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Abstract—The problem of throughput maximization in a cog-
nitive radio network with decentralized control (i.e., a cognitive
radio ad hoc network) is considered in this paper. First, decen-
tralized and localized algorithms for throughput maximization
through joint cognitive routing and interference-avoiding wave-
form selection are proposed, based on a nonlinear optimization
framework. The proposed algorithms adapt to time-varying
traffic demands, interference profile, and network topology to
locally maximize the achievable data rate while avoiding harmful
interference to co-located primary or secondary users. Second, a
prototype implementation of the proposed decentralized control
algorithms is presented. The prototype is based on a software-
defined-radio USRP2 platform that distributively senses and
adapts its transmission based on results from real-time non-
linear optimization. Experiments on the software-defined-radio
platform demonstrate the superior adaptivity of the proposed al-
gorithm with respect to state-of-the-art non-cognitive approaches.

Index Terms—Cognitive radio ad hoc networks, dynamic
spectrum access, power allocation, software defined radio.

I. INTRODUCTION

Cognitive * radio networks [2] are emerging as a promising
technology to improve the utilization efficiency of the existing
radio spectrum. A key challenge in the design of cognitive
radio networks is dynamic spectrum allocation, which enables
wireless devices to opportunistically access portions of the
spectrum as they become available. Consequently, techniques
for dynamic spectrum allocation have received significant
attention in the last few years, e.g., [4], [5], [9], [10], [14].
However, mainstream cognitive radio research has so far been
focused on infrastructure-based networks, while the underlying
root challenge of devising decentralized spectrum manage-
ment mechanisms for infrastructure-less cognitive radio ad
hoc networks is still substantially unaddressed. Additionally,
throughput maximization is one of the main challenges in
cognitive radio ad hoc networks with multi-hop communi-
cation requirements, where spectrum occupancy is location-
dependent and time-varying.

With this respect, we propose decentralized and localized al-
gorithms for throughput maximization through joint cognitive
routing and interference-avoiding waveform selection based on
a nonlinear optimization framework. The proposed algorithms
adapt to time-varying traffic demands, interference profile, and
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network topology to locally maximize the achievable data rate
while avoiding harmful interference to co-located primary or
secondary users.

In [6], we developed a framework based on nonlinear
optimization for joint routing and dynamic spectrum allocation
for cognitive ad hoc networks with decentralized control. In
this paper, we first specialize the framework in [6] to the
case of joint routing, channel, power and transmission rate
selection based on an adaptive modulation scheme. Then,
we describe a prototype implementation of the decentralized
control algorithm on a software defined radio platform based
on GNU radio [1] and USRP2 (universal software radio
peripheral version 2). Experiments on the software-defined-
radio platform demonstrate the superior adaptivity of the pro-
posed algorithm with respect to state-of-the-art non-cognitive
approaches.

The remainder of this paper is organized as follows. In
Section |1, we introduce the system model. In Section I11, we
formulate the problem. In Section IV we propose decentralized
algorithms to perform joint cognitive routing and interference-
avoiding waveform selection. The software-defined-radio plat-
form is described in Section V-A. Section V evaluates the
performance of the algorithm on the software-defined-radio
platform. Finally, Section VI concludes the paper.

Il. SYSTEM MODEL

We consider a cognitive radio network consisting of M
primary users and N secondary users. Primary users hold
licenses for specific spectrum bands, and can only occupy their
assigned portion of the spectrum. Secondary users do not have
any licensed spectrum and opportunistically send their data by
utilizing idle portions of the primary spectrum.

Let the multi-hop wireless network be modeled by a directed
connectivity graph G(V, &), where V = {vy,...,on+n} iS
a finite set of nodes, with |[V| = N + M, and (i,5) € &
represent a unidirectional wireless link from node v; to node
v; (referred to also as node ¢ and node j, respectively, for
simplicity). Nodes from the subset PU = {v1,...,var} are
designated as primary users, and nodes from subset SU =
{vri41, -, V4N } are designated as secondary users.

