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Preface

The use of radio-frequency communication—commonly referred to
as wireless communication—is becoming more pervasive as well as more
economically and socially important. Technological progress over many
decades has enabled the deployment of several successive generations
of cellular telephone technology, which is now used by many billions
of people worldwide; the near-universal addition of wireless local area
networking to personal computers; and a proliferation of actual and pro-
posed uses of wireless communications. The flood of new technologies,
applications, and markets has also opened up opportunities for exam-
ining and adjusting the policy framework that currently governs the
management and use of the spectrum and the institutions involved in it,
and models for allocating spectrum and charging for it have come under
increasing scrutiny.

Yet even as many agree that further change to the policy framework is
needed, there is debate about precisely how the overall framework should
be changed, what trajectory its evolution should follow, and how dramatic
or rapid the change should be. Many groups have opinions, positions,
demands, and desires related to these questions—reflecting multiple com-
mercial, social, and political agendas and a mix of technical, economic, and
social perspectives.

The development of technologies and associated policy and regula-
tory regimes are often closely coupled, an interplay apparent as early as
the 1910s, when spectrum policy emerged in response to the growth of
radio communications. As outlined in this report, current and ongoing

vil
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i PREFACE

technological advances suggest the need for a careful reassessment of the
assumptions that inform spectrum policy in the United States today.

This report of the Committee on Wireless Technology Trends and
Policy Options (Appendix A) thus seeks to shine a spotlight on 21st-
century technology trends and to outline the implications of emerging
technologies for spectrum management in ways that the committee hopes
will be useful to those setting future spectrum policy. Speakers at the
meetings held by the committee are listed in Appendix B. The detailed
statement of task for the study is given in Appendix C.

The committee was not in a position to examine details of the numer-
ous specific areas of contention that are the subject of frequent debate
today or to evaluate the merits of opposing claims. This report thus
does not offer specific prescriptions for how particular frequency bands
should be used or seek to resolve conflicting demands for spectrum use
for particular services. Instead, the committee offers a discussion of the
technology trends and related policy options relevant to addressing these
conflicts, both today and in the future.

The development of this report was not without its own challenges,
and the report was a long time in the making. Early on, the committee’s
work expanded in scope following a request from the National Tele-
communications and Information Administration to convene a forum
on spectrum policy reform options.! Later, a variety of circumstances
unrelated to the substance or the work of the committee led to unexpected
delays. Throughout the project, there were also reminders that its subject
is inherently complex and challenging. The technology and policy issues
are tightly intertwined, and the study involved experts from multiple
disciplines, including economics, law, public policy, electrical engineer-
ing, and computer science. The multidisciplinary approach sought yields
a more comprehensive view of a problem, but more time and effort are
needed to establish a common view of the issues, a common vocabulary,
and so forth. Finally, the technical and policy perspectives of the mem-
bers of the committee were, by design, diverse. As a result, the technol-
ogy considerations, enablers of a more nimble policy framework, and
policy options developed by the committee are the products of a multi-
dimensional examination of the issues and negotiation of agreements
among members holding often-contrasting opinions.

! National Research Council, Summary of a Forum on Spectrum Management Policy Reform,
The National Academies Press, Washington, D.C., 2004.

Copyright © National Academy of Sciences. All rights reserved.



Wireless Technology Prospects and Policy Options

Acknowledgment of Reviewers

This report has been reviewed in draft form by individuals chosen
for their diverse perspectives and technical expertise, in accordance with
procedures approved by the National Research Council’s Report Review
Committee. The purpose of this independent review is to provide candid
and critical comments that will assist the institution in making its pub-
lished report as sound as possible and to ensure that the report meets
institutional standards for objectivity, evidence, and responsiveness to
the study charge. The review comments and draft manuscript remain
confidential to protect the integrity of the deliberative process. We wish
to thank the following individuals for their review of this report:

Vinton G. Cerf, Google, Inc.,

John M. Cioffi, Stanford University,

Gerald R. Faulhaber, University of Pennsylvania,

Kevin C. Kahn, Intel Corporation,

Teresa H. Meng, Stanford University,

Dipankar Raychaudhuri, Rutgers University,

David H. Staelin, Massachusetts Institute of Technology,
Andrew J. Viterbi, The Viterbi Group, and

Steven S. Wildman, Michigan State University.

Although the reviewers listed above have provided many construc-

tive comments and suggestions, they were not asked to endorse the con-
clusions or recommendations, nor did they see the final draft of the report

Copyright © National Academy of Sciences. All rights reserved.



Wireless Technology Prospects and Policy Options

X ACKNOWLEDGMENT OF REVIEWERS

before its release. The review of this report was overseen by R. Stephen
Berry, University of Chicago. Appointed by the National Research Council,
he was responsible for making certain that an independent examination
of this report was carried out in accordance with institutional procedures
and that all review comments were carefully considered. Responsibility
for the final content of this report rests entirely with the authoring com-
mittee and the institution.

Copyright © National Academy of Sciences. All rights reserved.



Wireless Technology Prospects and Policy Options

Contents
SUMMARY 1
1 INTRODUCTION: TRENDS AND FORCES RESHAPING 14
THE WIRELESS WORLD

Advances in Radio Technology, 15

Expansion in Applications and Users, 17

Changing Market Dynamics, 20

The Evolving Policy and Regulatory Framework, 21

2 KEY TECHNOLOGY CONSIDERATIONS 33
Technological Advances in Radios and Systems of Radios, 34
Low-Cost, Portable Radios at Frequencies of 60 GHz and
Above, 52

Interference as a Property of Radios and Radio Systems,
Not Radio Signals, 53

Enduring Technical Challenges, 55

Timescales for Technology Deployment, 57

Talent and Technology Base for Developing Future Radio
Technology, 58

Measurements of Spectrum Use, 59

Challenges Facing Regulators, 63

Engineering Alone Is Often No Solution, 66

X1

Copyright © National Academy of Sciences. All rights reserved.



Wireless Technology Prospects and Policy Options

Xii CONTENTS

3 POLICY OPTIONS 67
Pressures on Today’s Wireless Policy Framework, 67
Key Considerations for a Future Policy Framework, 68
Technology-Enabled Policy Options, 76

APPENDIXES

A Biographies of Committee Members and Staff 87
B Speakers at Meetings 96
C  Statement of Task 99

Copyright © National Academy of Sciences. All rights reserved.



Wireless Technology Prospects and Policy Options

Summary

Today’s framework for wireless policy—which governs the opera-
tion of devices that make use of radio-frequency (RF) transmissions—has
its roots in the technology of 80 years ago and the desire at that time for
governmental control over communications. It has evolved to encompass
a patchwork of legacy rules and more modern approaches that have been
added over time. Although views vary considerably on whether the pace
of reform has been commensurate with the need or opportunity, there
have been a number of significant policy changes in recent decades to
adjust to new technologies and to decrease reliance on centralized man-
agement. These developments have included the use of auctions to make
initial assignments (along with the creation of secondary markets to trade
assignment rights) and the designation of open bands! in which all users
are free to operate subject only to a set of “rules of the road.”

There remains, nonetheless, much debate about how the overall frame-
work should be changed, what trajectory its evolution should follow,
and how dramatic or rapid the change should be. Many groups have
opinions, positions, and demands related to these questions reflecting
multiple commercial, social, and political agendas and a mix of technical,
economic, and social perspectives.

1 A variety of terms are used to describe this approach, including “license-exempt” or
“license by rule.” The approach is probably most familiar as the basis for operation of wire-
less LANS, cordless telephones, and the like.

