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Abstract—We study a framework that captures the interdependencies between spreading channelization and routing for
a secondary multi-hop cognitive radio network that operates
cognitively to coexist with primary users. We consider interactions between dynamic routing and code-division channelization
functionalities for cognitive radio networks. With this respect,
we study the effect of joint routing, spreading code and power
allocation on the network throughput. A solution for joint routing
and spread-spectrum channelization is proposed as a localized approximation of the throughput-maximizing problem. Specifically,
power and spreading code are allocated to guarantee the quality
of service of the on-going primary and secondary transmissions,
while the routing algorithm dynamically selects relays based on
the network traffic dynamics and on the achievable data rates
on different secondary links.
Index Terms – Cognitive radio networks, routing, power
allocation, code-channel allocation, cross-layer design.

I. I NTRODUCTION
Mainstream cognitive radio proposals focus on opportunistic
access to the licensed spectrum where the primary users of the
band are known a priori and this knowledge can be utilized
to detect if the band is occupied by the known signal pattern.
Quite the opposite, in the unlicensed band there are potentially many uncoordinated devices, and their signal waveforms
and activation statistics are in general unknown. Moreover,
in cognitive radio networks with multi-hop communication
requirements, spectrum occupancy is location-dependent, and
the receiver interference profile may, thus, vary at each relay
node.
We therefore propose a new spread-spectrum management
paradigm, in which spreading code and power are designed
to occupy the entire available spectrum without generating
harmful interference to active primary or secondary users. In
this way, the secondary users share the licensed spectrum with
the primary users to achieve frequency reuse. At the same time,
the dynamic and location-dependent nature of the wireless
environment calls for the development of routing algorithms
that are aware of the interference profile at each potential relay.
The lack of established infrastructure and the wireless
channel dynamics impose an unprecedented set of challenges
over spread-spectrum cognitive ad hoc networks. First, secondary users should optimize the spreading code and power
to avoid generating harmful interference to primary users. The
challenges here arise from the assumption that the spreading
codes of primary users are unknown to the secondary users.
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Second, the spectrum environment varies in time and space
depending on the activities of primary users, interference,
and fading. The optimal spectrum-spreading channelization
may therefore be different at each hop in a multi-hop path.
Furthermore, as new secondary links are formed and others
vanish, and following network traffic dynamics, end-to-end
data delivery paths among secondary nodes may frequently
change. Therefore, controlling the interactions between routing
and spread-spectrum channelization is of fundamental importance.
In this paper we consider interactions between dynamic
routing and code-division channelization functionalities for
cognitive radio ad hoc networks. With this respect, we study
the effect of joint routing, spreading code optimization and
power allocation on the network throughput. The throughput
optimization is carried out dynamically by all secondary
transmitters to continuously adapt to the changing spectrum
environment and traffic arrival rates.
The remainder of this paper is organized as follows. In
Section II, we review related work. In Section III, we introduce
the system model. We formulate the problem in Section IV. In
Section V we propose the distributed algorithm for joint routing and code-division channelization. In Section VI we present
the details of the proposed algorithm for secondary power and
spreading code allocation solution. The performance of the
proposed distributed solution is evaluated in Section VI. A
few concluding remarks are drawn in Section VII.
II. R ELATED WORK
Since spectrum occupancy is location-dependent, the available spectrum bands in a multi-hop path may be different
at each relay node. Therefore, one of the key challenges in
the design of cognitive radio networks is joint routing and
dynamic spectrum allocation. The authors in [9] proposed
a routing algorithm based on a probabilistic estimation of
the available capacity of every secondary link. A probabilitybased routing metric relies on the probability distribution of
the primary user to secondary user interference over a given
channel. This distribution accounts for the activities of primary
users and their random deployment. In [11], the authors
proposed a connectivity-driven routing algorithm, where paths
are measured in terms of their degree of connectivity in a
multi-hop cognitive radio network that is highly influenced by
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the primary user behavior. Route-stability-oriented routing is
introduced in [10] based on the concept of route maintenance
cost. The maintenance cost represents the effort needed or
penalty paid to maintaining end-to-end connectivity. In [16], a
distributed and localized algorithm for joint dynamic routing
and spectrum allocation for ad hoc cognitive radio networks
is proposed. The proposed algorithm jointly addresses routing
and spectrum assignment with power control under the physical interference model. The reader is referred to [17] and
references therein for an excellent survey of the main results
in this area.
Recent work has also started investigating cross-layer optimizations for cognitive radio networks. In [12], Hou et al.
formulated a cross-layer optimization problem for a network
with cognitive radios, whose objective is to minimize the
required network-wide radio spectrum resource needed to
support traffic for a given set of user sessions. The problem is
formulated as a mixed integer non-linear problem (MINLP),
and a sequential fixing (SF) algorithm is developed where the
integer variables are determined iteratively via a sequence of
linear programs, which provides a near-optimal solution to
the original problem. Shi et al. studied the joint optimization
of power control, scheduling, and routing for a multi-hop
cognitive radio network via a centralized approach [13] and
a distributed approach [14]. In [14] the authors develop a
distributed optimization algorithm with the objective of maximizing data rates for a set of user communication sessions.
Herein, we consider cognitive networks built around a
primary code-division multiplexing (CDM) system. Unlike
traditional frequency division operations where cognitive secondary users may transmit opportunistically in sensed spectrum holes/void only, cognitive code-division users may operate in parallel in frequency and time to a primary system
as long as the induced spread-spectrum interference remains
below a pre-defined acceptable threshold1 . Power control
under an “interference temperature” constraint (total secondary
user disturbance power over primary band) was considered
[18] in cognitive code-division systems, but no code-channel
(signature) optimization was carried out for the secondary
users. In contrast, in [19] a secondary code assignment scheme
was presented to obtain the binary secondary signature by
hard-limiting the code sequence that exhibits the minimum
mean-square crosscorrelation with the primary received signal.
Secondary code set of multiple secondary users was also
constructed in an iterative way. Under interference-minimizing
code assignments, bit rate and spreading factor adjustments
for a secondary CDMA system were considered in [20]. A
distributed algorithm for resource allocation of spectral bands,
power, and data rates among multiple secondary users for
multi-carrier CDMA systems was developed in [21].