A. Channel Model

The available spectrum is assumed to be organized in two
separate channels. A common control channel (CCC) is used
by all secondary users for spectrum access negotiation, and



is assumed to be time slotted. A data channel (DC) is used
for data communication. The data channel consists of a set of
discrete minibands {fmin; fmin-{-l; e 7fma9c—1; fmax}r each
of bandwidth w. Each backlogged secondary user contends
for spectrum access on the control channel f.., where f.. ¢
[fmin, fmaz]- All secondary users exchange local information
on the common control channel.

B. Traffic Demands

Traffic flows are, in general, carried over multi-hop routes.
Let the traffic demands consist of a set S = 1,2,---,5,
where S = |S|, of unicast sessions. Each session s € S
is characterized by a fixed source-destination node pair. We
indicate the arrival rate of session s at node i as A$(¢), and
with A the vector of arrival rates.

C. Queueing

Each node maintains a separate queue for each session s
for which it is either a source or an intermediate relay. At
time slot ¢, define Q#(¢) as the number of queued packets of
session s waiting for transmission at secondary user 4, and Q
for the network. Define 77, (¢) as the transmission rate on link
(i,4) for session s during time slot ¢, and R as the vector of
rates. For Vi € SU, the queue is updated as follows:

Qi (t+1) = | Qi () +
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I1l. PROBLEM FORMULATION

In this section, we first derive the interference conditions
under which multiple cognitive radio nodes can transmit
simultaneously on the shared wireless medium. Specifically,
all network transmitters need to satisfy receiver BER require-
ments (reliability constraint), and avoid harmful interference
to co-located primary or secondary users (sharing constraint).
Then, we discuss link capacity maximization under the derived
constraints. Finally, we formulate the throughput maximization
problem.

A. Reliability Constraint

Let SINR'™(BER*) represent the minimum SINR that
guarantees a target bit error rate BER*, and P;(f) represent
the transmit power of transmitter 4 on miniband f. The first
constraint for link (¢, ) can be expressed by

Pi(f)Lijlhij)?
NI;(f)
where L;; is path loss power attenuation, h;; is the channel
coefficient of link (¢, 7), and N1I;(f) is the noise plus inter-
ference at receiver j on miniband f. The numerator represents
the received power at receiver j.

Define P™(f) as the value of P;(f) for which (2)
holds with equality. Thus, P/ (f) is the minimum required
transmit power of link (4, ) on miniband f. The constraint
in (2) states that the SINR at receiver j needs to be above a
certain threshold to allow receiver j to successfully decode the

> SINR"(BER"), 2

signal given its current noise and interference. For clarity, we
use P/*"(f) to denote the minimum required transmit power
of transmitter ¢ for receiver j.

B. Sharing Constraint

Let P/"*(f) denote the maximum allowed transmit power
of transmitter 4, « € V. If there is ongoing reception of primary
user on miniband f, i.e., A(f) = 1, no transmission of i is
allowed,

A(f) : szax(f) = Oa Vi € V,Vf S [fminvfmam]~ (3)

In the following we will discuss P/™**(f) when there is
no primary user’s reception on f, i.e., A(f) = 0. Denote the
interference on miniband f at a receiver k, (k € V. k # j), as
NI (f)+ALg(f), where NI (f) represents noise plus inter-
ference at k before 4’s transmission, and Al (f) represents
the additional interference at £ caused by ¢’s transmission, i.e.,
AL (f) = Pi(f)Lik|hir |-

The second constraint represents the fact that ongoing
reception at node % should not be impaired by 4’s transmission.
This can be expressed as

Pi(f)
NIy (f) + ALk (f)
where P[(f) represents the signal power being received at

receiver k. Since this has to be true for every secondary
receiver, the constraint can be written as

> SINR'"(BER*),k € V,k # j, (4)

AL (f)
Pi(f) < min L7::| ™ (5)
where PE(f)
max _ k _
AL (f) = SINR' (BER") NI.(f),k€V. (6)

The inequality in (5) states that the interference generated
by i’s transmission on each frequency should not exceed the
threshold value that represents the maximum interference that
can be tolerated by the most vulnerable of i’s neighbors.

