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I. INTRODUCTION

A. Spectrum Is a Resource

Communications spectrum—that is, the set of electromagnetic frequen-
cies suitable for communications and radar—is a precious resource. Like oil,
it is limited and has a far-reaching impact on economic activity and national
security. However, unlike oil, it cannot be stored for later use, and it cannot
be exported, although it can be reused [1]. Depending on the licensing re-
gime, spectrum can have the characteristics of a private good or a common
good [2]. Spectrum can also be locally traded, and it can, by application of
scientific creativity, be made more productive. Much research needs to be
done in order to achieve the fullest possible productivity.

—
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B. Spectrum Is Valuable

Communications spectrum is im-
mensely important economically. Re-
cent estimates indicate global annual
revenues of over a trillion dollars for
mobile wireless, $320 billion for
broadcast TV, and $63 billion for
broadcast radio. The estimated con-
sumer surplus' associated with mobile
wireless is around $1.4 trillion, and
for broadcast television $2.5 trillion
[4]. Auctions in the 700-800-MHz
bands conducted in the United States,
Germany, and France between 2008
and 2010 suggested a value of roughly
$1 per megahertz per person living in
the country [5]. An auction in the
United Kingdom in 2013 in the
800-MHz and 2.6-GHz bands netted
a lower amount [6], of around $0.23
per megahertz per person. The most
recent U.S. auction, for Advanced
Wireless Systems-3 (AWS-3) in the
1695-1710-, 1755-1780-, and 2155-
2180-MHz bands, netted about
$41.3 billion [7], suggesting an aver-
age value of nearly $2 per megahertz
per person.

"In economics, the consumer surplus is
the amount by which consumers value a prod-
uct over and above what they pay for it [3].
The equilibrium price is determined by the
intersection of supply and demand curves; it
does not correspond to the only price con-
sumers are willing to pay. If supply is more
restricted, they may be willing to pay higher
prices, according to the demand curve. The
consumer surplus is thus the area under the
demand curve and above a horizontal line at
the actual or equilibrium price.
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II. SPECTRUM IS
GETTING SCARCE

A. Increasing Demands

Demands on spectrum have been
increasing for decades, and continue
to do so at a rapid rate. In 2001, there
were 15.5 mobile cellular subscrip-
tions for every 100 people in the
world; by 2013 there were 96.2 [8].
Mobile broadband Internet service on
smartphones was virtually nonexistent
before 2008. By 2013, there were
74.8 mobile broadband subscriptions
per 100 people in the developed
world, and 29.5 per 100 people in the
world as a whole [8]. The developing
world has perhaps benefited the most
from the wireless revolution. The
emerging Internet of Things, in which
a plethora of enabled electronic de-
vices, including sensors, will be in-
creasingly accessible over the Internet
[9], will only exacerbate the situation.
These latest applications also have im-
plications for traffic models, in that
they may involve a redistribution of
spectrum resources devoted to the
uplink versus the downlink.

B. Government-Dedicated
Spectrum Is being Reallocated
One of the major collisions is be-
tween the needs of governments and
the needs of the commercial market-
place. In the United States, the federal
government has dominant access to
about 32% of the spectrum from 225
to 3700 MHz. Nonfederal users have
dominant access to about 33%, and
about 35% is shared, with federal
users having a primary allocation and
nonfederal users having a secondary
allocation [10]. Various federal agen-
cies have over 240000 frequency as-
signments. The agency with the
largest amount of allocated spectrum
is the U.S. Department of Defense,
with 37.3% of the federal total. When
combined with other agencies in-
volved in national security or public
safety, the total rises to nearly 61%
[11]. Governments in Europe also
hold a fairly large share of spectrum.
In a typical Western European coun-
try,

commercial uses account for

about 50% of the spectrum from
108 MHz to 6 GHz (with a 15% slice
for mobile services), and government
for the other half. Defense accounts
for somewhat over half of the govern-
ment use (27.2% of the total). Broken
down another way, radars and naviga-
tion account for 29.3% and military
communications 19.0% [12].