1
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2 WIRELESS TECHNOLOGY PROSPECTS AND POLICY OPTIONS

PRESSURES ON TODAY’S WIRELESS POLICY FRAMEWORK

The current framework for wireless policy in the United States is
under pressure on several fronts:

e It continues to rely heavily on service-specific allocations and
assignments that are made primarily by frequency band and geographic
location and does not embrace all of the spectrum management approaches
possible with today’s technologies and expected to be available with
tomorrow’s technologies.

® Despite revisions aimed at creating greater flexibility, it continues
to rely significantly on centrally managed allocation and assignment, with
government regulators deciding how and by whom wireless communica-
tions are to be used despite growing agreement that central management
by regulators is inefficient and insufficiently flexible.

e It will not be able to satisfy the increasing and broadening demand
for wireless communications that is spurred by interest in richer media,
seemingly insatiable demand for mobile and untethered access to the
Internet and the public telephone network, and growing communication
among devices as well as people.

e It does not fully reflect changes in how radios are being built and
deployed now or in how they could be built and deployed in the future
in response to different regulations, given that technological innova-
tion has expanded the range of potential wireless services and the range
of technical means for providing those services and at the same time
has dramatically lowered the cost of including wireless functionality in
devices.

Today, the complexity and density of existing allocations, assign-
ments, and uses, and the competing demands for new uses, all make
policy change difficult. Decisions will necessarily involve (1) addressing
the costs and benefits of proposed changes that are (often unevenly) dis-
tributed over multiple parties, (2) resolving conflicting claims about costs
and benefits, and (3) addressing coordination issues, which are especially
challenging if achieving a particular change requires actions by a large
number of parties. Moreover, some parties stand to gain by changing—or
advocating for change—while others stand to gain by delay or retaining
the status quo.

FORWARD-LOOKING POLICY DIRECTIONS

The Committee on Wireless Technology Prospects and Policy Options
believes that, moving forward, the unambiguous goal for spectrum policy

Copyright © National Academy of Sciences. All rights reserved.
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SUMMARY 3

should be to make the effective supply of spectrum plentiful so as to
make it cheaper and easier to innovate and introduce new or enhanced
services. Put another way, the goal should be to reduce the total cost—
which includes the cost, if any, of licenses, and the cost of equipment,
both for the end user and the network—of introducing or enhancing
services. The financial cost of adverse impacts to existing users and ser-
vices should also be fairly evaluated and debated in advance of regula-
tory changes.

Given the plethora of existing allocations and assignments, and the
multitude of existing services and users associated with them, it is not
possible to take a clean-slate approach. Achieving the goal stated above
will thus involve several parallel efforts:

e Leveraging advanced technologies, requlation, and market-based incen-
tives to support sharing, including overlay and underlay approaches, so
that new services can share spectrum with legacy services.

e Streamlining and modernizing the use of bands allocated or assigned to
old services to free up new areas of “white space” that can be used for new ser-
vices, by using market mechanisms, relinquishing government-controlled
bands used for obsolete services, and shutting down obsolete services (as
has happened with analog television).

e Establishing “open” as the default policy regime used at 20 to 100 giga-
hertz (GHz). At these higher frequencies, sparser use and technical charac-
teristics that significantly reduce the chance for interference suggest that
nontraditional management approaches can predominate.

The likelihood of ongoing technological change also points to the value of
establishing a more adaptive learning system for setting policy that would
be better able to track and even anticipate advances in wireless technology
and emerging ways of implementing and using wireless services.

The sections that follow provide a brief description of key technology
considerations and outline policy options, many enabled by new technol-
ogy, that will be useful in achieving the goal of increasing the supply of
spectrum for enhanced or new services.

KEY TECHNOLOGY CONSIDERATIONS

Radio-frequency communication has been transformed profoundly
in recent years by a number of technological advances. This section
outlines key recent advances and associated trends and their implica-
tions for the design of radios and radio systems and for regulation and

policy.

Copyright © National Academy of Sciences. All rights reserved.



Wireless Technology Prospects and Policy Options

4 WIRELESS TECHNOLOGY PROSPECTS AND POLICY OPTIONS

Profound Changes in Radio-Frequency Communication as a
Result of Technological Advances in Radios and Radio Systems

Digital processing is used increasingly to detect the desired signal and
to reject interfering signals. The shift to largely digital radios built using
complementary metal oxide semiconductor (CMOS) technology; (a high-
density, low-power-consumption technology for constructing integrated
circuits) has made it much cheaper and easier to include wireless capabili-
ties in consumer electronic devices. As a result of the reduction in costs
for radio technology, the barriers to developing and deploying novel, low-cost,
specialized radios have become much lower, and more firms and other organiza-
tions have become capable of and potentially motivated to participate. Growth
in the number of wireless devices of various types and in the demand for
wireless communications is likely to continue.

Technological capabilities are also driving the introduction of new
radio system architectures, including a shift away from centralized systems
to more localized transmissions in distributed systems that use very small cells
(the smallest of those being deployed today are called femtocells) or mesh
networks, and a shift from centralized switching to more distributed,
often Internet-Protocol-based, networks.

Another important shift in radios has been the ability to use new
techniques to permit greater dynamic exploitation of all available degrees of
freedom—frequency, space, time, and polarization—which makes it possible to
take greater advantage in a dynamic, fine-grained, and automated fashion
of all the degrees of freedom to distinguish signals. This capability offers
the opportunity to introduce new options for assigning usage rights.

The ability to leverage sustained improvements in the performance of
digital logic also opens up opportunities to build radios that are much more
flexible and adaptable. Such radios can change their operating frequency
and modulation scheme, can sense and respond to their environment,
and can operate cooperatively to create new opportunities to make more
dynamic, shared, and independently coordinated use of spectrum. (They
cannot, however, directly sense passive users, which means that special
measures such as registries or beacons are needed for detection of passive
users.) The result is that radios and systems of radios can operate and
cooperate in an increasingly dynamic and autonomous manner.

Although increased flexibility involves greater complexity, cost, and
power consumption, it enables building radios that can better coexist with
existing radio systems, through both underlay (low-power use intended
to have a minimal impact on the primary user) and overlay (agile use by
a secondary user of “holes” in the time and space of use by the primary
user). Moreover, flexibility makes it possible to build radios with operating
parameters that can be modified to comply with future policy or rule changes or
future service requirements.

Copyright © National Academy of Sciences. All rights reserved.
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The use of CMOS to build radios and digital processing together with
other advances in RF technology opens up a new set of opportunities in
the form of low-cost, portable radios that are becoming increasingly practical at
frequencies of 60 GHz and above. Radios operating in this domain must con-
front a number of challenges, including limited free-space propagation
distances (especially in the oxygen absorption bands around 60 GHz)
and very limited penetration through and diffraction around walls of
buildings or other obstacles. On the other hand, these characteristics
make such radios very useful in providing very large bandwidths over
short range.

Interference as a Property of Radio Receivers and Radio Systems,
Not Radio Signals

It is commonplace to talk about radio signals interfering with each
other, a usage that mirrors the common experience of hearing broad-
cast radio signals that are transmitted on the same channel overlay each
another. However, radio signals themselves do not, generally speaking,
interfere with each other in the sense that information is destroyed. Inter-
ference reflects a receiver’s inability to distinguish between the desired
and undesired signals. The cost of separating these signals is ultimately reflected
in design complexity, hardware cost, and power consumption. As a result, any
practical radio (i.e., one of practical size, cost, and power consumption)
will necessarily throw away some of the information needed to resolve
signal ambiguity. As the performance and capabilities of radios continue
to improve over time, their ability to distinguish between signals can be
expected to improve. However, power consumption will remain an espe-
cially challenging constraint, especially for portable devices, and even a
modest additional device cost can jeopardize the commercial viability of
a product or service.

