divided into four discussion topics:

e International Radar Compatibility

e Radar Research and Development

e Sharing Radar Bands with Commercial Systems

e Regulatory Reform to Facilitate Spectrum Sharing

Within each session, panelists were asked to provide a short oral presentation on their
perspective on the topic, after which session moderators directed the discussions and fielded
question from the audience. The International Radar Compatibility Panel (Section 7) centered on
current interference and compatibility issues facing the international radar community. From
diverse technical perspectives, the Radar R&D panel discussed a technological roadmap to a
next-generation radar that achieves greater utilization and leveraging of emerging radio
technologies (Section 8). In the Sharing Radar Bands with Commercial Systems Panel (Section
9), the panel, comprised mostly of industry representatives looking to share radar spectrum,
attempted to make the case for sharing radar bands. Finally, forward-looking perspectives on
impending new regulatory schemes and approaches for building trust between incumbents and
spectrum sharing stakeholders were the topics of the panel on Regulatory Reform to Facilitate
Spectrum Sharing (Section 10).



2 LECTURE SERIES ON RADAR BASICS

A lecture series on radar first principles in the context of spectrum management was coordinated
by Dr. William Melvin, Director of the Sensors and Electromagnetic Applications Laboratory at
the Georgia Tech Research Institute (GTRI/SEAL). Radar is very broad and diverse, so with the
limits on time the goal of this lecture series was to provide a broad overview of radar technology.
Melvin suggested [8] and [9] for those interested in pursuing the topic further. Specific lectures
given at ISART included:

1. Radar Fundamentals—Dr. Gregory Showman and Michael Davis (GTRI/SEAL)
2. Radar Adaptive Interference Mitigation—Dr. William Melvin (GTRI/SEAL)
3. Radar Transmitter Technologies—Larry Cohen (NRL), Dr. Charles Baylis (Baylor Univ.)

2.1 Introduction by Session Chair William Melvin

The radar community talks about the diminishing spectrum problem, but we are really more
focused on the performance issues. My radar career started with looking for radar targets in the
sky; the targets have become smaller and more difficult to detect, e.g., vehicle columns, single
vehicles, and people on the Earth’s surface. Another important part of radar R&D is in radar and
platform design to provide the appropriate level of electronic protection (EP). EP focuses on
what a threat looks like and then preventing the adversary from denying radar capability.

For a long time we’ve been trying to fix airport route surveillance radar (ARSR), i.e., the Federal
Aviation Administration’s (FAA) long-range radars, which have a challenge of navigation
satellites being in the same band. The Russians have GLONASS, Europeans have GALILEO,
Chinese have COMPASS, and all of these countries are putting more satellites in the air. The
current approach is to avoid looking in an area when satellites come into site. No one has
modeled it or asked, “How much to fix it?”” It’s not a difficult problem to fix, but no one is
willing to step up and do it. No one up the chain wants to pay for it, so stakeholders will wait
until the problem gets really bad.

There is “whitespace” and there is also “solution space.” If we put the right people on the
problem, then we can prove capability. There will be more pressure on radar. Congress is
looking to fix the debt problem. Their second line item (second to fixing Fannie Mae and Freddie
Mac) is sales of the radio spectrum. Instead, I might pose the question as follows, “Can you give
back a billion dollars in spectrum if we invest fifty million in technology solutions?”

2.2 Radar Fundamentals—Gregory Showman and Michael Davis

Gregory Showman and Michael Davis combined to give lectures on Radar Fundamentals
according to the following outline:

e Background and Range Measurement
e Radar Range Equation
e Signal-to-Noise Ratio and Matched Filter



e Detection in Noise
e Pulse Compression
e Multiple Pulses

2.2.1 Background and Range Measurement

Radar stands for RADio Detection And Ranging. As illustrated in Figure 2, range (R) is
estimated by transmitting a pulse and measuring the time delay between transmission and
reception of the target echo (Tp). Radar applications can be divided into two categories—target
identification and imaging. In moving target identification (MTI), radar systems work with small
isolated returns from point targets, e.g., cars—police radar, aircraft—ATC radar, reentry
vehicles—ballistic missile early warning radar. In general, the MTI task sequence is (1)
detection—decision on whether or not there is a return of interest at a specific {range, angle,
Doppler location}; (2) estimation—if there is a return of interest then estimate desired
parameters; and (3) tracking—where the radar revisits the scene, tracks the target over time, and
allows for predictions of its position in the future. Imaging radar systems work with continuum
targets (e.g., range profile in 1-D, clutter and terrain in 2-D, and weather in 3-D). Examples of
these imaging systems are ground-mapping systems and weather radars.

Radar systems can also be divided into two categories: continuous wave (CW) versus pulsed.
CW systems transmit (TX) and receive (RX) continuously, so the receiver is always seeing what
is going on. This allows for good Doppler measurements and there are frequency- and phase-
modulated tone schemes to get range; CW radars, however, tend to be either power limited or
bistatic (where TX is displaced from RX) in order to avoid overwhelming the receiver. Low
power limits the radar range, and bistatic configuration is costly and complicated. Henceforth,
this lecture focuses on traditional high-power and monostatic pulsed radar systems.

Pulsed systems time-share the RX/TX hardware by transmitting high-power pulses when the RX
is off and receiving the low-power return when the TX is off. The pulsed waveform hierarchy
involves pulse-to-pulse modulation (e.g., frequency agility, stepped frequency) as well as intra-
pulse modulation (e.g., linear and non-linear FM, bi- and poly-phase modulation).

2.2.2 Radar Range Equation

Radar design is about manipulating degrees of freedom to achieve a desired level of
performance. As illustrated in Figure 3, the radar range equation (RRE) allows one to predict
mean received power (Py) as a function of effective radiated power at the transmitter (P:G), radar
cross section (RCS) of the target (o), range, and wavelength (1). Typical RCS at 1-10 GHz are
on the order of 1-100 m® for aircraft, 10-10,000 m? for ships, and 1 m? for personnel. Note the
dependence on R*, which requires radar to typically be designed with large dynamic range.

It is important to note that large radar antennas provide high gain on TX, large collection area on
RX, low energy on TX to spectrum users outside the main beam, reduced power on RX from
sidelobe returns, improved angle resolution against multiple targets, and increased angle
measurement accuracy on one target.
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2.2.3 Signal-to-Noise Ratio and the Matched Filter

There is a finite amount of white noise in the RX which limits the ability to detect a pulse. For a
given threshold, both probability of detection and measurement accuracy are a function of signal-
to-noise ratio (SNR). At the detector, SNR = P,7/(NoLsF), where Ny is the thermal noise power
density, =~ 1/B is pulse duration, B is bandwidth, F is the receiver noise factor, and L is system
loss. The scheme to maximize SNR is to collect the energy of the finite duration pulse and make
a measurement at an optimal time. This is achieved via matched filtering (performed via
correlation in time) of the received signal with the time-reversed conjugate of the TX waveform.
The matched filter maximizes SNR when the filter is aligned with a point target return. The RX
signal is sampled at a rate greater than or equal to 7 in order to (hopefully) find the maximum of
the matched filter output, which is a triangular function for rectangular pulses (see Figure 4).

2.2.4 Detection in Noise

Radar signals and noise are random variables, which are described by a probability density
function (pdf). Figure 5 shows a cartoon development of the received signal as a function of time
along with corresponding pdf of RX noise and target plus RX noise. Radar receivers decide there
is a target present when the RX signal crosses a threshold, which is set high enough to avoid
significant noise crossings yet low enough to detect a small return. The figures of merit for radar
detection are probability of detection (Py) and probability of false alarm (Pr,). Mathematically, Pqy
is found by integrating the signal-plus-noise pdf above the threshold voltage, and Py, is
calculated by integrating the noise pdf above the threshold. A good reference point is at SNR =
13.2 dB which provides Py = 90% and Py, = 107.

In practice, RX noise is not known a priori or it can fluctuate, so constant false alarm rate
(CFAR) receivers utilize adaptive schemes to adjust the threshold according to noise estimates
inferred from mean noise power measurements made before and/or after target detection. In
contrast to communications theory, where one tries to figure where a symbol falls within a
constellation to determine whether a bit is a zero or one, radar detection theory is a two-step
process where the threshold is set to meet false alarm requirements and then detections are
realized/predicted.

2.2.5 Pulse Compression

Range resolution (Jr) is the minimum separation at which two point scatterers of equal size are
distinguishable as separate scatters—higher resolution (smaller dr) is desirable. For
unmodulated-pulse range resolution, dr is proportional to z; reducing 7, however, requires
increasing the pulse amplitude in order to maintain SNR, which can cause problems (e.g, voltage
breakdown and other non-linear effects in transmissions lines and amplifiers). With matched
filtering, dg is proportional to 1/B. Pulse compression allows radar to simultaneously achieve the
SNR of a long pulse and resolution of a short pulse by modulating the long pulse to achieve B >>
1/7. Fine-resolution imaging radar systems (requiring Jr on the order of inches) commonly use
linear and non-linear frequency modulation. Airborne radar often uses phase-code modulation.
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2.2.5.1 Ambiguity Function

A Doppler shift, fy= 2v//4, is imparted on a radar signal when a radial velocity component (V)
exists between the radar and a target. Without a priori knowledge, the Doppler shift represents an
unintentional mismatch between the received waveform and the matched filter. The ambiguity
function, A(t, fq ), is used to characterize the response of the matched filter of different
waveforms in the presence of uncompensated Doppler. Figure 6 gives the ambiguity function
and an illustration for a simple rectangular pulse. Notice on the cardinal axes that for the zero-
Doppler cut, the ambiguity function reduces to the magnitude of the matched filter response, and
the time-delay cut characterizes the decrease in the peak value as a function of fg.
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Figure 6. Ambiguity function for a rectangular pulse.

2.2.5.2 Linear-Frequency-Modulated Waveforms

The linear-frequency modulated (LFM) or “chirp” waveform can be described as a sinusoid
whose frequency changes linearly with time. As illustrated in Figure 7, the LFM spectrum is
approximately rectangular, which corresponds to a sinc match-filter response with relatively high
nominal sidelobes. Sidelobes degrade radar performance by placing energy up and down range
from its source. Amplitude weighting can be applied to the spectrum to reduce nominal
sidelobes, at a cost of degraded resolution (increased mainlobe width) and loss in SNR. Taylor
weighting is often applied to achieve minimum mainlobe width for a given peak sidelobe level.
LFM waveforms are characterized as Doppler tolerant [9] in that the sidelobe structure of the
match filter response is preserved in the presence of large fractional Doppler shifts. LFM also
enables stretch processing, which reduces the required bandwidth in high-resolution systems.
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Figure 8 illustrates how LFM stretch processing at different bandwidths enables synthetic
aperture radar (SAR) imaging to resolve structures down to 1 m and 10 cm resolutions.
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Figure 7. Frequency characteristics of LFM waveforms.
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Range Resolution and SAR Imagery

1 m resolution (> 150 MHz bandwidth)

(3

A -
10 c¢m resolution (> 1.5 GHz bandwidth)

Source: Sandia National Labs (www.sandia.gov)

Figure 8. SAR imaging enabled by LFM stretch processing.

2.2.5.3 Phase-Coded Waveforms

Phase-coded waveforms are composed of concatenated sub-phases (or chips) where the phase
sequencing is chosen to elicit a desired response, e.g., mainlobe, sidelobe, and Doppler tolerance.
A matched filter is applied to the received signal to compress the waveform in range and
maximize SNR. Increasing chip duration (zchip) degrades range resolution, or=c zchip/2. Energy in
the waveform is proportional to the total pulse duration, 7=Nchip Tchip Where Nenip 1s the number of
chips.

Focusing on bi-phase codes, which flip between 0 and 180 degrees, Barker codes are optimal in
the sense that they exhibit constant sidelobe levels with a peak sidelobe ratio of 20logio(1/Nchip)
with units in decibels (dB). The longest known Barker code, however, is N=13 with a
corresponding peak sidelobe ratio of -22.3 dB. Longer sequences with lower peak sidelobe ratios
are desired, which motivates exhaustive searches for minimum peak sidelobe (MPS) codes.
“Good” MPS codes are available but are sub-optimal. In general, bi-phase codes are Doppler
intolerant as demonstrated in Figure 9.
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Figure 9. Doppler intolerance of bi-phase codes.

2.2.6 Multiple Pulses

Coherent integration (Doppler processing) was originally motivated for its ability to separate (by
Doppler frequency) moving targets from ground clutter. Airborne radar, for example, can detect
a person (RCS ~1 m®) walking 1 m/s on the ground (RCS on the order of thousands of m?).
Another motivation for Doppler processing is fine-resolution imaging via SAR or inverse SAR,
which stitches together returns taken over a period of time as the platform moves along. The
Doppler-processing data set is an N x M matrix of fast-/slow-time (range/pulse number) coherent
digital samples (with amplitude and phase) as shown in Figure 10. Each row of the matrix
represents a series of measurements from the same range bin over N successive pulses.
Performing a Fast Fourier Transform (FFT) over each range bin produces the Doppler spectrum.
Figure 11 shows a Ground Moving Target Indicator (GMTI) Range-Doppler map, where the
ground clutter is shown in the endo-clutter region centered at Doppler bin 30, and the moving
targets are observed in the exo-clutter region to left and right of the dashed lines. Figure 12
shows a SAR image of the same scene; the SAR system employed a wider bandwidth waveform
and integrated over a longer period of time to increase the resolution along both dimensions.

In Doppler processing, tradeoffs and design considerations are associated with the discrete
sampling parameters, €.g.:

e Range ambiguities occur when a transmitted pulse does not return before the next pulse is
transmitted, which can be avoided by ensuring that pulse repetition interval (PRI) is large
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enough, i.e., PRI > 2Rpa/C. In terms of pulse repetition frequency (PRF), this condition is
written as PRF < ¢/(2Rmax).

e Doppler ambiguities occur when the Doppler shift is greater than the principal period of the
Doppler spectrum, i.e., £PRF/2. This is because the Doppler spectrum is periodic in
frequency due to the nature of the FFT causing echoes with [fg| > PRF/2 to be aliased, i.e.,
replicated in the principal period at an apparent Doppler frequency. Doppler ambiguities can
be avoided by ensuring that PRF > 4|V, max|/A.

e Range eclipsing occurs because pulsed radar cannot receive while transmitting.

e Doppler blind zones occur when a target is observed with the same Doppler as the clutter.
Consequently, there are three operational regimes that differ in PRF according to the type of
ambiguities that are tolerable: (1) low PRF with no range ambiguities and many Doppler

ambiguities; (2) high PRF with many range ambiguities and no Doppler ambiguities; and (3)
medium PRF with some of each.

Pulse-Doppler Waveform Concept
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Figure 10. Doppler processing.
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GMTI Range-Doppler Map
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Figure 11. GMTI range-Doppler map.
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Figure 12. SAR Image.
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2.3 Radar Adaptive Interference Mitigation—William Melvin

Interference mitigation is a driving cost for radar after you’ve dealt with the link budget
problems. Clutter, jamming, and radio frequency interference (RFI) are all interference sources
affecting radar detection. If one formulates the problem and properly accesses the data, then the
receive data can be filtered in a way that adapts to the changing environment and subsequently
reduces the interference. Adaptive nulling is the focus of this lecture, and the information is
given in the context of traditional radar operations. Adaptive nulling, however, does not justify
proliferation of Wi-Fi1 in radar bands. Wi-Fi sources will look uncorrelated to radar; the adaptive
nulling can only drive M-1 nulls, where M is the number of receive channels. A radar person
would model the distribution of Wi-Fi sources, probably with a Poisson distribution, and take a
look at how it affects the radar (taking into account the link budgeting). On the other side, a lot
of the communications protocols have a lot of structure that is exploitable in removing the
associated interference effects and may not require sophisticated antenna design techniques.

Objectives for this lecture are to:

e Understand the basics of adaptive interference mitigation for radar
e Highlight the fundamental radar measurements and their utility in interference suppression
e Describe typical canceller architectures

e (Consider spatial nulling as a primary example

2.3.1 Radar Signal Processing and Degrees of Freedom

Manipulation of radar system degrees of freedom (DOFs) in different ways has developed over
time. Airborne Warning and Control System (AWACS) is an airborne moving target indication
system, deployed in the 1970s, that relies on Doppler processing to look for targets. Joint
Surveillance and Target Attack Radar System (JSTARS) was deployed in 1991 to the Gulf War
as an adaptive array technology demonstration program. It uses a long X-band array antenna
with three phase centers to look for slow-moving targets on the Earth’s surface. The Multi-
Platform Radar Technology Insertion Program (MP-RTIP) radar on the Global Hawk unmanned
aerial vehicles (UAV) has multiple channels and is basically a mini-JSTARS. Space Based Radar
(SBR) is heavily reliant on adaptive array technology, because it’s difficult to get a lot of antenna
into space and super resolution is a desired requirement for those systems.

Radar applications can be grossly categorized into two functions: (1) imaging via collecting EM
backscatter from fixed scenes and (2) detection of moving targets resulting in an array of “dots”
on a map. These two functions largely coincide with SAR and MTI radar, respectively.
Increasing noise would cause contrast in a SAR image to degrade making it difficult to interpret
things in that scene. Increasing noise in the MTI case would lead to false positives, i.e.,
additional dots on the surveillance screen. Interference can be intentional or non-intentional.

Both SAR and MTT systems have a requirement to remove interference, and exploiting the radar

measurement space is the key to improved performance. There are a number of ways to mitigate
interference; recognizing and cancelling the interference source in signal processing is one of
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those tools. Depending on the application and design, radar measurements can be processed in
four different time-scales:

e Fast-time (= range) is associated with sample rate of the analog-to-digital converter (A/D)
and is in the microsecond or tenths of microsecond regime

e Slow-time (= Doppler frequency) is associated with PRI and is in the millisecond regime

e Spatial-time (= angle of arrival) is associated with time delay between closely spaced array
elements and is in the nanosecond regime

e Glacial-time (= changes in the scene), associated with multiple scans

Polarization is another means to exploit DOFs. For linear polarization, for example, one can
transmit horizontal (H) or vertical (V) and receive co- or cross-polar yielding three DOFs, i.e.,
HH, VV, and HV (or VH which is reciprocal for passive targets).

