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ABSTRACT

In this paper, we provide a survey of dynamic spectrum access tech-
niques. Various approaches envisioned for dynamic spectrum access
are broadly categorized under three models: dynamic exclusive use
model, open sharing model, and hierarchical access model. Based on
this taxonomy, we provide an overview of the technical challenges
and recent advances under each model.

Index Terms: Dynamic spectrum access, spectrum property rights,
spectrum commons, spectrum underlay, spectrum overlay, oppor-
tunistic spectrum access.

1. INTRODUCTION

The underutilization of the radio spectrum as revealed by extensive
measurements of actual spectrum usage [1] has stimulated exciting
activities in the engineering, economics, and regulation communi-
ties in searching for better spectrum management policies. The di-
versity of the envisioned spectrum reform ideas is manifested in the
number of technical terms coined so far: dynamic spectrum access
vs. dynamic spectrum allocation, spectrum property rights vs. spec-
trum commons, opportunistic spectrum access vs. spectrum pool-
ing, spectrum underlay vs. spectrum overlay. Often, the broad term
“cognitive radio” is used as a synonym for dynamic spectrum access.
As an initial attempt at unifying the terminology and documenting
recent developments, we provide a taxonomy of dynamic spectrum
access and an overview of the technical challenges and advances in
this emerging research area.

2. A TAXONOMY

2.1. Dynamic Spectrum Access

Standing for the opposite of the current static spectrum management
policy, the term “dynamic spectrum access” has broad connotations
that encompass various approaches to spectrum reform. The diverse
ideas presented at the first IEEE Symposium on New Frontiers in Dy-
namic Spectrum Access Networks (DySPAN) [2] suggest the extent
of this term. As illustrated in Figure 1, dynamic spectrum access
strategies can be generally categorized under three models.

Dynamic Exclusive Use Model This model maintains the basic
structure of the current spectrum regulation policy: spectrum bands
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are licensed to services for exclusive use. The main idea is to in-
troduce flexibility to improve spectrum efficiency. Two approaches
have been proposed under this model: spectrum property rights [3,4]
and dynamic spectrum allocation [5]. The former approach allows
licensees to sell and trade spectrum and to freely choose technology.
Economy and market will thus play a more important role in driving
toward the most profitable use of this limited resource. Note that
even though licensees have the right to lease or share the spectrum
for profit, such sharing is not mandated by the regulation policy.

The other approach, dynamic spectrum allocation, was brought
forth by the European DRiVE project [5]. It aims to improve spec-
trum efficiency through dynamic spectrum assignment by exploiting
the spatial and temporal traffic statistics of different services. Sim-
ilar to the current static spectrum allotment policy, such strategies
allocate, at a given time and region, a portion of the spectrum to a
radio access network for its exclusive use. This allocation, however,
varies at a much faster scale than the current policy.

Based on an exclusive-use model, these approaches cannot elim-
inate white space in the spectrum resulting from the bursty nature of
wireless traffic.

(Opportunistic Spectrum access)

Open Sharing Model
Dynamic Exclusive Use Model

(Spectrum Commons Model)
Hierarchical Access Model

Dynamic Spectrum Access

(Ultra Wide Band)
Spectrum Property Rights Dynamic Spectrum Allocation

Spectrum Underlay Spectrum Overlay

Fig. 1. A taxonomy of dynamic spectrum access

Open Sharing Model Also referred to as spectrum commons [6,7],
this model employs open sharing among peer users as the basis for
managing a spectral region. Advocates of this model draw support
from the phenomenal success of wireless services operating in the
unlicensed ISM band (e.g.,WiFi). Centralized [8, 9] and distributed
[10–12] spectrum sharing strategies have been initially investigated
to address technological challenges under this model.

Hierarchical Access Model Built upon a hierarchical access struc-
ture with primary and secondary users, this model can be considered
as a hybrid of the above two. The basic idea is to open licensed
spectrum to secondary users and limit the interference perceived by
primary users (licensees). Two approaches to spectrum sharing be-
tween primary and secondary users have been considered: spectrum
underlay and spectrum overlay.
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The underlay approach imposes severe constraints on the trans-
mission power of secondary users so that they operate below the
noise floor of primary users. By spreading transmitted signals over a
wide frequency band (UWB), secondary users can potentially achieve
short-range high data rate with extremely low transmission power.
Based on a worst-case assumption that primary users transmit all the
time, this approach does not rely on detection and exploitation of
spectrum white space.