Persisting Technical Challenges

Even as the capabilities and the performance of radios continue to
improve, several hard technical problems can be expected to persist. These
technical challenges—discussed in more detail below in this report—
include power consumption, nonlinearity of radio components, support
for nomadic operation and mobility, and coping with the heterogeneity
of capabilities, including both legacy equipment and systems that are
inherently constrained, such as embedded network sensors and scientific
instruments that passively use spectrum (e.g., for remote Earth sensing
and radio astronomy).

Copyright © National Academy of Sciences. All rights reserved.



Wireless Technology Prospects and Policy Options

6 WIRELESS TECHNOLOGY PROSPECTS AND POLICY OPTIONS

Nonuniform Timescales for Technology Replacement

Different wireless services are characterized by the different time-
scales for removal of old technology from service and deployment of new
technology. The factors influencing the turnover time include the time to
build out the infrastructure, the time to turn over the base of end-user
devices, and the time to convince existing users (who may be entrenched
and politically powerful) to make—and pay for—a shift, as well as the
incentives for upgrading and the size of the installed base.

Considerable Uncertainty About the Rate at Which
New Technologies Can Be Deployed Practically

A particular challenge in contemplating changes to policy or regula-
tory practice is determining just how quickly promising new technologies
will be deployable as practical devices and systems and thus how quickly,
and in what directions, policy should be adjusted. As is natural with all
rapidly advancing technologies, the concepts and prototypes are often well
ahead of what has been proved to be technically feasible or commercially viable.
At the same time, technical advances sometimes can be commercialized
quickly, although deployment and use might also require adjustments to
regulations, a process that historically has taken longer.

Spectrum Use Lower Than Allocations and Assignments Suggest,
Especially at Higher Frequencies

Quantifying how well and how efficiently spectrum is used is quite
challenging. Measurements may miss highly directional or periodic use
and cannot detect passive uses such as radio astronomy. These caveats
notwithstanding, measurements suggest that some allocated and assigned
frequency bands are very heavily used whereas others are only lightly
used, at least in certain places and at certain times. The published fre-
quency allocation and assignment charts are thus potentially misleading
in their suggestion that little spectrum is available for new applications
and services. A good deal of empty space exists in the spectrum; the chal-
lenge is to find ways of safely detecting and using it.

ENABLERS OF A MORE NIMBLE, FORWARD-LOOKING
SPECTRUM POLICY FRAMEWORK

The committee identified the following approaches as enablers of a
more nimble approach to spectrum policy.

Copyright © National Academy of Sciences. All rights reserved.
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Abandon the Extremes in the
“Property Rights” Versus “Commons” Debate

The terms “property rights” and “commons” are shorthand for par-
ticular approaches to spectrum management—approaches that reflect
philosophical and ideological perspectives as well as technical and policy
alternatives. The property rights approach relies on a well-specified and
possibly exclusive license to operate and on rights that can be established
or transferred through an administrative proceeding, auction, or market
transaction. It is intended to facilitate the creation of a market in infra-
structure access and use rights. The commons or open-access approach
relies on establishing license-free bands in which users must comply with
specified rules, such as limits on transmitted power. It is intended to
facilitate a market in devices and services based on symmetrically applied
infrastructure use and access rights.

Each has advantages and disadvantages and associated transaction
costs. Each involves different incentives, and different and complemen-
tary loci, for innovation. When carefully specified, neither pure version
can at present be determined to be uniquely “better” than the other. More-
over, there is a much larger space of alternatives, and commercial forces
can help drive their evolution and selection provided that the regulatory
structure is not overly rigid. This suggests adopting a policy framework
that avoids detailed allocation of spectrum in favor of one that uses
market mechanisms for spectrum allocation where they make sense and
uses an open-access mechanism in other instances. Where to draw the line
between the two general approaches (licensed or exclusive-use allocations
versus open access)—and which hybrids of the two approaches might be
useful—will shift as technological capabilities, deployed services, and
business models continue to evolve.

Leverage Standards Processes but Understand Their Limitations

Regulators often rely, either explicitly or implicitly, on standards
bodies to define the technical standards that are ultimately needed to
implement rulings for proposed new allocations and services. On the one
hand, standards-setting organizations are viewed as being more nimble
and better able than regulatory bodies to focus on technical issues. On
the other hand, as standards take on greater importance, the number of
competing players and conflicting interests grows, raising the risks that a
large player may try to dominate the process, that standards setting may
deadlock, or that only certain societal interests are reflected. Some ways to
address these risks have been identified, such as the use of one company,
one vote to deal with attempts to dominate by sending multiple delegates,
but such an approach has tradeoffs as well.

Copyright © National Academy of Sciences. All rights reserved.
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8 WIRELESS TECHNOLOGY PROSPECTS AND POLICY OPTIONS

Collect More Data on Spectrum Use

There are many gaps today in knowledge about the use of spectrum.
Measuring use is difficult and has not been done systematically, leading
to uncertainty for policy makers, who are not able to readily assess claims
and counterclaims about the use or nonuse of spectrum. Advances in
radio technology, however, make it possible to contemplate new ways
of collecting data on spectrum use, such as by the deployment of net-
works of sensors and the incorporation of sensing capabilities in equip-
ment deployed for other purposes. Such capabilities would enhance the
ability of regulators to enforce compliance with operating rules, and to
more quickly assess conflicting claims about harmful interference and
provide the data required to implement spectrum management schemes
that depend on identifying unused spectrum.

Ensure That Regulators Have Access to Technology Expertise
Needed to Address Highly Technical Issues

As this report argues, spectrum policy is entering an era in which
technical issues are likely to arise on a sustained basis as technologies,
applications, and services continue to evolve. The committee believes that
the Federal Communications Commission (FCC) would therefore benefit
from enhancing its technology assessment and engineering capabilities
and suggests several ways to gain such expertise:

* Make it a priority to recruit top-caliber engineers/scientists to
work at the FCC, perhaps for limited terms.

® Use an external advisory committee to provide the FCC with out-
side, high-level views of key technical issues. (Indeed, in the past, the FCC
convened the Technology Advisory Council to play just such a role.?)

® Add technical experts to the staff of each commissioner.

e Tap outside technical expertise, including expertise elsewhere in
the federal government such as at the Department of Commerce’s Insti-
tute for Telecommunication Sciences and the National Institute of Stan-
dards and Technology (NIST), or through a federally funded research and
development center.

2 The FCC announced the appointment of a new Technology Advisory Council in October
2010, as this report was being prepared for publication.
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Sustain Talent and Technology Base for Future Radio Technology

The opportunities described in this report rely on innovation in both
technology and policy. Innovation in wireless technology involves many
areas of science and engineering—including RF engineering, digital logic,
CMOS, networking, computer architecture, applications, policy, and
economics—and often expertise in combinations of these areas that is dif-
ficult to obtain in a conventional degree program. Research investments
in wireless technologies by federal agencies such as the National Sci-
ence Foundation, Defense Advanced Research Projects Agency, National
Telecommunications and Information Administration, and NIST help to
build the knowledge base for future innovation and to educate and train
tomorrow’s wireless engineering talent. Research efforts can be buttressed
by an infrastructure for implementing and testing new ideas in radios and
systems of radios. Test beds allow radio system architectures to be tested
at scale, and access to facilities for integrated circuit design and fabrica-
tion makes it possible to build prototypes.