The basic flow diagram for a radar signal processing architecture is illustrated in Figure 13.
Radar systems are heavily reliant on sophisticated antennas. The main antenna is often broken
into pieces (typically called spatial channels). Auxiliary channels, e.g., low-gain horns or parts of
the main array, are a common means to deal with sources of RFI in the far outside lobes.
Blankers or guard channels are often used to find the source of large impulsive noise. Moving
down the flow chart, data comes from the receive elements into the EP module that attempts to
remove the bad components in the data, e.g., RFI, jamming. Eventually, processing steps are
taken to either recognize and locate targets of interest or remove clutter, look for things that cross
the threshold, estimate (range, velocity, angle of arrival), and feed the dots into a display where
analysts watch the targets evolve.

Besides providing adequate power-aperture product, one of the key elements that drive the cost
of the system is clutter and jammer suppression capability. Related factors include number of
channels and antenna sophistication and design. Collectively, the radar community refers to
clutter and jamming as interference. Overall detection performance is a function of the signal-to-
interference-plus-noise ratio (SINR) and the specified Ps, threshold. SINR is typically written in
terms of SNR and loss factors (between 0 and 1) that characterize the impact of clutter or
jamming. It’s not uncommon for the jammer or clutter to be 60 dB stronger than the target
signal. Data processing has a big impact on SINR. Figure 14 illustrates the receiver operating
characteristic (ROC) for a non-fluctuating target at three different values of Pr,. Notice that small
changes in SINR lead to big changes in detection performance.

The effectiveness of adaptive array processing depends on how one exploits the available data;
different DOFs are used to solve different problems.

e Clutter is coupled in angle (i.e., spatial-time) and Doppler (i.e., slow-time), and GMTI takes
advantage of differences between clutter and target angle-Doppler responses to enable
detection of moving targets.

e Wideband RFI are uncorrelated over fast- and slow-time but can be correlated in angle, so
spatial-time DOFs can be exploited to place a null in the angle of the RFI source.
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e Relatively narrowband interfering signals can be correlated over small numbers of fast-time
intervals, and spatial processing alone is sufficient to remove this type of jamming.

e Interference in the main lobe cannot be efficiently mitigated by using spatial DOFs;
polarization diversity, however, might provide the DOF necessary to mitigate that interferer.

Spatial and temporal signal diversity enhances radar detection performance and enables
discrimination between target and interference. The 3-D plot in Figure 15 describes pictorially
different DOF exploitation schemes, where the goal is to separate the target from the
interference. The Fourier transform of any of the measurement spaces leads to the power spectral
domain. The y-z projection might be a range-Doppler plot for a GMTI target in ground clutter. In
the case shown, the target is on top of the interference (maybe because the target is at zero radial
velocity); this is an impossible filtering problem. Hence, one must have the right measurements
and the right ways to process the data in order to solve the problem. Figure 15 also captures the
formulation of the adaptive detection process in terms of a decision statistic, parameter estimator
(f, which is typically non-linear), weight vector, observation vector, and decision threshold.
Implementation of an optimal filter that meets specified goals, e.g., to maximize SINR, is data
dependent and requires knowledge of the environment.

As an aside, it occurs to me that spectrum is not limited if we can take advantage of wave
number. The key to manage spectrum is to take all the DOF and map the information we want to
gather into one of those channels. We don’t do that now. Nobody tells us how to fit our data into
certain time slots, and radar guys won’t do that on their own.

An interfering signal can cause correlations between two random variables possibly at different
instances (i.e., with non-zero second-order statistics). In adaptive signal processing, these
correlations can be leveraged to remove the effect of the interfering signal on the performance
quality metric. Covariance provides a measure of the strength of the correlation between two or
more sets of random variables. Elements of the covariance matrix in the m, n position are
cov(Xm, Xn) = E[(Xm-Hm)(Xn-Hn)*] where bold denotes a random variable, * denotes complex
conjugate, E[-] is the expectation operator, and Ly, is the mean of Xn,. Vector notation allows for
a more compact formulation, i.e., cov(X) = E[(X-E[X]) (X-E[X])"] where " is the conjugate
transpose operator.

An optimal weight vector that meets specified goals, e.g., maximize SINR, can be developed via
simulation where target waveforms and statistical characterization of the channel are known. In
contrast, the adaptive filter tries to improve performance by incorporating information from the
environment. The adaptive weight vector tries to estimate the optimal filter based on an
estimated covariance matrix and a hypothesized steering vector. Challenges associated with
adaptive filter theory include (1) modeling the environment and how it changes, (2) real-time
implementation on digital signal processors (DSPs) and field programmable gate arrays
(FPGAs), and (3) picking the appropriate architecture.
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Figure 13. Processing flow diagram for a generalized radar receiver.
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Signal Diversity Enhances
Detection Performance [4-9]
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Figure 15. Signal diversity enhancements to detection performance—references in slide refer to
[12], [13], [14], [15], [16], and [17].

2.3.2 Array Processing

Digital beam forming is based on spatial sampling. Figure 16, for instance, illustrates a uniform
linear array (ULA) of M linear channels (each with its own receiver and A/D) separated by the
distance d. This figure is an oversimplification of the antenna implementations that occur in
practice (e.g., each channel can have overlapping and sharing elements). Under plane wave
conditions (as opposed to a spherical wavefront), the EM energy arrives at each element with
linear delay, resulting in a phase ramp over the aperture; different phase slopes across the array
correspond to different spatial frequencies or directions of arrival. Hence, spatial frequencies are
used (like Doppler frequencies) to separate out different sources at different points on the Earth’s
surface that have different waved number vectors (for example).

The narrowband model for the phase shift between adjacent channels (ys) is given in Figure 16.
The ULA spatial steering vector, ss(ys) = [1 exp(jys)... exp(j(M-1)ys)], characterizes the signal
angle of arrival, representing the phase progression through each channel. The received signal
can be calculated by multiplying ss(ys) by a complex gain term representing the received signal at
a reference point. Maximum SNR is achieved when W is equal to ss(ys) times some scalar, and the
achieved upper bound SNR of the array is equal to the single channel SNR times a spatial gain
equal to M. Arrays, however, are not just built to form M simultaneous beams and improve SNR
by a factor of M; arrays are built to access the digital data, manipulate the data, and remove
sources of interference.
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A narrowband jammer signal corrupts reflected signals with a noise-like waveform occupying at
least part of the victim radar receiver bandwidth. It is spatially correlated, uncorrelated in slow-
time; hence, there is no information in the slow-time that can be exploited to remove this source
of interference; this is a spatial nulling problem. Expressions for the single narrowband jammer
spatial snapshot and subsequent spatial and spatio-temporal covariance matrices are given in
Figure 17. For multiple jammers that are statistically independent, the snapshots and covariance
matrices simply add. Each narrowband jammer requires a spatial DOF for cancellation, so the
number of expected sources of interference influences the design of the antenna array.

Spatial Sampling for Digital Beamforming
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Figure 16. Spatial sampling for digital beamforming.
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Narrowband Jammer Signal
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Figure 17. Formulation of the single narrowband jammer incident on a radar array antenna.

2.3.3 Adaptive Architectures

Adaptive digital beamforming [10], [18] is a process that selects filter weights (based on data
from the environment) to drive nulls in the direction of interference sources. Adaptive processing
is only used when colored noise, jamming, or RFI is present; otherwise, there will be
unnecessary performance degradation due to unjustified additive noise and processing time and
ill effects on beam patterns due to difficulties that Gaussian processes pose to beamforming
algorithms. Note that these algorithms can also be applied to DOFs other than angle, e.g.,
polarization space-time adaptive processing [28]. The following are examples of adaptive digital
beamforming architectures:

The Multiple Sidelobe Canceller (MSLC) structure, shown in Figure 18, is comprised of a
main antenna and auxiliary elements. The output of the main antenna is equal to the sum of
the weights times the voltages measured at each channel. Nominally, the gains of the
auxiliary elements are set to the peak sidelobe level of the main antenna. The basic (linear
prediction) problem is to weight the auxiliary signals in order to estimate the jamming energy
that comes in through the sidelobe of the main antenna and then subtract that from the main
antenna signal. There are challenges in this implementation, e.g., signal energy coming into
the auxiliary elements.

Maximum-SINR Weighting. Brennan and Reed [12] tried to form a sufficient statistic to
maximize Py, and showed that maximum Py corresponds to maximum SINR. As shown in
Figure 19, maximum-SINR weighting is equal to the inverse of the interference-plus-noise
covariance matrix (Rp) times ss(ys) times an arbitrary scalar. Notice that if R, is ignored in
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this expression, then the expression for the matched filter remains. An eigen-decomposition
of Ry shows that each of the dominant sub-spaces spans all of the sources of interference
incident on the array.

e Minimum Variance Distortionless Response (MVDR) spectrum started with the MVDR
beamformer, which aimed to design a linear filter to pass the target signal with unity gain
while minimizing power from other directions. MVDR weighting is proportional to
maximum-SINR weighting. The subsequent minimum power at the MVDR beamformer
output is a good spectral estimator, 1.e., peaks are sharper than traditional Fourier-based
methods (see Figure 20). MVDR spectrum is super-resolution, which means that R is a
super-resolution technique, which allows corresponding adaptive array techniques to null
interference sources within a fraction of a beamwidth (with the exception of the interference
source being at the same angle as the target).

e The Generalized Sidelobe Canceller (GSLC) [22], illustrated in Figure 21, estimates the
colored noise portion of the desired signal and subtracts it off. The challenge with GSLC is
associated with the need to calculate new inverse covariance matrices with every steering
direction. GSLC is great in theory, but should not be implemented in practice.

e Orthogonal Projection [23] performs an eigenvector decomposition of the covariance
matrix, which allows for the subtraction of the interfering eigenvectors (see Figure 22). This
works well if there are strong sources of interference.

e Sample Matrix Inversion (SMI) uses a maximum likelihood covariance estimate (as shown
in Figure 23). Convergence is not a function of eignenvalue spread, i.e., characteristics of the
interferer. Reed, Mallet, and Brennan [19] identified the probability distribution and mean for
SINR loss and derived the RMB rule that requires an averaging interval of roughly two times
the number of DOFs in order to obtain average convergence within 3 dB of optimum.

e Hung-Turner Projection (HTP) [25] is another computational method of computing
adaptive array weights formulated in Figure 24. HTP is cheap to implement and works well
for strong sources of interference. It has application to large arrays with many spatial DOFs.

Figure 25 gives example beam patterns from the various beamforming techniques for a scenario
where two narrowband jammers are operating at 15 and 30 degrees direction of arrival (DOA).
Quiescent refers to a non-adaptive architecture. Notice how the orthogonal projection and HTP
approaches (plots on left) drive (approximately) 50-dB nulls at the appropriate DOAs; these
approaches, however, degrade with weak sources of interference, when it becomes difficult to
distinguish strong from weak eigenvalues, i.e., interference from noise. The upper-right plot
shows SMI results for averaging intervals (K, given in terms of numbers of DOFs); notice that
the undesirable high-sidelobes come down as K increases. Loaded SMI is an approach to address
the high-sidelobe issue by adding a diagonal matrix to condition the covariance matrix prior to
inversion, suppressing variability among the noise eigenvalues, and taking some of the adaptivity
out of the system. As demonstrated in the lower-right plot, loaded SMI reduces the high-
sidelobes at the expense of null depth reduction.
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Multiple Sidelobe Cancell?r (MSLC) [2, 10]
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Figure 18. Multiple sidelobe canceller—references in slide refer to [10] and [18].

The Maximum SINR Weight Vector [3-4]
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Figure 19. Maximum-SINR weight vector—references in slide refer to [11] and [12].

26



Example MVDR Spectra
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Figure 20. Example MVDR spectra.

Generalized Sidelobe Canceler (GSLC) [14]
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Figure 21. Generalized sidelobe canceler—reference in slide refers to [22].
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Orthogonal Projection [15]
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Figure 22. Interference mitigation via eigenvector cancellation—reference in slide refers to [23].

Maximum Likelihood Estimate (MLE) [11]
{Reed, Mallett and Brennan (RMB) Rule)

= X X"

1 m m

R =

?L‘!?‘?

1
K

Assuming X, are independent and identically distributed (iid) interference
plus noise samples only:

p(R) = (SINR| W)/(SINRorm) =Lz [ To be, on average,
E[p{l-:{}] S (K =2 MK =1) within 3dB of optimum:
K=2M-3

M, =dim(x,,)=M

Substituting the covariance estimate yields the
Sample Matrix Inversion (SMI) adaptive filter

j =oh

Figure 23. Array weights via SMI and MLE of the covariance matrix—reference in slide refers
to [19].

28



Hung-Turner Projection (HTP) [17]
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Figure 24. Array weights via Hung-Turner Projection—reference in slide refers to [25].
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2.3.4 Wideband Arrays

Wideband arrays experience phase dispersion due to the dependence of phase on time delay and
frequency. Subsequently, a single interfering signal will disperse across a wideband array and
appear like multiple sources at different frequencies (see Figure 26). Therefore, effective
interference cancellation would require multiple spatial DOFs to mitigate a single source of
interference, which is generally unacceptable, especially in a complex RFI environment.

STAP is used in these cases for spatial nulling with fast-time taps (see Figure 27), which allows
for the generation of patterns in RF frequency and angle. The tradeoff with this architecture is
associated with the computational burden associated with adding elements to the adaptive
processor. Figure 28 provides an example of wideband cancellation. The left plot illustrates how
multiple spatial DOFs are required to drive nulls across wide angle to mitigate the interfering
signal. Using STAP, sharp nulls can be driven using just two fast-time taps and there will be
DOFs left over to mitigate other sources of interference, as shown in the plot on the right.

Another approach is sub-band adaptive cancellation, where poly-phase filtering is used to break
the wideband received signal into nice sharp filter banks, narrowband adaptive cancelers are
applied in each of the banks, and then the interference-cancelled outputs are coherently
recombined. This approach is preferred over STAP in many cases because the computational
loading is less.

Wideband Effects

A single signal disperses across
the array....appearing like multiple signals e e e e
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Figure 26. Interference effects on a wideband receive array.
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Wideband Beamforming Architecture [18-19]
(Time Taps)

M

Figure 27. Wideband beamforming architecture used for STAP.
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Figure 28. Example of wideband cancellation.
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2.4 Radar Transmitter Technologies—Larry Cohen and Charles Baylis

2.4.1 Radar Transmitter Overview—Tube and Solid State

The radar transmitter subsystem generates the RF required to illuminate a remote target. Both
thermionic tube transmitters and solid state transmitters are used, depending on the application.
This presentation will cover both types of transmitters and discuss elements related to radar
electromagnetic compatibility (EMC). Attributes of an ideal transmitter include: (1) stable,
noise-free signal generation, (2) ability to generate required waveforms and energy required to
identify target, (3) adequate bandwidth, (4) high efficiency and reliability, (5) easy maintenance,
and (6) low cost of acquisition and operation.

Tube transmitters are designed to generate a pulsed-CW signal. The primary categories of tube
amplifiers (and their characteristics shown in Table 1) include:

e Cavity-based magnetron was developed by John Randall and Henry Boot of the UK and
further developed by the MIT Radiation Laboratory in the early years of World War II.
Coaxial magnetrons are currently used today in the SPN-43 ATC radar, which is used on all
U.S. carriers and amphibious ships.

e Travelling-wave tube (TWT) components are used in the U.S. Navy X-band AN/SPQ-9B
air and surface tracking radar. In low-power TWTs, a helix delay-line structure is used to
induce interaction between the electron beam and the signal to be amplified. In high-power
TWTs, a sequence of cavities (instead of the helix structure) is used to induce interaction.

e Cross-field amplifier (CFA) is a type of tube commonly used in high-power radar over the
past 35 years. CFAs are used on AN/SPY-1 radars on AEGIS Cruisers and Destroyers. CFA
is a combination of magnetron and TWT, because there is a spiraling electron cloud
emanating from the cathode (as in a magnetron) along with a slow-travelling wave
transmission structure (common to TWT). The interaction between these two elements
results in amplification, albeit relatively low gain.

e KIlystron was invented in the early 1940s by Russell and Sigurd Varian. It is used in the U.S.
Navy SPS-49 UHF air-search radar. It relies on a cathode and resonant cavities to bunch
electrons. The microwave input interacts with the bunched electrons, which creates an
amplified output. Multi-beam klystrons (with as many as 24 beams) can give bandwidths of
greater than 10% and achieve 350 kW peak power.

Table 1. Comparison of radar tube characteristics.

Category Magnetron TWT CFA Klystron
Function Oscillator Amplifier Amplifier Amplifier
Efficiency <25% >50% >60%

Megawatt peak, | 100 kilowatt

Power kilowatt mean | peak
Gain N/A 40 dB 10 dB 25dB
Bandwidth Octave 10-20% 5-6%
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Noise High Low Low
Out-of-band Large spectral Low Poor Low sidelobes
performance sidelobes
Cost Relatlvely

Inexpensive

Solid state RF power amplifiers are inherently low power and low gain and cannot operate at
high peak power. For example, a 50 W average power transistor cannot operate at >200 W peak
power without overheating. Pulse compression is needed for reasonable range resolution. To
increase output power, transistors often operate in parallel with more than one stage. The U.S.
Air Force PAVE PAWS missile and space surveillance radar system, for example, uses solid
state transmit-receive (T/R) modules. Another example, is the Thales Active Phased Array
Multifunction Radar (APAR) automatic detection and tracking system that uses >3000 T/R
modules per face and achieves coverage by multiple beams (120 degrees in azimuth and 85
degrees in elevation. DC power purity to the T/R modules is critical from an EMC standpoint.