Spectrum overlay was first envisioned by Mitola [13] under the
term “spectrum pooling” and later investigated by the DARPA XG
program [14] under the term “opportunistic spectrum access (OSA)”.
Differing from spectrum underlay, this approach does not necessarily
impose severe restrictions on the transmission power of secondary
users, but rather on when and where they may transmit. It directly
targets spatial and temporal spectrum white space by allowing sec-
ondary users to identify and exploit local and instantaneous spectrum
availability in a nonintrusive manner.

Compared to the dynamic exclusive use and open sharing mod-
els, this hierarchical model is perhaps the most compatible with the
current spectrum management policies and legacy wireless systems.
Furthermore, the underlay and overlay approaches can be employed
simultaneously to further improve spectrum efficiency.

We point out that the hierarchical access model is sometimes
categorized under the open sharing model (see, for example, [7]).
Spectrum sharing between primary and secondary users is, however,
fundamentally different from spectrum sharing among peer users in
both technical and regulatory aspects. We have thus separated the
hierarchical access model from the open sharing model in the above
taxonomy.

2.2. Cognitive Radio

The terms “software-defined radio” and “cognitive radio” were pro-
moted by Mitola in 1991 and 1998, respectively. Software-defined
radio, sometimes shortened to software radio, is generally a multi-
band radio that supports multiple air interfaces and protocols and
is reconfigurable through software run on DSP or general-purpose
microprocessers [15]. Cognitive radio, built upon a software radio
platform, is a context-aware intelligent radio capable of autonomous
reconfiguration by learning from and adapting to the communication
environment [16]. While dynamic spectrum access is certainly an
important application of cognitive radio, cognitive radio represents
a much broader paradigm where many aspects of communication
systems can be improved via cognition.

3. DYNAMIC EXCLUSIVE USE MODEL

3.1. Spectrum Property Rights

The concept of spectrum property rights was first envisioned by Ronald
Coase in his seminal paper published in 1959 [3], which marks the
beginning of a series of successor studies and reform initiatives.
An excellent exposition of challenges and existing work in defining
spectrum property rights can be found in [4].

As proposed by Arthur De Vany [17] and Lawrence White [18],
three parameters—time, geographic area, and spectrum band—are
used to specify spectrum property rights. Specifically, “the prop-
erty right would be expressed as the right to transmit over the spec-
ified spectrum band, so long as the signals do not exceed a speci-
fied strength beyond the specified geographic boundaries during the
specified time period” [18]. One of the major difficulties in enforc-
ing such spectrum property rights lies in the unpredictability of radio
wave propagation in both frequency and space. Spectral and spatial

spillover is inevitable, unpredictable, and depending on the char-
acteristics of both transmitters (potential trespassers) and receivers
(property right owners). Should the spillover level at the geographic
boundary of the property right be measured or computed using an
agreed upon propagation model? If the former, what is to be mea-
sured (peak or average power), over which time period of the day,
and at what antenna height? If the latter, how complex a model is
necessary? Should the cost of suppressing adjacent channel inter-
ference be on the transmitters of one property right owner or the re-
ceivers of another property right owner? As articulated in [4], rights
to spectrum cannot be “clearly defined and readily enforced as their
real property counterparts.” Here lies the major challenge in this
approach to spectrum reform.

3.2. Dynamic Spectrum Allocation

Dynamic spectrum allocation mainly focuses on long-term commer-
cial applications such as UMTS and DVB-T. By exploiting tempo-
ral and spatial traffic statistics, dynamic spectrum allocation aims
to improve spectrum efficiency through time- and space-dependent
spectrum sharing among coexisting radio services. For example, the
amount of spectrum allocated to UMTS and DVB-T can vary over
region and the-time-of-day.

Literature on dynamic spectrum allocation is extensive [5, 19–
27]. The European DRiVE project [5] focuses on dynamic spectrum
allocation in heterogeneous networks by assuming a (logical) com-
mon coordination channel. A simulation study of the impact of load
prediction based on load history and simple regression schemes is
reported in [28]. Regulatory aspects and issues in dynamic spectrum
allocation across multiple networks are discussed in [19]. Two cen-
tralized dynamic spectrum allocation protocols that rely on a super
base-station are described in [22] and their performance evaluated
via simulations.