By combining (3) and (5), we obtain

0, A(f) =1
max A maz
PME(f) = mingey ilﬁh:\f?) A(F) = 0. )

Hence, for link (4, 7), node i’s transmit power needs to be
bounded on each frequency. The expressions in (2) and (7)

define lower and upper bounds, respectively, on the transmit
power for each frequency.

C. Link Capacity Maximization Problem

Let C;; represent the capacity for link (¢,j) given the
current spectrum condition, defined as

P;Li;(fi)G
N;(fi) +1;(fi) ]

The achievable values of C;; depend on the spectrum
selection f;, and power allocation P;. Maximizing the capacity
of link (4, 7) means selecting spectrum f; and corresponding
transmit power P; that maximize the capacity under the
constraints introduced in (2) and (7).

Ci;(fi, Pi) éw-logg 1+ (8)



P1: Given: (i,j7), P"**(f), 1[’[;”“"(]”)7 pBat
Find : fi, B ©)
Mazimize : Cii(fi, P») (10)
Subject to :
Jmin < fi < fmazs (11)
PR (f) < P < PI(f), (12)
P, < pBst, (13)

where PB9t represents a constraint on power for each device.

D. Utility Maximization Problem

Our goal is to design decentralized and localized algorithms
for throughput maximization through joint cognitive routing
and interference-avoiding waveform selection. A desirable
solution should adapt to time-varying traffic demands, inter-
ference profile, and network topology to locally maximize the
achievable data rate while avoiding harmful interference to
co-located primary or secondary users.

Here, we define the utility U;; for link (4, j) as

Usg(t) = Cii(t) - (@17 () - @;7 (1)) .

85 = arg max {Q; —Q3}. (15)

In (14), C;;(t) represents the achievable capacity for link
(¢,7) given the current spectrum condition at time ¢ and
the chosen transmission mode, while s7; is the session with
maximum differential backlog on link (7, j). The achievable
capacity for cooperative and direct links under spectrum
sharing constraints will be further discussed below.

The utility function is defined based on the principle of dy-
namic back-pressure, first introduced in [13]. It can be proven
[8] that a control strategy that jointly assigns resources at the
physical/link layers and routes to maximize the weighted sum
of differential backlogs (with weights given by the achievable
data rates on the link) is throughput-optimal, in the sense that
it is able to keep all network queues finite for any level of
offered traffic within the network capacity region.

(14)

where

IV. DECENTRALIZED JOINT COGNITIVE ROUTING AND
WAVEFORM SELECTION

A. Joint Cognitive Routing and Waveform Selection

Denote N(i) as the set of feasible next hops for the
backlogged session s at node 4, i.e., the set of neighbors with
positive advance towards the destination of session s. Node m
has positive advance with respect to 4 iff m is closer to the
destination of session s than i [11]. Every backlogged node
1, once it senses an idle common control channel, performs
the following joint cognitive routing and waveform selection
algorithm:

1) For each candidate next hop, node 7 estimates the
maximum achievable link capacity by optimizing the
spectrum and power allocation. For given spectrum f;,
problem P1 is a convex optimization problem, because

the objective function is concave and constraints (12)
and (13) are all affine functions of the problem variables
P;. Thus, for given spectrum f;, the link capacity maxi-
mization problem can be solved efficiently in polynomial
time by using interior point methods [3].
2) Schedule s* with next hop j* such that
(s*,7%) = arg max(Ufj). (16)

Note that U;; defined in (14) depends on both the
capacity and the differential backlog of link (i, ).
Hence, routing is performed in such a way that lightly
backlogged queues with more spectrum resource receive
most of the traffic. The details about above two steps are
described in Algorithm 1.