Figure 29 illustrates mean power and frequencies where tube versus solid state amplifiers are
preferred. Tubes will be with us for 25-30 more years; there are three (soon to be two)
companies still making tubes today. Solid state amplifiers are getting cheaper and are able to
perform adequately at higher frequencies.

EMC in radar systems is a significant issue because radar involves high power (megawatt)
transmitters collocated with sensitive (microwatt) receivers. EMC is concerned with
unintentional generation, propagation, and reception of EM fields. A critical aspect of radar
EMC is how and where the system is installed. It is not uncommon, for example, to have EMC
issues between two ships in a task group. Unwanted EM energy can couple into the radar system
via

e Radiated coupling when source-victim separation is large (>A);

e Capacitive and/or inductive coupling when source-victim separation is small (<A).

EMC is most effective and lowest cost when designed in from the beginning. EMI mitigation is
dependent upon proper mechanical design (e.g., chassis, bonding, grounding, and shielding),
electrical design (e.g., PCB layout and construction, hardware partitioning and location), system
design (e.g., signal distribution, power conversion and distribution), and emission control (e.g.,

suppression of undesired spectrum products). Suppression of undesired products can be done in
many ways, €.g.:

e Antenna design

e Frequency selective surfaces in the radome or as part of the antenna
e Amplifier linearization techniques

e Cancellation techniques in amplifiers

e Filtering on output

e Back-off from compression so that tubes operate in the linear regime

33



e Spectrum-friendly waveforms without sharp transitions (e.g., phase) when changing states

e Pre-distorted waveforms

Power capabilities of Transmitter Sources
versus Frequency

Tube Amplifiers versus Solid State Amplifiers

108
Tube Amplifier Dominate l

10¢ \

Region of Competition

102

Average Power (Watts)

I Solid State Amplifiers Dominate

10?2

A 3 1 3 10 30 100 300 1000
Frequency (GHz)

Figure 29. Tube versus solid state amplifier regions in terms of power and frequency.

2.4.2 Solid State for Next-Generation Radar Transmitters

Input signals to radar amplifiers often have widely varying envelopes, which require operations
over a large portion of their transfer curves (including nonlinear regions). Amplifier
nonlinearities generate undesirable out-of-band spectral content. Spectral spreading due to non-
linear amplifier performance is associated with third-order intermodulation distortion.
Mathematically, the output voltage of an amplifier (Vout) can be obtained from the input voltage
(Vin) via the equation Voui(t) = G(Vin(t)), where G is the non-linear transfer function. For a two-
tone input signal with fundamental frequencies w; and w,, Vout Will be comprised of signal
components at the fundamental frequencies as well as intermodulation products (IMP) at linear
combinations of those frequencies. Two of the third-order IMPs are only |w; - w1 away from the
fundamental frequencies (see Figure 30), which is problematic because it generates unwanted
artifacts next to the operational band. For a bandpass signal (where each frequency with a non-
zero signal component represents a “tone”), all pairs of “tones” intermodulate and produce in-
band modulation and out-of-band intermodulation or spectral spreading.

The effects of nonlinearities may be reduced by backing off the output power level and operating
in the linear regime. Output power back off, however, has the undesirable effect of reducing
power efficiency, which is typically maximized near saturation where the amplifier nonlinearities
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are greatest.” Spectral spreading can be reduced via filtering or amplifier linearization. In many
cases, however, linearizing the amplifier is more cost effective than procuring a microstrip cavity
filter to operate at power levels greater than one kilowatt. The following is a survey of useful
design approaches to improve amplifier efficiency and linearity [29].

e Predistortion is an approach where a nonlinear device with an inverse shaped P, versus P,
characteristic is placed before the amplifier. Predistortion linearizers are simple to
implement, but require an accurate model for amplifier characteristics. When characteristics
change over time, an adaptive predistortion lookup table is required.

e Feedforward is an approach where an auxiliary amplifier is used to generate a signal that is
180 degrees out of phase with the distortion at the output of the main amplifier. The outputs
of both amplifiers are summed to produce a distortion-free signal (see Figure 31). There is an
unwanted efficiency cost associated with DC power required for the auxiliary amplifier and
loss associated with the combiners.

e Envelope tracking [30] adjusts the amplifier supply voltage according to the signal envelope
to ensure that the amplifier remains in its most efficient operating region (i.e., in saturation).
Efficiency is improved (especially at high peak-to-average power ratio), but buck/boost
converters require additional DC.

e Envelope elimination and restoration (Kahn Technique) removes the amplitude
modulation from the signal and re-inserts it after the power amplifier [31]. This allows the
amplitude to run at optimum efficiency without amplitude distortion. Implementation of this
technique, however, is complicated because it requires alignment of amplitude and phase
modulations.

e Doherty amplifiers achieve higher efficiency and gain by employing two amplifiers: carrier
and peaking. The carrier amplifier is biased to operate in class B mode, and the peaking
amplifier is biased to operate in class C mode. As shown in Figure 32, the input signal is split
by a power divider equally to each amplifier with a 90 degree difference in phase. Both
amplifiers operate when the input signal peaks, and each is presented with load impedances
that maximize power output. As the input signal decreases in power, the class C peaking
amplifier turns off and only the class B carrier amplifier operates.

e Linear amplification with non-linear components (LINC) is a distortion-free transmitter
under ideal conditions. In the LINC process, illustrated in Figure 33, amplitude modulation
M(t) is “hidden” in the phase of two component signals such that the sum of the component
signals results in the source amplitude modulated signal. The component signals with
constant magnitudes experience constant gain and linear amplification. The outputs of the
two amplifiers are summed and the phased modulated signals cancel out. LINC is ideally
distortion free, but in practice it is sensitive to component impairments. Implementation of
the summer, for instance, involves tradeoffs.

? There are a number of efficiency and linearity metrics, e.g., drain efficiency (4 = Poutre/Pbc) quantifies efficiency
and adjacent channel power ratio (ACPR, i.e., ratio of adjacent-band power to in-band power) quantifies linearity.
Amplifiers are classified as class A, B, or C. Class A amplifiers have poor efficiency (#<50%), but have the best
intrinsic linearity. Class B amplifiers have moderate efficiency (#<78.5%), with a reduction in linearity. Class C
amplifiers have higher efficiencies, but less linearity. Radar systems typically use Class C amplifiers.
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3 RADAR INVENTORY

Matthew Hussey provided a Congressional perspective on spectrum inventory and then
systematically guided a series of band-by-band briefings given by radar subject matter experts.
The goal of the Radar Inventory Session was to provide information on radar applications, usage
models, and missions, as well as to answer the following questions: (1) Why are specific
frequencies and bands being used for the different applications? (2) Could other bands be used?
(3) Is radar the best technology to achieve the different functions? Details were provided by band
(i.e., HF, VHF/UHF, L, S, C, X, Ku/Ka/mm). When available, briefings were based on
information from draft inventory reports from NTIA’s Office of Spectrum Management
(NTIA/OSM). The following presentations were made

e (Congressional Perspective—Matthew Hussey (Senator Olympia Snowe’s Office)

e Technical Overview—Frank Sanders (NTIA/ITS)

e HF—Frank Sanders (NTIA/ITS)

e P (VHF) Band—Frank Sanders (NTIA/ITS)

e Lower L Band—Frank Sanders (NTIA/ITS)

e [ Band—Robert Sole (NTIA/OSM)

e Lower S Band—Robert Sole (NTIA/OSM)

e Upper S Band—Frank Sanders (NTIA/ITS)

e Maritime S Band—Joe Hersey (U.S. Coast Guard)

e (C Band—Frank Sanders (NTIA/ITS)

e TDWR C Band—Chris Tourigny (Federal Aviation Administration)

e X Band—Robert Sole (NTIA/OSM)

¢ Ku/Ka/mm—David DeBoer (UC Berkeley, CORF?)

3.1 Congressional Perspective by Session Chair Matthew Hussey

The first thing to mention is the President’s Wireless Spectrum Initiative [2], which calls for 500
MHz of spectrum to be made available for new uses in the next 10 years. The reason for the
major push for 500 MHz is that wireless broadband has been a major driver of the economy;
more explosive growth in this area is possible but we need to find more capacity and more
competition. One thing we have to remember, however, is that spectrum is also in demand for

* The Committee on Radio Frequencies (CORF) deals with RF requirements almost exclusively for the passive
services. CORF provides responses to FCC and NTIA filings on behalf of US scientists, working with NSF and
NASA. CORF advocates good-neighbor spectrum citizenship. CORF is primarily concerned with the radio
astronomy (RAS) services and the Earth Exploration Satellite Service (EESS) (passive). RAS investigates the
origins and evolution of the universe, the nature of matter, and life in other solar systems. EESS provides microwave
measurements from satellites for weather forecasting (e.g., Hurricane Katrina) and long-range climate studies (e.g.,
ice cover).
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non-commercial, non-communication uses, e.g., military operations, public safety
communications, anti-terrorism uses, security needs, surveillance needs, utilities, and smart
grids. Recently, even railroads need more spectrum for rail safety and other issues. The major
problem is that, as you can see from the NTIA spectrum chart shown in Figure 34, there’s not a
lot of whitespace, i.e., there is really no new spectrum available to simply allocate. There’s going
to have to be some jockeying, some maneuvering around, and it presents a difficult scenario.

What’s our first step? Senator Snowe believes that there has to first be a comprehensive survey
of spectrum use. That will give us a clear, up-to-date understanding of how the spectrum is
actually being used, and by whom. Another issue is that there are two separate agencies doing
spectrum management, the FCC and NTIA. This makes issues for how we coordinate and
manage this valuable resource. We’ve had some activities with inventories at both agencies. The
FCC has informed Congress that it’s done a baseline inventory, and NTIA has done a fast-track
inventory and a more comprehensive inventory. Senator Snowe has been calling for a
comprehensive inventory as a follow-up to the baseline effort, if necessary. In any case, we are
still pushing for passage of the Snowe-Kerry Inventory Act, to peel the layers of the onion back
more. We’re pushing for a centralized portal where members of the public can go to single site to
see the results of these surveys. Figure 35 illustrates how we see inventory data (e.g.,
transmitter/receiver characteristics, locations, etc.) feeding a public portal to foster a robust
dialog on what measures can be implemented to optimize use of the spectrum.

The next step is to start doing measurements, actual measurements of what the real-world
spectrum occupancy actually looks like. We can look at usage patterns where maybe we can
exploit greater sharing and re-use opportunities. This could lead to re-allocation, sharing, and
better strategic planning, which is critically important. This collaboration, along with public
participation, ought to give greater sharing and efficiencies. We can get better, more robust
designs and better coordination between Federal and non-Federal systems. The sandbox is going
to get more crowded as we work with neighbors on both sides.

Lastly, we need a comprehensive spectrum committee that works with Federal and commercial
stakeholders toward improved collaboration in utilization of spectrum resources. Currently, there
are a number of public-private advisory committees, e.g., Commerce Spectrum Management
Advisory Committee (CSMAC, hosted by NTIA), Inter-department Radio Advisory Committee
(IRAC, hosted by NTIA), Policy and Plans Steering Group (PPSG, hosted by NTIA), Spectrum
Policy Task Force (SPTF, hosted by FCC), and Technology Advisory Committee (TAC, hosted
by FCC). These committees, however, are siloed; we don’t have commercial and Federal
advising both commercial and Federal.

Figure 36 illustrates the foundations for how a spectrum inventory will provide for better long-
term planning, greater clarity on how we ought to allocate this resource, and better long-term
utilization of spectrum. Planning is absolutely critical in moving forward.

At this year’s conference, we focus on radar because comparisons of radar to non-radar uses of
spectrum are like comparing apples to oranges. This session will present an inventory on radar

systems and applications. Let’s see how this plays out and try to get some new information for

moving forward.
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3.2 Technical Overview on Radar Inventory—Frank Sanders

As we review band-specific radar characteristics in this session, it may be useful to keep the
following information in mind:

High-power transmitters. Radar transmitters typically produce effective isotropic radiated
power (EIRP) levels between hundreds of kilowatts and 40 gigawatts of peak power.

Sensitive receivers. During the “listen” part of their duty cycles, radars often need to detect
target echoes at levels down to Yoo of a picowatt. This emphasizes the need, so far as radar
people are concerned, for having some quiet spectrum in which to operate effectively.

No two radar models are alike. Each model has been designed to strike a balance between
tradeoffs and accomplish a specific mission. The result is that radars tend to be idiosyncratic
in their design and operation from one model to the next. Hence, it is difficult to answer the
question: How does one share with radars? That is because there is not a single generic radar
design. That said, there are some bands where some types of radars do predominate.

New radar systems continue to evolve. Dual-band radars, for example, are a current hot
topic.

Many radar systems operate in coastal regions, on ships and aircraft and shore-based
installations. The U.S. population is concentrated along its coasts. According to a NOAA
analysis of U.S. Census Bureau data, 55% of all Americans live within 50 miles of the U.S.
coastlines (highlighted in green in Figure 37). Hence, numerous radar systems exist where
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there are large numbers of customers wanting commercial and government wireless services,

so this is where spectrum contention is most likely to occur.

e Long lifecycle and high cost. In general, radar system lifecycles are multiple decades.
Existing systems are relatively low-cost to operate. Replacement costs would be substantial.

e Limited alternatives. No readily available alternative technologies are available to replace
any given radar system. Futuristic alternatives (e.g., space-based surveillance or GPS for
aviation and maritime navigation) could be much more costly. Radars have the unique
characteristic of being active, self-contained systems for sensing surrounding environments.
For tracking aircraft, for example, radars do not depend on beacon replies or GPS based
information from aircraft cockpits. Instead, planes can be followed even if beacons are
switched off or fail (as happened on 9/11) or GPS based information is not available. For
maritime navigation, shipborne radars show mariners other vessels and hazards which cannot
be located using charts and beacons in conjunction with GPS. This is not to preclude GPS
and beacon-based solutions for aeronautical and marine navigation, but radar provides fail-
safe capabilities that the aeronautical and marine communities currently rely on. Some radar
missions might be accomplished in higher bands; however, since existing radar designs
already take advantage of optimized atmospheric propagation, changing bands can be
problematic. Use of higher bands means needing to cope with different, and often worse,
propagation for a given mission.

Radar band designations (shown in Table 2 with associated frequencies and wavelengths) were
developed during WWII to confuse the enemy. Now, they just confuse everyone except radar
engineers. K stands for kurtz, which means short in German; Ku is under K, and Ka is above K.
To make things even more confusing, radar band designators are not the same as NATO band
designators (e.g., the radar C band is not the same as NATO C band). Further, U.S. radar band
edges do not necessarily match the limits that exist internationally. For example, although
internationally the radar L band ranges between 1215 and 1400 MHz (the L band), the U.S.
administration only uses 1215-1390 MHz for that band. Similarly, the upper S band is
internationally allocated between 2700 and 3700 MHz, but the U.S. administration only uses
2700-3650 MHz for this band.

Table 2. Radar band designations and frequencies.

Designation Radar Frequencies Corresponding wavelengths
HF 5-28 MHz 10-60 m
P (VHF) 420-450 MHz ~0.7 m
Lower L (UHF) 902-928 MHz ~0.3 m
L 1215-1390 MHz ~24 cm
Lower S 2700-2900 MHz ~10 cm
Upper S 2900-3100; 3100-3650 MHz ~10 cm
C 5250-5925 MHz ~5 cm
X 8.5-10.5 GHz ~3 cm
Ku 13.4-14.0; 15.7-17.7; 24.05-24.5 GHz ~2 cm
Ka 33.4-36.0 GHz ~1 cm
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Radar systems are named according to a broader system for generally categorizing DOD radio
systems. The naming convention follows A/N-iPj(k) with nomenclature defined in Table 3. This
convention predates the spin-off of the USAF as an independent service in 1947, and the USAF
is still not acknowledged. Not all radars use the DOD A/N designators; for example, ASR =
airport surveillance radar, ARSR = air route surveillance radar, TDWR = Terminal Doppler
weather radar, NEXRAD = next-generation weather radar (also called WSR-88D, for weather
surveillance radar, Doppler capable, type-accepted in 1988).

Table 3. DOD radar system nomenclatures—A/N-iPj(K).

Designation Radar Frequencies

A/N Service: A=Army or N=Navy

i Basing mode: S=shipborne, A=airborne, T=transportable, G=ground

P “P” stands for radar; “R” was originally taken for “radio”, and “P” is an

“R” without a leg.

Primary function: N=navigation, S=search, etc.

J
k Variation within radar model: A, B, C, etc., or “(V) =variant, version, or
production units vary from one to the next.

« According to NOAA
analysis of Census
data, 55% of US
population lives within
50 miles of US coasts
(east, west, Gulf, and
Great Lakes—the
greenzone in the
figure.

- As will be seeninthis
session, this 50-mile
zZone sees heavy use
by radars: marine
(littoral), airborne, and
terrestrialffixed
installations.

Figure 37. Coastal crowding and radar operations.
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3.3 HF Radar—Frank Sanders

HF is an acronym to describe the 3—30 MHz frequency range, which was considered high
frequency at the time. U.S. HF radar systems operate between 5 and 28 MHz. HF radar systems
do not operate via line-of-sight. These over the horizon radar (OTHR) systems use ionospheric
bending of the electromagnetic waves to see ocean areas thousands of miles from the
transmitters. Also, HF atmospheric noise from worldwide lightning strikes can be a limiting
factor for performance. In summary and with some additional notes:

e Application/function. Wide-area ocean surveillance (although other geographic zones could
be covered in the future), propagation research studies, ionospheric physics studies. A major
system (see Figure 38) that operates in this band is the Relocatable Over-the-Horizon Radar
(ROTHR, also known as TPS-71).

e Installations. Semi-permanent (primarily) in coastal regions.

e Operations. OTHR transmitters operate continuously 24/7/365 at narrow bandwidths.
Receivers cannot be co-located with the transmitters, because the transmitters operate with
100% duty cycles. Instead, the receivers are separated by tens or hundreds of miles from the
transmitters. This contrasts with microwave radars where the propagation is line-of-sight and
the transmitters and receivers are usually co-located. The ionosphere propagation channel is
time-varying and frequency-dependent; hence, HF radars need all of the 5-28 MHz because
operators are constantly searching for optimal frequencies for the different long-range
propagation channels.

e Antennae. Relatively large (in general), but are typically small compared to a wavelength
and have appreciable backlobes. HF atmospheric noise is the limiting factor.

e Spectrum crowding. Current, OTHR systems share this band with many other HF systems.
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Figure 38. HF over the horizon radar.