1 While early standardization and regulation discussions have begun [1], no
conclusive “interference temperature” rules and agreements have been reached
yet.

III. S YSTEM MODEL
We consider a primary spread-spectrum system with processing gain (code sequence length) L. Denote PU as the set
of active primary communication links. Let (m, n) denote the
link with transmitter m and receiver n. Note that link (m, n)
is distinct from link (n, m). Each primary link is pre-assigned
with an unique code sequence, i.e., smn for link (m, n). We
let N = {1, · · · , N } represent a finite set of secondary users
(also referred to as nodes). Secondary users do not have any
pre-assigned code sequence and opportunistically send their
data by optimizing code sequence and power.
Traffic flows of secondary users are, in general, carried
over multi-hop routes. Let the traffic demands consist of a set
D = {1, 2, · · · , D} of unicast sessions. Each session d ∈ D is
characterized by the destination node d, d ∈ N for the traffic.
We indicate the arrival rate of session d at node i as µdi (t) at
time t. Each node maintains a separate queue for each session
d for which it is either a source or an intermediate relay. At
time slot t, define Qdi (t) as the number of queued packets of
session d waiting for transmission at secondary user i. Define
d
(t) (in packets/s) as the transmission rate on link (i, j) for
rij
session d during time slot t, and R as the vector of rates.
We recall that the secondary cognitive ad hoc network
coexists with the primary system over the primary licensed
band. After carrier demodulation, chip-matched filtering and
sampling at the chip rate over the duration of a symbol (bit)
period of L chips, the received signal at primary node k over
(p)
the link of interest (l, k), denoted as ylk , can be represented
as
�

√
(p)
ylk = El Llk slk bl +

√

Em Lmk smn bm

(m,n)∈PU

+

�

√

(m,n)�=(l,k)

Eu Luk cuv bu + nk .