The large share of spectrum con-
trolled by government, as well as the
relatively uncrowded nature of the
government bands, has led to a con-
tinuing process of reallocation from
government to commercial uses. Be-
tween 1992 and 2010 in the United
States, the federal government agreed
to give up access to 412.5 MHz
of spectrum. This was the result
of cumulative national decisions
(the Omnibus Budget Reconciliation
Act of 1993 [13], [14] and the Bal-
anced Budget Act of 1997 [14]) and
international agreements (the World
Administrative Radio Conference of
1992 [15], [16] and the World Radio
Conference of 1997 [17], [18]). Fur-
thermore, a U.S. Presidential Memo-
randum of June 14, 2013 [19] called
for “continued efforts to make more
spectrum  available for  wireless
broadband applications.” It built on
an earlier Presidential Memorandum
of 2010 [20] that established the
goal of repurposing 500 MHz of
spectrum from existing government
uses to commercial broadband use
within ten years. The AWS-3 auction
mentioned above was one instance of
progress toward this goal. Similar
trends are being observed throughout
the world. For example, the 700-MHz
band is being repurposed to cellular
use throughout Europe, following de-
cisions of the World Radio Congress
[21], [22]. Many countries (including,
as examples, the United States, the
United Kingdom, Canada, Colombia,
Malawi, The Philippines, Singapore,
South Africa, Ghana,
Indonesia) are in varying stages of re-

Kenya, and
purposing unused very-high-frequency
(VHF) and ultrahigh-frequency (UHF)
spectrum originally designated for
television broadcasting (“Television
White Space”) [23].

1164 PROCEEDINGS OF THE IEEE | Vol. 104, No. 6, June 2016

C. National Security Can Be
Affected

The repurposing of government-
dedicated spectrum can pose national
security concerns. In the United
States, the squeezing of the military’s
available spectrum has occurred
while the military’s own spectrum
needs have actually increased, with
the advent of net-centric operations,
increased use of unmanned systems,
increased sensor use, and increased
bandwidth demands of military ra-
dars. The U.S. Department of De-
fense projects that bandwidth needs
may exceed 300 Mb/s per 5000 mili-
tary service members by 2020, com-
pared to a usage of roughly 50 Mb/s
per 5000 members in Operation Iraqi
Freedom during the early and mid-
2000s, and less than a fifth of that
amount during Operation Desert
Storm in 1991 [24]. This is a serious
problem for the U.S. military, which
ideally would like to operate its com-
munications and train personnel in
peacetime in a way not too different
from how it operates in war. This
problem is not unique to the United
States; all countries are looking for
additional spectrum for commercial
applications, and transitioning mili-
tary spectrum is being considered as
a potential way to achieve this
needed commercial spectrum. For
example, the U.K. Government
has decided to release 500 MHz of
spectrum, much of which is being
used by the Ministry of Defence, by
2020 [25].

IIT. TECHNOLOGY
OFFERS A WAY OUT

Perhaps the only way out of this co-
nundrum is new technology. Spec-
trum sharing technology will be
required not only for efficient com-
mercial use, but also for sharing be-
tween commercial systems and
government. Note that such technol-
ogy will be needed even if govern-
ments eventually vacate certain
bands completely. The timelines for
transferring government spectrum to

commercial use can be long. In



Europe, the process can take six to
ten years [26]. In the United States,
to take the example of the AWS-3
auction mentioned above, transition
times vary from one to ten years, de-
pending on the agency and system in
question. Technology will still be
needed to allow coexistence and fa-
cilitate early commercial entry dur-
ing the transition [27].

Technologies for more efficient
spectrum use, that is, supporting
more users in a given bandwidth,
hold much promise. The switchover
from analog to more efficient digital
television broadcasting, which freed
up between 72 and 164 MHz of spec-
trum, depending on global region, is
one example. Spectrum sharing is
also becoming a key part of new mo-
bile communications systems. Fifth-
generation (5G) cellular will be the
first mobile communication system
designed from the ground up with
spectrum sharing in mind. Fig. 1
shows the goals for key capabilities
in 5G systems as compared with
fourth generation (4G). Among these
are a threefold increase in spectrum
efficiency and a hundredfold increase
in area traffic capacity. Some of the
other goals, such as energy effi-
ciency, make spectrum efficiency and
traffic capacity improvements all the
more difficult. Achieving the goals
will involve considerable new tech-
nology development. Such new de-
velopments, and others, will also
help national security systems coexist
with commercial ones.

