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Abstract—In this paper, we investigate the dynamic rate
allocation for multipath routing with the node-disjoint paths in
cognitive radio ad hoc networks composed of selfish secondary
users (SUs) which are unwilling to forward the packets. We
model the path stability factor of each path under a certain
traffic session by distributing available channel in view of the
carrier frequency of the available uplink channel on each path.
Then the traffic sensing factor is also devised to characterize the
priorities of different traffic sessions along the node-disjoint
paths. In addition, we propose the differential game model of
dynamic rate allocation for multi-path routing by taking into
account both the mobility and random nature of the selfish SUs.
A set of the non-cooperative optimal solutions to the dynamic
rate allocation model is further obtained by deriving an
optimization problem. Moreover, the distributed optimal rate
update rule is developed to dynamically regulate the rate of
traffic session over a certain path. Numerical results confirm
that the effectiveness of the proposed dynamic rate allocation
model.
Index Terms—Cognitive radio, ad hoc networks, rate allocation,
path stability, prioritized traffic session

I.

INTRODUCTION

Cognitive radio (CR) or dynamic spectrum access in [1]
has newly emerged as a promising solution to improve
the spectrum utilization by allowing unlicensed
secondary users (SUs) to access idle licensed spectrum.
In a CR network, SUs can periodically sense the licensed
spectrum and opportunistically access the spectrum holes
or spectrum opportunities (SOPs) unoccupied by primary
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users (PUs). Most of the existing research efforts in CR
networks mainly focus on the issues of the physical and
MAC layers under an infrastructure based single-hop
scenario, including cooperative spectrum sensing,
spectrum access and sharing techniques [2]-[7]. In
addition, SUs can further form a multi-hop ad hoc
network without the support of infrastructure. In a
cognitive radio ad hoc network (CRANET) [8], SUs can
only access the SOPs by seeking to underlay, overlay, or
interweave their signals with those of existing PUs
without significantly impacting their communications.
In comparison with the lower layer solutions explored
by the existing research efforts as reported before, recent
work indicates that there are many new challenges
towards the routing problem upon the network layer in
multi-hop CRANETs, such as the coupling between
routing and spectrum-awareness, path stability and
spectrum availability, and route maintenance, etc [9]-[11].
In this context, routing design in CRANETs differs
sufficiently from the ad hoc networks, and must be
carefully considered to deal with the creation and the
maintenance of multi-hop paths among SUs by selecting
both the next hop SUs and the spectrum availability on
each link of the path due to the presence of PUs. To
facilitate the distribution of the traffic load and also to
avoid the route failure, there is a need to exploit multipath routing from the perspective of path diversity to
improve the multi-hop transmission efficiency and
stability in CR networks, notably [12]-[16]. Also, rate
allocation for multi-path routing in CR networks is a key
technology to ensure the effective packet delivery in
different paths at the same time as well as the traffic load
balance. Furthermore, effective rate allocation will also
help to minimize end-to-end delay and control message
overhead. Various rate allocation methods have been
developed for CR networks from different perspectives,
including end-to-end delay optimization [17], QoSconstrained bi-objective optimization [18], joint rate and
power allocation [19], etc.
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As an alternative framework for modeling, gametheoretic approach has gained more attention as an
economic tool to study the rate allocation problem in
wireless networks [20], [21]. In [20], a non-cooperative
game-theoretic framework for distributed asynchronous
power and rate allocation in ad hoc networks was
proposed. The rate allocation within this framework deals
with its convergence to network-wide acceptable
equilibrium states under stochastic communication
channels. In [21], a problem of joint channel and rate
assignment was formulated as a static non-cooperative
game with charging scheme, in which the different
individual demand constraints in ad hoc networks are
taken into account. The existing rate allocation models
[20], [21] using the static game theoretic approach cannot
take into account the underlying constraint that CR
networks in practice were subject to the dynamic timevarying network topology wherein the assignment of rate
should be continuous in time. Another body of work
formulates the dynamic rate allocation problem for multipath routing in CR networks as differential game model
[22], [23]. In [22], an efficiency-awareness rate
assignment problem of multi-path routing was devised as