4. OPEN SHARING MODEL

There is a growing body of literature on efficient spectrum sharing
among interfering peer users. Compared to the other two models,
many technical issues under this model are perhaps the closest to the
conventional medium access control problems. In [8, 9, 29], central-
ized spectrum sharing protocols with a central coordinator (referred
to as a spectrum server) are proposed. Distributed spectrum sharing
and power control are studied in [10–12, 30]. Interestingly, game
theory, powerful for handling selfish and noncooperative users, has
found its application here as discussed in [9–11, 30].

5. HIERARCHICAL ACCESS MODEL

5.1. Spectrum Underlay

In an underlay system, regulated spectral masks impose stringent
limits on radiated power as a function of frequency, and perhaps
location. Radios coexist in the same band with primary licensees,
but are regulated to cause interference below prescribed limits. For
example, a low-powered radio could coexist in the same frequency
channel with a high-powered broadcast radio. Because of the power
limitation, underlay radios (UR) must spread their signals across
large bandwidths, and/or operate at relatively low rates. An example
of this is the UWB radio. The power limitation results in a corre-
sponding limit on rate-range capabilities. An advantage of such a
system is that radios can be dumb—they do not need to sense the
channel in order to defer to primary users. The underlying princi-
ple is that the primary users are either sufficiently narrow-band, or
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sufficiently high-powered, or the URs are sufficiently fast frequency
hopping with relatively narrow bandwidth usage in each dwell, so
that there is little interference from the URs.

To spread signal over a large bandwidth, URs can use spread
spectrum signalling, wideband OFDM, or impulse radio. Because
of the large front-end bandwidth, URs are susceptible to interference
from a variety of co-existing sources, including relatively narrow-
band signals from primary users. This can cause saturation of the
AGC circuit leading to signal distortion and loss of dynamic range.
Suppressing strong primary signals through front-end notch filters
is complex, since there could be many primary signals, and not al-
ways at the same frequency locations [31, 32]. Receiver arrays can
help notch some primary users by exploiting the spatial degrees of
freedom.

A second problem is that high-resolution high-rate ADC is ex-
tremely challenging due to both the high power consumption of such
devices and fundamental limits imposed by the noise floor [33]. Con-
sequently, it may be necessary to devise and implement analog or
digital correlators to achieve high-fidelity sampling at a rate slower
than the system bandwidth.

URs must also be capable of dealing with the large delay spread
and frequency selectivity of the channel. Current URs—as typi-
fied by UWB radios—tend to have limited range and rate and have
largely been confined to indoor applications.

An issue that has yet to be resolved here is that of aggregate in-
terference. Modeling of aggregate interference from URs and devis-
ing algorithms to cope with it at the primary receivers have not been
adequately addressed. Another aspect of aggregate interference is
that spectral masks may have to be adapted to secondary traffic load.

An UR could sense the spectrum so as to shape its transmission
signal to avoid congested bands. This requires reliable sensing of the
spectrum similar to the spectrum overlay systems discussed in Sec-
tion 5.2. The signal is potentially weak, and the integration time can
be small, since the radio must be agile. The design of such sensors
is an interesting issue, and cannot be decoupled from the spectrum
access issue [34,35], and the associated costs and rewards [36]. Typ-
ical choices include low-complexity energy detectors, but they tend
to perform poorly at low SNRs. Matched filter detectors are often in-
feasible, since an array of matched filters, each matched to a specific
primary user, must be available, and the pulse shape of each primary
signal must be known. Feature detectors such as cyclostationary de-
tectors may offer some advantage since they exploit signal structure
without making too many assumptions.

In summary, URs tend to be complex in terms of hardware im-
plementation, but relatively dumb in terms of spectrum sensing and
access protocols. Challenges exist in hardware implementation, front-
end interference suppression, high-fidelity low-power high-rate ADC
circuit design, and estimation and equalization of long delay-spread
channels.

5.2. Spectrum Overlay

Spectrum overlay, or opportunistic spectrum access (OSA), can be
applied in either temporal or spatial domain [37]. In the former, sec-
ondary users aim to exploit temporal spectrum opportunities result-
ing from the bursty traffic of primary users. In the latter, secondary
users aim to exploit frequency bands that are not used by primary
users in a particular geographic area. A typical application is the
reuse of certain TV-bands that are not used for TV broadcast in a
particular region. In the TV broadcast system, TV-bands assigned
to adjacent regions are different to avoid co-site interference. This
results in unused frequency bands varying over space. In general,
spectrum opportunities vary in both temporal and spatial domains.