(1)

(u,v)∈SU

We note that the superscript “p” in (1) denotes primary node.
(s)
Similarly, let yij denote the secondary signal received at node
j over the link of interest (i, j),
√
(s)
yij = Ei Lij cij bi +
+

�

√

�

√

Em Lmj smn bm

(m,n)∈PU

Eu Luj cuv bu + nj ,

(2)

(u,v)∈SU

(u,v)�=(i,j)

where El > 0, bl ∈{± 1}, and slk ∈ RL , �slk � = 1, denote bit
energy,information bit, and normalized signature vector of primary user l over primary link (l, k), (l, k) ∈ PU, respectively;
Ei > 0, bi ∈{± 1}, and cij ∈ RL , �cij � = 1, denote the
bit energy, information bit, and normalized signature vector,
respectively, of secondary user i over secondary link (i, j),
(i, j) ∈ SU, where SU is the set of active secondary links; Llk ,
(l, k) ∈ PU and Lij , (i, j) ∈ SU denote the path coefficients
for primary link (l, k) and secondary link (i, j), respectively.
nk and nj represent additive white Gaussian noise (AWGN)
at primary node k and secondary node j, correspondingly,
independent from each other with 0 mean and autocovariance
matrix σ 2 I. We note that the superscript s in (2) denotes
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secondary node.
The linear filters at the primary and secondary receivers that
exhibit maximum output SINR [22] can be found to be
wmaxSIN R,lk = c1 A−1
lk slk , (l, k) ∈ PU,
wmaxSIN R,ij = c2 A−1
ij cij , (i, j) ∈ SU,
(p) (p)T

(s) (s)T

where Alk = E{ylk ylk }, Aij = E{yij yij }, c1 , c2 >
0.
In our cognitive radio setup, the normalized channel capacC
ity Wij of secondary link (i, j) as a function of SINRij is
given by
Cij
Cij
= log2 (1 +
SINRij )
W
W

(3)

where Cij is the channel capacity and W is the bandwidth
of the primary licensed band. Given the fixed bandwidth W ,
the channel capacity Cij can be optimized by (3) for any
instantaneous value of SINRij .
Maximum output SINRs at the receiver end for link (l, k)
and (i, j) are, respectively, given by

The objective function (4) is defined based on the principle
of dynamic back-pressure, first introduced in [2]. It can be
proven [3] 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) achieves throughput optimality, in
the sense that it is able to keep all network queues finite for
any level of offered traffic within the network capacity region.
Moreover, a desirable solution should enable secondary users
to dynamically utilize the available spectrum resource in the
code domain to provide SINR guarantees for both primary
and secondary users. The problem can be expressed as
P1 : F ind :
M aximize :

SU (t), E(t), c(t)
� �
Cij (c(t), E(t)) · ∆Qij (t)

i∈SU j∈SU

Subject to :

SIN Rlk = L2lk El sTlk A−1
\(l,k) slk , ∀(l, k) ∈ PU,

SINRmn ≥ SINRth
P U , ∀(m, n) ∈ PU,

SINRij ≥ SINRth
SU , ∀(i, j) ∈ SU(t),

cij (t)T cij (t) = 1, Ei ≤ Emax , ∀(i, j) ∈ SU(t).