a non-cooperative differential game model with the hop
number and bandwidth constraints, and the equilibrium of
the game is also obtained. In [23], a multi-person noncooperative differential game model for stable-aware
traffic load sharing over multi-path routing was presented,
and the feedback Nash equilibrium of the game is derived.
However, although [22] and [23] used differential game
theoretic approach to study the dynamic rate allocation
problem, they did not consider some practical factors
such as path stability and prioritized traffic session for
multi-path routing in dynamic rate allocation model.
Our work in this paper mainly focuses on the underlay
CRANET scenario due to the high spectrum utilization
and the simplicity of implementation. Both mobility and
sometimes random nature of SUs result in the dynamics
of the CRANET topology with respect to time
dependency. In general, given the dynamic time-varying
network topology, it is not realistic to keep the traffic rate
unchangeably for multi-path routing. Hence, it is crucial
to dynamically allocate the rate for multi-path routing
according to the dynamic nature of time dependency.
Meanwhile, in order to avoid the reroute operations due
to the break of the end-to-end paths, an available and
stable path should be selected as one of the node-disjoint
multi-path routes, aiming to achieve the effective
assignment of the traffic load along the node-disjoint
multi-path routing. Taking into consideration the impact
of the differentiated types of traffic sessions on the
demand of transmission quality, this observation
motivates us to characterize the priorities of the different
traffic sessions to deal with the rate allocation problem.
With this respect, the dynamic rate allocation framework
for the node-disjoint multi-path routing is formulated
bearing in mind the constraints of path stability and
prioritized traffic session.
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In this work, we study the dynamic rate allocation for
multipath routing with node-disjoint paths by taking into
account the constraints of the path stability and the
prioritized traffic session for CRANET. We define the
path stability factor of each path under a certain traffic
session in multipath routing scenario. Specifically, the
path stability factor is calculated by distributing the
available channel according to the carrier frequency of
the available uplink channel on each path with different
distance. To characterize the priorities of different traffic
sessions along the node-disjoint paths, we also devise the
traffic sensing factor to evaluate the impact of
differentiated types of traffic sessions on the rate
allocation problem. By analyzing the characterized
factors, the payoff function of a certain path from the
upstream source SU is further presented based on two
cost functions including the path stability cost and the
traffic session cost. Owing to both the mobility and
sometimes random nature of the selfish SUs, we propose
the differential game model of dynamic rate allocation for
multi-path routing. In this model, the transmission rate of
traffic session over a certain path from the upstream
source SU is dynamically regulated according to the
dynamic nature of time dependency. Moreover, we devise
an optimization problem to obtain a set of the noncooperative optimal solutions to the dynamic rate
allocation model. The distributed optimal rate update rule
is also employed to dynamically regulate the rate of
traffic session over a certain path.
The remainder of this paper is organized as follows. In
Section II, we introduce the preliminaries including
network model, path stability model, and prioritized
traffic session model. The dynamic rate allocation model
is formulated in Section III. Then the non-cooperative
optimal solution is described in Section IV. Section V
presents the numerical results. Finally, we conclude the
whole paper in Section VI.
II. PRELIMINARIES
A. Network Model
We consider a distributed underlay CRANET scenario,
where PUs send their packets to the primary base station
through the cellular primary networks with a finite set of
cells. We employ the independent and identically
distributed alternating ON-OFF process to model the
occupation time length of PUs in uplink channels.
Specifically, the OFF state indicates the idle state where
the unoccupied uplink channels or the SOPs can be freely
occupied by SUs. Let t0 and T denote the starting time
and the terminal time of the dynamic rate allocation for
multi-path routing in this scenario, respectively. By the
means of collaborative spectrum sensing, SUs can only
leverage the OFF state to access the SOPs over the
authorized uplink channels to further form a distributed
multi-hop underlay CRANET with a set
of stationary
SUs within time interval t0 , T  . Let
be the set of
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traffic sessions. We assume that there is a traffic session
to a
 from a single upstream source SU

downstream destination SU
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links in descending order and denote by LP i  the  -th