3.4 P (VHF) Band Radar—Frank Sanders

U.S. VHF radar systems operate in the P band from 420 to 450 MHz. VHF propagation is ideal
for long-range radar applications, foliage penetration, and wind profiling. These systems are
summarized by the following:

e Application/function. Radiolocation of aircraft at very long ranges, air (with R on the order
of hundreds of miles) and space (with R on the order of thousands of miles) surveillance and
warning, foliage penetration, vertical atmospheric wind profiling, and operations at test
ranges and space launch facilities. A major system that operates in this band is the U.S. Air
Force FPS-123(V) or PAVE PAWS (Phased Array Warning System) missile and space
surveillance radar system (Figure 39).

e Installations. Fixed ground-based, shipborne (mobile), and airborne (mobile).

e Operations. 24/7/365 at fixed terrestrial sites; time-varying around and above the continental
U.S. and U.S. territories for ships and aircraft. Multiple frequencies are needed across VHF
band to improve probability of detection, compensate for time-varying propagation factors,
de-conflict operations between multiple radar systems, and help electronic counter-
countermeasures (ECCM).

e Antennae. A typical dish antenna for this frequency range has 30 dBi gain antennae and is
10 meters (30 feet) across. Surveillance systems typically perform repetitive rotational
scanning or electronic pencil-beam scanning. There is no overall regularity or predictability
for beam scanning in this band. Wind profilers typically have nearly constant beam directions
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usually within 15 degrees of vertical. The nominal noise figure is associated with the internal
electron noise in the receivers (typical values are 3-5 dB).

e Spectrum crowding. The P band is already shared between radars and a variety of non-radar
systems, unlicensed, including some beacons. The P band radars are airborne, naval, and
terrestrial fixed, so this band is already fairly crowded.

Figure 39. FPS-123(V) PAVE PAWS missile and space surveillance radar system (courtesy:
USAF).

3.5 Lower L-Band Radar—Frank Sanders

Lower L-band radar systems operate from 902 to 928 MHz, and have similar characteristics and
functionality to P-band radar systems because the operational frequencies are in a similar part of
the spectrum, i.e., below microwave frequencies. There are, however, not as many radar systems
working in the lower L band, i.e., there are no space search and airborne applications. VHF
propagation is ideal for long-range radar applications, foliage penetration, and wind profiling.
These systems are summarized by the following:

e Application/function. Radiolocation of aircraft at long ranges (up to two hundred miles), air
surveillance and warning, vertical atmospheric wind profiling (see Figure 40), and operations
at test ranges and space launch facilities.

e Installations. Fixed ground-based, shipborne (mobile).

e Operations. 24/7/365 at fixed terrestrial sites; time-varying around and above the continental
U.S. and U.S. territories for ships and aircraft. Multiple frequencies are needed across VHF
band to improve probability of detection, compensate for time-varying propagation factors,
de-conflict operations between multiple radar systems, and help ECCM.

e Antennae. A typical dish antenna for this frequency range has 30 dBi gain antennae and is 4
meters (14 feet) across. Surveillance systems typically perform repetitive rotational scanning
or electronic pencil-beam scanning. There is no overall regularity or predictability for beam
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scanning in this band. Wind profilers typically have nearly constant beam directions, usually
within 15 degrees of vertical. Then nominal noise figure is associated with the internal
electron noise in the receivers (typical values are 3-5 dB).

e Spectrum crowding. Industrial, scientific, and medical (ISM) devices operate at 902—928
MHz.

Figure 40. Lower L-band wind profiler radar.

3.6 L-Band Radar—Robert Sole

U.S. radar systems operate in the L band from 1215 to 1390 MHz, which breaks up into the
following sub-bands and allocations: 1215-1240 MHz for radiolocation, 1240-1300 MHz for
aeronautical radionavigation and radiolocation, 1300—1350 MHz for aeronautical
radionavigation, 1350-1370 MHz for aeronautical radionavigation (US & Canada), and 1350—
1390 MHz for radiolocation. Hundreds of high-power long-range ARSR systems operate across
the U.S. and its territories in this band to monitor the national airspace. L-band radar can be
summarized by the following bullets:

e Application/function

o Long-range (333 km (180 nmi)) ARSR systems are used by the FAA to detect aircraft
(range and azimuth) in the en route (high altitude) phase of flight. The data collected by
these systems are displayed on a plan position indicator (PPI) scope at the radar site and
also transmitted to ATC centers, air defense sectors, and Homeland Security centers for
further processing. These systems also provide weather data to ATC that is combined
with other weather data sources. The information is used for the safety and regularity of
flight operations, national defense, and the security of the homeland.

o Tactical, defense and security (e.g., DOD/DHS: TPS and TPQ series systems, and others)
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o Airborne surveillance and collision avoidance
e [nstallations

o Long range ARSR systems are ground-based fixed installations throughout the national
airspace system and along the border areas. ARSRs are not airport radars.

o Tactical defense and security radar systems are generally located on border areas, near/on
military bases or training areas with intermittent usage, however these radars can be
located anywhere in the U.S. and its territories as required for a particular defense or
security mission. Tethered aerostat radar (TAR) systems, as the one shown in Figure 41,
are balloon-mounted (weather permitting) and are used for monitoring the U.S. borders
and Caribbean airspace for border protection and drug interdiction.

e Operations

o Long-range ARSR systems (mostly between 1240 and 1370 MHz) operate continuously
24/7/365. Emission bandwidths are 2—10 MHz. Some systems require one operational
frequency and one hot stand-by frequency, some require two frequencies separated by a
fixed value, some require two frequency pairs, and some systems use multiple channels
for frequency hopping.

o Tactical defense and security radars in the 1215-1390 MHz band are transportable and
have to adapt to the environment. Many use frequency hopping or agility and solid state
transmitters.

e Antennae

o ARSR and FPS series radar systems use antennas with narrow horizontal and wide
vertical beamwidth with mostly mechanical scanning (see Figure 42). The newest radar
will use the existing antennae of the older systems but contain a new transmitter and
receiver. Typical horizontal rotation rate is 5 rpm with gain of 33 dBi with operations
from fixed locations.

o Tactical radar systems use antennas with narrow horizontal and narrow vertical
beamwidth, with electrical and mechanical scanning, variable rotating speeds, and typical
gain of 24 dBi. Many are transportable.

e Spectrum crowding. GPS L2 (1227.6 MHz)’ with civilian and defense usage; DOD tactical
land and sea data/communication systems (1350—1390 MHz)®; DOD airborne telemetry used

> The Federal Radionavigation Plan provides a detailed description of Federal agency use of GPS for aviation,
maritime, space and land navigation. Non-navigation applications (e.g., geodesy, mapping, agriculture and natural
resources, Geographic Information Systems, meteorological and timing) are also described. The requirements of
civil and military users for radionavigation services based on the technical and operational performance needed for
military missions, transportation safety, and economic efficiency are also described. The GPS L2 radionavigation
signal is transmitted in the 1227.6 + 15.345 MHz segment of the 1215-1240 MHz RNSS band.

% DOD transportable stations like those operated in the band 1350—1390 MHz are used to extend wideband
communications for battlefield command-and-control to any part of the globe rapidly. Military operations and
training make extensive use of transportable microwave terminals that are designed to be transported to an overseas
combat or support area, set up rapidly, configured into a communications network, and used for critical operational
command and control communications for the duration of the mission. These capabilities are also used domestically
(intermittently at military facilities and test/training ranges with a small radius of operations) to support training and
to provide support of disaster relief and similar missions. DOD also uses this band for mobile services. The

48



for flight instrumentation and timing; and nuclear burst detection system, remote sensing, and
radio astronomy observations above 1350 MHz. Generally, radar assignments are not given
on or near the GPS frequency to limit interference to GPS. Coordination occurs with the
tactical point-to-point and telemetry systems in the band 1350—-1390 MHz.

e Compatibility. Compatible operations between different L-band radar systems are
accomplished through careful system design, frequency selection, and NTIA spectrum
standards (RSEC Criteria C). FAA is the national coordinator for the band. Various types of
circuitry and signal processing are used in their receivers to reduce or eliminate the effects of
pulsed low duty cycle interference from other radars. Interference to and from these radars in
the event of band sharing is a major concern, because the systems were not designed to share
spectrum with non-radar systems. Figure 43 shows map contours due to radar transmitter
operations in this band. Any receiver inside the shaded area will have an interference-to-
noise (I/N) ratio greater than -6 dB .This map does not represent the coverage zone of the
radars, nor are all LRRs, included on the map. The map only shows the ranges within which
interference may be expected with co-channel operations with one of these radars.

e Planned use. L-band radiodetermination service will remain the same for the foreseeable
future. Although many of the fixed-based programs are “built out” and no new installations
are planned in the immediate future, new radar sites could be added if the need arises to
monitor additional airspace or other vital assets. Flexibility in frequency assignment will
remain necessary to mitigate interference due to new or unexpected sources to better manage
the exiting fleet’s spectrum requirements as systems are upgraded, and to provide spectrum
for transportable systems. Some of the newer radar transmitters and receivers are replacing
older equipment that was built in the 1950s, so long-term spectrum requirements for long-
range radars in this band can be expected for at least twenty years.

aeronautical telemetry, air-ground-air, and ship-shore-ship operations are vital to test range/aircraft instrumentation
operations and reliable command and control communication links between shore and ship stations.
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Figure 41. Balloon-mounted Aerostat L-band long-range radar.

Figure 42. Long-range ARSR (antenna is encapsulated by radome).
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Figure 43. Typical L-band contour map (NTIA/OSM).

3.7 Lower S-Band Radar—Robert Sole

Lower S-band radar systems operate from 2700 to 2900 MHz. Major systems include NEXRAD
and airport surveillance radar (ASR) and GPN systems. Lower S-band radar can be summarized
by the following bullets:

e Application/function

o Weather radar (e.g., NOAA National Weather Service (NWS)/USAF/FAA: NEXRAD
WSR-88D) used for detecting precipitation and winds from a nationwide network of
fixed Doppler radars (fielded in the late 1980s). NEXRAD provides severe weather
coverage out to 125 miles and storm tracking out to 250 miles. NEXRAD data is
converted into visual images and used by NWS/FAA/DOD to provide weather
information and real-time conditions to the nation via the Internet and TV weather
broadcast, including NOAA Weather Radio emergency broadcasts.

o Air Surveillance Radar (ASR) systems, such as those shown in Figure 44, provide flight
long range (111 km (60 nmi)) safety via surveillance in and around airports/airfields,
departure and arrival traffic control, and weather detection at fixed locations. ASR
information is commonly displayed on a plan position indicator (PPI) like the one shown
in Figure 45. ASR systems also provide precipitation detection data, which is combined
with other radar data to produce a composite weather product. DOD GPN systems
provide defense and security via detection, tracking, and display of airborne objects.
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o Radiolocation (secondary), which needs to accept interference from the other
applications.

Installations

o Figure 46 illustrates the 159 fixed ground-based NEXRAD sites. The coverage contours
on this map illustrate the areas where the systems can receive reliable weather data.

o FAA ASR systems are located at over 250 airports. DOD operates approximately 150
GPN systems.

Operations

o NEXRAD operates continuously 24/7/365 and transmits 1 MW of power at one
frequency (within the 2705-2995 MHz band) with duty cycles ranging from 0.05-0.21%.
Approximate pulse parameters are one microsecond pulse width and one millisecond
pulse repetition interval.

o FAA ASR and DOD GPN systems operate continuously 24/7/365. Emission bandwidths
are 2—10 MHz. Some systems require one operational frequency, some require one
operational frequency and one hot stand-by frequency, some require two frequencies
separated by a fixed amount, some require two frequency pairs, and others use multiple
channels for frequency hopping.

Antennae

o Nominal NEXRAD antenna gain is 45 dBi, and the antenna height is approximately 27.5
meters (90 feet).

o ASR/GPN antennae have approximately 32 dBi gain.

Spectrum crowding. Hundreds of FAA and DOD air traffic control ASRs and Weather
Service NEXRADs occupy this band across the U.S. The NTIA RSEC-D was designed and
developed specifically to crowd as many radars as possible into this band, rather than expand
the band by another 200 MHz in the late 1970s. Because the RSEC-D accomplished this
goal, this band is now arguably the most crowded of all radar bands.

Compatibility. The FAA is responsible for managing the 2700-2900 MHz band, including
frequency assignments. FAA spectrum engineering criteria for the various systems are used
to safely and efficiently provide spectrum to users, and the FAA participates in mitigation
efforts when hazardous interference is experienced and reported.

Planned use

o Existing NEXRAD systems will continue to operate for the foreseeable future. No new
NEXRAD installations are planned at this time.

o Current ASR systems will remain operational for the foreseeable future. There are no
plans to replace the radar systems with a technology that could meet the safety-of-life and
other requirements for ATC, weather surveillance, and national security-related missions.

o A Multifunction Phased Array Radar (MPAR) has been proposed to replace all ASR and
weather radars with one platform that provides both functions. However, the
specifications for this system are still being defined and the technology is being tested
and evaluated.
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Figure 45. ASR plan position indicator display.
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Figure 46. NEXRAD coverage map.

3.8 Upper S Band Radar—Frank Sanders

Upper S-band radar systems operating at 2900—-3650 MHz are air radiolocation, maritime surface
search, aerial- and ground-based navigation, ATC, and short-range artillery search, track, and
warning. Propagation effects at these frequencies permit a wide variety of ranges, e.g., thousands
of feet for some specialized functions, a few miles for some navigation and warning systems, and
hundreds of miles for some air search systems. These frequencies are ideal for short to medium
range applications. Note that some NEXRAD radars operate in the upper S band up to 2995
MHz. Upper S-band characteristics, excluding NEXRAD (covered in the previous subsection)
can be summarized by the following

Application/function

o Short- to long-range air radiolocation and surveillance (e.g., USAF: TPS-43E)
o Short- to long-range maritime radionavigation (surface search)

o Aerial and ground-based navigation

o Naval ATC (e.g., Navy: SPN-43C—see Figure 47)

o Short-range artillery/projectile search, track, and warning

o Test range operations

o Bird tracking
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Installations. Shipborne (mobile) air search radars throughout U.S. littoral waters and
navigable rivers, airborne (mobile) radars across the U.S., terrestrial transportable, and
(mostly) fixed weather radars across the continental U.S.

Operations. Applications are time-varying around and above the continental U.S. and U.S.
territories for ships and aircraft, respectively. Operational parameters of existing systems are
evolving over time. Multiple frequencies are needed to improve probability of detection,
compensate for time-varying propagation factors, de-conflict operations between multiple
radar systems, and help ECCM.

Antennae. In general, in this band a 30 dBi gain antenna is 1.4 m (4.7 feet) across. ATC and
other systems employ repetitive rotational scanning with vertical fan beams. Other systems
use electronic pencil-beam scanning with no overall regularity or predictability. Nominal
noise figures are associated with the internal electron noise in receivers, and are typically 3—5
dB.

Spectrum crowding. Crowding is still substantial because NEXRAD systems are assigned
to frequencies as high as 2995 MHz, and maritime navigation/surface search radars are
ubiquitous across this band in all littoral waters around the U.S. coasts (East Coast, West
Coast, Gulf Coast, and the Great Lakes and major navigable rivers, especially the Ohio and
the Mississippi. There are also other non-radar applications that operate in the upper S band,
e.g., multi-capability tactical operational support, operations at space launch facilities,
ongoing development of new defense systems, antenna-range testing, operations at test
ranges, and geostationary satellite links.

Planned use

o There are new dual-band radar systems being designed and planned for future
introduction.

o Maritime radars predominantly use magnetrons, but solid state units are coming on-line
as we speak. The problem with solid state units is that they seem to cause more
interference from radar-to-radar than do the older magnetron-technology units. As a
result, they may need to have additional frequencies available to avoid co-channel
interference to the magnetron units. This means that possibly more, not less, spectrum
may be needed for maritime navigation/surface search radars in the future.
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Figure 47. SPN-43C naval ATC (navigation) radar (courtesy: Defense video and imagery).

Figure 48. TPS-43E transportable air surveillance radar (courtesy: USAF)
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3.9 Maritime S Band Radar—Joe Hersey

The maritime community use of radar is in two bands: S (tens of thousands of ships) and X
(hundreds of thousands of ships). The Safety of Life at Sea (SOLAS) convention (treaty
instrument maintained by the International Maritime Organization (IMO)) requires that S-band
radars be fitted on ships greater than 3,000 tons. There are approximately 70,000 SOLAS vessels
and thousands of non-SOLAS vessels.

Figure 49 illustrates X- and S-band target detection ranges for various cross-sections in different
weather conditions (i.e., wet snow, heavy to light rain, and clear). Ships carry S-band radars
because smaller targets (e.g., small ships) can be detected at ranges ten times greater than X-band
systems. Sudden storms that cause lost visibility can also render X-band radar systems useless.

Up until recently, maritime radar systems used magnetrons exclusively. Maritime magnetron
radar operational (e.g., 3020-3080 MHz operational frequency range, 30—75 kW peak power,
26-28 dBi antenna gain, 0.0018-0.48 duty cycles, 2.75-3.65 m (9—12 foot) rotating array) and
susceptibility characteristics are well documented [32]. Maritime radars operate continuously
while afloat. The well-characterized magnetron frequency standards allowed for the negotiation
for a limited number of NEXRAD installations to operate up to 2995 MHz without causing
interference to maritime radar systems.