It is often assumed in the literature that one variation is at a much
slower scale than the other.

The majority of existing work on OSA focuses on the spatial do-
main where spectrum opportunities are considered static or slowly
varying in time. As a consequence, real-time opportunity identifi-
cation is not as critical a component in this class of applications,
and the prevailing approach tackles network design in two sepa-
rate steps: (i) opportunity identification assuming continuous full-
spectrum sensing; (ii) opportunity allocation among secondary users
assuming perfect knowledge of spectrum opportunities at any loca-
tion over the entire spectrum. Opportunity identification in the pres-
ence of fading and noise uncertainty has been studied in [38–41].
Spatial opportunity allocation among secondary users can be found
in [42–44] and references therein.

OSA in the time domain requires a joint design of spectrum
sensing and access [45, 46]. Tracking the rapidly varying spectrum
opportunities becomes a critical issue [47], and a simple yet suffi-
ciently accurate statistical model of spectrum occupancy is crucial
to the efficiency of spectrum opportunity tracking [48]. Errors are
inevitable in real-time sensing, and the characteristics of the spec-
trum sensor should be taken into account in making spectrum access
decisions [34, 35].

Initial attempts at addressing the identification and exploitation
of temporal spectrum opportunities that also vary in space can be
found in [46,49]. For an extended overview of challenges and recent
developments in OSA, readers are referred to [47].

6. CONCLUSION

The debate on spectrum reform is far from reaching a conclusion.
Which spectrum reform model will prevail remains to be seen. Re-
search efforts in the signal processing and networking communities
are particularly important in providing technical data to access the
potentials of each of the three models of dynamic spectrum access.

7. REFERENCES

[1] “FCC Spectrum Policy Task Force: Report of the spectrum efficiency
working group,” November 2002.

[2] “Proceedings of the first IEEE Symposium on New Frontiers in Dy-
namic Spectrum Access Networks,” November 2005.

[3] R. Coase, “The federal communications commission,” J. Law and Eco-
nomics, pp. 1–40, 1959.

[4] D. Hatfield and P. Weiser, “Property rights in spectrum: taking the next
step,” in Proc. of the first IEEE Symposium on New Frontiers in Dy-
namic Spectrum Access Networks, November 2005.

[5] L. Xu, R. Tonjes, T. Paila, W. Hansmann, M. Frank, and M. Albrecht,
“DRiVE-ing to the Internet: Dynamic Radio for IP services in Vehicu-
lar Environments,” in Proc. of 25th Annual IEEE Conference on Local
Computer Networks, pp. 281 – 289, Nov. 2000.

[6] Y. Benkler, “Overcoming agoraphobia: building the commons of the
digitally networked environment,” Harvard J. Law and Tech, Winter
1997-1998.

[7] W. Lehr and J. Crowcroft, “Managing shared access to a spectrum com-
mons,” in Proc. of the first IEEE Symposium on New Frontiers in Dy-
namic Spectrum Access Networks, November 2005.

[8] C. Raman, R. Yates, and N. Mandayam, “Scheduling Variable Rate
Links via a Spectrum Server,” in Proceedings of the first IEEE Sym-
posium on New Frontiers in Dynamic Spectrum Access Networks,
pp. 110–118, 2005.

[9] O. Ileri, D. Samardzija, and N. Mandayam, “Demand Responsive Pric-
ing and Competitive Spectrum Allocation via a Spectrum Server,” in
Proceedings of the first IEEE Symposium on New Frontiers in Dynamic
Spectrum Access Networks, 2005.

IV  1351



[10] S. Chung, S. Kim, J. Lee, and J. Cioffi, “A game-theoretic approach
to power allocation in frequency-selective Gaussian interference chan-
nels,” in Proc. IEEE International Symposium on Information Theory,
pp. 316–316, June 2003.

[11] R. Etkin, A. Parekh, and D. Tse, “Spectrum Sharing for Unlicensed
Bands,” in Proceedings of the first IEEE Symposium on New Frontiers
in Dynamic Spectrum Access Networks, 2005.

[12] J. Huang, R. Berry, and M. Honig, “Spectrum Sharing with Distributed
Interference Compensation,” in Proceedings of the first IEEE Sympo-
sium on New Frontiers in Dynamic Spectrum Access Networks, 2005.