C. Prioritized Traffic Session Model
Appealing to the Enhanced Distributed Channel
Access (EDCA) mechanism for the support of
applications with QoS requirements in IEEE 802.11e
standard [24], we devise the traffic sensing factor under
the EDCA mechanism to quantify the priorities of the
different traffic sessions. Our objective is to characterize
the priorities of different traffic sessions along the nodedisjoint paths bearing in mind the differentiated types of
traffic sessions. From the point of view of the priority, we
classify the traffic session types for multi-path routing
into four access categories (ACs) [24]. Let q be an
integer index of the associated traffic type to an AC, for
q  1, 4 . As shown in Table I, four ACs correspond to

sorted link, for   1, 2, , k , where  is the label in
descending order. We remark that the greater value of 
will result in the shorter length of the corresponding link.

four types of traffic sessions, including Voice Traffic
(VO), Video Traffic (VI), Best Effort Traffic (BE), and
Background Traffic (BK). We denote by F   q  the

Analogously, we denote by fP i  the carrier frequency of

traffic sensing factor for traffic session 
under
traffic type q . According to the EDCA mechanism [24],

 1, 2,

disjoint paths. Let

n be the set of the node-

disjoint paths. Note that a path P  i  
the traffic session



, i

under

is a subset of SUs.

B. Path Stability Model
We assume that there exist k links with different
lengths on path P  i  , i 
over m available uplink
channels. Let lP i  be the  -th link of path P  i  , for

  1, 2, , k . The length of the  -th link of path P  i 
is assumed to be dP i  . We then rank the length of k

the available uplink channel on path P  i  , for

  1, 2, , m . The m available uplink channels will also

the traffic sensing factor F

be ranked in ascending order based on the values of the
carrier frequency. The ascending order is denoted by  ,
for   1, 2, , m . Notice that the greater value of 
yields the greater value of the carrier frequency.
Therefore, the stability coupling factor  of the  -th

given as

Pi 

sorted link L

on path P  i  , i 

F

can be

 q   Random  q   aSlotTime  AIFSN  q 

CW  q   CW min  q  , CW max  q 

(3)

is

an

integer

within the range of values of the contention window
limits CW min  q  and CW max  q  .

indicates that the  -th sorted link L   can find its most
P i

TABLE I. TRAFFIC SESSION TYPES AND CONTENTION PARAMETERS

appropriate channels in view of the length of links and
the carrier frequency of uplink channels. Obviously,
1  k  |    | is smaller than 1 k . We assume that there

Traffic
Session Priority
CWmin(q)
Type
VO
Pri(1) (aCWmin+1)/4-1
VI
Pri(2) (aCWmin+1)/2-1
BE
Pri(3)
aCWmin
BK
Pri(4)
aCWmin

have A sorted links with stability coupling factor 1 k
and  k  A sorted links with stability coupling factor

1  k  |    | . For the convenience of calculation, we
assume that the value of |    | in  k  A sorted links

CWmax(q)

AIFSN(q)

(aCWmin+1)/2-1
aCWmin
aCWmax
aCWmax

2
2
3
7

III. DYNAMIC RATE ALLOCATION MODEL

, Gk  A , respectively. Hence,

Practically, during the multi-path transmission with the
traffic session 
from source SU
to


as

destination SU
 , SUs in charge of forwarding the
packets appear to the selfishness. This is a natural idea
due to the fact that the SUs are unwilling to forward the
packets on behalf of other SUs since these operations will

 i , which is the sum of the stability coupling factor  of
the  -th sorted link L   on path P  i  . Specifically, the
P i

path stability factor  i of path P  i  can be written as
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space number of the EDCA mechanism, which is further
formulated in Table I. It should be noted that