FORWARD-LOOKING POLICY OPTIONS

Consider “Open” as the Default Policy Regime at a
Frequency Range of Approximately 20 to 100 GHz

At frequencies of 20 to 100 GHz, the potential for legacy problems
and for interference (in the classical sense) is lower, suggesting that non-
traditional (open) approaches could predominate for use of spectrum at
20 to 100 GHz.3 Adopting an open approach for a frequency domain that
will become increasingly more technologically accessible and commer-
cially attractive several years from now would set the stage for more flex-
ible and adaptive future spectrum management. FCC policy has already
moved in this general direction, with an unlicensed regime established
in a band at 57 to 64 GHz and licensed access to bands at 80 and 95 GHz
made available on a first-come, first-protected basis.

Spectrum use is relatively low at 20 to 100 GHz compared to use at
frequencies below 20 GHz, but existing users are likely to argue vocifer-
ously for ongoing protection, and some exceptions to the open rule will
probably be needed to protect certain established services and passive
scientific uses.

3 It would be imprudent to recommend a particular regime for frequencies above 100 GHz
given today’s limited understanding of how radios might be constructed or operated in that
domain, and it would be prudent to review policy in this area every several years and make
adjustments as appropriate.
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Use New Approaches to Mitigate Interference and a
Wider Set of Parameters in Making Assignments

Protecting against harm from interference has both technical aspects
(how well a radio or radio system can separate the desired from undesired
signals) and economic dimensions (the costs of building, deploying, and
operating a radio or radio system with particular technical characteristics
that make it easier to separate the signals).

Provided that the transaction costs are low enough and that agreed-
upon protocols for coordination exist, usage “neighbors” can negotiate
mutually satisfactory solutions to interference problems that take into
account the financial benefits, costs, and technology opportunities.* Given
the complexity of defining the technological options for any given com-
munication in the context of other local attempts to communicate, as well
the difficulties of determining who is a “neighbor,” particularly for mobile
and nomadic systems, the transaction costs may be significant.’ The size
of these costs and their implications for solutions that rely on negotiations
will depend on such factors as the number and diversity of systems and
users and is a subject of ongoing debate.

Receivers are increasingly able to discriminate a desired signal from
an undesired one, some technologies provide new tools for mitigating
interference, and other new technologies make it possible to exploit all
degrees of freedom in a dynamic fashion, opening new avenues for miti-
gating interference. Mitigation of interference can also be addressed in
terms of the behavior of systems of radios rather than of individual radios
and by coordinating the behavior of multiple systems. A key question is
how best to establish incentives for such cooperation.

Introduce Technological Capabilities That Enable
More Sophisticated Spectrum Management

The use of certain technologies, some of them emerging and some of
them available but not widely deployed, would make it easier to intro-
duce new services into crowded frequency bands. In particular it might
be possible to overlay unlicensed use onto licensed use if receivers were
suitably equipped. Another enabling technology is smart antennas that
could be used to focus transmitted power, scan the environment for other
transmissions, and spatially separate transmissions to help avoid inter-
ference. Migrating current nondigital services to more efficient digital

4 R.H. Coase, “The Federal Communications Commission,” Journal of Law and Economics
2(10):1-40, 1959.

5Y. Benkler, “Some Economics of Wireless Communications,” Harvard Journal of Law and
Technology 16(1):25-83, 2002.
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transmission will be a major challenge, especially for services that have
large and/or politically powerful legacy bases.

Migrating to higher-quality receivers has a cost in dollars, design
complexity, and power consumption. Even small additional costs matter
a great deal when service providers are fighting for pennies. But the addi-
tional investment could have a big payoff for those who seek to introduce
enhanced or new services.

Trade Near-Absolute Outcomes for Statistically Acceptable Outcomes

Although statistical models have long been used in spectrum analy-
sis, the underlying conservative assumptions have emphasized avoidance
of interference to an extent that has significantly affected efficient use of
spectrum. An alternative is to relax constraints so as to normally (but not
always) provide good outcomes, as is done in both Internet communica-
tion (best-effort packet delivery) and cellular telephony (which provides
mobility in exchange for gaps in coverage and lower audio quality). With
this approach, adverse impacts on users would be rare even though tech-
nical performance might be measurably but tolerably worse for users. A
relaxation of requirements could significantly open up opportunities for
nonexclusive use of frequency bands through a rebalancing of the risk
of interference and the benefits of new services. This approach might
not be appropriate, however, for services that demand guarantees of
especially high-quality service (e.g., for certain safety-critical systems).
Although regulatory proceedings could be used to implement such a
shift, it might be preferable for licensees to negotiate mutually beneficial
arrangements.

Design for Light as Well as Design for Darkness

Many systems, notably cellular phones, have been “designed for
darkness”—that is, with the assumption that a particular band has been
set aside for a particular service or operator and that there are no other
emissions in that band. An alternative is to “design for light,” with the
assumption that the operating environment will be noisy and cluttered.
Both approaches are reasonable for certain applications and services, but
there are tradeoffs between (1) the ease with which higher spectral effi-
ciency can be achieved under design for darkness, thus allowing for lower
cost and reduced power consumption and (2) the greater flexibility to sup-
port multiple and diverse uses under design for light. The historical pref-
erence has been to design for darkness, but today technological advances
suggest opening up more bands in the design-for-light modality.
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Consider Regulation of Receivers and Networks of Transceivers

Much regulation has focused on transmitters, and rules have speci-
fied transmission frequency and bandwidth, geographical location, and
transmission power. Increasing use of new radio architectures (discussed
above) suggests that the scope of inquiry can be broadened to look at the
properties and behaviors of receivers and networks of transceivers. Better
receiver standards would create an environment in which receiver capa-
bilities present a lower barrier than they do today for implementing new
spectrum-sharing schemes. Expanding the scope of policy or regulation
to include a system of radios rather than an individual radio would open
up new opportunities, such as the possibility of exploiting a network of
radios to reliably use a listen-before-send protocol to avoid interference
and thereby avoid the hidden node problem, in which one radio cannot
detect transmissions from another radio.

Exploit Programmability So That Radio Behavior
Can Be Modified to Comply with Operating Rule Changes

Because radios can be made highly programmable, albeit with
tradeoffs in complexity, cost, and power consumption, their operat-
ing parameters can be made modifiable to comply with policy or rule
changes. Deployment of devices with such capabilities opens up new
opportunities for more flexible regulation and more incremental policy
making: (1) policies could be written less precisely up front, (2) policies
would not have to be homogeneous and could be adapted to local envi-
ronmental conditions such as signal density, (3) the operating rules of
existing devices could be revised to accommodate new technology, and
(4) devices could more easily be certified for international use because
they can readily be switched to comply with local policy. One result could
be greater speed of deployment for new technologies and services.® Over
time, the introduction of such capabilities could be expected to impose a
less onerous performance and cost penalty. Future regulations could take
advantage of this opportunity by specifying, for example, that licenses
granted after a certain date would require use of devices with a certain
degree of reprogrammability.