The maritime radar manufacturing industry has changed and is moving toward solid state
amplifiers. The three major companies that manufacture these radars are JRC (Japan), Furuno
(Japan), and Kelvin Hughes (UK). Transmit/receive modules (see Figure 50) are all up near the
antenna now, which requires difficult and expensive maintenance and replacement high on the
mast. Solid-state amplifiers have significantly longer lifecycles than magnetrons, so the industry
is moving toward solid state. Unfortunately, solid state radar is not as well understood as
magnetron radar, primarily because the manufacturers are not forthcoming with their designs.
The U.S. Coast Guard is funding an NTIA/ITS research effort to characterize the interference
susceptibility of solid state radar.

An emerging problem in the maritime service is magnetron to solid state and solid state to
magnetron interference. The Federal maritime and hydrographic agency in Germany (BSH) that
certifies type-approved radars to ensure that they meet IMO requirements is studying the
problem and has stated that there are interference problems that the manufacturers have not
admitted to yet. Both solid state and magnetron radars are currently being built for operation in
3020-3080 MHz band to save cost on antennas and other components that would need to be
redesigned. The interference may cause manufacturers to change their stance on that. Kelvin
Hughes has moved down outside the 3050 MHz range to avoid the interference problem, and
over time the rest may follow.
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3.10 C-Band Radar—Frank Sanders

C-band radar systems operate in the 5250—5925 MHz band.” Terminal Doppler Weather Radar
(TDWR) is the C-band analog to the S-band NEXRAD system and is discussed in the next
session. In addition to TDWR, these frequencies are used for tracking and searching, and
airborne Doppler weather radar (avoiding storms). Propagation at these frequencies is ideal for
medium-range operations. Achievable ranges vary from thousands of feet to hundreds of miles,
depending on the application and system design. C-band radar systems and applications
(excluding TDWR) are described below.

e Application/function
o Medium-range radiolocation
o Aeronautical and maritime radionavigation
o Airborne surveillance (including active precipitation and turbulence) for flight safety
o Tracking targets at test ranges
o Border security

e Installations. Radars in this band operate from terrestrial, maritime, and airborne platforms.
Every commercial aircraft has an airborne Doppler weather radar system mounted in its nose
(see Figure 51). Airborne (mobile) radars can be located anywhere across the U.S. Shipborne
(mobile) radars are located throughout U.S. littoral waters and navigable rivers. There are
transportable radars in this band.

e Operations. Applications are time-varying in the U.S. and its territories for ships and
aircraft. Operational parameters of existing systems are evolving over time. Multiple
frequencies are needed to improve probability of detection, compensate for time-varying
propagation factors, de-conflict operations between multiple radar systems, and help ECCM.

e Antennae. In this band a 30 dBi gain antenna is 0.7 m (2.437 feet) across. Maritime radar
systems employ repetitive rotational scanning with vertical fan beams. Some systems use
non-repetitive and unpredictable electronic pencil-beam scanning techniques. Many airborne
radars use repetitive sector scanning techniques to identify upcoming weather and turbulence.
Nominal noise figures are associated with the internal electron noise in receivers, and are
typically 3-5 dB.

e Spectrum crowding. Overall the band is crowded due to its large number of operational
radars, communication systems, and the missions that those systems accomplish.

7 Airborne radar altimeters also operate in the 4200-4400 MHz band in all phases of flight for terrain avoidance,
helicopter auto-hover, and aircraft landing assistance. This is a specialized sub-band, and the rest of this section will
focus on the 5250-5950 MHz band.
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Figure 51. Airborne weather radar used in airliners.

3.11 TDWR Radar—Chris Tourigny

The three topics to be discussed in this presentation are: (1) Next Generation Air Transportation
system (NextGen), (2) Delta Flight 191, and (3) TDWR.

NextGen is transforming the National Airspace System (NAS) from a ground-based system of
air traffic control to a satellite-based system of air traffic management. The goals of NextGen are
to enable growth in air traffic capacity, increase safety, and reduce aviation’s environmental
impact. The integrated approach includes surveillance and broadcast services, where data
communications is used instead of traditional radar. Multiple NextGen programs are also
involved in this transformation including improved data communications throughout the entire
system, improved cockpit-to-ground communications, collaborative air traffic management, and
network-enabled weather. This transformation depends on adequate interference-free availability
of aeronautical communications, navigation, and surveillance spectrum.

Transformation of weather detection systems was precipitated by the crash of Delta Flight 191,
which occurred on August 2, 1985, in Texas and killed 134 people on board and one highway
motorist. Thorough investigation revealed that the most probable cause of the crash was a
microburst encounter. As illustrated in Figure 52, the classic microburst encounter involves a fast
transition from strong head wind to down draft to strong tailwind. Without the appropriate
adjustment, this condition causes an abrupt loss in altitude which is dangerous when landing an
aircraft.
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The National Transportation Safety Board (NTSB) concluded that existing weather sensors were
not adequate for avoiding conditions like those that led to the Delta Flight 191 crash and
recommended the FAA expedite the development of better wind shear detection systems. In
April 1986, the FAA produced a draft of the Integrated Wind-Shear Program Plan that involved:
(1) aircraft crew training, (2) enhanced Low Level Wind-shear Alert System (LLWAS), (3)
TDWR, and (4) airborne wind shear detection (airborne Doppler weather radar).

C-band TDWR (see Figure 53) systems and applications are described below

Application/function. Wind shear detection system used to increase the safety of NAS (also
display precipitation reflectivity). Capable of microburst detection up to 29.6 km (16 nmi)
and gust front detection up to 60 km (32.4 nmi) at 0.55 degree angular resolution and 150
meter range resolution.

Installations. 45 commissioned systems at the largest airports vulnerable to wind shear.

Operations. Operates continuously 24/7. Specifications include: power = 250 kW, tuning
range = 5600-5650 MHz, pulse length = 1.1 microsecond. The two modes of operation are
(1) monitoring (used to search all directions for microburst activity) and (2) hazardous (one-
minute near surface scan update to capture rapid evolution of wind shear).

Antennae. Uses a 360-degree scan strategy to build a series of circular scans at various
elevations.

AIRCRAFT ENCOUNTER WITH MICROBURST

Figure 2 is an illustration of an aircraft encountering a microburst on short final.
A headwind at point X results in increased lift, causing the aircraft to rise above
the glide slope. A pilot’s reaction of lowering the nose and decreasing power to
intercept the glide slope is hazardous when the downdraft is encountered at point
Y causing the aircraft to sink. A tailwind is encountered shortly after at point Z,
resulting in a loss of lift and a potential stall.

Figure 52. Aircraft microburst encounter.
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Figure 53. TDWR antenna.

3.12 X-Band Radar—Robert Sole

Nominally, X-band is 8-10 GHz, but specifically for radar there are six sub-bands at 8000-8550
MHz, 8750-8850 MHz, 9000-9200 MHz, 9200-9300 MHz, 9300-9500 MHz, and 9500-9800
MHz. The short wavelengths of this band make it well-adapted for systems that need to use small
antenna sizes. The primary X-band applications include aeronautical and maritime
radionavigation, aeronautical radiolocation, airborne Doppler radar for storm avoidance,
precision approach radar (PAR), and airport surface detection equipment (ASDE) for collision
avoidance. There are also assignments for research, development, testing and evaluation of new
and modified radars; active Earth exploration satellite service (EESS); space research; and
mobile telecommand.® In general, military and aviation systems are permitted to operate when
their mission requires it. The 9000-9200 MHz band is protected for PAR and ASDE
applications, which are essential for transportation safety-of-life and national defense. Maritime
systems are protected by imposing geographic limits of operations (i.e., within some distance of
the shorelines) on some assignments. There are a variety of disparate land-, sea-, and air-based
X-band systems and applications. Instead of broad generalizations, the rest of this section gives
descriptions of systems in the six sub-bands.

¥ For example, a widely used data link system is used for air-ground-air communications at 9500—10,500 MHz. The
airborne transmitter has a power level of 70 watts into a 24dBi antenna and the ground transmitter has a power level
of 200 watts into an antenna with a gain of 43 dBi. This is a duplex link, where uplink and downlink are separated
by 500 MHz.
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Types of radar systems operating in the 8000-8550 MHz sub-band include:

Ship based target tracker: Shipboard systems with high-resolution narrow beam antenna

(one-degree beamwidth) for air and surface target detection and tracking. Typical peak power
is 50 kW with 42 dBi antenna gain.

Instrumentation: Radars that are transportable and used by test ranges to support various
missions for tracking and monitoring aircraft. Systems operate in 8500—8975 MHz band.
Typical peak power is 300 kW with 27 dBi antenna gain.

Ship based tracking and surface search: These systems are used for tracking air and
surface targets. Systems operate in 8500-9600 MHz band (excluding 9000-9200 MHz).
Typical peak power is 250 kW with 42 dBi1 antenna gain.

Airborne surveillance/multi-purpose: Airborne search radar used for surveillance and
reconnaissance on multiple aircraft. Systems operate over Atlantic Ocean in 8500-9600 MHz
band (excluding 9000-9200 MHz). Typical peak power is 50 kW with 34 dBi antenna gain.

Types of systems operating in the 8650-9000 MHz sub-band include:

Transportable ground surveillance: Transportable surveillance radar systems used by the
Federal agencies for detecting and tracking vehicle- and human-sized targets. Typical Peak
power is 5 W with 31 dBi phased array antenna gain.

Airborne multi-mode: Multi-mode airborne Doppler radar systems, usually installed on
HC-130J aircraft, used for surface search and reconnaissance for anti-smuggling and search-
and-rescue missions over the U.S. and its territories. Typical peak power is 3.5 kW with 33
dBi antenna gain.

Types of systems operating in the 9000-9200 MHz sub-band include:

ASDE-X: Fixed radar systems that provide a comprehensive view of airport air traffic,
surface movement, and approach corridors for advance ATC purposes. Systems are located at
35 major airports across the continental U.S. plus Hawaii. Peak power is 155 W with 35 dBi
antenna again. ASDE-X systems are being upgraded incrementally.

Ground Based PAR: Transportable or fixed integrated all-weather ATC and PAR systems
which can be configured as a complete Radar Approach Control (RAPCON) or Ground
Controlled Approach (GCA) facility (see Figure 54). The primary radar coverage isup to 111
km (60 nmi) and the secondary radar coverage is 370 km (200 nmi). Typical peak power is
120 kW with 38 dBi antenna gain.

Shipboard PAR: PAR systems used on U.S. Navy vessels to direct landing operations and
precision aircraft approaches during adverse weather conditions. There are 35 Navy land-
based systems primarily for training purposes. Ship-based systems typically do not radiate
within 100 miles of shore and are usually aimed away from shore to limit the potential for
interference. Typical peak power is 200 kW with 34 dBi antenna gain.

Types of systems operating in the 9200—9300 MHz sub-band include:

Airborne multi-purpose: Lightweight all-weather airborne radar systems that provide
information for ATC, radar surveillance, and ground controlled approach of aircraft. Typical
peak power is 200 kW with 38 dBi antenna gain.
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e Instrumentation and research: General-purpose instrumentation radars that support
research, testing, and development. Authorized for occasional (not limited to work-week
hours) operations at test ranges. Typical peak power is 225 kW with 39 dBi antenna gain.

e Airborne Surveillance: Airborne radars installed on C-130 aircraft operated by the U.S.
Coast Guard for sea surveillance above the U.S. and its territories. Its mission is to detect
surface ships, sea ice and oil slicks due to pollution spills. Typical peak power is 250 kW
with 34 dBi antenna gain.

Figure 54. X-band PAR radar.

3.13 Ku/Ka/Millimeter Band Radar—David DeBoer

Ku (12-18 GHz), Ka (27-40 GHz), and mm-wave (30-300 GHz) are bands with a scientific
focus for radio astronomy and earth exploration satellites. The specific frequencies are set by
physics, either in molecular spectroscopic lines (at possibly red-shifted frequencies) or bulk
geophysical scattering. Nature will not change these frequencies to satisfy allocation issues and
these frequencies provide unique information on the state and evolution of the Universe, and
critical climatic, weather and atmospheric issues. Small wavelengths make these bands good at
resolving small things and measuring the bulk properties of big things. Higher frequency means
high gain in small antennas, but also small fields of view. Hence, these frequencies are good for
localized and point-to-point applications.

Geophysical absorption and emission characteristics are complicated at these frequencies; hence,
frequencies for a given application are chosen for geophysical reasons as well as propagation
characteristics. Ku and Ka bands are relatively well-behaved in terms of transmission. In the
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mm-wave region, however, there is a forest of high-absorption resonant lines associated with
quantized energy transitions between atmospheric molecules and incident electromagnetic fields.
These spectral features are useful in remote sensing applications and other science applications—
e.g., oxygen emission signatures near 60 GHz permit atmospheric temperature profile
measurements. There are also natural sources of emission from the atmosphere, rain, clouds,
land, oceans, scattering, and cosmic background noise (at 2.7 Kelvin) from the aftermath of the
Big Bang. Many of the passive radio-astronomy services are in the mm-wave region because
interstellar and intergalactic molecules have resonances there. It’s important to note that radar is
essentially a “passive” service during the time in which it is listening. An important point is that
“passive” users are not non-users. That is, the “receive-only” science done at this band is an
important part of the panoply of spectrum use.

Ku/Ka/mm radar system characteristics can be summarized as follows:

e Application/function
o High-resolution mapping (Ku and Ka)
o Shipborne search, tracking, and gun fire-control (Ku)

o Active Earth Exploration Satellite Services (EESS), i.e., satellite altimetry and
observations and measurements of precipitation, clouds, ocean winds (Ku)

o Airborne Doppler weather (Ku)
o Airport surface detection (Ku)

o Military combat surveillance, airborne weapons control, and unmanned aerial vehicle
(UAV) based radar systems

o Short-range tracking (Ka)

o Radar speed guns (Ka)

o Military airborne precision mapping (Ka, mm)
o Smart munitions (mm)

o Experimental (mm)

o Remote sensing (mm)

e Installations. Many of the EESS applications and systems are international spaceborne
missions (see Figure 55). Military systems are mounted on ships, airplanes, helicopters, and
UAVs.

e Operations. EESS systems are fairly low-power, except for the CLOUDSAT.

e Antennae. Higher frequency means high gain in small antennas, but also small fields of
view.

e Planned use. The military has a number of Ku and Ka radar systems in research and
development. Automotive radar at 77 GHz is an important new allocation in this band, that
will become ubiquitous over time.
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Currently Operational Spaceborne Active Sensor Missions (Updated: June 2011)

I Aoency ITU Name
Aquarius Scatterometer NASA AQUARIUS
EsA ERS-

RADARSAT-1/2SAR CSA RADARSAT-1A

RADARSAT-2C

RADARSAT-2D

RADARSAT-2E

RADARSAT-2F
s ENVISAT

Asl COSMO SKYMED
oLR TERRASAR

PROTEUS-TPFO

JASON-1 (OSTM) SSALT CNES

JASON-2 (OSTM) SSALT CNES JASON2

MetOp ASCAT ESA/EUMETSAT METOP
QUIKSCAT SEAWINDS NASA QUIKSCAT
TRMM PR NASA/JAXA TRMM
CLOUDSATCPR NASA USCLOUDSAT

Frequency (MHz)
1260

5300/5300/13800
5300

5300/13575, 3200
9600
9650
5300, 13575

5300, 13575

5300
13400

Radiated Power (W)

200

4800/4000/134

5000

4800/114, 65
2800
2260
25,7

25,8

120
110

518
1500

Global Precipitation Monitor

Agency ITU Name

NASA/JAXA
Dual-Frequency Precipitation
Radar (GPM/DPR)

SARAL/ALTIKA Ka-band CNES/ISRO
altimeter

Figure 55. Current and planned active sensor missions.

3.14 Q&A

Some upcoming missions

Frequency (MHz)
13597,13603
35547,35553

35,750 GHz

Radiated Power (W)

Anonymous: My comment is related to spectrum inventory. Remote-sensing frequencies need to
be included in inventories because of their importance. Measurements don’t see everything. How
do we account for low percentages of time that some systems operate and for receivers and

passive users that cannot be seen via measurement?

Hussey: Last year, Frank Sanders gave an excellent presentation on how measurements can give
distinctly different usage patterns depending on how the measurements are performed. So we
have to be careful to get an accurate and a comprehensive picture, including passive and remote
sensing. By no means is an inventory easy, but it is critical to reach out to all of you and to work
with FCC and NTIA to make sure that we get the most effective and accurate picture.

Joe Mitola (Stevens Institute): What is your justification for your coverage maps related to

interference to communication systems from radar pulses?
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Sole: Those graphics are not coverage maps of the radars, they show the zones where a generic
communications-type receiver, if it’s within the shaded area, will experience I/N in its passband
of -6 dB or more.

Mitola: How do you think of communications as being interfered with. Maybe communications
people have their own criteria that you might not know or have.

Sole: We used textbook, reference, typical numbers of -6 dB I/N as published for
communications receivers.

Sanders: I can add one more thing, which is that NTIA does not tell Federal or non-Federal
entities what the criteria are for degradation to the performance of their radio receivers or radio
systems. We rely on the FAA, for example, to tell us what their own criteria are for degradation
to their systems, and we would do the same for private-sector systems. Now, as Bob says, we
will review the literature for references to existing, published criteria for interference to some
systems. But we don’t create those criteria ourselves. We look to the people who own and
operate radio systems to tell us what the criteria are for degradation.

William Grigsby (U.S. State Department): I have a comment and a question regarding Mr.
Hussey’s presentation. First, with respect to the slide that referenced the President’s June 20,
2010 memo on the 500 MHz over 10 years, one item that you did not include are the several
dozen radio frequency bands that are subject to international agreements, including with Canada
and Mexico. I wanted to mention that because it’s an important criterion as we examine bands
for re-purposing. The question concerns the spectrum inventory. Can you clarify that the intent
of the legislation for the inventory is to cover the U.S. and Possessions, and not locations outside
the area?