(1)

where  is a constant, for   1 . Note that Eq. (1)

we define the path stability factor of path P  i  , i 

for

from a uniform distribution over the interval 0,CW  q  ,
aSlotTime is a constant time number in microseconds
based on different physical layer techniques in the EDCA
mechanism, and AIFSN  q  is the arbitration interframe

defined as

are represented by G1 , G2 ,

q ,

where Random  q  is a pseudo-random integer drawn

can be formally

1
if   
 k ,
  
1

, if   
 k  |    |
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lead to the consumption of their own resources, such as
energy and available bandwidth. Because of the selfish
SUs in forwarding actions, the upstream source SU
as the rate controller of the traffic load under the


where u i is a price coefficient of traffic session



over path P  i  . Therefore, based on the cost functions as
discussed above, the total cost of path P  i  , i 

at

time s  t0 , T  is given by

traffic session  should pay for each downstream
SUs along path P  i  to accommodate the consumption

i  h  s  

r s
ui
 i


log
1
q
S
N
 h s
  2
2

(7)

of resources. Based on both the mobility and sometimes
random nature of the selfish SUs, differential game is
adopted to construct the dynamic rate allocation model
for multi-path routing by taking into account the timecontinuous rate change of the traffic session  . The
is to
objective of the upstream source SU

minimize the cost or the so called payoff function of path
P  i  under the constraint of the path stability and

can be regarded as the state variable, and ri  s  can be

prioritized traffic session.
Let ri  s  denote the instant transmission rate of traffic

game. For convenience, we view the starting time of the
game as t0  0 throughout the paper. From Eq. (7), the

session



over path P  i  , i 

source SU

Appealing to differential game theory by [25], h  s 
considered as the strategy. The strategy means the choice
of action or behavior by player in differential game. We
emphasize that the path P  i  refers to the player i of the

aim of path P  i  at time s  0, T  is to minimize the

from the upstream

total cost function, which can be formally expressed as

at time s  t0 , T  . According to



T
r2 s
ui

Minimize :   
 i
0

 F  q   log 2 1  S N  h  s 
 i  h  s   e s ds

Shannon’s capacity theorem, the bandwidth of path P  i 
can be approximately calculated as ri  s  log 2 1  S N  ,
where S N is the signal-to-noise ratio over path P  i  .

, denoted by  i , is further represented

differential equation as follows

as

i 

ri  s 


log 2 1  S N  F

1


h  s   h  s    ri  s 

i


0
h
h

   0

(4)

q

To formulate the payoff function of path P  i  that the



IV. NON-COOPERATIVE OPTIMAL SOLUTION

is willing to pay

In this section, we apply the differential game theory
[25] to derive the non-cooperative optimal rate of traffic
session  over path P  i  under our dynamic rate

at time s  t0 , T  . Recall that the sum of the stability
coupling factor  of the  -th sorted link L   on path
i

allocation model in Eqs. (8) and (9). Specifically, we
devise an optimization problem to obtain a set of the noncooperative optimal solutions to the dynamic rate
allocation model as follows

P  i  is characterized by the path stability factor  i ,
Hence, the path stability cost of path P  i  , i 

at

time s  t0 , T  , denoted by PSCi  s  , is modeled as

PSCi  s   i  h  s 

T
r2 s
ui

 i
Minimize :   
0
 F  q   log 2 1  S N  h  s 
 i  h  s   e  s ds

(5)

To quantify the impact of prioritized traffic session on
the dynamic rate allocation, we devise the traffic session
cost of path P  i  , i 
at time s  t0 , T  , denoted by
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Subject to : h  s   h  s    ri  s 

TSCi  s  , which can be calculated as
TSCi  s    i 

(9)

Therefore, Eqs. (8) and (9) constitute the differential
game model of dynamic rate allocation for multi-path
routing.

upstream source SU
should pay, we then

proceed to propose the path stability cost function and the
traffic session cost function. Let h  s  be the current
price that upstream source SU

(8)

where  is a constant discount factor, for 0    1 .
According to differential game theory [25], the state
variable h  s  in Eq. (8) is assumed to satisfy the

Under this description, the coupling constraint between
the traffic sensing factor F   q  and the bandwidth of
path P  i  , i 