6 Caveat: this flexibility could also paradoxically represent a disincentive to deployment
because it opens up the possibility of future forced sharing, potentially reducing the value
of a particular license.
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Use Adaptive and Environment-Sensing Capabilities
to Reduce the Need for Centralized Management

As agility, sensing, and coordination capabilities improve and as
etiquettes and standards for these capabilities develop, opportunities
will arise for scaling back centralized management. Potential advantages
of this approach include a lower barrier to entry (because neither engage-
ment with a regulator for spectrum assignment nor negotiation with
an existing license holder would be necessary) and greater flexibility
of use (because operation would be defined primarily by the attributes of
radio equipment rather than regulation). Potential disadvantages of this
approach include uncertainty about the technical feasibility and the costs
of building more capable radios with the degree of agility, coordination,
and environmental sensing required for effective decentralized operation.
Such a shift would also involve assessing tradeoffs between the more
rapid introduction of services made possible in a decentralized regime
and the significant capital investment made and efficiencies achieved, at
least in some instances, under a centralized regime.

Establish Enhanced Mechanisms for Dealing with Legacy Systems

In recent years, notable efforts to deal with legacy systems have
included relocating point-to-point microwave services to allow deploy-
ment of personal communications service cellular telephony and the relo-
cation of Nextel cell services out of public safety bands. More recently,
relocation of government services as well as broadcast radio services
and fixed services has been undertaken to allow the introduction of new
3G/advanced wireless services bands. Modifying infrastructure to accom-
modate such change can be difficult and expensive; an even bigger legacy
challenge is the need to migrate potentially millions of devices owned and
operated by consumers and other end users. This task has proven easier
when the market dynamics are such that end-user technology is regularly
refreshed (as in mobile telephony, where new handsets with new features
enter the market frequently and where the cost of handsets is often partly
covered in the services fees and regular upgrades are made available at
little additional cost to the subscriber) and harder where retrofitting is not
practical and hardware has historically had a long lifetime (as in aircraft
and public safety radios). The difficulty of making changes also depends,
of course, on the relative political clout of the incumbents and those seek-
ing to introduce new services.
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Introduction:
Trends and Forces Reshaping
the Wireless World

This report examines the evolution of radio-frequency communication—
commonly referred to as wireless communication!—and the framework
that governs its use (a framework that also extends to uses of radio fre-
quencies for purposes other than communication). An avalanche of new
technologies, applications, and markets for wireless communications is
colliding with a well-established and comprehensive but increasingly
obsolescent framework for the allocation, assignment, and utilization of
the radio spectrum. Even as demand for wireless services continues to
grow, much of the radio spectrum has already been allocated and assigned
by frequency band (and often by geographical location) for a multitude of
private-sector and government uses. The more recent developments come
on the heels of many decades of technological progress, notably marked
by widespread deployment of existing wireless capabilities such as sev-
eral successive generations of cellular telephone technology now used by
billions of people worldwide and a proliferation of actual and proposed
uses of wireless communications.

Significant policy changes in recent decades reflect efforts to adjust
to new technologies and to decrease reliance on centralized manage-
ment. There is debate about how the overall framework should be
changed, what trajectory its evolution should follow, and how dramatic
or rapid the change should be. Many groups have opinions, positions,
and demands related to these questions, reflecting multiple commercial,

! This report uses the terms “radio” and “wireless device” synonymously.
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social, and political agendas and a mix of technical, economic, and social
perspectives.

This report thus seeks to shine a spotlight, in ways the committee
hopes will be useful to those setting future spectrum policy, on emerging
technology trends and to outline policy directions that align with those
trends. It aims to provide a cogent discussion of the overall rationale
for changing policy, the opportunities afforded by new technologies for
spectrum management, and some long-term directions for improvement
in policy.

The Committee on Wireless Technology Trends and Policy Options
was not in a position to examine the details of the numerous specific areas
of contention that are the subject of frequent debate today regarding use
of the spectrum, or to evaluate the merits of opposing claims. This report
thus does not offer specific prescriptions for how particular frequency
bands should be used or seek to resolve conflicting demands for spectrum
for particular services. Instead, the committee intends that its discussion
of the relevant technology trends and policy options should be helpful in
addressing these conflicts, both today and in the future.

ADVANCES IN RADIO TECHNOLOGY

The development of technologies and the associated policy and
regulatory regimes that govern their use are often closely coupled. For
example, from the late 19th century until recently, the roadways for com-
munication and transmission of information (e.g., the telephone system,
broadcast television, and radio) were, like those for transporting people
and physical goods, owned, managed, and regulated by a relatively small
number of institutions. The concerns and assumptions underlying poli-
cies were grounded in the technical realities and economic and political
imperatives of the time. The interplay between technology and policy was
apparent as early as the 1910s. The growth of radio communications and
the spectrum policy that emerged reflected a compromise on a framework
for spectrum management.

When spectrum regulation began with the Radio Acts of 1912 and
1927 and the Communications Act of 1934, the primary obstacle to signal
reception was noise. Because of the quality of components available at
that time and the nature of the most popular frequency bands of the day
(which were selected for their longer propagation distances), noise was a
significant problem, and interference (i.e., human-generated noise from
other transmissions) from other sources was regarded as intolerable and
something to be avoided. Accordingly, a regulatory structure was set
up that allocated frequencies with specific power levels and bandwidth
masks uniquely to single broadcasters or services in a given geographic
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area. For the most part, the environment consisted of a small number of
high-power transmitters separated by frequency and geography, and a
very large number of mute receivers. Licenses granted the right to broad-
cast using a few kilohertz of spectrum and also provided an “address”
(in the form of, for example, AM radio channel numbers) in addition to a
means to avoid interference.

Today, radios routinely operate in frequency ranges where back-
ground noise is limited and dealt with rather easily. The very large num-
ber of active transceivers means that the primary challenge is separating
the desired signal from the signals of all the other potentially interfering
transmitters, not avoiding noise. The huge number of devices associated
with many modern services means that frequencies must be shared (and
that the particular frequencies in use at any given time are not apparent
to the user). For example, many cell phones share a particular block of
spectrum at any given time, with the sharing enabled by separation by
code (code division multiple access) or time slice (time division multiple
access) as well as location (which cell the phone is currently in). These
challenges were not fully anticipated by traditional spectrum allocation
and licensing schemes.

Moreover, in the past 50 years, a number of changes—including a
fundamental new understanding of physics and information theory; vast
increases in the computation that can be performed by a compact, cheap,
low-power device; and improvements in analog components—have
allowed for very inexpensive processing of signals in ways not contem-
plated when many spectrum polices were established and allocations
were made.

In short, radio-frequency communication today is being profoundly
changed by a related set of technological advances—both in the capabili-
ties and performance of individual radios and in the design of networks
and systems of radios. These advances, which are discussed in more detail
in Chapter 2, include the following;:

e A shift in favor of digital signal processing and use of low-cost
complementary metal-oxide-semiconductors integrated circuit technol-
ogy for both digital and analog radio components;

e The advent of new radio systems architectures that rely on dis-
tributed (and often Internet-Protocol-based) control and on more local-
ized transmission using microcells and mesh networks, rather than
traditional architectures that rely on centralized switching or wide area
transmission;

e The development of a variety of techniques, including more robust
receivers, antenna arrays, frequency agility, and new modulation tech-
niques and coding algorithms, to permit dynamic, fine-grained, and
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automated exploitation of all available degrees of freedom—that is, not
just static separation in frequency and space but also dynamic use of
frequency, time, space, and polarization—along with “code”?>—to distin-
guish radio signals; and

e The development of technologies that permit flexible and adapt-
able radios that can sense and respond to their operating environment
and can coordinate their operation in an increasingly dynamic, distrib-
uted, and autonomous fashion.

The technological advances outlined above and discussed in more
detail in the next chapter call for a careful reassessment of the assump-
tions that underlie spectrum policy.