SIN Rij = L2ij Ei sTij A−1
\(i,j) sij , ∀(i, j) ∈ SU,

Therefore, ideally, a throughput-optimal policy should continuously (i.e., at each time slot) assign resources on each
network link by solving problem P1 to optimality. However,
exact solution of P1 requires global knowledge of all feasible
allocations and a centralized algorithm to solve a mixed integer
non-linear problem (NP-hard in general) such as P1 on a time(m,n)∈PU
(u,v)∈SU
slot basis. This is clearly unpractical for real-time decision
(m,n)�=(l,k)
�
� �
making. This provides the rationale for our distributed algo2
T
2
T
2
Lmj Em smn smn +
Luj Eu cuv cuv + σ I.
A\(i,j) =
rithm, which is designed to provide an approximate solution to
(u,v)∈SU
(m,n)∈PU
P1 based on real-time distributed decisions driven by locally
(u,v)�=(i,j)
collected information. Note that, for the sake of simplicity, we
will drop all time dependencies.
In the following sections, we first discuss the decentralized
IV. P ROBLEM FORMULATION
solution for joint routing and code-division channelization in
Our goal is to design a distributed cross-layer control Section V. Then, we present in detail our power and spreading
algorithm to maximize the secondary network throughput by code allocation algorithm to maximize the SINR for secondary
jointly and dynamically allocating routes, code sequence and links in Section VI.
transmit power for each secondary link along the path. Denote
SU (t) as the set of secondary links chosen for activation
V. J OINT ROUTING AND C ODE -D IVISION
during time slot t, c(t) = {cij (t) : (i, j) ∈ SU (t)} and
C HANNELIZATION
E(t) = {Ei (t) : (i, j) ∈ SU(t)} as the sets of code sequences
We now present the decentralized joint routing and codeand power allocation decisions for every active secondary link.
division channelization solution.
An ideal throughput-optimal network controller should, at each
In the proposed solution, backlogged nodes i first maximize
decision period (i.e. time slot t), find SU (t), c(t), and E(t)
their local objective function Cij · ∆Qij over all feasible next
to maximize
hops j by optimizing cij and Ei based on locally collected
� �
Cij (c(t), E(t)) · ∆Qij (t),
(4) spectrum information - details are given in what follows. Then,
in case of channel access contention, each node will access the
i∈SU j∈SU ,j�=i
� d
�
channel with a probability that is a monotonically increasing
+
where ∆Qij (t) = maxd∈D Qi (t) − Qdj (t) . The transmis- function of its local utility. We now describe the details of
sion rates are then given by
the proposed solution. Every backlogged node i performs the
�
∗
following algorithm:
Cij (c(t), E(t)) if d = dij (t)
d
rij
(t) =
(5)
1) Find the set of feasible next hops {nd1 , nd2 , · · · , ndk } for
0
otherwise
the backlogged session d, which are neighbors with
�
�
where d∗ij (t) = arg maxd∈D Qdi (t) − Qdj (t) .
positive advance towards the destination of d. We say
where A\(l,k) and A\(i,j) are the disturbance autocorrelation
matrices at the receiver end for link (l, k) and (i, j), respectively, defined by
�
� �
L2mk Em smn sTmn +
L2uk Eu cuv cTuv + σ 2 I,
A\(l,k) =
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node j has positive advance with respect to i iff j is
closer to the destination d than i.
2) For each candidate next hop j ∈ {nd1 , nd2 , · · · , ndk },
maximize link capacity Cij by optimizing cij and Ei ,
using the algorithm proposed in the following Section.
3) Schedule the session d∗ with next hop j ∗ with maximal
Cij · ∆Qij . Hence, routing is performed in such a way
that lightly backlogged nodes with higher link capacity
receive most of the traffic.
4) Once the next hop and corresponding code sequence and
power allocation have been determined, the probability
of accessing the medium is calculated based on the
value of Cij · ∆Qij . Nodes with higher Cij · ∆Qij will
have a higher probability of accessing the medium and
transmit. Note that links with higher differential backlog
may have higher spectrum utility, and thus have higher
probability of being scheduled for transmission. This
is implemented by varying the size of the contention
window at the MAC layer. The transmitting node i
generates a backoff counter BCi chosen randomly (with
a uniform distribution) within the interval [1, 2CWi −1 ],
where CWi is the contention window of transmitter i,
whose value is a decreasing function Φ() of Cij · ∆Qij
as below
Cij · ∆Qij
+ θ2 , (6)
CWi = −θ1 · �
k∈Ni ,k,l∈V (Ckl · ∆Qkl )

where θ1 > 0, θ2 > 0 and the denominator represents
the objective value of neighboring competing nodes.
Note that sender i collects the utility values of its
neighbors by overhearing control packets coded by a
common spreading code.