There are several promising tech-
nology areas that can help alleviate
the spectrum bottleneck. They range
from existing technologies that have
not yet been extensively applied to
spectrum sharing, to technologies
that will require extensive and fun-
damental research. In rough order of
increasing research requirements
(decreasing readiness for use),” these
are listed in the following sections.

*This ordering should not be taken too
seriously, as each of the areas has scope for
cutting-edge research.

Peak data rate
(Gbat/s)

Area traffic
capacity
(Mbit/s/m ) 1o

Network
energy efficiency

Connection density
(devices/km )

Point of View

User expenenced
data rate

(Mbat/s)

Spectrum
efficiency

Mobility
(knvh)

Latency
(ms)

Fig. 1. Goals for key capabilities in 5G systems as compared with 4G. 5G will be the first
mobile communication system designed from the ground up with spectrum sharing in
mind. Spectral efficiency and area traffic capacity improvements are crucial. These are
goals set by commercial entities and standards bodies. Achieving them will require
progress in all the technology categories discussed here. Similar technological progress
will be needed to achieve broader public policy objectives for spectrum allocation and

sharing. (Adapted from [28].)

A. Small-Cell Technology

This refers to the use of smaller
cells, served by more base stations,
and operating at lower power, which
can help avoid interference, and
thereby increase spectrum efficiency
and area traffic capacity [29]. Using
a mixture of large cells overlaid with
smaller ones is an important feature
of  third-generation  partnership
(3GPP) long-term evolution (LTE)
and LTE-advanced (LTE-A) technolo-
gies [30]. Small-cell technology es-
sentially amounts to taking the key
principle of cellular technology, i.e.,
cells, to a greater extreme. It is also
worth noting that millimeter-wave
technologies (see below) being con-
sidered for 5G are well suited for
small-cell deployment because of
propagation limitations in that band.
The profusion of cells will compli-
cate system management. Another
important issue is that of achieving
low latency. Today, LTE latencies
are on the order of 10 ms. For many
applications, such as gaming or intel-
ligent transportation systems, this
will need to be reduced to about

1 ms. Overall, the frequency reuse
achievable by making cells smaller is
one of the more productive options
in the short and medium term [31],
provided costs can be controlled.

B. Smart Antennas

Smart antennas were introduced
in second-generation (2G) mobile sys-
tems [32], but did not begin to catch
on until 4G systems and the emer-
gence of the multiple-input-multiple-
output (MIMO) paradigm [33]. In a
general sense, multiple antennas for
transmission and reception allow for
more propagation paths to be used,
and hence increase the amount of
data that can be transmitted in a given
amount of spectrum.

A major research issue for smart
antennas in the context of spectrum
sharing is the coordination of inter-
ference through directivity control,
such as putting nulls in the direc-
tions for which interference avoid-
Advanced
antenna technologies such as 3-D

ance is most desirable.

beamforming, active antenna sys-
tems, massive MIMO, and network
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MIMO can help further reduce in-
terference and increase spectrum ef-
ficiency. Such MIMO approaches
provide antenna gain to overcome
power amplifier inefficiency and
high channel losses. We note that
data throughput rates, computational
requirements, and cost required to
perform digital beamforming suggest
instead analog approaches to beam-
forming, and the research needed to
support those.

C. Spectrum Agility

A root cause of spectrum ineffi-
ciency is that mobile wireless devices
in crowded spectral bands are im-
peded from using other bands that
may be less crowded. This may be
because of regulatory prohibitions,
but it also arises from an inability to
use other bands even when permit-
ted, because of hardware, software,
and system limitations. This has cre-
ated a demand for spectrum-agile ra-
dios [34] able to operate across a
number of different bands, even
simultaneously.

Spectrum agility may enable a
user to employ parts of different
bands to support a high-data-rate
communication link. This is already
being implemented in LTE-A, but in
further
needed to support simultaneous use
of bands having very different propa-
gation characteristics. This would be
the case in the combined use of cel-

future research will be

lular and millimeter-wave bands,
where the latter needs near-line-of-
sight but the former does not. Spec-
trum agility may also allow the
creation of large virtual contiguous
blocks of spectrum. This would help
avoid the problem of moving out leg-
acy users.