3) The SINR of the link is optimized by the spectrum and
power allocation algorithm. The increased SINR can be
translated into a lower BER, for the same modulation
scheme, or a higher transmission rate through a higher
order modulation scheme for the same BER. In this
work, we adaptively select the modulation based on the
expected SINR. of the link for a given target BER to
increase the transmission rate. We consider the class
of M-QAM [12]. Specifically, we consider BPSK and
QPSK as the waveform set. The transmitter compares
the expected SINR with a set of pre-defined thresholds
to choose the best waveform.

Algorithm 1 Joint Routing and Spectrum Selection Algorithm.
1: At backlogged node i, U =0
2: for each backlogged session s do

3 forj e Né(:) do

4: C’;‘j =0

5 for each f € [fminvfmam] do
6: Derive P; by solving problem P1
7 if Oij > Cz*] then

9 end if

10: end for

11: if C; - (Q7 — Q3) > U then
12: U= Cij : (Q: - Q;)

13 f Prys™ g = [fi, By s, J]
14: end if

15 end for

16: end for

17: Return [f}, P, s*, j*, U]

The combination of next hops leads to a multi-hop path.
The multi-hop path discovery terminates when the destination
is selected as the next hop. If the destination is in the
transmission range of the transmitter (either a source or an
intermediate hop for that session), the differential backlog
between the transmitter and the destination is no less than
the differential backlogs between the transmitter and any
other nodes, because the queue length of the destination is
zero. Hence, the destination has a higher probability of being
selected as next hop than any other neighboring node of
the transmitter. Note that the transmitter may still select a
node other than the destination as the next hop even if the



destination is in the transmission range. This can happen, for
example, if there is no available miniband between transmitter
and destination, or if the interference on the miniband at that
time is very high, which results in low link capacity between
the transmitter and the destination.

B. Decentralized Medium Access Control Mechanism

Once waveform selection, scheduled session s, next hop j
have been determined at node i, the probability of accessing
the medium is calculated based on the value of U;;. Nodes
with higher U;; will get a higher probability of accessing the
medium and transmit. Note that U,; is an increasing function
of (QF — Q;I), i.e., links with higher differential backlog
may have larger U;; , thus have higher probability of being
scheduled for transmission.

This probability is implemented by varying the size of the
contention window at the MAC layer. The transmitting node
i generates a backoff counter BC; chosen randomly (with a
uniform distribution) within the interval [1,2¢" 1], where
CW; is the contention window of transmitter ¢, whose value
is a decreasing function ®() of the utility U,; as below

U .

CWi=-a —=——2——+8, a>0,>0
Eke/\h,k,lev Uki ’ ’
where > 4o, kiev U represents the total utility of the
neighboring competing nodes. Scalars v and (5 can be designed
for specific network size and active sessions injected into the
network to reduce collision. Note that sender 4 collects its
neighbors’ utility values by overhearing control packets on

the CCC.

With this mechanism, heavily backlogged queues with more
spectrum resources are given higher probability of transmis-
sion. For a node ¢ that just has completed transmission on the
data channel, the value of Q; becomes smaller, which results
in a reduced value of U;;, which consequently leads to a lager
size of the contention window. In this way, the node’s level of
priority in accessing spectrum resources is implicitly reduced,
which, in turn, improves fairness. Differential backlog-aware
routing can reduce the probability of forwarding data through
a congested node. A large queue size at an intermediate node
is interpreted as an indicator that the path going through that
node is congested and should be avoided, while a small queue
size at an intermediate node indicates low congestion on the
path going through that node. According to the proposed
routing algorithm, nodes with a smaller queue size have a
higher probability of being selected as next hop. On the other
hand, according to our proposed medium access control mech-
anism as discussed later, links with larger differential backlogs
have smaller contention window size, and thus have higher
probability of accessing the channel and consequently have
higher priority in reserving resources. In this way, congestion
is mitigated by the proposed routing and medium access
control strategy.

(17)

V. EXPERIMENTAL EVALUATION

The performance of the algorithm described in the previous
sections was evaluated on a wireless testbed composed of soft-
ware defined radios, whose software architecture is illustrated
in Fig. 1.