The algorithm calculates the next hop j opportunistically
depending on queueing and spectrum dynamics, according
to the objective function Cij · ∆Qij . The combination of
opportunistically selected 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. With this scheme,
lightly-congested nodes (as indicated by a smaller differential backlog) have a higher probability of being selected as
intermediate relays. Links with larger differential backlogs
result in smaller contention window size at the medium access
control, and therefore have higher probability of accessing the
channel to reserve resources. Ultimately, heavily backlogged
nodes with potential high-data rate opportunities to transmit
have a higher probability of accessing the channel.

mission reServation(DTS) packets. Backlogged nodes contend
for spectrum access on a common control channel that operates
in parallel to the data channel using a common spreading
code. Each node makes adaptive decisions based on local
information collected via RTS/CTS/DTS packets coded with
a common spreading code. The DTS packet is used to announce the information on spreading code and transmit power
allocation to neighbors.
VI. A S ECONDARY P OWER AND S PREADING C ODE
A LLOCATION S OLUTION
We now consider the spread-spectrum channelization problem, which plays a key role in our spectrum management
framework. As mentioned at step 2 of the algorithm in the
previous section, we propose a design of power and spreading
code allocation scheme in this section. We attempt to dynamically and adaptively design digital waveforms that span the
whole licensed spectrum band to maximize the capacity of the
secondary link without causing harmful interference to existing users (what we refer to as spread-spectrum channelization).
In order for a cognitive radio network to efficiently share
the licensed band with the primary network, the secondary
transmitter is to maximize the secondary SINR of link (i, j)
at its receiver end under the condition that the SINR QoS of all
primary users and ongoing secondary users is guaranteed. We
first assume that the secondary link (i, j) is activated with the
transmission bit energy Ei and (normalized) signature vector
cij . In this spirit, our objective is to find the pair (Ei , cij )
that maximizes SIN Rij under the constraints that SIN Rlk ,
∀(l, k) ∈ PU, and SIN Ruv , ∀(u, v) ∈ SU − {(i, j)}, are
th
th
all above the prescribed thresholds SIN RP
U and SIN RSU ,
respectively, i.e.
P2 : (Ei , cij )opt = arg max
Ei >0,cij ∈RL

Ei cTij A−1
\(i,j) cij

th
s.t. El L2lk sTlk A−1
\(l,k) slk ≥ SIN RP U ,

th
Eu L2uv cTuv A−1
\(u,v) cuv ≥ SIN RSU ,
cTij cij = 1, Ei ≤ Emax

∀(l, k) ∈ PU,

∀(u, v) ∈ SU − {(i, j)},

where Emax denotes the maximum allowable bit energy for
the secondary user.
The optimization task of maximizing a quadratic objective
function (A−1
\(i,j) is positive definite) subject to the constraints
in P2 is, unfortunately, a non-convex NP-hard optimization
problem. Using the matrix inversion lemma twice, the optimization problem P2 can be rewritten as

The algorithm is implemented through a MAC protocol that
uses a three-way handshake between source and destination.
The three-way handshake is carried out via exchange of
Request-to-Send(RTS), Clear-to-Send(CTS) and Data Trans-
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P3 : (Ei , cij )opt = arg max
s.t.