Hussey: The intent would certainly be domestic, initially. Obviously, there is the discussion of
international harmonization (e.g., 1755—-1780 to pair with AWS-3). There are caveats to ensure
the proper handling of classified or sensitive information regarding radio services or systems.

Peter Tenhula (Shared Spectrum): The 902-928 MHz band has been sharing with other
services. Any experience with how that’s been going? Any issues? Any plans to
improve/upgrade radar systems in the band and how that might impact other users in that band?

Sanders: Regarding whether there are any existing EMI issues or problems between the 900
MHz radars and the existing Part 15 industrial, scientific, and medical (ISM) applications,
devices in the band, I can say that wind profiler radars in the band do sometimes experience
problems with interference from ISM devices in the band. This is mitigated somewhat because
the profilers look up and only couple weakly to interfering terrestrial sources via their sidelobes.
However, some interference does occur. As for interference to or from other 900 MHz radars, I’d
defer to one of the Navy people in the room.

Sole: There are some problems when Navy radars are close to shore. When cellular systems first
came on-line there were some initial problems.

Larry Cohen (NRL): Yeah we’re careful about operating. As a matter of fact there was an issue
where I was on detail to NAVSEA, where we changed the channel selection on one of our radars
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to mitigate interference. The Navy operates their computer program, AESOP, throughout the
globe and uses it to minimize interference around the globe. It goes into spectrum allocation as
well as stand-off distances from shore to minimize interference with wireless assets.

Sanders: Would it be a fair statement, then Larry, to say that basic de-confliction technique
between the Navy radars in the 900 MHz band and the other systems on shore is that the Navy
radars either try to use frequencies that de-conflict, or else try to not operate within some number
of miles from shore?

Cohen: That is correct.

Tourigny: I’ve got a quick little thing on that. The wind profile radars that the FAA operates,
there are only four of them. They are in Juneau, Alaska. And the FAA has determined that the
quality of service that can be expected anywhere in the U.S. at 915 MHz will not be adequate to
ensure adequate safety-of-life protection. So the FAA will not be using these radars at 915 MHz,
in this unlicensed device band. We will not be operating these radars in this band in CONUS.

Questioner 4: So you’re yielding to the unlicensed devices, even though you’re the licensed
service?

Tourigny: Yes, because we can’t guarantee the service of our systems in that environment.

Rich Lee (Greenwood Telecom): It regards L band, where maybe communications and radar
could share. Do you need the entire spectrum from 1200—-1400 MHz? If each radar is 8—10 MHz
bandwidth, why do you need the entire band? Is there an opportunity for frequency re-use among
the radars in the band?

Sole: There may be ways to shrink the frequencies better. But we have a big country and it takes
a lot of radars to cover it. And there are limits on how close you can get from one radar to the
next, in distance and frequency, before you get interference between them. Now could a better
job be done in putting them closer? Maybe. Up until recently there was no big push to do that.
We’re a small agency, with 200 or 250 people. So we don’t have a lot of time to do that kind of
thing. If we were told to do such a study, we could. The inventory may require that. In terms of
siting rules, I’1l turn to Chris of the FAA.

Tourigny: Yes, there are some rules, criteria for that. One frequency has to be assigned above
1300 but below 1350. And the second frequency at each radar site has to be set below 1300 but
above 1240 MHz. Actually, in the U.S. and Canada we can go up to 1370, and some radars do.
We also have to share with satellite systems in the lower part of the band. One of the
requirements for the new CARSR is that it has to have two sets of frequencies to avoid
interference.

Lee: But in theory couldn’t you pack all of the long-range radars across the country into one pair
of frequencies, to the limit that you don’t interfere radar-to-radar?

Tourigny: I’ll give you a real-life example. Putting in the CARSR system was really tough in
the 130 MHz that we had available to work with. The number of systems is so large and the
potential for system-to-system interference is so high that we took the step of designing a GPS-
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based antenna alignment system to keep all of the CARSR antennas rotating synchronously, so
that they all look north simultaneously. We had to take that step because otherwise we would get
main-beam-to-main-beam interference between the radars, even with the tightest frequency
packing that we could work out. So it is already really difficult to operate in the amount of
spectrum that we already have, to the extent of having to synchronize the radar rotations across
the entire country.

Sole: And there are other radars in the band, including DoD radars like the TPS-59 and TPS-63
that I didn’t show on my slide. It’s not just ARSR systems in that band. There are frequency-
hopping and frequency-agile radars in there too. And when you try to integrate DoD tactical,
including antiballistic radars, then it becomes an even harder problem to pack the frequencies
tighter.

Tourigny: We’ve gone through a couple of iterations of reducing the amount of available
spectrum in that band. The first one was due to GPS. We had to vacate around 1227 MHz. So all
of the core assets are now jammed into a tighter band. Other systems had to go above 1370 or
below 1240. We can’t go above 1390 anymore. So what we’ve done is concentrated the core
assets in the center of the band, with other assets in other parts of the band. Above 1390 has been
given to the cell phone industry.

John Mettrop (CAA): I fully agree with my American colleague. From a European perspective,
of course you’ve got GLONASS and Galileo. The UK has done studies, and the government will
need to find a way to move all of our L band radars, because Galileo will cause interference, and
I believe in the U.S. you’ve found the same result. So now we’re operating between 1260 and
1350 MHz. Actually we will have to find a way to work entirely above 1300 MHz. As far as
planning is concerned, we’re looking for 500 MHz, too. But within that we’ve got some work to
do to actually look and say, “How tight can we pack radars”? We’re not sure if we’ve got an
optimal plan. We don’t know if we’re currently over-protective or under-protective. We’re
talking to radar manufacturers to get a better feel for this.

Hussey: You raise good point, several good points. One that really resonates is to make sure that
the government has adequate resources in any reallocation. Frank has already mentioned that
these systems will have to operate indefinitely where they are if there are not additional,
adequate resources made available to upgrade them. So Congress has to make hard decisions on
making resources available to allow better utilization, improved efficiency. OK, yes, maybe we
can do that somewhat with some auction proceeds, but it’s a question of whether that’s going to
be enough, will provide enough resources. I think that concludes the panel.
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4 KEYNOTE REMARKS BY NTIA CHIEF OF STAFF THOMAS POWER

Good morning and thank you for joining us today. NTIA is pleased to be hosting this 12th
Annual International Symposium on Advanced Radio Technologies here at our research and
engineering laboratory in Boulder.

As many of you know, NTIA is the principal advisor to the President on communications and
information policy. Although Federal spectrum policy has always been a core mission of this
agency, our work on spectrum issues is more important now than ever before as spectrum is fast
becoming a pillar of America's digital infrastructure. Spectrum has enabled the mobile
broadband revolution, changing the way that Americans communicate and do business.

Last year, ISART provided a platform for a broad range of perspectives on spectrum sharing.
The focus of this year’s conference on radar bands is a great place to further this dialogue. Radar
bands have frequently been identified as candidates for sharing and radar technologies are a key
factor in our work surrounding future spectrum policy making and our ongoing Federal
spectrum management efforts.

In my remarks today, I would like to first discuss progress NTIA has made in response to the
President’s Executive Memorandum [2] to make available 500 megahertz of Federal and non-
Federal spectrum over the next 10 years. Next I will look at how our work here relates
specifically to radar technologies and uses. Lastly, I will point out several points for
consideration related to how our work in this area, and our approach to radar bands specifically,
might be shaped to maximize efficient use and the benefits to the American people.

With the rapid growth of mobile broadband, it should come as no surprise that President Obama
and policymakers have made it a key priority to increase the amount of Federal and commercial
spectrum available for mobile broadband.

To expand America’s available spectrum resources, we know the government must use its
existing spectrum more efficiently, we must free up more spectrum for new uses, and we must
provide the private sector with the incentives to transfer spectrum from current uses to higher-
value ones.

President Obama’s State of the Union address this past January contained significant news on the
spectrum front. The President called for a National Wireless Initiative to make available high-
speed wireless services—the “4G” technology now being deployed in the United States by
leading carriers—to at least 98% of Americans. The President’s initiative will make it possible
for businesses to achieve that goal, while freeing up spectrum through incentive auctions,
spurring innovation, and creating a nationwide, interoperable wireless network for public safety.

A critical component of the National Wireless Initiative is the President's directive to NTIA to
collaborate with the FCC to make available 500 megahertz of Federal and non-Federal spectrum
over the next 10 years. The initiative—to nearly double the amount of commercial spectrum over
the next decade—will spur investment, economic growth, and job creation while supporting the
growing demand by consumers and businesses for wireless broadband services.
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To make this happen, the President directed the Secretary of Commerce, working through NTIA,
to collaborate with the FCC to produce a ten-year plan and timetable for making available the
500 megahertz of spectrum, all while protecting vital government missions that rely on spectrum
use.

Pursuant to that directive, NTIA delivered to the White House, within three months, a plan and
timetable for performing this work. In November, NTIA released two complementary reports.
First, we issued the Ten-Year Plan and Timetable [3]. This report, developed with input from
other Federal agencies and the FCC, identifies 2,200 megahertz of spectrum for evaluation, the
process for evaluating these candidate bands, and the steps necessary to make the selected
spectrum available for wireless broadband services.

In addition, NTIA released a second report—the results of a fast-track review we undertook to
identify some spectrum reallocation opportunities that exist in the next five years [4]. This allows
us to make a down payment on the President’s overall ten-year goal. Our report identified and
recommended a total of 115 megahertz of spectrum to be made available for wireless broadband
use within five years, contingent upon the allocation of resources for necessary reallocation
activities.

And we continue to make progress on the President’s spectrum initiative. Earlier this year, we
selected the next spectrum band to be evaluated for potential repurposing to commercial use. The
band we selected with input from other Federal agencies, 1755—-1850 MHz, is a priority for
review based on a variety of factors, including industry interest and the band’s potential for
commercial use within 10 years. We plan to complete our review of this band by the end of
September. This spring we also issued our first status report on the overall progress of the 500
megahertz initiative.

We are also working for our Federal and non-Federal partners to ensure our spectrum efforts
reflect the needs of the stakeholders. Yesterday, the Commerce Spectrum Management Advisory
Committee met in Boulder to review progress on the President’s ten-year plan and review
recommendations and highlight priorities of industry and non-Federal stakeholders.

Traditionally, calls for more spectrum have led to Federal agencies’ being required to relocate
operations to free up spectrum for commercial users. But today, it is not so simple. Meeting the
goals of the president’s memorandum will require the reallocation of spectrum from both
commercial and Federal users. Moreover, many of the bands that will be considered in this effort
will involve sharing of some sort.

My boss, Assistant Secretary Strickling, has been very vocal about arming agencies with
adequate resources for Federal relocation activities, especially upfront planning expenses.

Last month he testified on Federal government spectrum use and reiterated the importance of
supplying agencies with the necessary funding to plan for reallocation as well as to investigate
more efficient spectrum-sharing options. We believe that funding is critical for agencies to
maximize their efficient use of spectrum resources. However, I’m pleased to report that we are
encouraged that legislation recently reported by the Senate Committee on Commerce, Science,
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and Transportation makes important strides in better accommodating the costs of relocating
Federal users.

While solutions such as spectrum re-allocations are critical to meeting national needs, so is the
development of the next generation of technologies that can enable more efficient use of the
radio spectrum. NTIA, along with its Federal agency partners, is committed to developing and
improving new and innovative spectrum sharing capabilities to further our mission of increasing
the efficiency of Federal spectrum use.

In step with this, on Tuesday here in Boulder, the Wireless Spectrum Research and Development
Senior Steering Group, which was formed to coordinate spectrum-related R&D activities across
the Federal government, hosted a technical workshop to coordinate Federal and private sector
research to help identify R&D opportunities that may have large potential payoffs for the
national wireless industry and the nation’s economy at large and which are consistent with the
Federal Government‘s development goals and lay the framework for long-term research that may
result in yet-to-be-conceived improvements in spectrum utilization. Thank you to NTIA’s own
Byron Barker who co-chaired this group. We look forward to reviewing the resulting report from
this workshop.

Yesterday the Commerce Spectrum Management Advisory Committee met in Boulder.

In our effort to address the President’s spectrum initiative full circle, additionally we are working
closely with the White House and Congress to move forward incentive auctions to open
broadcast and MSS spectrum.

So, as you can see, there is much work to be done but we are working aggressively toward the
President’s goal. So, after we complete our review of the 1755—1850 MHz band, where do we
look next? We have been working with the agencies to prioritize our review. We will be
evaluating opportunities for making spectrum available for wireless broadband. This may include
bands from which we might relocate incumbent systems or spectrum where sharing between
incumbents and wireless broadband is possible, whether licensed or unlicensed.

Our search quickly draws us toward radars and radar spectrum. Your focus at this conference is
timely for our work. I look forward to the next couple days of discussions. I want to encourage
you to push the envelope to stir ideas regarding how we can make use of this spectrum to meet
our broadband goals while ensuring that the missions supported by radar technology continue to
be met.

So why are radars and radar spectrum so important to our work to identify spectrum for wireless
broadband? Of the 2263.9 MHz identified for review by NTIA and the FCC within our ten-year
plan, 1240 MHz of that, or almost 55% , is spectrum currently used for radar operations. Not all
of that spectrum is Federal exclusive. Most of it has some sort of non-Federal allocation. But the
reality is that the Federal presence dominates most of these bands. Let’s take a look at which
bands we are talking about.

The 1300-1350 MHz and 1350-1390 MHz bands, taken together support the aviation and
defense communities’ use of radars for long range air surveillance for air route flight control in a
friendly environment and target tracking when needed in a tactical environment. We are talking
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about approximately 400 radars that reach out 200—400 miles to monitor air traffic across the
country. Many of us remember during 9/11 the pictures of the “big board” that the FAA uses as a
national composite picture of the whereabouts of all air traffic. This picture is drawn from this
data. It supports the regional air traffic centers’ ability to direct traffic. These systems represent a
significant investment in our air traffic safety infrastructure. Furthermore, while modern
communication systems (especially commercial wireless) have rapid development cycles (a
couple of years at most), radars last for decades. This makes it difficult to modify and evolve
radars in a timely fashion. Defense use, while also supporting air traffic management, has a
critical tactical role since they also double in terms of tracking aircraft and other potential
airborne threats. In recent years, radar use in this range has expanded as we have added aerostat-
borne radars to our tool chest in our efforts to interdict drug smugglers and secure our borders.
We understand that this frequency range offers significant advantages in being able to provide
range and resolution needed to support these functions. Reaching these long distances through
heavy rain at higher frequencies presents challenges.

The 2700-2900 MHz band also supports airport ATC all around the country. However, in this
case, it represents the take-off and landing approach control, moving our aircraft efficiently and
safely in and out of about 700 airports. At the same time, the weather community uses this band
for almost 200 weather radars that support our weather prediction and storm tracking efforts. As
we have witnessed this past year the destruction caused by tornadoes and other violent storms,
we can see clearly how critical the warnings that these systems provide are to the saving of lives.
Families are now able to watch reports on television and make necessary safety preparations.

Some of these weather radars also operate above 2900 MHz as the spectrum below 2900 MHz
becomes more congested. However, the 2900-3100 MHz band is predominantly used by the
maritime community to operate radar devices on ships for navigation. In addition to providing
detection of other ships and terrain obstacles, these radars also trigger radio beacons, the
electronic equivalent of the light house. These modern tools are more widely distributed,
unmanned and require significantly less real estate. But they do require spectrum.

Mobile military radars begin at 2900 MHz and go up through 3650 MHz to meet a variety of
missions. The systems include air and ship borne operations, and power levels often exceed a
megawatt. We understand that in the current tactical environment, these radars must also be
flexible and jam resistant. For that reason, they use techniques that make them more difficult for
the enemy to pin down. However, this quality may also make difficult the formulation of sense-
and-avoid strategies for spectrum sharing. At the same time, the high levels that they emit would
probably cause interference to broadband wireless operations. Airborne operations would spread
that interference over very large areas.

So these are the bands that we have to review. We face some tough questions in looking at them
and hope bringing together experts like you will help us to understand what we can do.

e Can any of the missions be accomplished in higher bands? We understand that there are
technical links between radio applications and their preferred operating bands. Because
existing radar designs take advantage of atmospheric propagation, changing bands can be
problematic. Use of higher bands means needing to cope with different, and often worse,
propagation for a given mission. However, some of these bands were probably selected as the
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next available band as we were marching up the spectrum with new developments. Are there
new techniques that would allow us to move higher and overcome limitations? What is the
timeframe that would be required for real redesign?

What will be the impact of the Radionavigation Satellite Service (RNSS) on
requirements for aviation via NextGen and for maritime radars? Most people assume
that with the widespread availability of GPS and the development of NextGen that some
radars will not be needed. However, radars have the unique characteristic of being active,
self-contained systems for sensing surrounding environments. For tracking aircraft, for
example, radars do not depend on beacon replies or GPS-based information from aircraft
cockpits. Instead, planes can be followed even if beacons are switched off or fail (as
happened on 9/11) or GPS based information is not available. For maritime navigation, ship
borne radars show mariners other vessels and hazards which cannot be located using charts
and beacons in conjunction with GPS. This is not to preclude GPS and beacon-based
solutions for aeronautical and marine navigation, but radar provides fail-safe capabilities that
the aeronautical and marine communities currently rely on.

Can we be more efficient in packing radars together? Our tools for selecting radar
frequencies for fixed location radars probably need to be updated. Many or our “rules of
thumb” were developed long before our computerized modeling and terrain information
came into being. If we can pack these bands more closely, then possibly we can free some of
this spectrum.

If we can cut out a portion of these bands, and implement wireless broadband, can
these services live with each other as close neighbors? We understand that radar signals
are not clean. Many radars are fairly old and their receivers were designed during times when
they had no neighbors. We also have seen some indication that broadband systems also have
challenges in reducing levels outside their operating band.