EXPANSION IN APPLICATIONS AND USERS

The transition from wired and fixed place-to-place communications
to wireless mobile person-to-person (and device-to-device) communica-
tions has been under way for decades.®> Radio, once confined to largely
unidirectional transmissions from a small number of broadcasters to a
large number of passive receivers, has blossomed to include bidirectional
communication among a much larger numbers of devices.

The number of people actively using wireless communications has
grown dramatically: only a couple of decades ago, there were thousands
of radio and television broadcasters, a half million amateur radio opera-
tors, and a few million mobile radio users worldwide; today there are
billions of mobile telephone users, hundreds of millions of wireless local
area network (WLAN) users, and similarly large numbers of low-power
in-home and personal devices. Many other services and products ranging
from satellite television to global positioning systems (used, for instance,
in automobile navigation systems) to public safety communications make
use of spectrum licensed to specific companies, government agencies, or
other entities.

Perhaps most familiar and notable is that there are nearly 300 million
cell phone subscribers in the United States* and 5 billion subscribers world-

2 Although it is strictly speaking a technique for exploiting the other degrees of freedom,
modulation or code is often referred to as another degree of freedom because it can be used
to allow separation of signals that appear to be at the same frequency, time, and space.

3 Donald C. Cox, “Wireless personal communications: What is it?”” IEEE Personal Commu-
nications, April 1995, pp. 20-35. This paper notes the transition occurring already as far back
as 1995 due to wireless communications.

4 “CTIA—The Wireless Association, Wireless Quick Facts: Mid-Year Figures,” available at
http:/ /www.ctia.org/media/industry_info/index.cfm/AID/10323.
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wide.> Many everyday products that have been sold by the hundreds of
millions—such as cordless phones, baby monitors, security systems, garage
door openers, keyless entry for automobiles, and a wide variety of WLAN
products—make use of so-called open bands for which individual licenses
are not required and only low-power transmissions are permitted.

These two familiar examples are notable both for their success and
for their distinct features. WLAN technology enabled the rapid and flex-
ible deployment of a wide variety of devices. Cell phones became nearly
ubiquitous as a result of large capital investments and the spectral effi-
ciency achieved by their technology. The success of the cell phone indus-
try was predicated on the solution of an extremely difficult (indeed nearly
insurmountable) engineering problem in the presence of a huge, visible,
obvious, well-understood market opportunity—universal mobile tele-
phony. In contrast, WLANSs involved solving a simpler engineering prob-
lem for a market with considerable potential but less certain value.

Many wireless devices use multiple wireless systems and technolo-
gies. Cell phones now often include Bluetooth capability,® allowing them
to connect to wireless headsets and vehicle audio systems” as well as the
cellular telephone system. Laptop computers today may contain wire-
less LAN, Bluetooth, and cellular communications capabilities. A digital
video recorder might connect to a home wireless network to allow sharing
photographs and music from other computers on the network while also
receiving broadcast signals over the air and commercial satellite television
signals. Both wireless LAN and cellular capabilities are being built into
new types of consumer electronics such as electronic book readers.

Military applications of wireless technology have expanded well
beyond voice communications and radar systems, and many applica-
tions initially developed for military purposes have found widespread
commercial or civilian use. For instance, the Global Positioning System
(GPS) was launched as a military application and is now used by hikers,
in-vehicle navigation systems, and even in golf carts.

More recently, wireless technology has been applied to machine-to-
machine communications, with expectations that such communications
will exceed those involving humans within the next few years.® Fleet

5 Estimates were that by the end of 2010, there would be 5.3 billion mobile subscriptions
worldwide. See International Telecommunication Union (ITU), The World in 2010: ICT Facts
and Figures. Geneva.

¢ Bluetooth wireless technology is one of several short-range communications technologies
intended to replace the cables connecting portable and fixed devices.

7 The increasing prevalence of laws requiring hands-free operation of cellular phones in
automobiles in the interest of safety concerns is driving increased interest in this application
of wireless technology.

8 “ A World of Connections: A Special Report on Telecoms,” p. 5 in The Economist, April 28,
2007.
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management, supply chain and logistics management, automated meter
reading, security monitoring systems, vending machines, and sensor net-
works monitoring industrial process are just a few examples of the appli-
cations already in use and being developed. These distributed control
systems made up of sensors, remote devices, and actuators are linked
into wireless networks via wireless communications channels.® Radio
frequency identification (RFID) uses wireless communication to identify
tagged objects. Although this prospect has been anticipated for some
time,!'? such applications are now being more widely adopted. Applica-
tions of wireless technology are moving from any time and any place to
include any thing.!!

In short, wireless technology is spread broadly across all activities of
daily life and is becoming an ever more integral and indispensable part
of those activities. Reports of how the wireless revolution is changing
everyday life abound in the news, and they include news of the pervasive
and ubiquitous computing enabled by wireless communications, mak-
ing all sorts of previously impossible things possible. These changes are
driven by technological advances and by the creation of new applications
that make use of those advances to provide new services and create new
markets. The potential is real, but realizing it, with all of its implications
for more and more wireless communications of all types, will continue to
strain the spectrum management regime.

Wired Versus Wireless Communication (Propagation Versus Backhaul)

Fiber optics finally led to the demise of Grove’s law, which (con-
trasting the remarkable rate of improvements in computing performance
with the slower rate of improvements in the performance of deployed
communications capabilities) forecast a doubling of the bandwidth of the
telephone system every 100 years.!? The effect of rebuilding the cable and
telephone industries with an abundance of fiber-optic technology has been
transformative, as has been the deployment of broadband local access
infrastructure using fiber, digital subscriber line,'* and cable modem tech-
nology. The most significant impact for wireless of the investment in this

9 Andrea Goldsmith, Wireless Communications, Cambridge University Press, 2005.

10 National Research Council, Embedded, Everywhere, The National Academies Press, Wash-
ington, D.C., 2001.

1 International Telecommunication Union, Internet Reports 2005: The Internet of Things,
United Nations, 2005.

12 See, for instance, National Research Council, Defining a Decade: Envisioning CSTB's
Second 10 Years, Proceedings of Computer Science and Telecommunications Board’s 10th
Anniversary Symposium, National Academy Press, Washington, D.C., 1996.

13 Interestingly, digital subscriber line networks pose their own spectrum management
challenges because wire pairs within the telephone wire plant radiate into each other.
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infrastructure has been a significant reduction in the need for medium-
and long-range propagation of radio-spectrum signals. In effect, wireless
technology has become an important (though not exclusively) local access
technique for interconnection with a huge fiber transport infrastructure
for voice, data, and, increasingly, video transmission. Fiber-optic connec-
tions frequently provide these “backhaul” services, which are needed to
connect distributed sites (such as cell towers) to the network. Of course,
a backhaul role remains for wireless links, such as microwave and satel-
lite communications, but the tremendous breakthrough in the cost and
capacity of fiber-optic technology has shifted the focus of wireless com-
munications more toward “last-mile” and “last-meters” issues. Another
consequence is that the market in wireless services is more closely linked
to the market in last-mile wireline communications services.

This shift increases the importance of wireless services that operate at
shorter ranges. At the shortest ranges, near-field communication is used
in such applications as touchless public transportation passes, and RFID
is used for communication between, for example, vehicle transponders
and tollbooths.