Ei >0,cij ∈RL

Ei cTij A−1
\(i,j) cij

Ei cTij Blk cij − βlk ≤ 0, ∀(l, k) ∈ PU,
Ei cTij Buv cij

Ei ≤ Emax ,
cTij cij = 1

(7)
(8)

− βuv ≤ 0, ∀(u, v) ∈ SU − {(i, j)}, (9)

(10)
(11)

Throughput vs # of Active Sessions
Source Rate per Session = 2 Mbit/s

where

�

βuv = cTuv A−1
uv\(i,j) cuv −

El L2lk

th
SIN RP
U
,
th E L2
+ SIN RP
U l lk
∀(l, k) ∈ PU,

(12)

th
SIN RSU
,
th E L2
Eu L2uv + SIN RSU
u uv

∀(u, v) ∈ SU − {(i, j)}, (13)
�

−1
−1
T
2
Blk = L2ik A−1
lk\(i,j) slk slk Alk\(i,j) − βlk Lik Alk\(i,j) ,

BP−RCA
SP−RCA

9

Throughput [Mbit/s]

�

βlk = sTlk A−1
lk\(i,j) slk −

10

(14)

3

Now we propose a realizable suboptimum solution of the NPhard problem P2. Specifically, we first draw an L-dimensional
(1)
uniformly distributed vector on the unit hypersphere cij ∈
(1)
(1)
RL , �cij � = 1. Then, conditioned on cij , the transmission
(1)
bit energy Ei is optimized to make all constraints satisfied
with at least one of SINR QoS and power budget constraints
hold at equality. Repeat the above procedure P times, then we
(p) (p)
collect a sequence of feasible solution pairs (Ei , cij ), p =
1, . . . , P . Among the feasible pairs, we choose the one with
the maximum Ei cTij A−1
\(i,j) cij objective function value. Our
proposed scheme is summarized in Algorithm 1.

In this section, we evaluate the performance of our proposed
solution in a multi-hop cognitive radio network. We have
developed an object-oriented packet-level discrete-event simulator, which models in detail all layers of the communication
protocol stack, including routing, medium access control and
spread-spectrum channelization as described in this paper.
A grid topology of 49 secondary nodes and 14 active
primary links is deployed in a 5000 m × 5000 m area. The

6

4

�
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7

5

−1
−1
T
2
Buv = L2iv A−1
uv\(i,j) cuv cuv Auv\(i,j) − βuv Liv Auv\(i,j) . (15)
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Throughput vs. Number of Active Sessions.

Throughput vs # of Active Sessions
Source Rate per Session = 4 Mbit/s
14

BP−RCA
SP−RCA

13
12

Throughput [Mbit/s]

Algorithm 1 Cognitive Code-division Channelization.
th
th
Inputs: SIN RP
U , SIN RSU > 0.
1: if βlk ≥ 0, ∀(l, k) ∈ PU and βuv ≥ 0, ∀(u, v) ∈ SU −
{(i, j)} then
2:
for p = 1, 2, . . . , P do
(p)
3:
Draw cij from a uniform distribution over the unit
hypersphere.
(p)
(p) (p)
4:
Optimize Ei such that (Ei , cij ) satisfies all
constraints of P3 with at least one of (8), (9), (10)
hold at “=”.
5:
end for
(p) (p)
6:
(Ei , cij ) ← (Ei , cij ) with the maximum value of
(7).
7: else
8:
No feasible solution by assigning Ei ← 0 and cij ← 0
9: end if
10: Return the link design (Ei , cij ) as candidate for transmission.

8

11
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9
8
7
6
5

1

2

3

4

5

6

7

8

9

# of Active Sessions

Fig. 2.