Can new systems share with radar? By geographic location or by sensing or other time
sharing methods? As I have said, there are a lot of megahertz set aside for radar operations.
We have some experience with Wi-Fi sensing radars and we expect to see more tools
available for using geolocation databases to support sharing. Experience gained with
Dynamic Frequency Selection (DFS) communication systems sharing spectrum with 5 GHz
weather radars has provided valuable lessons that can be applied to future band sharing
technologies. While some compatibility problems have occurred with DFS at 5 GHz, many
DFS systems currently share spectrum with weather radars without causing interference. In
cases where interference has occurred, engineering solutions have been developed or are
within reach. The DFS experience has provided technical staff and policy people with new
knowledge regarding certification testing and enforcement processes that can be applied to
future dynamic sharing. Geolocation databases have potential in some circumstances, but
challenges will need to be overcome regarding data release on radar characteristics and
locations. Many government radars are classified, and many unclassified radars cannot have
their frequencies and locations made available in public listings. We are not sure whether
sharing with fixed radars opens sufficient geographic areas to provide significant access.
Geolocation by itself cannot support sharing spectrum with mobile radar incumbents. With
mobile radars, you have some hope that the intermittent operation may allow access to most
locations for most of the time via sensing.
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e Is the commercial wireless industry interested or able to share in radar spectrum? In
the end, this is a critical point. We need to free up spectrum in workable chunks. Ultimately,
the question of whether industry will find sharing approaches feasible will depend on the
amount of spectrum that can be made available, where it is available and for how much of the
time.

Frequently, as we discuss spectrum, we view things from a communications technology
perspective and often a perspective that is limited to land mobile or even cell phone techniques.
The community and policy makers must begin to understand the challenges and constraints that
currently exist for radar. Radar transmitters are more powerful than most communications
systems (sometimes more than a gigawatt radiated power) making them a potentially greater
source of interference. Also, radar receivers are more sensitive than most communications
systems (e.g., receiving 1/100 picowatt of echo energy from targets at 80 miles range) making
them more vulnerable to interference.

Those of you with skills and knowledge in radar technology are critical to our efforts. I want to
encourage you to roll up your sleeves. Be creative in your efforts. Get your ideas out on the
table. Let’s look for how we can increase use of the spectrum and not just get trapped by all the
reasons, all the barriers that limit us. We are working at a critical time and your work is a key
part of this effort. I look forward to a healthy discussion over the coming days in continuation of
the collaboration between government, industry, and academia that has always marked ITS’s
activities.
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5 KEYNOTE REMARKS BY DEAN PHIL WEISER OF UNIVERSITY OF COLORADO
LAW SCHOOL

The overarching theme here is how important the work you all are doing is. This conference
plays and extraordinarily important role in the spectrum policy constellation. You really do have
the key thought leaders here and that is for a very good reason. So, let me start off with a few
basic points.

First, it is worth remembering how much ideas matter. Three ideas of particular importance in
this space are (1) Coasian bargaining, (2) sharing spectrum, and (3) secondary markets. In the
first, regulatory distinctions that have an artificial thumb on the scale are not easy to get unstuck
and Larry Summers, while working on the outline of the spectrum policy for the Obama
administration immediately said, “spectrum, water rights in California.” This was an important
realization because valuable assets, when people have an interest in keeping them, get much
more complicated than you would expect to unravel. So, the U.S. very quickly gave out a lot of
great spectrum to broadcasters, other countries haven’t done that, and today we are living with
that legacy, literally. Facilitating Coasian bargaining, voluntary transactions that allow for
market win-win deals, is not easy. However, the ideas that underpin that have been very
powerful. A second idea that is very important, first advocated for by Michael Marcus, is about
unlicensed low power uses and it has spawned a revolution of technological developments that
take advantage of that possibility. A third idea, that also had some heretical roots, was that of
secondary markets in spectrum, pushed most powerfully by Dale Hatfield. Initially in spectrum,
there had been a legal tradition that the licensee had a special role and it was heretical to imagine
leasing that license. It did take some creative legal work to square this with the statute. As you
are in engaged in the enterprise, it is important to keep your eyes on the prize about how much
ideas matter and this group is particularly good at coming up with ideas and that is such an
important and crucial enterprise.

Second, science and technical merit matters. There is a premium in Washington on rhetoric and
it takes a lot to cut through the rhetoric. Low power FM, not so long ago, was a big policy
debate. The question was would allowing these stations create harmful interference to the
incumbent FM stations? As spectrum policy debates go, the tried and true move was to find out
if you could find any interference anywhere and create some record based on that and oppose the
entire regime. The NAB was successful in that rhetorical move and even got Congress to pass a
law at the time and undid an FCC decision. But for reasons I don’t know, someone in Congress, I
think it might have been John McCain, said why don’t we do a study and see what is actually
going to happen. And they did, MITRE did the study, and the study vindicated Dale Hatfield in
that it underscored the technical merits of low power FM. So, those are two important
guideposts: that ideas matter and science and technical merit matters. As we go forward I would
like to mention three more points that I’'m sure you all know better than I but that provide some
valuable context.

One is the role of sharing and cooperative uses of spectrum. Second is the role of the institutional
side of managing spectrum use. And the third is the importance of incentives and data.

So, first, sharing and cooperative use of spectrum. This is a concept I would probably add to my
list as great ideas in spectrum. It is an idea that is still developing and taking root around legal
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and technical insights. It is basically in a somewhat formative stage. But I would submit that
there is no going back on this. As part of spectrum policy under president Obama, there is this
500 MHz goal. What gets lost sometimes is that the goal includes spectrum that is shared among
different users. There is a lot of different sharing that is going on today; there is going to be a lot
more. As a precious resource, like water in California, this is a very sound approach, because if
you dedicate spectrum for one use and preclude any kind of sharing, you are using it
inefficiently. Obviously, many people would rather not share than share, if other things were
equal. But other things are not equal and having both the opportunities and the incentives to
enable sharing is critical and there is increasing pressure to find those opportunities. The first
round of looking at government spectrum identified one such opportunity. There is a band at
3650 MHz that is used by the Navy and for years the Navy had exclusive use of that band from
coast to coast, which upon some reflection people said well we don’t have the Navy in Colorado,
why can’t we use the spectrum in Colorado? The Navy didn’t really have answers that were all
that convincing so the decision was made to free up those bands in those places where you can
have sharing.

We have different kinds of sharing: geographic areas, time and this is a type of sharing that is
being introduced. Sharing is going to require different kinds of cooperation. This is why the
effort in whitespaces is under-appreciated sometimes; it is not merely about using that spectrum
and giving people a service but also about testing out that technology, that if it scales for
cooperative use, it is going to have broad applicability and that is an exciting opportunity that we
need to be watching. More generally, it is important to test out cooperation when opportunities
arise.

I would mention another one too. Public Safety has come a very long way. [ remember years ago
there was a paper at TPRC, that said we should have public safety allow opportunistic sharing of
its spectrum. At the time public safety was very resistant for an unfortunate political economy
reason, it often leads people to be somewhat cynical, it is about incentives people face. Public
safety said one reason we are afraid of this is that we are unsure about whether we will actually
keep the budget—if we do give out access to our spectrum they will just cut our budget by the
same amount of that access. In today’s economy people are thinking about their budgets in a
different way. Our budgets are getting cut anyway. This may actually help us make more money
if we are using our resources more efficiently. So, public safety has become much more bullish
than they’ve ever been. How do we allow access provided that we have it when we need it?

There are two other points that will get increasing attention. One is the institutional side. This is
where lawyers can add value and technologists need to understand and work with lawyers. In
many cases, we have a hazard that is lurking. People say I might be able to enter into some
cooperative arrangements or I might be willing to use spectrum a little bit more aggressively (or
let others use my spectrum more aggressively) if I knew we had dispute resolution mechanisms
that could put a halt to otherwise interfering uses. But if people don’t believe that those
institutional mechanisms will operate that actually is a huge chill on efficient use of this
resource. In the most painful case, XM and Sirius were for years in a sort of open and notorious
fashion not following the rules of their license. That was finally remedied, unfortunately not as
part of an enforcement process but as part of a merger review. That shows that, as it exists today,
the FCC’s enforcement capabilities aren’t set up to deal with this issue. And what is important to
realize is that the collateral consequences of a lack of trust in enforcement is fairly significant.
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This can be true on the Federal side as well, if Federal users want to share with non-Federal
users, they need to know that both in technology and in practice there will be a mechanism to
address bad behavior. That, today, is one of the unsolved challenges that we need to figure out. It
doesn’t need to be government per se, there can be mechanisms where government authorizes or
empowers some other body that can do this effectively. But until and unless we get that regime,
the efficiencies from sharing are going to be chilled.

Finally, incentives and data. To the extent that uses of spectrum are unknown or under-known,
the opportunities for sharing and experimentation are going to be chilled. As Louis Brandeis
once put it, sunlight is the best of disinfectants. There has been an effort at FCC and NTIA and
Congress has talked about it in an inventory context to develop better data about who is using the
spectrum, when, what, where, how. We have a lot of work to do in that area because while we
don’t have knowledge of it, people are less able to be effective actors and the market is poorer
for that information asymmetry, particularly those actors who are less sophisticated. I did have
an interesting discussion with Paul Margey who said, we can figure out who uses spectrum, we
just have to have my associate spend a few hours in the database, and I said that is my point,
that’s not the mashable Google maps type of knowledge that people are familiar with in a web
2.0 world. How do we bring spectrum to that world?

As for incentives, this is one of the most formidable challenges. It is particularly challenging for
government users where there is not always a confidence that their cooperation in more efficient
spectrum usage is going to redound to their benefit, because if government users say I have to go
through all this brain damage and then I have to take a risk as to potential interference and what’s
the benefit that I get at the back end? Nothing. It’s hard to make the case to your principal that
that’s worth doing; sure the fact that we need it as a nation counts for a lot but also if it’s your
neck on the line and you can’t make the internal ROI, that’s a much harder case to make. That’s
one reason why part of the overall agenda includes giving the tools to the Federal government to
allow agencies to make this a win-win proposition. And the same is true on the private side with
respect to incentive auctions. Some people have said over the years, just take the spectrum back
from the broadcasters. That’s not exactly a win-win scenario. Instead, if you can allow them to
benefit and give the government a way to benefit as well, then we are talking about a win-win
scenario that has a much more likelihood of going into action.

Q&A:

Eric Mokole, NRL: As I understand it, the 3650 band is able to be shared across the nation, but
did you analyze the impact it would have so many miles out to sea? Because you do have fleet
that travel along the coast and that will impact the air traffic radars on the ship. The other
question I have for it is did you consider Air Force assets?

Weiser: First, I was relying on Karl, et al., so I didn’t do anything on it. But the part of your
question that I can address is that I think it underscores that the techniques around sharing, the
tool kit, is something we need to better perfect, articulate, and kick the tires on. For example,
there was a band 1657 that NOAA was using and they had a need for an exclusion zone. In some
cases there is an opportunity to upgrade the facilities themselves to make them more resistant to
interference. There are some cases where you can have more intelligence and situational
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awareness. And if you can spend money on that side and free up more spectrum, then that is a
win-win opportunity. You need the institutional incentives in order to make that happen. So you
have to scope out the opportunity. You have to have the money available to make it work. But
there are huge benefits to society if you can make that work. Now, there are crude mechanisms,
like the exclusion zones, there are more sophisticated mechanisms, investing in radars that are
more resilient, there are also all sorts of other rough justice ways that things get done. That is the
process we are in now, of developing that toolkit and it is only going to intensify in the years
ahead.

Larry Cohen, NRL: About a month ago we had a spectrum workshop at the tri-service radar
symposium that has been going on for 57 years; the workshop’s been going on for 8 years. This
year we had 35 very good radar technologists and the resounding theme was that we have some
good ideas about how to share spectrum but where’s the money? And that is a big problem.
People talk to us about sharing from various departments, but there is no money for R&D to
develop and implement these techniques.

Weiser: So, we as a nation have a set of challenges that are made even more difficult by the
current environment that we are in. The bill that the senate commerce committee passed 21-4 had
two things in it that speak directly to this. One, it had a significant amount on spectrum
development focused on technologies, DARPA and NSF and NIST were singled out to spur
technological advancements that would aid that very causes I’ve noted. Number two, it gives
NTIA working with OMB the ability to provide funds to agencies who identify and implement
solutions of the kinds we mentioned. It doesn’t help to free up spectrum with more advanced
radar if you are not given the advanced radar. It is worth recognizing, in days when spectrum
was seen as a resource that was plentiful, people didn’t feel the need or weren’t pushed to build
sophisticated radar that used spectrum efficiently. Today, spectrum is not plentiful and down the
road that trend is not going to turn around so we have to be more thoughtful about how we use it.
If we are not willing to make those sorts of investments, then we can’t have it both ways,
because we can’t endanger our mission critical purposes. At the same time if there are
opportunities for those same systems to be more advanced using modern technologies and
techniques that I’ve mentioned we should do that and the bill that I mentioned (S. 911) did call
for and pursue that very strategy, so that does provide some hope that there is an awareness of
this issue. At the same time, one of the great challenges for those of us who live in the world of
ideas is translating ideas into language that ordinary people can understand. And nowhere is that
more challenging than in spectrum. We have to be able to explain this to people so that the bill
can be passed.

Peter Eckelson, Cisco: Interference management has to happen at the local level and it has to be
cost effective, e.g. traffic court or small claims court.

Dale Hatfield, Silicon Flatirons: As Kevin Kahn pointed out yesterday, we are not using all the
tools we could to do the kind of distributed enforcement that we are capable of. In most cases, a
lot of these devices that we are bringing into the spectrum have communications capability
which means for example if you see interference from a particular router or something you could
shut all of those off remotely. There is an issue of due process but we haven’t thought about it
completely. We are carrying all these smart devices around in our pockets which are little
receivers and there are all kinds of people researching the crowd sourcing capabilities based on
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the fact that we are carrying all these receivers. Can they play some role in a more decentralized
enforcement activity? I think probably so. But I agree that enforcement is always the last thing at
the FCC, it has never been given the kind of priority that it should have.

Weiser: As discussions happen on FCC reform, it is my hope that this issue is addressed more
fully. The two pieces I think are critical are the data collection piece (which, by the way, the two
are not unrelated: more situational awareness about how spectrum is being used can fit with
more effective enforcement). Some unlicensed uses involve cooperation through a framework
that is conducive to enforcement. So they say, you’re all going to use your system in a way that
allows us all to continue to thrive; if you start turning your power up and I start turning my
power up and we’re both trying to crowd each other out, that’s not good for anyone. I believe
that the Bay Area had this kind of cooperative where they were able to create a kind of
framework. So, the question is how, in a more self-conscious way, can government policy
facilitate those sorts of frameworks?

Brett Glass: The House Energy and Commerce Committee recently circulated a draft bill that
would essentially prevent the FCC from allocating anymore unlicensed or shared spectrum by
forcing entities to bid on it even though they weren’t going to get it exclusively. There are other
rumblings that if we were going to find ways to free up Federal spectrum or make the
government’s use of spectrum more efficient, immediately what congress would do would insist
that it be auctioned off to cover short term budget short falls. How can we avoid this? How can
we reach the people in Congress who have the ability to affect this and make sure that they don’t
sell off our seed corn just to cover the next short term budget short fall? And therefore mortgage
our future?

Weiser: It is a huge challenge and I think it is a matter of getting the right ideas, the right people
and the right message so that people can understand it. The Administration’s commitment was to
promote both licensed and unlicensed, as you know that House committee bill doesn’t
necessarily share that perspective. One reason why there may not be the consensus view that I
would hope there would be is that it is easy to under-appreciate the value of unlicensed. Because
it is hard to capture the market value of free, and so some people think that because people don’t
pay anything to use unlicensed, it is not worth anything. That, to my mind, is an unfortunate and
wrong-headed perspective but it has a certain rhetorical force to it. Here’s another perspective
that Hal Varian, the chief economist of Google, offered about the iPhone using Wi-Fi: if AT&T
is charging you $50 a month for your data plan and half the time you are using Wi-Fi, that means
$25 a month is attributable to the unlicensed spectrum. That type of case needs to be made and
the folks who benefit from unlicensed are entrepreneurs who don’t have time to make that case.
So, the good news is that there is a broad consensus which is at risk. The spectrum policy people
made it very clear that we need both licensed and unlicensed, and the Congress bill about
auctions supports unlicensed. So, there is this rhetorical shorthand that is not supportive of
unlicensed, but what needs to happen is to develop a strong narrative with good data to support it
which makes the case for unlicensed, and my prediction is that will prevail. But it won’t happen
without people making the case.

Mike Cotton, NTIA: One theme you will see within the scope of this conference is the high
magnitude of the problem. With radar you have long lifecycles and really high costs and these
characteristics aren’t in sync with the problem-solving mechanisms that we are talking about in

80



the legislative stuff and the presidential memorandum. I made an effort to get the right people
here and collect ideas, but a two day conference is not the right process. I envision more of a
European model, where groups of people come together on a periodic basis to work the problem
over a longer timeframe. So, I wonder if you could share some of your insights on your work in
D.C. Is there any way that we could enable that type of process?