The testbed architecture consists of a control plane, a
decision plane, and a data plane.

Test Bed Architecture

Control Plane
Common Control
Channel

t RTS/CTS/IDTS

Decision Plane

Joint Cognitive Routing
CVXMOD and

Waveform Selection

~
frequency power/GbE

SOFTWARE
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H

RADIO
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Session

[
GNU Radio Dat:
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HD Data within iHost
Fig. 1. Testbed architecture.

The control plane essentially implements the information
exchange among secondary users, i.e., the common control
channel. To decouple sharing of information from data-related
operations, we implement the CCC over a wired local area
network using TCP socket programming, which emulates
an out-of-band CCC. RTS (Ready To Send), CTS (Clear
To Send), and DTS (Data Transmission reServation) packets
are exchanged among the nodes to exchange the spectral
information, at a data rate much higher than the data channel.
An all-wireless CCC will be the subject of future work.

The decision plane executes the algorithm for joint routing
and waveform selection. The joint routing and waveform
selection algorithm allocates PHY/MAC resources and routes
jointly based on the information exchanged among the nodes
on the control plane. This plane schedules data sessions and
chooses the optimal PHY layer parameters like frequency,
power and modulation scheme, as described in Section V-C.

The data plane is responsible for controlling physical layer
parameters and interacting with the hardware. The decision
on channel, power, relay and modulation scheme is made by
the decision plane. Based on this decision, the data plane
configures the modulation schemes and tunes the hardware to
the specified channel and power. The data plane relies on the
GNU Radio framework for signal processing operations. GNU
Radio provides an interface to the USRP2 software defined
radio platform from Ettus research LLC [7] for sending the
modulated data on the data channel at a chosen frequency and
power.

The experimental evaluation is based on a 3-node setup as
shown in Fig. 2. Every node in the testbed setup consists of
a host and USRP2. All the nodes are connected to the CCC
via a Gigabit Ethernet (GbE) interface.

A. Node Hardware

Every node in the network consists of a PC with Intel
processor and two Gigabit Ethernet cards installed on the host
PC, one to connect the host and USRP2, and the other one to
connect the host to the CCC LAN. The GNU Radio library
on Linux is used to provide building blocks of the PHY layer.
Digital data is modulated based on an orthogonal frequency



division multiplexing (OFDM) scheme. OFDM subcarriers are
modulated with either BPSK or QPSK based on the SINR of
the chosen link. If the SINR of the link chosen is between
6dB and 9dB, we choose BPSK, while if it is between 9dB
and 16dB we choose QPSK. The SINR on each carrier is
estimated at the transmitter based on the channel and power
information exchanged between the nodes on the CCC.

USRP2 radios consists of a motherboard and a daughter
board. The motherboard is based on a Xilinx spartan 3-
2000 field programmable gate array (FPGA), 100 MSamples/s
analog-to-digital converters (ADC) at 14 bits/sample on both
I and Q channels, 400 MSamples/s DAC at 16 bits/sample
on both the 1Q channels. The FPGA has AeMB 32-bit soft
core processor for control activities on USRP2, CORDIC
core for DUC/DDC (Digital Upconverter/ Downconverter)
implementation, and FIFO queues for sending/receiving data
to/from host and daughter board. The daughter board is the
radio front end of the USRP2. In our setup, the RFX2400
daughterboard is being used. Although the daughterboard
is capable of operating between 2.3GHz and 2.9GHz, the
communication is restricted to the ISM band through analog
filters. However, the filters can be bypassed for using the entire
range of operation.

Common Control Channel
LAN

2
[

Fig. 2.

Experimental Setup.