F



h  0   h0
Let

(6)

 t, h ,

1

,


i

t, h  ,

i

,


n

t , h 

be the set of the

non-cooperative optimal solutions to the optimization
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problem in Eq. (10). Moreover, we assume that there
exists continuously differentiable function V i  t , h  ,

Theorem 2: Let c denote a constant number. Ai in the
non-cooperative optimal solution to the optimization
problem in Eq. (10) can be further formulated as

satisfying the following partial differential equations

  1  H  e

A 

V i  t , h 



t
 minimize :


 F




j



1:

 

Under

V i t , h  Ai t b t  Bi t e

t

Ai  t  
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Substituting
(11), we have
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t, h

Ai  t   i

i

t, h  

F



 q  log 2 1  S
2ui

N

(20)

(21)

(22)



(23)

 2
 Ai    1 Ai  i and


Y  Ai , t 

, it is not difficult to
Ai
t
recognize that Eq. (22) is not exact. Hence, we introduce
a non-zero integrating factor U  Ai , t  which can make
the equation an exact form by multiplying it on both sides
of Eq. (23). Here, for   1  4  i   0 , we can
2

easily obtain
t

 Ai  t   h  t 

(16)

U  Ai , t  

the
where  

(17)


4ui





1

 Ai    1 Ai  i
2

1

u
2
j

(24)

. So Eq. (23) multiplied by

j

U  Ai , t  is exact, and then we obtain

Note that Ai  t  and Bi t are two extra introduced

U  Ai , t   X  Ai , t  dt  U  Ai , t   Y  Ai , t  dAi

auxiliary variables to better represent V i t , h , where

 dU  Ai , t 

Ai  t  and Bi t can be given in Eq. (14).

(25)

Hence, we have

Hence, this completes the proof.
For
notational
simplicity,
we
set
F   q  log2 1  S N  = , and we also omit the time t

U  Ai , t 
Ai

in the auxiliary variables Ai  t  and Bi t throughout the

U  Ai , t 
t

following paper.
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In view of

in Eq. (15) into Eqs. (10) and

The non-cooperative optimal solution to
optimization problem in Eq. (10) is formulated as


 e( t  c ) H
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Proof: Performing the minimization operation of Eq.
(11), we obtain


j

Without loss of generality, the form of Eq. (22) can be
rearranged by the following differential equation

Bi  t    Bi  t 

i

1

u

Proof: Considering the symmetric form of Ai and Bi
in Eq. (14), we can immediately denote Eq. (14) by
Riccati equation

Ai2  t     1 Ai  t 
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2
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where Ai  t  and Bi t satisfy following equations
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cooperative optimal solutions to the optimization problem
in Eq. (10) is formulated as follows
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Let

  1

H

 4i

2

.

If

and

only

is a traffic session  from a single upstream source
to a downstream destination SU
SU



if

 Ai2    1 Ai  i  0 , by integrating Eq. (26) with

along n  4 node-disjoint paths, denoted by P 1 , P  2  ,

respect to Ai , we have

U  Ai , t   
U  Ai , t 
t

P  3 and P  4  . The distance d i  of each link is clear

2 Ai    1  H
1
ln
 b t 
H
2 Ai    1  H

in this scenario. We assume that the number of the
available uplink channel on n  4 node-disjoint paths is
set to m  7 . The choice of the channel for links are

(27)

 b  t 

given in Fig. 2, where lP i  ,  , and  means that the
distance of the  -th link of path P  i  is ranked the  -

We can easily obtain b  t   t . Let U  Ai , t   c . Upon

th and the value of the carrier frequency of selected
channel is ranked the  -th. The stability factor  i of

solving Eq. (28) as follows



2 Ai    1  H
1
ln
t  c
H 2 Ai    1  H

n  4 node-disjoint paths can be obtained by means of
combination between Fig. 2 and Eq. (2). In Eq. (2), we
set the constant  in Eq. (1) to 1.2. In the differential
game model of dynamic rate allocation for multi-path
routing, we assume that the price coefficient for n  4
node-disjoint paths has the same value, which is defined
as ui  120 . The signal-to-noise ratio S N is set to 70dB,
and the constant c in Eq. (18) is assumed to be -1000.
The contention window limits of the EDCA mechanism
in IEEE 802.11e standard are given by aCWmin  31 and
aCWmax = 1023 .