Weiser: A few answers. First, what you are doing is to develop both more formal and informal
networks of thought leaders who can work together. There is a first step, it would be great to
come out of the conference and have some set of shared broadly held viewpoints that point the
way towards hard work in the future. You’ve already said a few of them in your short speech.
With respect to radars in particular, legacy radar systems are more demanding of spectrum than,
from today’s perspective, we want to continue to indulge. It’s also true that we can’t compromise
our radar systems and their critical missions. Finally, to get from here to there, it is going to
require planning and investments that will ultimately pay extraordinary dividends. And there
may well be other forms of dividends too, by the way. For example, it is possible these more
sophisticated radar systems will be more secure also. So there are other forms of benefits. So, we
need to develop the broad contours of the challenge then develop a way forward and also be able
to explain to key people these premises so they don’t end up in an “either or”” decision. Which is,
“Oh just forget it, it is too hard,” or “It will take too long.” Because ultimately, the impending
challenges are pushing us in a direction. And we don’t want to either say “screw radar, if they
don’t want to work, whatever” nor do we want to say “screw all these users of spectrum because
we can’t touch radars.” So there is an opportunity, and I think your question is how do we map it
out and continue to make progress. To come out of the conference with a broad set of principles
and a better understanding of the networks of people who are involved, many of whom are in this
room and need to find ways to continue to collaborate and move forward, it’s fair to say from
CU and Silicon Flatirons, we want to be a part of this and Pierre de Vries will continue to be
involved. We can come out of this conference with some broad principles and goals. That
matters a lot, to the extent that we can be self-conscious about what other communities
(CSMAC, TPRC, DySPAN, Silicon Flatirons) are around and how to communicate with each
other. Over time, these conversations that we have are going to make a difference. It is better to
be more organized and patient (which is not easy in a political system that is often looking for
the quick gains) but this a long term challenge.

Charles Baylis, Baylor: I think not only is the question: “Where is the money?” but also if
government is where we need to go for this source of funding. What are some ways that we as
engineers who are not politicians become politicians and make people aware of the technical
challenges and budgetary needs? Is there anything that we can do as technology people to move
that forward?

Weiser: What’s really important to start to build around thought leaders is an awareness. For
example, if one of the challenges we face is in eating the seed corn temptation, we are preventing
tomorrow’s advancing, how do we show the advances that we enjoy today because of what our
prior generation did. So, it’s not impossible to imagine a world without GPS: had the
government never invested in GPS, we would not have GPS. If the government had not invested
in unlicensed spectrum, we would not have Wi-Fi. Had the government not developed radar
systems, our nation’s security would be at risk. If one is in the deepest sense ready to eat all the
seed corn because we are starving, we have to say wait a minute and go back and show all the
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great things that the previous generation did with the seed corn. We have to develop that
narrative in terms that people can understand and then link it to what we want to do in spectrum.

That actually is extraordinarily hard to do and it is one of the things I came back from
Washington understanding, about how innovation is so hard because it’s not easy to make the
case in those terms. Often what we are saying is that you need to believe in R&D investments
even though I can’t tell you for sure exactly where the benefit will come from. One of the
challenges of R&D is that you may have a broad direction but then the things that emerge are
pleasant surprises. The best way I would suggest is to then go back in time and look at some of
the success stories and say listen, we can do more things like this but we need the right policy
direction. Whether it is people who are in congress, whether it is people who you are working
with, that is not an awareness that is widely appreciated and one of the challenges we have as a
community is how do we contribute to the broader awareness. There’s an interesting perspective
from the 60s of when there was a heyday of government commitment to R&D, part of what
motivated it was the sense of space race with the Soviet Union, and the fact that there could be a
man on the moon made it all the more powerful. So one of the challenges we can think of is, is
there an overarching narrative that frames this whole area.

So there is both the tactical approach that Dale [Hatfield] is talking about so that when the
money comes you will know how to use it. We didn’t spend a lot of time thinking about what
would happen if we had $7 billion to put into broadband but that means that the people who had
to consider it were kind of under the gun. Don’t get too discourage, there is a lot of power that
good ideas will have their time and that those who’ve worked on them will enable good things to
happen. It is also important to have an overarching narrative to encourage that time to come
sooner but it’s really important to be doing that work.

Baylis: Just one quick follow-on...who do we talk to with this narrative and how do we get it to
the people in power?

Weiser: Well, I’m biased but do you have a law school there at Baylor? Anyone in the law
school who cares about science and technology, my personal belief is that interdisciplinary
collaboration pays extraordinary benefits, so I would reach out to those colleagues and see about
ways to frame this agenda in broader terms and see about ways in educating and engaging others.
There are also a lot of blogs on the Internet that are engaged in this dialogue and you should join
that dialogue as well. We are lucky to live in an age that makes that possible.

John Mettrop: Civil Aviation Authority: I am a little concerned that we would put money into
enforcement and detection of interference because by the time we can find the interference it is
too late. If you want to come and share you have to be able to fit into our safety cases and we so
far haven’t seen anyone prepared to make that case. Thoughts? The world economy is struggling
and there has been a lot of research to show that getting together on an international scale to
work some of these problems is problematic because they all have different needs. We should be
working as an international community to solve these problems, because the cellular companies
are global, and we want to capitalize on the standards set in the U.S. because it is a big enough
market to set the standards and we should take advantage of that in the international realm. If you
harmonize those bands throughout the world then you’ve got an even bigger market.
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Weiser: First, yes, this process needs to be international because these markets are international,
I don’t disagree at all and we have to start somewhere. Second, there is a nice saying “where you
stand depends on where you sit.” If your lens is from the perspective of aviation, then it is true
that interference can be terrifying if identified too late, but there are many uses of spectrum
where the consequences of interference are not quite so dire. For those uses of spectrum, the
need to have enforcement is still very important because if you do take the perspective that you
took everywhere, it would be like saying you will never allow a car on the road because you
might have a reckless driver. Now, there are people who are working on cars that can drive
themselves, but if we required no cars on the road until we had cars that could drive themselves
and could never be driven recklessly, that would limit the use of the highways. Instead we have a
system that has enforcement. That is not a perfect way to avoid bad behavior, but it is better than
trying to engineer against every possible problem.

Jim Lancer, CSR Technology, Adjunct in the ITP: One opportunity we have here is to put
together a group of people that can give suggestions about how to make sharing work. I
particularly like the idea of a database, you could tell the database back “these are the ones I’'m
going to use” and that kind of closes the loop on this whole spectrum regulation. What are your
thoughts on how to help the regulators feel their way through this brave new world of being able
to turn the knobs dynamically?

Weiser: It is a major change. I think it is probably something that Julie Knapp is better able to
answer. But I’'ll do my best. One way is to start test cases for people. Give people certain bands
that are able to have an experiment that can help enable people to feel comfortable. So, like the
first auction for PCS was the camel’s nose under the tent, and the idea for holding auctions for
spectrum became the only way to go—it started as an experiment. The same is true with
secondary licenses, the same is true with unlicensed. It’s a matter of finding an initial test case to
build confidence.

Anonymous: Look at political science and history people to partner with as well. We have both
policy and technical issues here. One is that I think a lot of our solution approaches are still very
evolutionary in the sense that we are trying to improve this or tweak that. There needs to be some
way of encouraging more and getting DARPA involved somehow and going towards
revolutionary approaches and trying to relook at the paradigm of how we design radar systems
because we kind of do what we’ve always done instead of thinking: “What function do I want to
achieve for what purpose?” Secondly, there are other policy perspectives that need to come into
this. A lot of the big radar companies see that radars are a dual use technology and so you have
to walk a thin line of trying to do things that are beneficial commercially but don’t run afield of
ITAR and international treaties, etc. Quite frankly there are a lot of companies that are rather
edgy about that sort of thing because the pendulum has swung pretty far the other way in some
respects. Finally, there needs to be inventory not just of spectrum, but also of solutions, policies,
risks. People don’t really understand risks, understanding that there is a big difference between a
dropped call and a dropped airplane is very important. How to quantify that so it can be folded
into tradeoff studies, I think that is an under-looked at area.

Bruce Naley, Naval Surface Warfare Center: One of the frustrations we end up having is
trying to articulate the value of having spectrum available for national defense purposes. It seems
simple but there is no dollar value put to it. One example is the SPY-1 radar in the 3 GHz region.
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That’s a region that is strongly being considered for sharing or to be given to commercial
interests. It has the type of characteristics that seemingly make it amenable to sharing: it is on a
ship, it is mobile, you can just stay off the coast and then what is the big deal? But when 9/11
happened one of the first things occurred was that an AEGIS cruiser came up the Potomac river
to protect Washington, D.C. Protecting the same people who want to give that same spectrum
away. Unofficially, we know from reports that when the ship went up into these populated areas
where we don’t normally operate the radar that there were all kinds of problems with civilian
communications systems. So, [ am trying to express some of our frustration of trying to articulate
the importance of something that is so seemingly inefficient. We rarely use the radars this way,
but when we have to, we have to, and it’s got to work, and it’s got to work now. It’s hard to get
the importance of the dollar figure attached to that.

Michael Calabrese, New America Foundation: I'll just tee this up because we can talk about it
in the Overview Panel but I’d like to see if you have a reaction to it based on your service.
Yesterday, at the CSMAC meeting a concept came up from the Getting-to-500 subcommittee.
Instead of talking primarily about exclusion zones, we should be thinking about instead sharing
zones. In other words, there is probably some continuum of constraints on sharing bands and it
isn’t necessarily a black and white exclusion. And you mentioned that the Administration all put
great stock in not just querying bands for auction, which has a finite possibility, but in more
sharing and more unlicensed and so on. So, I’m just wondering, there hasn’t been much focus on
when you’re talking about the bands in the exclusion zones through the lens of low power and
close to the ground, where there might be a lot more opportunity.

Weiser: So, one construct to think about both of these questions, is how do we think about
zoning the spectrum to allow for different sorts of uses. And one of the very big challenges with
the zoning code is, once you make it, it’s hard to change it. Here we have a doubly hard problem,
in that we already have lots of facts on the ground that we have to be sensitive to. They are not
impossible constraints—over time you can move radar systems—but it’s just really hard. So, yes,
as you think the framework of zoning the spectrum, there are all sorts of tools and possibilities
and one of the challenges that we are still working our way through is we haven’t totally self-
consciously identified what that all looks like, what the toolkit is, and that is part of the overall
project that we are undertaking.
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6 OVERVIEW PANEL

The goal of the Overview Panel was to discuss at a high level topics covered in more detail over
the course of the conference and to establish context related to the political pressure to find 500
MHz for fixed and mobile broadband and what the means for radar. The panel discussed NTIA’s
plan to make the 500 MHz available, budgetary constraints, institutional obstacles, incentives,
collaboration between the private and public sector, and sharing radar bands with the commercial
sector. In their opening remarks, the panelists discussed the following topics

e Session Overview—Michael Calabrese (New America, moderator)
e Searching for 500 MHz Considering Radar Bands—Karl Nebbia (NTIA)

e Naval Research Laboratory Perspective on Radar Spectrum and Usage—Dr. Eric Mokole
(NRL)

e Incentives to Promote more Efficient use of the Spectrum—Dr. Dale Hatfield (Silicon
Flatirons)

e Investment to Modernize Radar Technologies—Richard Reaser (Raytheon)

e Sharing with Radar Bands—Mary Brown (Cisco)

e Radar R&D—Dr. Joe Guerci (Guerci Consulting)

e Active Accommodation of Radar Bandsharing—Dr. Paul Kolodzy (Kolodzy Consulting)

6.1 Introduction by Session Chair Michael Calabrese

This is the Overview Panel and we will be trying to preview and tee up the key issues and
themes that you will hear about in the rest of the conference. We have a diverse set of
perspectives that will focus quite a bit on the commercial demand and political pressure to find
500 MHz for fixed and mobile broadband and what that means for radar, including the budgetary
constraints, institutional obstacles, incentive issues, and collaboration between private and public
sectors that are all part of the puzzle if we want to do more radar band sharing with the private
sector. I think this will be a few thousand feet higher than the remaining panels, but it is a good
way to get the key issues up.

6.2 Opening Remarks from Panelists

6.2.1 Karl Nebbia, NTIA

As Tom Power mentioned, spectrum related to radar use is particularly critical to our search for
500 MHz because of the fact that it represents such a significant portion. Over 55% of the
spectrum that was identified during NTIA’s ten-year plan and timetable was radar spectrum.
Most of that is fixed radar and some of it is mobile radar; there are significant differences when
looking at that, but nonetheless if we’re going to solve our problem of identifying 500 MHz, a
significant portion of it is going to have to deal with radar spectrum in one way or another. |
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wanted to draw attention to the specific bands that I think are most likely to be under review
once again because industry has certain limits on looking up at higher bands, at least for the
standard commercial wireless. We realize that Wi-Fi supplements that now and provides
opportunities even at higher frequencies like 5GHz, but we’ve got these four major band ranges
that we will be looking at:

e The 1300-1390 MHz band, which actually has two segments. The lower portion (1300-1350
MHz) has approximately 330 assignments across the country that support en-route air travel
(255 of those are FAA specific). The other segment has more military systems that are geared
for target identification rather than ATC. They are fixed locations across the country.

e The 2700-2900 MHz band is ATC and weather radar systems. There are almost 900 radars in
that band; approximately 550 are FAA ATC and almost 190 are weather related. They are all
fixed location systems.

e Above 2900 MHz, we start getting into these systems where we’ve got maritime users, radar
beacons along coastlines and intracoastal waterways and rivers, and so on. Although we’ve
got a limited number of those locations, we’ve still got twenty-some aeronautical radio
navigation or ATC radars and about 70 different types of land systems, probably weather
radars, and then about 100 maritime beaconing systems. The critical thing about these
systems is that they are talking to ships that are moving, so it is a slightly different situation.

e Inthe 31003650 MHz range, there are mobile military radar systems. The uses often go
outside of where we would normally expect them to be. So, we’ve got some major challenges
there. Those systems are trying not to be identified and to avoid jamming, so their techniques
are very creative.

In the few minutes remaining, I just wanted to call attention to this last slide (Figure 56), which
was presented by Bob Sole in yesterday’s Inventory Briefings. We are showing radar locations
for two separate 20 MHz bands. We chose 20 MHz, because that is what LTE folks are generally
asking for. Any radar frequency assignment that falls into one of those bands, whether it’s the
assigned center frequency or the bandwidth of the system, is shown here with its contour. The
contours are based on peak transmit power and propagation models that take terrain data into
account. The thing that I think is interesting is the differences from 20 MHz to 20 MHz in
available locations. It is important to ask ourselves: “Are the gaps we are seeing there of value?”
If we can fine tune this process the gaps will get greater as we shrink the size of those contours
based on the roll off of the signal or other techniques. Ultimately, there is a lot of radar activity
along eastern coastlines, and major cities. So, as we consider this type of geolocation approach
for sharing, we must ask: “Is this form of Swiss cheese something that industry can actually
work with?” The portrayal is in fact limited, e.g., we have not taken into account that the
antennas are rotating, or the duty cycle. In the past, Mike Marcus has proposed the idea of
communications systems that would pop up and down essentially as the radar was rotating. I'm
not sure how realistic that is in the commercial world, but we’ve not taken that into
consideration. As we get better information on the types of systems that might come into the
band, we can alter these contours. I think, however, this gives a good picture of the types of open
space there is. If these contours are used as exclusion areas, then obviously these places are kind
of off bounds. If, on the other hand, we can come up with an arrangement where the newcomers
to the band accept the interference in these areas, then potentially we open up a whole lot more.
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Figure 56. Radar contours from NTIA spectrum inventory.

6.2.2 Eric Mokole, Naval Research Laboratory

In this short address I will provide a summary of the R&D that has been taking place in the radar
division of the NRL over the last decade on compatibility of radar with other systems, as well as
some of my views on the subject. Since 2001, when we recognized that the tremendous
explosion of communications devices would cause significant interference problems for high-
powered DOD radars and vice versa, we’ve been trying to address how efforts could mitigate
such EMI while maintaining a radar’s desired performance. Because the requisite power for
detecting and imaging targets at relevant distances is so high in existing legacy radar systems,
reducing interference to acceptable levels in environments that are densely populated by
telecommunications devices is very challenging, as it is no simple matter to change hardware and
introduce new waveforms into these legacy systems. Now, newer systems, there is a lot greater
chance of that happening.

In 2002, Dr. Michael Wicks suggested that we take advantage of impending hardware advances
in electromagnetics, waveform generation, timing and control, and signal/data processing that
would greatly increase the performance of radio frequency devices, thereby allowing
significantly more flexibility in modulating both radar and communications signals. We felt that
this improved flexibility coupled with dynamic re-programmability would result in the capability
of generating adaptive waveforms that optimize a user specific application, whether it be in
communications, navigation, countermeasure, or radar systems. So Mike coined the phrase
waveform diversity, and off we went to form the tri-service waveform diversity working group,
whose goal was to pursue a long-term roadmap and funding to do research in spectrum as well as
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waveform diversity. Now let me define waveform diversity: it is dynamic and coordinated use of
multiple transmit and receive signals from one or more platforms to exchange, extract, or exploit
information. Now, at that time, we were fortunate to obtain some seed money for some
workshops and conferences from the forward-looking DARPA manager Dr. Joseph Guerci. This
working group developed multiple R&D programs in the Army, Air Force and Navy and often
has a workshop at DOD’s annual Tri-Service Radar Symposium. In addition, the working group
established the IEEE sponsored International Waveform Diversity Conference.

Since the availability of funding for R&D in radar spectrum has been very limited, if not non-
existent, my division developed a series of low level internally funded waveform diversity
programs, beginning in 2003 with the investigation of designs of class A power amplifiers for
achieving spectrally fine radar waveforms. Over the linear range of the amplifier we were able to
reduce the amplitude spectrum by at least 100 dB outside a 20 MHz band about a peak
transmission frequency of 10 GHz. And these measurements matched our theoretical predictions.
However, the amplifiers and high power radars typically operate in saturation, and this nonlinear
regime generates undesirable contributions outside the 20 MHz bands—called spectral splatter—
that interfere with users in adjacent bands. In a follow-on program, we tried to overcome this
spectral splatter problem by independently investigating power amplified circuitry and waveform
design. Since we weren’t as successful as we would have liked, we recently decided that a better
approach is jointly optimizing the power amplifier circuitry and waveform design. Now we’ve
been discussing this line of research with an earlier speaker at this forum, Dr. Charles Baylis,
who has been investigating this area also. In additional related research since 2005, we’ve been
studying the joint optimization of transmit waveforms and receiver processing structures that
adapt to the electromagnetic environment that mitigates mutual interference and is transparent to
non-users.

Parallel to our own internally funded efforts, through the efforts of Larry Cohen 