Throughput vs. Number of Active Sessions.

spreading code length is set to 16 for both primary and
secondary users. Active primary links use pre-assigned code
sequences as described in the previous section. We initiate
CBR traffic sessions between randomly selected but disjoint
source-destination pairs among the 49 nodes. Parameters θ1
and θ2 in (6) are set to 5 and 10, respectively. Rayleigh fading
channel is used and the path loss exponent is set to four.
We compare the performance of our proposed solution,
referred as BP-RCA, with SP-RCA, where routing is based
on the shortest path with random code assignment. We vary
the number of sessions injected into the network and plot the
network throughput (sum of individual session throughputs).
Figures 1 and 2 show the impact of the number of sessions
injected into the network on the network throughput. The
traffic load per session is set to 2 Mbit/s and 4 Mbit/s. As
shown in both figures, BP-RCA achieves higher throughput
than SP-RCA, since SP-RCA restricts packets forwarding to
the receiver that is the closest to the destination, even if the
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Throughput vs Traffic Load
# of Active Sessions = 8
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Fig. 3.

Throughput vs. Traffic Load Sessions.

link capacity is very low or the receiver is heavily congested.
Figure 3 shows the impact of source data rate per session
on the performance of throughput. We increase the traffic load
per session from 1 Mbit/s to 4 Mbit/s. As shown in Fig. 3,
the improvement obtained by BP-RCA is more visible when
the traffic load increases.
VII. C ONCLUSIONS
We studied and proposed a decentralized algorithm for joint
dynamic routing and code-division channelization in cognitive
radio ad hoc networks. We considered the general problem of
maximizing the network throughput through joint routing and
spread-spectrum channelization. We proposed an algorithm
that can be seen as a distributed localized approximation of
the throughput-maximizing policy. The proposed algorithm
requires solution of a code-division channelization problem
as the search for the secondary amplitude, code transmission
pair that maximizes the secondary link output SINR subject
to the condition that all primary signal output SINR values
are maintained above a given SINR-QoS threshold value. The
formulated constrained optimization problem is non-convex
and NP-hard in the code vector dimension. Simulation results
show that the proposed joint routing and spread-spectrum
channelization.
R EFERENCES
[1] F. Granelli, P. Pawelczak, R. V. Prasad, K. P. Subbalakshmi, R. Chandramouli, J. A. Hoffmeyer, and H. S. Berger, “Standardization and
research in cognitive and dynamic spectrum access networks: IEEE
SCC41 efforts and other activities,” IEEE Commun. Magazine, vol. 48,
pp. 71-79, Jan. 2010.
[2] Leandros Tassiulas and Anthony Ephremides, “Stability properties of
constrained queueing systems and scheduling for maximum throughput
in multihop radio networks,” IEEE Trans. on Automatic Control, vol.
37, no. 12, pp. 1936-1949, 1992.
[3] L. Georgiadis, M. J. Neely, and L. Tassiulas, “Resource allocation and
cross-layer control in wireless networks”, Found. Trends Netw., vol. 1,
no. 1, pp. 1C144, April 2006.