(28)

so we have Eq. (18).
Hence, this completes the proof.
Algorithm 1: Distributed Optimal Rate Update Rule
 1, 2, n ;
1: Identify the set
Initialize F   q  for  under traffic type q ,
and  i for P  i  ;
Initialize ri  0  of  over P  i  ;
t0  0 ;
loop
for each i 
do

3:
4:
5:
6:



7:





4ui



j

Compute

8:
9:
10:
11:
12:
13:
14:

1
u ,
2

100

P(3)

;

70

given by Eq. (18);

t, h  within time interval 0,T  ;
end for
if q  q or t  T then
Terminate the loop;
end if
end loop
ri  t  
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Fig. 1. The simulation scenario

In summary, the non-cooperative optimal rate of traffic
session 
over path P  i  in our dynamic rate

P(1)

allocation model is strictly derived as follows

i
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P(2)

(29)

h t 

l1P (2) ,1,5

l2P (2) , 2,6 l3P (2) ,3,7
P(3)

Accordingly, based on Eq. (29), we devise Algorithm 1
to achieve the optimal rate update rule in a distributed
manner.

l1P (3) ,1,3

l2P (3) , 4,6

l3P (3) , 2,5

l4P ( 3) ,3,4

P(4)

V. NUMERICAL RESULTS
Consider a distributed CRANET scenario depicted in
 150 SUs located randomly in the
Fig. 1, involving

l1P (4) , 4,5

range of 100m×100m square area. We assume that there

Fig. 2. Links and the corresponding channels
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increase of the path stability factor  i of path P  i  will

Firstly, we show the non-cooperative optimal rate
comparison of n  4 node-disjoint paths under different
discount factor  . We assume that the BK as the type of
data traffic is employed by the traffic session  from
to a downstream
a single upstream source SU


result in an enhancement of the payoff of path P  i  . In

destination SU
along n  4 node-disjoint paths.

Thus, we choose the arbitration interframe space number
AIFSN  0  7 . As for the traffic sensing factor F 1T  0  ,
we choose the pseudo-random integer Random  0   49

rising of the factor  i .