B. Testbed Operation

The setup consists of three nodes, one transmitter (TX)
and two receivers (RX1 and RX2). The testbed is setup for
evaluating both dynamic channel allocation and fixed channel
allocation. For dynamic channel allocation the interference
at the RX1/RX2 and primary user power level information
are estimated for each of the five considered center frequen-
cies (2.4, 2.408, 2.410, 2.415 and 2.420 GHz) with 2MHz
bandwidth and 200 subcarriers of OFDM. On the other hand
for fixed channel allocation, the interference at the RX1 and
RX2 and primary user power level information are simulated
for center frequency 2.4GHz and 2.408GHz respectively. The
utility factor as defined in (14) is evaluated for both dynamic
channel allocation and fixed channel allocation.

The decision variables, i.e., the best transmission channel,
transmission power, modulation scheme, and next hop are
chosen based on the maximum utility factor as defined in
(16). These decision variables are communicated between TX
and RX1/RX2 by RTS/CTS/DTS exchange over the CCC. We
implement the CCC and data channel on different threads of
the host such that CCC and data channel can run in parallel
independently of each other.

C. Testbed Experimental Results

The results presented in this section report samples of ex-
periments run for 60 seconds. The testbed experimental setup
ran for two different scenarios: dynamic channel allocation
(DCA) and fixed channel allocation (FCA).

In DCA, the frequency, power and waveform of the link
are dynamically allocated as described in Section IV. In FCA,
the channel used on each of the links is fixed. However, the
power allocation and the waveform are adaptively selected for
the given channel conditions.

Instantaneous Throughput for RX1-RX2 [Dynamic allocation]
T T T

oughput [kbit's]

Thre

roughput [Kbitis]

Th

Fig. 3. (a) Dynamic channel allocation throughput (b) Fixed channel
allocation throughput.

Figure 3(a)(b) shows throughput vs time for the DCA and
FCA scenarios. In our experiments, the throughput is the
measure of the PHY layer data rate at the receiver. The results
clearly indicate that the average throughput achieved by DCA
is higher than that of FCA.

Figure 4(a)(c) shows the SINR vs time for dynamically
chosen channels and fixed channels on links RX1 and RX2. It
can be observed in Fig. 4(a) that the SINR achieved on each
link for the dynamically allocated channels is higher than the
SINR achieved on the fixed channel, as shown in Fig. 4(c) at
any instant of time.

At any instant of time, the link chosen for transmission
is determined by utility factor as defined in (14). The utility
factor is governed by the SINR at each receiver and the
differential backlog between the transmitter and the receiver.
Transmission links are switched between TX-RX1 and TX-
RX2 depending on which of the two has the greatest utility

Differential Backlog for RX1-RX2 [Dynamic allocation]
T T T

— e —)

nce [kbytes]

uediffere

Time 5]

Differential Backlog for RX1-RX2 [Fixed allocation]
T T

ice [kbytes]

Queuedifferen

Fig. 5. (a) Session backlog in dynamic channel allocation (b) Session backlog
in fixed channel allocation.

The values of differential backlog of the session on each of
the links RX1 and RX2 during DCA and FCA are as shown
in 5(a)(b). It can be the clearly observed from the plots that
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Fig. 4. (a) SINR of best channel (b) Dynamic channel allocation (c) SINR of the fixed channel (d) Fixed channel allocation.

the transmitter session queue is cleared much faster in DCA
than the FCA, since the transmission rates are improved by
dynamic channel selection.

In our experimental evaluation we are changing the wave-
forms by varying the modulation schemes between BPSK
and QPSK of the OFDM subcarriers. The 9dB threshold
on the SINR plot represents the boundary for changing the
waveforms between BPSK and QPSK. If the the value of the
SINR is between 6dB and 9dB we select a BPSK waveform,
while if the SINR is between 9dB and 16dB we select a QPSK
waveform. Therefore, we notice that the throughput varies for
BPSK and QPSK when the SINR value for the best chosen
next hop is above or below the 9dB threshold.

The silence periods in the throughput plot indicate packet
losses during the transmission period. Packets may currently
be lost due to varying channel conditions, or due to insufficient
processing resources at the time of decoding the packets at the
receivers.