[4] X. Zhou, L. Lin, J. Wang, and X. Zhang,“ Cross-layer routing design
in cognitive radio networks by colored multigraph model”, Wirel.
Pers.Commun., vol. 49, no. 1, pp. 123-131, 2009.
[5] V. Brik, E. Rozner, S. Banerjee, and P. Bahl, “DSAP: A Protocol for
Coordinated Spectrum Access”, IEEE Intl. Symp on New Frontiers in
Dynamic Spectrum Access Networks(DySPAN), Nov. 2005.
[6] C. Xin, B. Xie, and C. Shen, “A novel layered graph model for topology
formation and routing in dynamic spectrum access networks”, IEEE
Intl. Symp on New Frontiers in Dynamic Spectrum Access Networks
(DySPAN), Nov. 2005.
[7] Q. Wang and H. Zheng, “Route and Spectrum Selection in Dynamic
Spectrum Networks”, IEEE Consumer Communications and Networking
Conference (CNCC), Jan. 2006.
[8] D. Johnson and D. Maltz, “Dynamic Source Routing in Ad Hoc Wireless
Networks”, Mobile Computing, Kluwer Academic Publishers, pp. 153181, 1996.
[9] H. Khalife, S. Ahuja, N. Malouch, and M. Krunz, “Probabilistic path
selection in opportunistic cognitive radio networks”, Proc. IEEE Global
Telecommunications Conf. (GLOBECOM), Dec. 2008.
[10] I Filippini, E. Ekici, and M.Cesana, “Minimum maintenance cost routing
in cognitive radio networks”, Proc. IEEE 6th Intl. Conf. on Mobile Adhoc
and Sensor Systems (MASS), Oct. 2009.
[11] A. Abbagnale and F. Cuomo, “Connectivity-driven routing for cognitive
radio ad-hoc networks”, Proc. IEEE Communications Society Conf. on
Sensor Mesh and Ad Hoc Communications and Networks (SECON), Jun.
2010.
[12] Y. T. Hou, Y. Shi, and H. D. Sherali, “Optimal spectrum sharing for
multi-hop software defined radio networks”, Proc. of IEEE Intl. Conf.
on Computer Communications (INFOCOM), May 2007.
[13] Y. Shi and Y. T. Hou, “Optimal power control for multi-hop software
defined radio networks”, Proc. of IEEE Intl. Conf. on Computer Communications (INFOCOM), May 2007.
[14] Y. Shi and Y. T. Hou, “A distributed optimization algorithm for multihop cognitive radio networks”, Proc. of IEEE Intl. Conf. on Computer
Communications (INFOCOM), Apr. 2008.
[15] Kaushik R. Chowdhury and I. F. Akyildiz, “CRP: A Routing Protocol for
Cognitive Radio Ad Hoc Networks”, IEEE Journal on Selected Areas
in Communications (JSAC), 2010.
[16] Lei Ding, Tommaso Melodia, Stella Batalama, John Matyjas and
Michael Medleyi, “Cross-layer Routing and Dynamic Spectrum Allocation in Cognitive Radio Ad Hoc Networks,” IEEE Trans. on Vehicular
Technology, vol. 59, no. 4, pp. 1969-1979, May 2010.
[17] Matteo Cesana, Francesca Cuomo and Eylem Ekici, “Routing in cognitive radio networks: Challenges and solutions,” Ad Hoc Networks
(Elsevier), 2010.
[18] Y. Xing, C. Mathur, M. A. Haleem, R. Chandramouli, and K. P.
Subbalakshmi, “Dynamic spectrum access with QoS and interference
temperature constraints,” IEEE Trans. Mobile Computing, vol. 6, pp.
423-433, Apr. 2007.
[19] A. Elezabi, M. Kashef, M. Abdallah, M. Khairy, “CDMA underlay
network with cognitive interference-minimizing code assignment and
semi-blind interference suppression,” in Journ. Wireless Commun. Mob.
Comput., vol. 9, pp. 1460-1471, 2009.
[20] M. Kashef, M. Abdallah, A. Elezabi, M. Khairy, “System parameter
selection for asymmetric underlay CDMA networks with interferenceminimizing code assignment,” in Proc. IEEE 10th Workshop on Signal
Proc. Advances in Wireless Comm., Perugia, Italy, Jun. 2009, pp. 722726.
[21] Q. Qu, L. B. Milstein, and D. R. Vaman, “Cognitive radio based multiuser resource allocation in mobile ad hoc networks using multi-carrier
CDMA modulation,” IEEE J. Select. Areas Commun., vol. 26, pp. 70-82,
Jan. 2008.
[22] D. G. Manolakis, V. K. Ingle, S. M. Kogon, Statistical and adaptive signal processing: Spectral estimation, signal modeling, adaptive filtering,
and array processing. New York, NY: McGraw-Hill, 2000.
[23] P. M. Pardalos and S. A. Vavasis, “Quadratic programming with one
negative eigenvalue is NP-hard,” J. Global Optim., vol. 1, pp. 15-22,
1991.

1255