factor  . From Fig. 3, we can see that the noncooperative optimal rate will increase when the discount
factor  increases. This can be explained by the fact that
 is the discount factor which is a ratio of expected
earnings in the future and present value. The higher
discount factor will result in the higher rate for data
transmission. Meanwhile, Fig. 3 also shows noncooperative optimal rate changes of four paths under
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VI. CONCLUSION
In this paper, we have developed the differential game
model of dynamic rate allocation for multi-path routing in
CRANETs by taking into account the mobility and
random nature of the selfish SUs. We devise the payoff
function of a certain path from the upstream source SU
based on two cost functions including the path stability
cost and the traffic session cost. By devising an
optimization problem, we also derive the non-cooperative
optimal rate of traffic session over a certain path under
our dynamic rate allocation model. Moreover, we propose
a distributed optimal rate update rule with the purpose of
dynamically regulating the rate of traffic session over a
certain path.
REFERENCES
[1] S. Haykin, “Cognitive radio: brain-empowered wireless
communications,” IEEE Journal on Selected Areas in
Communications, vol. 23, no. 2, pp. 201-220, Feb. 2005.
[2] D. Xue, E. Ekici, and M. C. Vuran, “Cooperative spectrum
sensing
in
cognitive
radio
networks
using
multidimensional correlations,” IEEE Transactions on
Wireless Communications, vol. 13, no. 4, pp. 1832-1843,
Mar. 2014.
[3] V. Rakovic, D. Denkovski, V. Atanasovski, P. Mahonen,
and L. Gavrilovska, “Capacity-aware cooperative spectrum
sensing based on noise power estimation,” IEEE
Transactions on Communications, vol. 63, no. 7, pp. 24282441, Jul. 2015.
[4] D. Li, Y. Xu, X. Wang, and M. Guizani, “Coalitional game
theoretic approach for secondary spectrum access in
cooperative cognitive radio networks,” IEEE Transactions
on Wireless Communications, vol. 10, no. 3, pp. 844-856,
Mar. 2011.
[5] H. Kim and K. G. Shin, “Efficient discovery of spectrum
opportunities with MAC-layer sensing in cognitive radio
networks,” IEEE Transactions on Mobile Computing, vol.
7, no. 5, pp. 533-545, May. 2008.
[6] N. Zhang, H. Liang, and N. Cheng, “Dynamic spectrum
access in multi-channel cognitive radio networks,” IEEE
Journal on Selected Areas in Communications, vol. 32, no.
11, pp. 2053-2064, Nov. 2014.
[7] C. Yi and J. Cai, “Two-stage spectrum sharing with
combinatorial auction and Stackelberg game in recallbased cognitive radio networks,” IEEE Transactions on
Communications, vol. 62, no. 11, pp. 3740-3752, Oct. 2014.
[8] I. F. Akyildiz, W. Y. Lee, and K. R. Chowdhury,
“CRAHNs: cognitive radio ad hoc networks,” Ad Hoc
Networks, vol. 7, no. 5, pp. 810-836, Jul. 2009.
[9] M. Cesana, F. Cuomo, and E. Ekici, “Routing in cognitive
radio networks: Challenges and solutions,” Ad Hoc
Networks, vol. 9, no. 3, pp. 228-248, May. 2011.
[10] S. C. Lin and K. C. Chen, “Spectrum-map-empowered
opportunistic routing for cognitive radio ad hoc networks,”
IEEE Transactions on Vehicular Technology, vol. 63, no.
6, pp. 2848-2861, Jul. 2014.

©2016 Journal of Communications

469

[11] X. Jin, R. Zhang, J. Sun, and Y. Zhang, “TIGHT: A
geographic routing protocol for cognitive radio mobile ad
hoc networks,” IEEE Transactions on Wireless
Communications, vol. 13, no. 8, pp. 4670-4681, Aug. 2014.
[12] P. Y. Chen, S. M. Cheng, W. C. Ao, and P. Y. Chen,
“Multi-Path routing with end-to-end statistical QoS
provisioning in underlay cognitive radio networks,” in
Proc. IEEE INFOCOM, Shanghai, China, Apr. 2011, pp.
7-12.
[13] A. Bhattacharya, S. C. Ghosh, and B. P. Sinha, “Multi-Path
routing in cognitive radio networks for multimedia
communication using sample division multiplexing,” in
Proc. IEEE GLOBECOM, Anaheim, USA, Dec. 2012, pp.
1097-1102.
[14] L. Gui, S. Zou, and X. Zhong, “Distributed best-route
selection for multipath routing in cognitive radio ad hoc
networks,” Electronics Letters, vol. 48, no. 25, pp. 16301632, Dec. 2012.
[15] T. Y. Juang, Y. S. Chen, and C. L. Hsu, “An efficient
multi-path routing scheme for cognitive Ad Hoc
networks,” in Proc. 7th IEEE International Conference on
Ubi-Media Computing, Ulaanbaatar, Mongolia, Jul. 2014,
pp. 231-237.
[16] B. Khanna and R. Ram, “Interference-aware multipath
routing in a cognitive radio ad hoc network,” in Proc.
IEEE MILCOM, Baltimore, USA, Nov. 2011, pp. 855-860.
[17] L. Gui, X. Zhong, and S. Zou, “Traffic assignment
algorithm for multi-path routing in cognitive radio ad hoc
networks,” in Proc. IEEE WCNC, Shanghai, China, Apr.
2013, pp. 1168-1173.
[18] L. Akter and B. Natarajan, “Distributed approach for
power and rate allocation to secondary users in cognitive
radio networks,” IEEE Transactions on Vehicular
Technology, vol. 60, no. 4, pp. 1526-1538, May. 2011.
[19] Y. Wu, L. Qian, and L. Meng, “Sensing based joint rate
and power allocations for cognitive radio systems,” IEEE
Wireless Communications Letters, vol. 1, no. 2, pp. 113116, Apr. 2012.
[20] S. Kucera, S. Aissa, K. Yamamoto, and S. Yoshida,
“Asynchronous distributed power and rate control in ad
hoc networks: A game-theoretic approach,” IEEE
Transactions on Wireless Communications, vol. 7, no. 7,
pp. 2536-2548, Jul. 2008.
[21] S. Qu, H. Li, J. Li, Y. Ma, and F. Wang, “Joint channel and
traffic assignment in ad hoc networks using game theory
with charging scheme,” in Proc. IEEE PIMRC, Sydney,
Australia, Sept. 2012, pp. 658-663.
[22] L. Lin, A. Wang, X. Zhou, and X. Miao, “Noncooperative
differential game based efficiency-aware traffic assignment
for multipath routing in CRAHN,” Wireless Personal
Communications, vol. 62, no. 2, pp. 443-454, Jan. 2012.
[23] L. Lin and J. Tian, “Stable-aware traffic assignment for
multi-path routing in cognitive radio ad hoc networks,” in
Proc. IEEE CyberC, Beijing, China, Oct. 2011, pp. 511514.
[24] Part 11: Wireless LAN Medium Access Control (MAC)
and Physical Layer (PHY) Specifications, IEEE Standard,
Jun. 2007.