V1. CONCLUSION

We proposed a decentralized algorithm for throughput max-
imization through joint cognitive routing and interference-
avoiding waveform selection. The proposed algorithm adapts
to time-varying traffic demands, interference profile, and net-
work topology to locally maximize the achievable data rate
while avoiding harmful interference to co-located primary
or secondary users. Moreover, a prototype implementation
based on a software-defined USRP2 platform of the proposed
decentralized control algorithm was presented.

To evaluate the performance of joint routing and waveform
selection, a testbed setup with three nodes in the network and
a CCC implementation on the GbE LAN was described. The
algorithm was shown to lead to higher throughput with respect
to algorithms that do not rely on dynamic channel allocation.

REFERENCES

[1] GNU Radio-The GNU Software Radio. http://www.gnuradio.org.

[2] I. F. Akyildiz, W.-Y. Lee, M. C. Vuran, and S. Mohanty. NeXt
Generation/Dynamic Spectrum Access/Cognitive Radio Wireless Net-
works: A Survey. Computer Networks Journal (Elsevier), 50:2127-2159,
September 2006.

[3] S. Boyd and L. Vandenberghe.
University Press, Mar. 2004.

Convex Optimization. Cambridge

(4]

[5]

(6]

[7]
(8]

[]

[10]

[11]

[12]
[13]

[14]

L. Cao and H. Zheng. SPARTA: Stable and Efficient Spectrum Access
in Next Generation Dynamic Spectrum Networks. In Proc. of |IEEE
Intl. Conf. on Computer Communications (INFOCOM), pages 870-878,
April 2008.

L. Ding, T. Melodia, S. Batalama, and M. J. Medley. ROSA: Distributed
Joint Routing and Dynamic Spectrum Allocation for Cognitive Radio Ad
Hoc Networks. In Proc. of ACM Intl. Conf. on Modeling, Analysis and
Smulation of Wireless and Mobile Systems (MSWMM), Tenerife, Canary
Islands, Spain, Oct. 2009.

L. Ding, T. Melodia, S. N. Batalama, J. D. Matyjas, and M. J. Medley.
Cross-Layer Routing and Dynamic Spectrum Allocation in Cognitive
Radio Ad Hoc Networks. IEEE Transactions on Vehicular Technology,
59(4):1969-1979, May 2010.

M. Ettus. Building Software Defined Radios: the USRP product family.
Product Brochure, July 2009.

L. Georgiadis, M. J. Neely, and L. Tassiulas. Resource Allocation and
Cross-layer Control in Wireless Networks. Found. Trends Netw., 1(1):1-
144, 2006.

O. Holland, A. Attar, N. Olaziregi, N. Sattari, and A. Aghvami. A
Universal Resource Awareness Channel for Cognitive Radio. In Proc.
of IEEE PIMRC, Helsinki, Finland, September 2006.

K. Liu and Q. Zhao. A Restless Bandit Formulation of Opportunistic
Access: Indexablity and Index Policy. In Proc. of the 5th IEEE
Conference on Sensor, Mesh and Ad Hoc Communications and Networks
(SECON) Workshops, June 2008.

T. Melodia, D. Pompili, and I. F. Akyildiz. On the interdependence
of distributed topology control and geographical routing in ad hoc
and sensor networks. Journal of Selected Areas in Communications,
23(3):520-532, Mar. 2005.

J. Proakis and M. Salehi. Digital Communications. McGraw-Hill, 2007.
L. Tassiulas and A. Ephremides. Stability Properties of Constrained
Queueing Systems and Scheduling Policies for Maximum Throughput
in Multihop Radio Networks. |EEE Transactions on Automatic Control,
37(12):1936-1948, January 1992.

Y. Yuan, P. Bahl, R. Chandra, T. Moscibroda, and Y. Wu. Allocating
dynamic time-spectrum blocks in cognitive radio networks. In Proc.
of ACM Intl. Symp. on Mobile Ad Hoc Networking and Computing
(MobiHoc), pages 130-139, New York, NY, USA, 2007.