Such abilities will require new
developments in RF design. In the
past, static spectrum planning al-
lowed avoidance of adjacent channel
interference without the need for
very high-performance RF
ends. In the future, RF front ends
must have greater dynamic range

front

and better filtering capabilities, in
order to cope with high and dynamic

power variations in adjacent bands.
Also, achieving agility will require
duplexers/diplexers that can work
across a variety of frequencies in-
stead of being fixed to one band. An-
other needed improvement is the
ability to match the antenna to the
RF front end in order to optimize for
the frequency being used, the pres-
ence of obstructions (such as the
user’s hand or head), etc. Spectrum
agility will also require more effi-
cient linear power amplifiers that
work well across broad bands. This
may involve breakthroughs in both
circuit design and semiconductor
processing technology.

D. Millimeter-Wave Technologies

The millimeter-wave band, be-
tween 27 and 300 GHz, is currently
sparsely occupied, and represents an
important source of new contiguous
communication spectrum. Currently,
operating in this band is difficult be-
cause its propagation characteristics
dictate the need for near-line-of-sight
visibility. Another problem is that
there is relatively high signal attenu-
ation, limiting range; this, however,
can also be an advantage in minimiz-
ing interference. Successful exploita-
tion of the millimeter-wave band
will likely require massive MIMO
for directivity and antenna gain, and
also large-scale small-cell architec-
tures, possibly with multihop relay
for wireless millimeter-wave back-
haul [35]. High antenna gains are re-

quired largely because power
amplifiers are not terribly efficient at
millimeter-wave frequencies; effi-

ciencies can easily be as low as 8%.
Making fundamental improvements
in power amplifiers could have a
large effect on the ability to exploit
this band.

E. Extensive Spectrum Sharing
and Cognitive Radio

An ultimate objective is to create
intelligent cognitive radios that can
automatically and seamlessly share
spectrum, and to optimize their
transmission parameters [35]. This

will require research into cognitive
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engines, allowing radios to adjust pa-
rameters in order to identify and
manage available spectrum, and even
anticipate “holes” before they occur.
One example of spectrum sharing
where cognitive radios can make a
very important contribution is in
sharing between communications
and radar. In the United States, ra-
dar can be found in bands ranging
from high-frequency (HF) through
millimeter wave. Radar systems are
mostly fixed, and limited geographi-
cally. They also have predictable pat-
terns that cognitive radios can
exploit.

Cognitive radios may incorporate
database management techniques for
dynamic spectrum access and shar-
ing. How these databases are stored,
accessed, and maintained may con-
stitute an important set of research
issues. Should the databases be dis-
tributed or centralized? How can
sensitive information about, for ex-
ample, the operation of a radar sys-
tem, be kept secure? Information
assurance and privacy will be crucial
issues when spectrum is shared.

Another advantage of cognitive
radios is that they will make large-
scale deployment of small cells more
viable. Cognitive radios will perform
automatic channel selection, and
peer-to-peer coordination, thus re-
ducing the need for human involve-
ment in base station management
and deployment.

Extensive spectrum sharing using
cognitive radios will require the estab-
lishment of standards, and research
into enforcement mechanisms, to
make sure that users do not abuse
their new and awesome capabilities.

F. Economic and Regulatory
Models

In addition to the technical areas
discussed in Sections III-A-III-E, re-
search will also be required into the
interaction of coexisting wireless
technologies and various regulatory
frameworks for managing spectrum
access. As pointed out in a recent Na-
tional Science Foundation Workshop,
“This is illustrated by the on-going



challenges of reconciling barriers to
coexistence between wireless sys-
tems influenced by unlicensed versus
license-anchored frameworks (e.g.,
Wi-Fi vs. LTE-U, respectively)” [36].
The workshop concluded that re-
search will be needed to explore
ideas of embedding economic and
regulatory functionality explicitly in
wireless system designs, and also to
explore the transaction and effi-
ciency implications of different regu-
latory regimes of varying degrees of
centralization [36]. It is also worth
noting that the imperatives of cost
reduction may suggest the need for
network, equipment, and spectrum
sharing by various commercial pro-
viders; new economic models may
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