CHANGING MARKET DYNAMICS

Wireless technologies are making possible valuable new services and
products. Most large-scale commercial applications of wireless technology
have until recently operated using licensed spectrum—spectrum in which
only the assigned user can operate and offer services according to the
terms of its license. Broadcast television and radio, satellite communica-
tions, and cellular telephone systems are prominent examples. As personal
wireless communications and related data services are improved, demand
for spectrum to be used by individuals and devices continues to increase.
As previously discussed, a growing number of devices (including laptops,
tablets, cell phones, electronic book readers, cameras using WiFi, headsets
and other devices using Bluetooth, and sensors and controls using such
protocols as ZigBee) operate in open bands in which defined technical
rules for both the hardware and the deployment methods are employed
to enable shared use without license rights or guarantees of protection
from interference. Such capabilities are being deployed by individual users
(households with WiFi for sharing a broadband connection throughout
their house); schools, other organizations, and firms (to provide connec-
tivity within their premises); communications carriers (to complement
their offerings using licensed spectrum or wireline connections); and local
governments (for their own use or to extend communications within their
communities). This complementary approach is often credited with having
allowed the rapid development of new products and services. Spectrum
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policy, service offerings, and business models have all been evolving to
take advantage of licensed operation as well as operation in open bands.

Some currently licensed spectrum uses are facing competition or
replacement by technology-enabled alternatives. For instance, terrestrial
broadcast television now competes with both cable and satellite trans-
mission, and they all compete with video delivered (by streaming or
download) over the Internet. Spectrum once dedicated to a particular
use becomes less valuable as alternative uses become more valuable.
An obvious example is the spectrum once reserved for analog television
broadcasting channels and freed when broadcast television completed its
transition to all-digital transmission. The question of what to do with the
“white space” created by freeing spectrum previously allocated for televi-
sion channels 2 to 51 has highlighted many of the arguments about the
merits of licenses, the possibilities for using markets to shift spectrum to
new uses, and the role of open-band approaches.!*

Still another aspect of shifting market dynamics is related to the
globalization of markets. Global markets for wireless communications
devices have been driven not so much by global travelers, which are
relatively few, as by the global economies of scale associated with com-
mon components, common products, and consistent standards that make
it possible to develop products and services for large markets. Where
differences do exist, decreasing component costs and increasing miniatur-
ization have enabled multimode devices such as tri- and quad-mode cell
phones that sidestep some of the harmonization issues.

THE EVOLVING POLICY AND REGULATORY FRAMEWORK

There appears to be a broad consensus that the current framework
for spectrum policy is ripe for change.!® This attitude reflects recognition
of the shortcomings of centralized government management of spectrum
use as well as the need to accommodate present and emerging techno-
logical capabilities such as those discussed in Chapter 2. A number of
significant policy changes reflect efforts to adjust to new technologies
and to shift some control from central management to markets and open
bands. This section reviews the origins of the present policy regime and
some recent efforts to make changes.

14 GSee testimony submitted to the Federal Communication Commission, “Unlicensed
Operation in the TV Broadcast Bands,” ET Docket No. 04-186, and “Additional Spectrum for
Unlicensed Devices below 900 MHz and in the 3 GHz Band,” ET Docket No. 02-380.

15 FCC, “Report of the Spectrum Policy Task Force,” ET Docket No. 02-135, November
2002, p. 11; Government Accountability Office (GAO), Telecommunications: Comprehensive
Review of U.S. Spectrum Management with Broad Stakeholder Involvement Is Needed, GAO-03-
277, Washington, D.C., January 2003, p. 3.
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History

There are several potential historiographies of the emergence of wire-
less communications policy in the United States. Each represents a par-
ticular perspective on the proper role for government and for markets in
the management of spectrum. This section starts with a brief summary
of the official administrative story—that is, the legislative and regulatory
actions beginning with the Radio Act of 1912. Both the Supreme Court,
when it initially upheld the role of the Federal Communications Commis-
sion (FCC) in licensing wireless systems, and the FCC in various reports
(such as the Spectrum Policy Task Force report described below in this
report) reflect this perspective. Three additional perspectives reflect actual
or perceived motivations, priorities, and consequences from alternative
points of view. Often unstated or implied in current spectrum policy
debates, these stories color the assumptions and arguments made by the
diverse policy stakeholders, with numerous important implications for
spectrum policy analysis. They also serve to reveal the many potential
pitfalls for spectrum policy making.

Official (Administrative) Story

The administrative story begins with the demise of the Titanic and
the sense that potential rescuers could not be reached because of a lack
of coordinated communications. The Radio Act of 1912 was meant to
address such issues, but a 1926 court decision in United States v. Zenith
Radio Corp. held that the 1912 act did not allow the secretary of commerce
(under authority from the President) to refuse licenses.!® That decision
led to an 8-month period when the law broke down and a cacophony of
signals was transmitted, so that no one could be heard, followed by the
rapid passage of the Radio Act of 1927. The provisions of the 1927 act
were mostly incorporated into the Communications Act of 1934, which
unified the regulatory regime for nongovernmental use of spectrum for
telephone, telegraph, and radio under the control of the FCC. Regulation
of governmental spectrum use was assigned to the executive branch, and
eventually, in the 1970s, to the National Telecommunications and Informa-
tion Administration (NTIA) of the Department of Commerce. This split
addressed concerns about concentrating licensing authority, as reflected
in the 1926 court decision.!” These two agencies, the FCC and the NTIA,
must coordinate to accommodate the full range of spectrum users since
no spectrum is specifically mandated for exclusive federal or nonfederal

16 United States v. Zenith Radio Corp. et al., 12 F. 2nd 614 (N.D. IIl., 1926).
7. GAO, Telecommunications: Better Coordination and Enhanced Accountability Needed to
Improve Spectrum Management, GAO-02-906, Washington, D.C., September 2002, p. 2.
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use.!® The system put in place in 1934 is largely the system that we have
to this day."

This historiography presents spectrum management as a straight-
forward technical problem, to be solved to the extent possible and neces-
sary by the most direct and straightforward regulatory mechanism.

Government Control Story

The government story starts with a focus on the Navy’s efforts to con-
trol the airwaves since the early 20th century, efforts that had been almost
entirely successful as the United States entered the First World War. It then
follows the battle over the following decade that resulted in direct control
(through the Independent Radio Advisory Committee and the NTIA) over
much of wireless communications capacity, and indirect control through
the private-public arrangement embodied in the FCC over the remainder.
There are nuances to this story. Early versions focused on overly zealous
regulation and the scarcity of capacity it caused.?’ Newer versions focus
more heavily on the positive political theory (i.e., the use of game theory
and other formal methods) of legislation.?! The primary practical lessons
of this perspective are that any form of regulatory solution, however well
designed, can have undesired results, including corruption or failure, so
that the institutional design of the regulatory system aims to minimize the
role of self-conscious policy making.

Business Story

The business story focuses on the moves of the industrial players in
the first quarter of the 20th century. It follows the path from Marconi to
De Forest, the joining in of AT&T and later GE and Westinghouse, the
formation of RCA, and the patent pools of 1920.?? In this story, a series

18 U.S. Department of Commerce, Spectrum Policy for the 21st Century—The President’s
Spectrum Policy Initiative: Report 1, June 2004, pp. 8-10.

19 FCC, “Report of the Spectrum Policy Task Force,” ET Docket No. 02-135, November
2002, p. 7. Additional source: NBC v. U.S. 319 U.S. 190, 1943.

20 R.H. Coase, “The Federal Communications Commission,” Journal of Law and Economics
2(October):1-40, 1959; Jora R. Minasian, “Property Rights in Radiation: An Alternative
Approach to Radio Frequency Allocation,” Journal of Law and Economics 18(1; April):221-
272,1975.