Journal of Communications Vol. 11, No. 5, May 2016

[25] D. W. K. Yeung and L. A. Petrosyan, Cooperative
Stochastic Differential Games, New York: Springer, 2005.

China. His current research interests include cognitive radio,
routing algorithm, and cross-layer design.

Long Zhang received the B.S. degree in
communication engineering from China
University of Geosciences, Wuhan,
China, in June 2006 and the Ph.D.
degree
in
communication
and
information systems from University of
Science and Technology Beijing (USTB),
Beijing, China, in January 2012. Since
February 2012, he has been with the School of Information and
Electrical Engineering from Hebei University of Engineering,
Handan, China. His current research interests include
opportunistic Internet of Vehicles, cognitive radio ad hoc
networks, satellite and space communications, delay and
disruption tolerant networks, resource allocation in wireless
networks, network modeling and optimization, and cross-layer
design.

Haitao Xu received his B.S. degree in
Department
of
Electronics
Communication & Software Engineer
from Sun Yat-Sen University, China, in
2007, and his M.S. degree in Faculty of
Engineering from University of Bristol
in 2009. He obtained the Ph.D. degree in
Department
of
Communication
Engineering, School of Computer & Communication
Engineering, from University of Science and Technology
Beijing. Now he is a lecturer in University of Science and
Technology Beijing. His research interests include cognitive
radio networks, self-organized networks, mathematical model,
game theory and next-generation networks.

Chunhong Bai received the B.S degree
in
electronics
and
information
engineering from Hebei University of
Engineering, Handan, China in 2014.
She is currently working toward the M.S.
degree in computer technology at the
Department
of
Communication
Engineering, Hebei University of
Engineering, Handan, China. Her current research interests
include cognitive radio, game theory, and wireless resource
optimization.
Fan Zhuo received the B.S degree in
communications engineering from Hebei
University of Engineering, Handan,
China in 2014. He is currently working
toward the M.S. degree in computer
technology at the Department of
Communication Engineering, Hebei
University of Engineering, Handan,

©2016 Journal of Communications

470

Wei Huang received the B.S. degree in
automation from the School of
Electronic and Information Engineering,
University of Science and Technology
Liaoning, Liaoning, China, in June 2004,
and the M.S. degree in control science
and engineering from the School of
Automation and Electrical Engineering,
University of Science and Technology Beijing (USTB), Beijing,
China, in January 2010. Currently, he is an Engineer of Energy
Efficiency Evaluation Center of Electric Power Research
Institute, Beijing, China. His current research interests include
energy efficiency evaluation, power demand management, and
communication technology.