[13] J. Mitola, “Cognitive radio for flexible mobile multimedia communi-
cations,” in Proc. IEEE International Workshop on Mobile Multimedia
Communications, pp. 3–10, 1999.

[14] “DARPA: The Next Generation (XG) Program.”
http://www.darpa.mil/ato/programs/xg/index.htm.

[15] J. Mitola, Software Radios: Wireless Architecture for the 21st Century.
John Wiley & Sons Inc, 2000.

[16] J. Mitola, “Cognitive Radio.” Licentiate proposal, KTH, Stockholm,
Sweden.

[17] A. D. Vany, “Implementing a Market-Based Spectrum Policy,” J. Law
and Economics, vol. 41, 1998.

[18] L. White, “Propertyzing the Electromagnetic Spectrum: Why It Is Im-
portant, and How to Begin,” Media Law and Policy, vol. 19, pp. 29–30,
2000.

[19] P. Leaves, K. Moessner, R. Tafazolli, D. Grandblaise, D. Bourse, R.
Tonjes, and M. Breveglieri, “Dynamic spectrum allocation in compos-
ite reconfigurable wireless networks,” IEEE Communications Maga-
zine, vol. 42, pp. 72 – 81, May 2004.

[20] P. Demestichas, G. Vivier, K. El-Khazen, and M. Theologou, “Evolu-
tion in wireless systems management concepts: from composite radio
environments to reconfigurability,” IEEE Communications Magazine,
vol. 42, pp. 90 – 98, May 2004.

[21] R. Keller, T. Lohmar, R. Tonjes, and J. Thielecke, “Convergence of
cellular and broadcast networks from a multi-radio perspective,” IEEE
Personal Communications, vol. 8, pp. 51 – 56, April 2001.

[22] B. Aazhang, J. Lilleberg, and G. Middleton, “Spectrum sharing in a
cellular system,” in Proc. of IEEE Eighth International Symposium on
Spread Spectrum Techniques and Applications, pp. 355 –359, Aug. -
Sept. 2004.

[23] Y. Xing, R. Chandramouli, S. Mangold, and Sai. Shankar N, “Dynamic
spectrum access to open spectrum wireless networks.” Submitted to
IEEE Journal on Selected Areas in Communications, 2005.

[24] M. Buddhikot, P. Kolodzy, S. Miller, K. Ryan, and J. Evans, “DIM-
SUMnet: New Directions in Wireless Networking Using Coordinated
Dynamic Spectrum Access,” in in Proc. of IEEE International Sympo-
sium on a World of Wireless, Mobile and Multimedia Networks, June
2005.

[25] V. Rodriguez, K. Moessner, and R. Tafazolli, “Market-Driven Dynamic
Spectrum Allocation: Optimal End-User Pricing and Admission Con-
trol for CDMA,” in to appear in Proc. of 14th IST Mobile & Wireless
Communications Summit, (Dresden, Germany), June 2005.

[26] C. A. Nissen and G. M. Butler, “A Technology Enabled Framework for
Dynamic Allocation of the Radio Frequency Spectrum,” tech. rep., The
MITRE Corporation, Nov. 2004.

[27] L. Berlemann and B. Walke and S. Mangold, “Behavior based strategies
in radio resource sharing games,” in Proc. of 15th IEEE International
Symposium on Personal, Indoor and Mobile Radio Communications,
pp. 840–846, Sept. 2004.

[28] P. Leaves, S. Ghaheri-Niri, R. Tafazolli, and J. Huschke, “Dynamic
Spectrum Allocation in Hybrid Networks with Imperfect Load Predic-
tion,” in Proc. of IEE Second International Conference on 3G Mobile
Communication Technologies, pp. 444 – 448, May 2002.

[29] V. Brik, E. Rozner, S. Banerjee, and P. Bahl, “DSAP: A Protocol for
Coordinated Spectrum Access,” in Proceedings of the first IEEE Sym-
posium on New Frontiers in Dynamic Spectrum Access Networks, 2005.

[30] N. Clemens and C. Rose, “Intelligent Power Allocation Strategies in an
Unlicensed Spectrum,” in Proc. of the first IEEE Symposium on New
Frontiers in Dynamic Spectrum Access Networks, pp. 37–42, Novem-
ber 2005.
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