21 Thomas W. Hazlett, “The Rationality of U.S. Regulation of the Broadcast Spectrum,”
Journal of Law and Economics 33(1):133-175, 1990; Thomas W. Hazlett, “Assigning Property
Rights to Radio Spectrum Users: Why Did FCC License Auctions Take 67 Years?” Journal of
Law and Economics 4(2):529-576, 1998.

22 Yochai Benkler, “Overcoming Agoraphobia: Building the Commons of the Digitally
Networked Environment,” Harvard Journal of Law and Technology 11(Winter):287, 1997-1998.
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of business decisions by the primary manufacturers of transmission and
reception equipment in the second and third decades of the 20th century
led to the emergence of the broadcast model.

Through a variety of techniques, some developed in the market, some
through the patent system, and some through the regulatory system, the
broadcasting industry had settled by 1926 on the advertiser-supported
networks using government-granted exclusive licenses that dominated
until very recently. The following years of industry consolidation saw a
shift from what was primarily an equipment-market-driven phenomenon
in the 1920s (e.g., the need to create demand for receivers as the economic
rationale for the creation of the National Broadcasting Company) to an
advertiser-supported entertainment service by the 1930s. It also saw the
shift from spectrum allocation by the secretary of commerce to allocation
by an independent agency, the FCC. However, the basic structure was
set in place even before—and independent of—formal legislation.?? The
primary significance of perspective as a guide to contemporary policy
making is in regard to the need to pay particular attention to the business
structure of the markets in wireless communications equipment and wire-
less services and their implications for proposed institutional designs.

Public-Interest Advocates Versus Commercial Broadcasters Story

A third, and final, nonofficial story is the story of the battle between
entrenched broadcasters and advocates concerned with a public interest
in spectrum and publicly minded broadcast policy. In this story, much
of the action that matters most occured later than in either of the two
other nonofficial stories—in the period between the advent of broadcast
radio and passage of the Communications Act of 1934. During that time,
a variety of education, labor, religious, press, and civic groups opposed
the network-based and advertising-supported system that was emerging
and advocated for setting aside significant capacity for nonprofit and non-
commercial broadcasting.?* The story is important because its primary ele-
ments continue to describe a fairly broad perception of the political stakes
in wireless communications policy. Broadcast communications policy is
perhaps the most visible of wireless policies for most Americans.

The construct of the “public interest” evokes strong political emotions
and deeply held beliefs. The political power of broadcasters, coupled with

23 Erik Barnouw, A History of Broadcasting in the United States: Volume 1: A Tower of Babel: To
1933, Oxford University Press, New York, 1966; Hugh G.J. Aitken, “Allocating the Spectrum:
The Origins of Radio Regulation,” Technology and Culture 35(4):686-716, 1994.

24 Robert W. McChesney, Telecommunications, Mass Media, and Democracy: The Battle for the
Control of U.S. Broadcasting, 1928-1935, Oxford University Press, New York, 1994.
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the belief that this particular area of policy is especially important for, and
amenable to, political action, creates important constraints on the range
of policies practically open for reform.

Allocation, Assignment, and Licensing

The allocation of frequencies for a particular use (what is permitted to
operate in a range of frequencies) is distinct from their assignment (who
is permitted to use that range of frequencies). Allocation was historically
made through rule making; recent years have seen a shift from assign-
ment by comparative hearing to auctions and the introduction of second-
ary markets to allow market-based reassignment.

The vast majority of licenses to operate wireless devices and systems
in the United States are assigned in an administrative process either by
the FCC, which has jurisdiction over use by private and state, local, and
tribal users, or by the NTIA, which has jurisdiction over use by federal
agencies.

The fundamental principal for regulation of transmitters is that it
is impermissible to operate a wireless communications transmitter in
the United States except by license, unless the device has very well
defined technical characteristics that allow it to be operated under one
of the FCC’s permissive frameworks for unlicensed operation. Licenses
typically include limits on the use of the equipment licensed which
are typically designated in terms of the following:

e The frequency of signals transmitted by the system;

e The bandwidth of the signals;

e The power of the transmitter, given the bandwidth used;

e The antenna location and height or other design characteristics
(such as direction);

e The number of other potential licensees to use equipment with
equivalent characteristics; and

e The relations among licensees (e.g., license exclusivity and the
presence of secondary and primary users).

Licenses typically also limit the types of services that can be offered; for
example, a television band licensee cannot use that spectrum for any
other use.?”

Devices that receive and decode but cannot transmit wireless com-
munications are not subject to the same regulatory framework (although

%5 The advantages of not specifying particular services are compellingly illustrated in the
diversity of services that have been implemented in unlicensed bands.
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some, like police radar detectors, may be regulated in other contexts).
Note that because receivers contain local oscillators (to detect the signal or
for their computational elements) that may interfere with other transmis-
sions, they are subject to limits on these unintentional emissions.

Overview of Recent Policy Developments

Starting with changes made to the Communications Act in 1983,
Congress has sought to encourage competition and innovation and to rec-
ognize the evolving technological reality.?® Today, increasing use is being
made of less centralized mechanisms using markets in both spectrum
rights and open bands. Changes to the Communications Act authorize
the FCC to collect license fees, conduct spectrum auctions, and provide
for spectrum allocation flexibility.?” Auctions have seen increasing use for
making assignments, and secondary spectrum markets are emerging. The
opening of new bands and the auctioning of spectrum rights, together
with significant technological developments, is credited, for example
with having enabled tremendous growth in the number of cell phone
subscribers.

Complementing these market-based mechanisms has been growing
use of open bands, in which all users are free to operate subject only to
rules of the road.?® This development had its origins in the decision to
establish the so-called industrial, scientific, and medical bands at 900 MHz
and at 2.4 and 5.8 GHz as open bands, an action that helped pave the way
for today’s widespread use of WLANSs.

In recent years, two U.S. government initiatives aimed at stimulating
broad reform were launched—the FCC 2002 Spectrum Policy Task Force
report and associated ongoing activities, and the President’s Spectrum
Policy Initiative of 2004.%

Recent specific policy changes have included approval of ultrawide-
band operation, which represents a new, fundamentally different way
of thinking about wireless transmission and is also the first instance

2647 U.S.C. 157, “New Technologies and Services.”

27 FCC, “Report of the Spectrum Policy Task Force,” ET Docket No. 02-135, November
2002, pp. 7-8.

2 A variety of terms describe this approach, including “license-exempt” or “license by
rule.” This approach is probably most familiar as the basis for operation of WLANS, cord-
less telephones, and the like.

2 FCC, “Report of the Spectrum Policy Task Force,” ET Docket No. 02-135, November
2002; FCC Spectrum Policy Task Force, Report of the Spectrum Efficiency Working Group,
November 15, 2002; U.S. Department of Commerce, Spectrum Policy for the 21st Century—The
President’s Spectrum Policy Initiative: Report 1, June 2004.
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of approval for the overlay of existing services;*° changes in licensing
procedures to accommodate software-defined radios and proceedings
regarding adaptive radios;*! a decision to permit low-power devices to
operate on vacant broadcast television channels;3? issuance of a notice of
inquiry for a spectrum-sharing test bed to be shared among federal and
nonfederal users;* and adoption of rules and development of technical
measures enabling the sharing of spectrum at 5 GHz between existing
military radar systems and low-power unlicensed devices.3*

Two Recent Federal Policy Initiatives

Several major federal policy initiatives were launched in recent years.
These include the two described below—the FCC Spectrum Policy Task
Force (and a series of proceedings that followed) and the President’s
Spectrum Policy Initiative—as well as the FCC National Broadband Plan
that was released in March 2010.

FCC Spectrum Policy Task Force (2002)

Seeking to exploit the opportunity opened by 